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Abstract

To mitigate the ongoing climate change, carbon-neutral sources of energy are required.
Large scale photovoltaic (PV) systems are considered one of the most promising tech-
nologies in this regard, as they have proven to be a green, cheap and reliable energy
source. With the exponential growth of installed PV capacities worldwide, direct land-use
changes have been triggered as ground-mounted PV systems have been installed on arable
land formerly used for food production. However, renewable energy does not threaten
agricultural production; indeed, they can coexist in the concept of agrivoltaics (APV).
Describing the combination of agriculture and PV energy production on the same plot of
land, APV is a promising solution when it comes to meeting the growing demand for both
food and energy while also addressing land use conflicts.

This thesis presents the development and validation of a simulation tool for APV green-
houses (GHs). The model enables the simulation of irradiance levels under APV conditions
within GHs and gives an estimation of crop yield. The ray-tracing-based irradiance model
focuses on mapping light transmission through GH cover materials and PV modules. The
crop model includes two different approaches. One approach is based on daily light
integral (DLI) requirements of different crops. The second approach focuses particularly
on tomatoes and uses a functional-structural plant model (FSPM).

The irradiance model was validated using both data from literature and experimentally
measured data from an APV GH experiment performed from September 2023 to March
2024. The experiment was conducted in a "raspa y amagado" GH in Almería, Spain,
and two roof cover ratios of 30% and 50% shading were compared against an unshaded
control zone. The nRMSE of the global horizontal irradiance was determined to be 0.09
for the control zone, 0.18 for 30% shading and 0.27 for 50% shading using the irradiance
data from the experiment. For the literature-based validation, a "Venlo"-type APV GH
experiment from 2014–2015 was reproduced, resulting in a deviation of 2.88 percentage
points in the simulated reduction in radiation over the entire crop cycle. The crop model
was validated exclusively with data from the 2023–2024 APV GH experiment. The nRMSE
of yield of the DLI analysis for the simulated crop cycle was 0.10 for the control zone,
0.07 for 30% shading and 0.06 for 50% shading. The validation of the FSPM approach
yielded an nRMSE of dry weight of 0.04 for the unshaded control zone and 0.07 for the
30% shading zone, while the data from the 50% shading zone was used to calibrate the
model.

The economic assessment of the experimental APV GH showed a potential profit increase
of +15% under the case of 30% of the GH roof covered with PV. For the 50% cover scenario,
the economic profitability increased to 22% for one tomato crop cycle. The developed
simulation tool provides a solid foundation for modeling the irradiance distribution within
APV GHs and assessing its effects on expected crop yield. It can serve in the future as a
basis for deriving optimal APV GH designs tailored to specific locations, climate conditions
and crop types.
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Kurzfassung

Um den Klimawandel abzuschwächen, sind CO2-neutrale Energiequellen erforderlich.
Großflächige Photovoltaikanlagen (PV-Anlagen) gelten als eine vielversprechende Tech-
nologie, da sie sich als umweltfreundliche, kostengünstige und zuverlässige Energiequelle
bewährt haben. Mit dem exponentiellen Wachstum der weltweit installierten PV-Kapazitäten
kam es zu direkten Landnutzungsänderungen, da PV-Anlagen auf Landflächen instal-
liert wurden, die zuvor für die Nahrungsmittelproduktion genutzt wurden. Erneuerbare
Energien stellen jedoch keine Bedrohung für die landwirtschaftliche Produktion dar, son-
dern können im Rahmen des Konzepts der Agriphotovoltaik (AgriPV) koexistieren.

Diese Arbeit präsentiert die Entwicklung und Validierung einer Simulationsumgebung
für AgriPV-Gewächshäuser. Das Modell ermöglicht die Simulation der Einstrahlung unter
AgriPV-Bedingungen in Gewächshäusern und liefert eine Ertragsabschätzung. Das auf
Raytracing basierende Strahlungsmodell konzentriert sich auf die Transmittanz durch
Gewächshausabdeckungsmaterialien und PV-Module. Das Pflanzenmodell umfasst zwei
verschiedene Ansätze. Der erste Ansatz basiert auf den täglichen Lichtintegralanforderun-
gen (DLI) verschiedener Pflanzen. Der zweite Ansatz fokussiert sich auf Tomaten und
verwendet ein funktional-strukturelles Pflanzenmodell (FSPM).

Das Strahlungsmodell wurde sowohl anhand von Daten aus der Literatur als auch anhand
von experimentell gemessenen Daten aus einem AgriPV-Gewächshausversuch validiert,
der von September 2023 bis März 2024 durchgeführt wurde. Das Experiment wurde in
einem "raspa y amagado"-Gewächshaus in Almería, Spanien, durchgeführt, wobei Abschat-
tungen von 30% und 50% mit einer unbeschatteten Kontrollzone verglichen wurden. Der
nRMSE der globalen Horizontalstrahlung beträgt 0,09 für die Kontrollzone, 0,18 für 30%
Beschattung und 0,27 für 50% Beschattung. Für die literaturbasierte Validierung wurde ein
AgriPV-Gewächshaus-Experiment vom Typ "Venlo" aus den Jahren 2014–2015 reproduziert,
was zu einer Abweichung von 2,88 Prozentpunkten bei der simulierten Strahlungsreduk-
tion über den gesamten Erntezyklus führte. Das Pflanzenmodell wurde ausschließlich mit
Daten aus dem AgriPV-Gewächshaus-Experiment 2023–2024 validiert. Der nRMSE des
Ertrages der DLI-Analyse für den simulierten Anbauzyklus betrug 0,10 für die Kontrollzone,
0,07 für 30% Beschattung und 0,06 für 50% Beschattung. Die Validierung des FSPM-
Ansatzes ergab einen nRMSE des Ertrages von 0,04 für die unbeschattete Kontrollzone
und 0,07 für 30% Beschattung, während die Daten der 50% Zone zur Kalibrierung des
Modells verwendet wurden.

Die wirtschaftliche Bewertung des AgriPV-Gewächshauses ergab eine Gewinnsteigerung
von +15% bei einer 30-prozentigen Dachabdeckung mit PV. Bei 50% Abdeckung stieg
die Gewinnsteigerung auf 22%. Die entwickelte Simulationsumgebung bietet eine solide
Grundlage für die Modellierung der Strahlungsverteilung in AgriPV-Gewächshäusern und
die Bewertung ihrer Auswirkungen auf den erwarteten Ernteertrag. Das Modell kann in
Zukunft als Grundlage für die Herleitung optimaler AgriPV-Gewächshausdesigns dienen,
die an bestimmte Standorte, Klimabedingungen und Pflanzenarten angepasst sind.
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Abbreviations

General abbreviations and variables

α scale factor in yield estimation for maximum yield under optimal tempera-
ture and RH conditions

α⊙ angular radius of the solar disc
a(month) linear regression coefficients for the PAR to GHI estimation
a6 total transmissivity parameter of a Radiance trans material
a7 transmitted specularity fraction of a Radiance trans material
APV agrivoltaic
b(month) linear regression coefficients for the PAR to GHI estimation
BSDF bidirectional-scattering distribution function
C diffuse reflectance colour vector (red, green, blue)
CAMS Copernicus Atmosphere Monitoring Service
CIE International Commission on Illumination
CIEMAT Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas
conv. conversion factor to change PAR unit from W m-2 to µmol m−2 s−1, with a

constant value of 4.6 µmol J−1

D0 cumulative DLI threshold before yield onset
DHI diffuse horizontal irradiance
DLI daily light integral
DLIAPV(t) DLI of day t under APV (shaded) conditions
DLIcum(t) sum of DLI values up to day t
DLImin minimum DLI required to maintain full yield
DLIopt optimal DLI requirements
DNI direct normal irradiance
eFAST extended Fourier Amplitude Sensitivity Test
E0(d) extraterrestrial normal irradiance as a function of the day of year d
Esc solar constant (≈ 1367 W m-2)
EU European Union
E(x) irradiance at a surface point x
ϵRH yield sensitivity parameter to changes in RH
ϵ sky clearness parameter (Perez model)
FSPM functional structural plant model
GH greenhouse
GHI global horizontal irradiance
I0 incident irradiance
Idi f f diffusely transmitted irradiance
Idir direct transmitted irradiance
It rans,total total transmitted irradiance
IR infrared
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kDLI sensitivity parameter to express changes in yield due to DLI reductions
Le emitted radiance
Li incident radiance
Lr reflected (outgoing) radiance
Lsky(θ ,γ) sky radiance distribution function
L⊙ solar radiance
Lz zenith sky radiance
LCOE levelized cost of electricity
LDPE low-density polyethylene
MAE mean absolute error
MBE mean bias error
m relative optical air mass
n number of measurements/observations
n outward surface normal at point x
NIR near-infrared
nMAE normalized mean absolute error
nMBE normalized mean bias error
nRMSE normalized root mean square error
ω direction vector
Ω⊙ solid angle of the solar disc
Ω+ (sky) hemisphere above the surface
PAR photosynthetically active radiation
Pmax maximum photosynthetic rate due to saturation
p.p. percentage points
PPFD photosynthetic photon flux density
PPFDsat PAR saturation levels
PSA Plataforma Solar de Almería
PSO Particle Swarm Optimization
PV photovoltaic
R2 coefficient of determination
RGB red, green, blue colour channels used internally by Radiance

RH relative humidity
RHmean(t) mean daytime RH of day t inside the GH
RHopt optimal daytime RH inside the GH
RMSE root mean square error
rs specularity parameter of a Radiance trans material
ρbd bidirectional reflectance–transmittance distribution function
ρr,diff diffuse reflection component
ρr,spec specular reflection component
ρt,diff diffuse transmission component
ρt,spec specular transmission component
σ standard deviation
τ overall transmittance
t time
∆t time interval
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∆ sky brightness parameter (Perez model)
θrot rotation angle
θs solar zenith angle
φs solar azimuth angle
Tdi f f diffuse transmission in the definition of a Radiance trans material
Tspec specular transmission in the definition of a Radiance trans material
Tmean(t) mean daytime temperature of day t inside the GH
Topt optimal daytime temperature inside the GH
TOMGRO Tomato Growth Model
UV ultraviolet
γT yield sensitivity to changes in temperature
γ angular distance between sun and sky element
yi observed value
ŷi predicted (or simulated) value
y mean of the observed values
Y (t) relative yield under APV conditions, expressed as a percentage of the control

(no shading) yield
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TOMGRO variables

αF maximum partitioning of new growth to fruit
β coefficient in expolinear LAI–N equation
D maximum leaf conductance to water vapor
DF(Td) function describing the rate of fruit development
δ maximum leaf area expansion per node
E growth efficiency
fF(Td) function to modify partitioning to fruit for mean daily temperature
fN (T ) function reducing node development under non-optimal temperature
g(Td) function reducing growth at high temperature
GRnet net above-ground growth rate
kF development time from first fruit to first ripe fruit
K light extinction coefficient
λ(Td) temperature-reduction function for leaf expansion
LAI leaf area index
LAImax maximum leaf area index
m leaf light transmission coefficient
N node number for the main stem
Nb projection of linear segment of LAI vs. N to horizontal axis
NF F node position where the first fruit appears
Nm node appearance rate per day
p1 loss of leaf dry weight per node after LAImax is reached
Q10 coefficient in maintenance respiration equation
Qe quantum efficiency of photosynthesis
ρplant plant density
rm maintenance respiration coefficient
TCRIT critical temperature for photosynthesis decline
τCO2

Carbon dioxide use efficiency
v(ϑ) transition coefficient between vegetative and full fruit growth
Vmax maximum increase in vegetative tissue dry weight growth per node
W total plant dry weight
Wf total fruit dry weight
Wm mature fruit dry weight
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1
Introduction and objectives

“The science is abundantly clear, compellingly clear about the urgency that we’re facing.”

—Christiana Figueres,
Executive Secretary of the U.N. Framework Convention on Climate Change

The year 2024 was the warmest year worldwide since records began in 1850 with a global
temperature about 1.47 ◦C higher than in the late 19th century [1, 2]. The ten most recent
years have been the warmest on record [1]. Multiple studies show that climate-warming
trends over the past century are extremely likely due to human activities [3, 4, 5, 6, 7, 8, 9].
Climate models predict that if greenhouse gas emissions continue at current rates, Earth’s
global average temperature could rise by an additional 4 ◦C until the year 2100 [10].
Even a one-degree increase has significant effects on the planet, including more frequent
and severe droughts, heavy rainfall, and heatwaves worldwide [10]. Given the impacts
of climate change, the United Nations declared in the Paris Agreement in 2015 global
warming should be limited to below 1.5 ◦C, preferably 2 ◦C, compared to pre-industrial
levels [11].

By launching the European Green Deal in 2019, the European Commission aims to make
Europe the first carbon-neutral continent by 2050 [12]. This includes the 2030 Climate
Target Plan, which seeks to reduce the emission of greenhouse gases by 55% and to
increase the share of renewable energies in total energy production to at least 32% by
2030 [12]. In 2023, the European Union (EU) updated this renewable energy target for
2030 to a binding minimum of 42.5%, with an aspiration to reach 45% [13].

The expansion of renewable energies requires large portions of land and might also affect
food security. Since the early 1960s the world population has doubled [14]. The United
Nations estimates the human population will reach 8.5 billion in 2030 and 9.7 billion in
2050 [14]. In order to meet the global food demand, overall food production has to be
increased by about 70% until 2050 [15]. Although direct coherences between energy
production and food security are more complex and still being discussed [16], concerns
about the land-use conflict between food and energy production are reasonable given a
present and prospective land scarcity.
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2 INTRODUCTION AND OBJECTIVES

In many countries, the targets of the Paris Agreement to increase the share of renewable
energies for combating climate change have triggered direct land use changes in order to
meet the objectives of different EU programs. Ground-mounted photovoltaic (PV) systems
have been installed on arable land formerly used for food production, and high-quality
soils have been taken out of agricultural production [17].

However, renewable energy does not threaten agricultural production; indeed, they can
coexist in harmony. Agrivoltaics (APV), a form of solar sharing or dual land use, is a
concept that combines agriculture and PV systems, allowing for the simultaneous use of
land for crop cultivation and solar energy production. The Joint Research Center estimates
that 5.2% of the land in the EU is ideally suited for accelerated renewable deployment,
excluding natural protected areas and high-value agricultural land [18]. Yet, the European
Environmental Bureau’s latest report finds that only 2.2% of the EU’s land area would be
needed to accommodate sufficient renewable energy sources to entirely replace fossil fuel
and nuclear generation [19]. The deployment of APV alone could surpass the EU’s 20230
targets for PV expansion [18].

APV offers especially high potential in semi-arid and arid regions, where various positive
side effects can be expected such as protection of crops from extreme weather events,
dual incomes for growers, and the supply of energy to industry [20, 21]. The province of
Almería, Spain, one of the driest regions in Europe, is known for its extensive horticultural
practice with over 30,000 ha of land occupied by greenhouses (GHs) [22]. Due to its
climatic conditions and already established infrastructure, the region is particularly suited
for the application of APV, where PV panels are installed on the roof or inside the already
existing GH structures [23, 24]. Here, crop cultivation can suffer from the adverse effects
of high solar radiation and farmers are often required to reduce light transmission of the
GH covers, mostly achieved by applying white chalk paint to the GH roofs [25]. APV
concepts can actively support or even replace the whitening practice by the growers, and
sunlight could additionally be used to produce energy. Hence, the energy efficiency in
agriculture could be improved, which directly translates into a higher profitability for
farmers [26]. Furthermore, several studies showed that water use efficiency is improved
underneath PV panels in APV systems [20, 27, 28]. These findings are becoming even
more relevant, as water demand for irrigation is expected to increase in prospective future
climatic conditions [28, 29]. In addition to improved water use efficiency, crops cultivated
in arid climates may also directly benefit from the reduction in solar radiation through the
PV panels [30, 31]. The study of [32] estimated that shading of up to 44% of GH roofs
in Almería would still secure sufficient irradiance levels for crops without reducing crop
yields [32]. Therefore, APV can be an important component of future renewable energy
production systems, while simultaneously ensuring food production and the economic
viability of agriculture [31].

Designing and optimizing APV GHs involves several challenges. First of all, all APV
installations must comply with legal requirements of the perspective country or region. The
main priority of APV systems remains continuous agricultural production [33]. However,
electrical yield and economic profit are higher with a higher density of PV modules, which
will then directly reduce crop available radiation [34] and hence, can negatively affect
crop yield.
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The impact of APV related shading on crop development and yield in Mediterranean GHs
has so far been investigated only by a limited amount of experimental studies [35, 36, 37,
38, 39, 40]. Since their experimental results are diverse and dependent on the individual
experimental setups, it remains unclear to what extent GH crops can tolerate shading
without yield reduction. Further experimental studies across Europe also indicate that
developing simulation tools will be an important step toward the design and optimization
of APV GHs [41]. This specific research gap is tackled within this thesis.

The central task of this thesis is the development of a simulation framework for APV
GHs that enables the simulation of light distribution under different PV systems and the
subsequent estimation of crop yield. The research questions addressed are:

1. How can the irradiance distribution in APV GHs be modeled for different GH designs
and PV module patterns?

2. How can crop yield be estimated for APV GHs dependent on modeled irradiance
levels?

3. How is the microclimate inside the GH affected by shading of the PV modules?

4. Is there an economic benefit in integrating PV modules on the roof of GHs?

In this thesis, APV concepts and horticultural practices in the Almería region are presented
alongside with experimental APV GH studies from literature as well as current state-of-
the-art modeling approaches (Chapter 2). Chapter 3 presents the methodology of the
developed APV GH simulation framework, divided into irradiance modeling and crop
yield modeling. Chapter 4 describes the experimental setup and results from an APV
GH experiment, conducted in an Almería-type greenhouse during the 2023–2024 tomato
growing season. In Chapter 5, the ray-tracing-based irradiance model is validated using
both literature data and the irradiance measurements from the APV GH experiment.
Chapter 6 addresses the validation of the crop modeling approaches using microclimate
and crop measurements of the APV GH experiment. Finally, chapter 7 summarizes the
main findings of this work and provides an outlook on future research directions and
potential developments of the presented model.





2
State-of-the-art and theory of agrivoltaics

“Science and everyday life cannot and should not be separated.”

—Rosalind Franklin

This chapter summarizes the state-of-the-art in the field of APV for GHs which is relevant
for this thesis. The content of this chapter has been partially published in [42] and [43].

2.1 FROM CONCEPT TO APPLICATION – THE DEVELOP-
MENT OF AGRIVOLTAIC SYSTEMS

Already in 1982, the concept of integrating solar collectors into agricultural production to
increase land benefit was proposed by [33] (see Figure 2.1). Based on their theoretical
calculations, a collector height of 2 m with a row spacing of 3 m would allow crops
underneath to receive two-thirds of the available solar radiation, while only one-third of
the arable land would be used for energy production [33].

Figure 2.1: First draft of an APV system from the year 1982. Figure taken from [33].

5
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The authors were clearly ahead of their time, especially since PV technology was still new
when the study came out and the first commercial projects had just started operating.
From 1982 it took more than two decades until scientists in Japan picked up the topic
in 2004 and combined farmland with PV modules in a first pilot project (referred to
as "solar sharing") [44]. They found that sufficient crop yields can be maintained for
shading rates of up to 32% [44]. In the following, such dual-use systems, combining
agricultural production with PV, will be denoted as agrivoltaic (APV) systems, which is up
to now the most established term in scientific literature [45]. Depending on the region or
country, further terms like "solar sharing" (Japan), "Agrophotovoltaik" or "Agriphotovoltaik"
(AgriPV) (Germany) as well as "Agrivoltaico" (Italy) are commonly used [45]. Even though
different pilot projects for APV appeared in the following years, it is only since 2020 that
research about APV (experimental studies and modeling approaches) gained attention and
research publications increased [46]. Following a search in the Web of Science database
using the keyword "agrivoltaic", the publication frequency by year is observed, as shown
in Figure 2.2.
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Figure 2.2: "Agrivoltaic" keyword search result, number of publications per year (state 25
September 2025).

According to [31], the application of APV can increase farmers’ incomes by over 30% if
yield losses through shading effects are minimized by the selection of suitable crops. The
study of [34] applied the land equivalent ratio, a method of evaluating the productivity
of an intercropping system in comparison to a single-crop cultivation system [47], to
determine the advantages of a dual-use APV system over a single-crop system and PV
production. According to their simulations, the productivity of APV systems can increase
up to 73 % for crops benefiting from low-light conditions. The modeling study of [48]
showed that renewable-energy land productivity can be even doubled by APV for biogas
maize production in comparison to the separate production of maize and energy with
ground-mounted PV modules.
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Going along with increased research activities and APV deployment, throughout the years
multiple technical solutions to combine agriculture and energy production on the same
land have been developed. A classification to distinguish different APV technologies has
been proposed by [49], as seen in Figure 2.3. This thesis focuses on APV for GHs (marked
in orange).

Agrivoltaics
System

Open Closed

Structure
Interspace PV Overhead PV PV Greenhouse Opaque Buildings*

PV module 
tilt tracking Fixed, single axis Fixed, single axis, 

dual axis Fixed Fixed

Application Permanent 
grassland Arable farming Horticulture Aquaculture Indoor farming*

Agricultural 
products Animal feed, meat Staple food Fruits, vegetables Fish, algae Mushrooms*, 

meat, dairy

Agricultural 
activities Grazing

Haying

Biodiversity PV*

Beekeeping*

Annual crops

Grain

Use of large 
machinery

Crop rotation

Perennials

Specialty crops

Orcharding, vineyards

Protected cultivation

Open pond 
aquaculture

Closed pond 
aquaculture

Floating PV

Onshore, offshore

Barns, stables*

Vertical farming*

*No agrivoltaic application in the strictest sense

Figure 2.3: Classification of APV systems adapted from [49].

APV systems can be classified into two main categories, namely open and closed systems.
Open APV systems include interspaced PV systems and overhead PV systems. Interspaced
systems allow agricultural activities to take place between PV rows while overhead systems
are typically elevated 2–6 m above ground level to ensure that farming operations beneath
the PV panels can continue unobstructed. Commonly cultivated crops in open APV
systems include orchards, vineyards, hay and fodder species, and various vegetables.
Several review papers have summarized the state-of-the-art in open-field APV research,
covering both experimental studies and modeling approaches [46, 50, 51, 52, 53, 54,
55, 56, 57]. Closed APV systems primarily include PV GHs, which are typically applied
in horticulture and aquaculture. Commonly cultivated crops in PV GHs include mostly
fruits and vegetables. In general, the global APV market grew from 14 GW in 2024 to
an estimated 18.4 GW by mid-2025 [58]. While much of this growth stems from pilot
expansions, more countries are beginning to approve commercial-scale APV installations,
especially in Southern Europe and East Asia [58]. In this thesis, we are focusing on APV
concepts for GHs. In Section 2.2, GH agriculture in Almería, Spain, is presented, including
typical GHs of the region and important radiation parameters for crop growth in GHs.
Then, in Section 2.3, the state-of-the-art in APV GH applications is presented.
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2.2 GREENHOUSE AGRICULTURE IN ALMERÍA, SPAIN

In southern Spain, especially in the region of Almería, approximately 32,000–33,500 ha of
land are covered with plastic GHs [22]. It remains the largest continuous GH concentration
in Europe, see Figure 2.4, and the second largest worldwide, following the Weifang region
in Shandong, China, where the protected-cropping area exceeds 80,000 ha [59]. The
region of southern Spain has some of the driest conditions in Europe, yet with access to
groundwater and an abundance of sun, it offers optimal conditions for year-round crop
production. According to the European Commission’s PVGIS database, typical values of
annual global horizontal irradiation in the Almería region range between 1900 kW hm−2

and 2100 kW h m−2 [60, 61].

Figure 2.4: The sea of greenhouses surrounding El Ejido, a town in the south east of Almería,
Spain. Image credit: European Union, Copernicus Sentinel-2 imagery [62].

Almería’s fruit and vegetable exports in the 2024/2025 season reached 2.5 million tons
and 3,716 million euros, accounting for the growth of an associated complex industrial
and service sector [63]. The most produced crops in terms of value were pepper (=C1.432
billion), tomatoes (=C908 million), cucumbers (=C677 million), watermelons (=C478 million),
and zucchini (=C373 million) [63]. The fruits exported from the region reach a total of 87
different countries, but 99% of international sales go to other European countries, with
Germany as the main destination (=C1.598 billion) [63].
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2.2.1 RADIATION AND PLANT GROWTH IN GREENHOUSES

GHs provide a controlled microclimate that can be optimized for efficient crop production.
Among all inputs to GH cultivation, sunlight is the most fundamental, as it supplies the
energy required for plant growth. Light is the primary driver of photosynthesis, the
biochemical process through which plants convert light energy into chemical energy.
During photosynthesis, photons absorbed by chlorophyll and other plant pigments initiate
reactions that transform CO2 and water into carbohydrates, releasing oxygen as a by-
product. In the following subsections, the relevant radiation parameters for GH cultivation
are summarized in more detail.

2.2.1.1 BROADBAND RADIATION PARAMETERS

Solar radiation is the electromagnetic radiation that is emitted by the sun. The fraction of
the solar radiation that reaches the Earth’s surface is usually described by three quantities:
direct normal irradiance (DNI), diffuse horizontal irradiance (DHI) and global horizontal
irradiance (GHI). GHI is the total amount of shortwave solar radiation received on a
horizontal surface and is confined to wavelengths between 290 nm and 3000 nm. It
consists of two parts: direct irradiance that comes straight from the sun, and diffuse
irradiance that has been scattered by clouds, aerosols, or other atmospheric components.
DHI refers only to the scattered portion of irradiance that reaches a horizontal surface.
It excludes the direct beam from the sun’s disk and therefore represents the diffuse sky
contribution. DNI describes the beam radiation that comes directly from the sun without
being scattered or reflected. It is measured on a surface that is kept perpendicular to the
sun’s rays. The unit of GHI, DHI and DNI is W m−2.

2.2.1.2 PHOTOSYNTHETICALLY ACTIVE RADIATION (PAR)
For plant growth, the most relevant fraction of solar radiation is the photosynthetically
active radiation (PAR). PAR designates the spectral range of solar radiation from 400 nm
to 700 nm that photosynthetic organisms are able to use in the process of photosynthesis
[64]. This spectral region corresponds more or less with the range of light visible to the
human eye (380 nm to 750 nm). PAR can be expressed as a photosynthetic photon flux
density (PPFD), with units of µmol m−2 s−1 because photosynthesis is a quantum process,
or in terms of photosynthetic radiant flux density (PAR irradiance, W m−2), which is more
suitable for energy balance studies [65]. Figure 2.5 shows the AM1.5 solar spectrum
(direct + circumsolar component) based on the ASTM G173-03 reference spectrum (ASTM
International, 2008) obtained via NREL [66], overlaid with the absorption spectra of
chlorophyll a, chlorophyll b, and β -carotene, as well as the photosynthetic action spectrum.
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Figure 2.5: Spectral distribution of the ASTM G173 AM1.5 direct+circumsolar irradiance
[66], overlaid with the absorption spectra of chlorophyll a, chlorophyll b, and β-carotene,
as well as the photosynthetic action spectrum. The visible range between 380 and 750 nm
is highlighted with a color gradient corresponding to wavelength. The PAR range between
400 nm and 700 nm is marked in grey with black, dashed lines.

The solar spectrum that reaches the Earth’s surface, see Figure 2.5, consists of approxi-
mately 5% ultraviolet (UV) radiation (250 nm to 400 nm), 45% PAR (400 nm to 700 nm),
and about 50% near-infrared (NIR) radiation (700 nm to 2500 nm) [67]. Although these
proportions can shift depending on location and cloud cover, each spectral component
plays a distinct role in GH crop production. UV radiation primarily affects plant growth
and development [67]. Moderate UV exposure can be beneficial, stimulating the synthesis
of secondary metabolites such as flavonoids, phenolics, carotenoids, and ascorbic acid,
which can improve leaf, flower, and fruit coloration, enhance flavor, and increase resistance
to pests and diseases [67, 68, 69]. Excessive UV radiation, however, may cause DNA
damage, inhibit photosynthesis, reduce growth, and promote compact plant forms [70].
NIR radiation mainly influences the GH microclimate through its heating effect. Most of
the incoming NIR radiation is absorbed by the GH surfaces, while leaves reflect roughly
40% of it [71]. PAR contributes both to the GH energy balance and, critically, to plant
growth and development. It drives photosynthesis and influences photomorphogenic
responses, making maximized PAR transmission one of the most crucial considerations in
GH design for most crops.

Within the PAR region, not all wavelengths contribute equally to photosynthesis, as in-
dicated by the absorption spectra in Figure 2.5. The primary photosynthetic pigments
exhibit distinct absorption maxima in the blue and red parts of the spectrum: chlorophyl a
absorbs most strongly near 430 nm and 662 nm, while chlorophyll b absorbs mostly around
453 nm and 642 nm [64]. These regions are therefore most efficiently used for the photo-
chemical reactions of photosynthesis. At the canopy scale, however, plants make use of a
broad range of photons across roughly 400 nm to 700 nm to drive photosynthetic carbon
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gain [67]. Beyond chlorophyll a and chlorophyll b, several accessory pigments, such as
carotenoids and non-photosynthetic photoreceptor pigments, including phytochromes,
cryptochromes, and phototropins, also absorb in specific spectral bands [67]. Even at
relatively low light intensities, these receptors regulate numerous developmental and
metabolic processes, which influence seed germination, plant architecture, flavor for-
mation, and nutritional quality [67]. Most of the activating wavelengths fall within the
blue (400 nm to 500 nm), red (600 nm to 700 nm), and far-red (700 nm to 800 nm) re-
gions of the spectrum. Green light (500 nm to 600 nm) is absorbed less strongly by these
pigments but it plays a meaningful physiological role due to its deeper penetration into
plant canopies [67]. By reaching shaded lower leaves more effectively than blue or red
wavelengths, green light can support photosynthesis in inner canopy layers [72].

Similarly to the incoming GHI, PAR reaching the ground surface has two primary incoming
streams, i.e. "diffuse" and "direct". Their share is essentially affected by the quantity
of clouds and aerosols in the atmosphere, and for GHs by the composition of the GH
covering material. Photosynthesis in a canopy can be calculated from the amount of light
absorbed by the canopy and the light response of the leaves. Besides light intensity, the
directional light distribution in the GH throughout the canopy also plays an important
role [73]. Several studies showed that plants use diffuse PAR, which leads to a more
homogeneous light profile in the plant canopy, more efficiently than direct PAR [74, 75,
76]. Furthermore, the photosynthetic rate of leaves shows a nonlinear response to the
PPFD, as depicted in Figure 2.6, converging towards a saturation point in which a further
increase in PAR radiation does not translate into a higher value of photosynthetic rate
[77].
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Figure 2.6: Generalized photosynthetic light response curve. Figure adapted from [78].

A positive photosynthetic rate can lead to a positive growth rate. As shown in Figure 2.6,
the photosynthetic rate is negative at intensities below the light compensation point. At
intensities above the light compensation point, the initial slope of the photosynthetic rate
is limited to a maximum (Pmax) due to light saturation. Per definition, light saturation
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sets in at an intensity at which a linear growth would reach Pmax. At high light intensities,
photoinhibition sets in [78]. For example, tomatoes typically require 400 µmol m−2 s−1

to 700 µmol m−2 s−1 of PAR for efficient photosynthesis depending on the development
stage of the plant [79]. The light saturation point for tomato photosynthesis is around
700 µmol m−2 s−1 to 1000 µmol m−2 s−1, above which photosynthesis plateaus or decreases
due to stress or photoinhibition [79]. In addition, the exposure of tomatoes to intense
light for long periods affects the accumulation of antioxidants in the fruits, like lycopene
and Vitamin C, especially during the ripening stage, as these elements are sensitive to
oxidation. It has been shown that excessive light may lead to oxidative degradation, while
moderate shading can enhance or preserve these compounds in tomato fruit by reducing
stress and photoinhibition [80, 81].

2.2.1.3 DAILY LIGHT INTEGRAL (DLI)
The daily light integral (DLI), expressed in mol m-2 day-1, describes the total amount of
photons in the PAR spectrum received per m2 per day. Equation 2.1 describes the DLI
calculation from PPFD.

DLI=

∫ 24

0

PPF D(t) d t ≈
n
∑

i=1

PPF Di ·∆t (2.1)

with PPF D(t) being the Photosynthetic Photon Flux Density at time t, in µmol m−2 s−1.
For discrete measurements, PPF Di describes PPFD at time step i and ∆t describes the
time interval between measurements in seconds. The variable describes n the number of
measurements per day.

2.2.2 GREENHOUSE TYPES IN ALMERÍA, SPAIN

There are different types of GHs in the region of Almería. The traditional GHs were
developed from wire supporting structures for growing table grapes, a traditional crop in
the area of Almería [22]. Also nowadays, the GHs in the Almería region are mainly simple
structures covered with polyethylene plastic sheets.

As indicated in Figure 2.7, so-called "raspa y amagado" GHs represent the majority of GHs,
followed by the flat top GHs and asymmetric GHs. Only 5.7% of the area is covered by
different types of GHs, such as the more modern "Venlo" GHs.



GREENHOUSE AGRICULTURE IN ALMERÍA, SPAIN 13

Raspa y amagado
76.4%

Flat top
11.3%

Asymmetric
6.6%

Other
5.7%

Figure 2.7: Percentages of different types of GHs in the agricultural region of Almería [22].

"Raspa y amagado", flat top and asymmetric GHs are all three classified as Almería-type GHs.
The Almería-type GHs are characterized by the fexibility of the structural elements,which
are composed of individual wires or braids that are subject to initial tension during the
process of construction [22]. The three subtypes can be differentiated by the shape of
their roof. The flat top GHs evolved first and have a cover of plastic that is perforated to
allow entry of rainwater. The "raspa y amagado" GH evolved from the flat top GH and
consists of symmetrical gabled parcels. In contrast, the asymmetric GHs consists of gabled
parcels with different slopes. In addition, during the last years GHs from other European
countries are also gaining ground in the Almería region, such as the multi-span type used
in France and "Venlo" GHs used in the Netherlands. In the next two subsections, detailed
descriptions of the "raspa y amagado" and "Venlo" GH types are presented as they will be
central to the analyses conducted later in this thesis.

2.2.2.1 "RASPA Y AMAGADO" GREENHOUSES

The "raspa y amagado" GHs are a special type of GH design common in Almería. They
are characterized by the shape of the roof, which is angled from 6◦ to 20◦. The primary
goal of the design development was to improve rainwater drainage and reduce the risk of
structural damage compared with flat-roof GHs. Increasing the roof slope also enhances
solar radiation interception, although it requires greater structural strength due to wind
loads [22].

The roof consists of two main elements: the "raspa" and the "amagado". The "raspa" is
the upper junction where the two roof slopes meet at the highest point of each parcel
[22]. It is supported by a framework of galvanized steel tubes, laminated profiles, and
wires or wire strands that ensure roof stability. The "amagado" refers to the lower junction
between adjacent parcels, where the rainwater gutters are installed [22]. It connects the
upper "raspa" to the ground through cables and iron forks, which provide anchoring and
allow proper positioning of the gutter system [22].
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a)

b) c)

Figure 2.8: a) Side of a "raspa y amagado" GH. Most GHs have lateral openings for tempera-
ture and microclimate control. b) Inside of a "raspa y amagado" GH before cultivation. The
GH ground is covered with plastic foil to maintain moisture levels in preparation for the crop
cycle. c) Tomato plants in a "raspa y amagado" GH two weeks after transplantation.
Image credit: Anna Kujawa (DLR).

The maximum height of the "raspa y amagado" GH is located at the ridge and typically
ranges from 3 m to 4.2 m. The height of the "amagado" section varies between 2 m and
2.8 m, while the sidebands range from 2 m to 2.5 m. The standard spacing between pillars
and the tension braces of the threads is usually 2 × 4 m, although other configurations such
as 2.5 × 4 m, 2 × 6 m, and 2 × 8 m are also common [22]. The widespread adoption of the
"raspa y amagado" structure in the Almería region is largely due to its adaptability to local
climatic conditions and its suitability for different types of crops [22]. Additional factors
contributing to its expansion include its relatively low construction cost (4.5–15 =C/m2)
and its higher thermal inertia, which help increase nighttime temperatures and create a
more hermetic environment compared with flat-roof GHs [22]. In this thesis, a virtual
representation of an Almería typical "raspa y amagado" GH is presented and simulated.
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2.2.2.2 "VENLO" GREENHOUSES

"Venlo" GHs are industrial, multispan structures originally developed in northern Europe,
where low winter temperatures and the need for precise climate control require rigid metal
frames and glass covers [22]. The limited adoption of the "Venlo" GH in Almería is mainly
due to high construction costs and their design being optimized for cold, low-radiation
climates rather than the arid, high-radiation conditions of southeastern Spain [22].

Traditionally, "Venlo" GHs are glass-covered, symmetrical structures with narrow spans, roof
slopes of approximately 22°, and robust metallic frames capable of supporting considerable
loads, as depicted in Figure 2.9. In the Netherlands, "Venlo"-type GHs are often being
managed with two floors and a height greater than 8 m [22]. In these GHs, crops are
grown at two different heights in order to achieve twice the usual planting density. On
the lower floor, continuous artificial lighting is used, whereas on the upper floor, solar
radiation is used. In addition, the temperature is controlled by heating and recirculating
hot air from the top to bottom floors [22]. Due to the materials required for a "Venlo" GH,
these types of GHs have comparably high construction costs of approximately 30-40 =C/m2,
which is substantially higher than that of Almería-type GHs, ranging from 4.5–15 =C/m2.

a) b)

Figure 2.9: a) A glass "Venlo" GH in the Netherlands. Image credit: [82].
b) The SOLNOVA "Venlo"-type GH in Almería. Image credit: [83].

Despite this conventional definition of the "Venlo" GH having glass walls and roofs, some
research and development initiatives in Almería have adopted "Venlo"-type geometries
without using glass. An example is the SOLNOVA GH, developed at the Centro Tecnológico
TECNOVA [83]. The SOLNOVA structure, shown in Figure 2.9, is a GH that resembles
the "Venlo" design but is covered with Almería-typical plastic films, rather than glass. It
was engineered and calculated specifically for Almería’s climatic conditions, including the
additional structural load of PV modules, which has been already investigated in several
studies [83, 40]. The SOLNOVA case illustrates that, within the local research context, the
term "Venlo-type" may refer to the geometry and structural concept rather than strictly
the material of the cover. In this thesis, a virtual representation of the SOLNOVA "Venlo"
GH is presented and simulated.
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2.2.3 GREENHOUSE ROOF COVER TRANSMITTANCE CONTROL

PRACTICES

Mediterranean GHs are typically covered with transmissive plastic materials [22]. To
increase the diffuse light distribution inside the GH, these materials have high haze values,
i.e. the fraction of transmitted light, which deviates from the incident direction [84].
Overall light transmission in the PAR range is typically between 80 % and 89 %. According
to various manufacturers, the fraction of diffuse PAR transmission is typically between
55 % and 60 % [85].

In the Mediterranean region, low-density polyethylene (LDPE) films are widely used as
GH covering materials, primarily due to their affordability, mechanical attributes, and
resistance to chemicals [86]. These plastic films are often multi-layered with an UV-
protection film toward the outside and agrochemical-resistant films toward the inside of
the GH [40]. The materials have been developed to maximize the fraction of diffuse light
inside GHs, with a transmission dependent on the angle of the incident light [84, 87].

As high light levels can lead to photosynthetic saturation and a decrease in light use
efficiency of the plants (see Section 2.2.1.2), farmers actively manage light and heat
inside GHs by reducing the transmission of GH plastics throughout the crop cycles, e.g.
by applying white chalk paint, the so-called "whitewash" [25]. The majority of farmers
in Almería (99%) whitewash the GH cover several times throughout the growing cycles
to increase its reflection coefficient to solar radiation, which reduces the contribution of
energy that heats the GH during the central hours of the day. They mostly use micronised
calcium carbonate to whitewash the GH covering, whereas some farmers also add adhesives
to improve its permanence on the GH covering. In addition, there are other techniques to
reduce light transmission and manage the GH microclimate, such as the use of shading nets
(applied internally or externally) [88], thermal screens [89], or even wavelength-selective
plastic films, that block out a fraction of the infrared (IR) spectrum [90, 91] (both applied
internally).

APV concepts offer another option to actively support this microclimate management of the
growers. Shading techniques, both traditional shading nets or APV structures, can modify
light intensity, spectrum and duration, affecting both yield and quality of the GH crops. To
maintain successful GH cultivation, the balance between sufficient light for photosynthesis
and avoiding stress-induced degradation is crucial. Traditional shading methods, such
as shading nets or whitening agents, primarily reduce light intensity and slightly alter
the spectrum by scattering more UV and blue light and blocking out a fraction of IR light.
In contrast, conventional silicon PV modules absorb a portion of PAR, especially in the
blue and red regions, to generate electricity. As this may negatively affect the availability
of PAR to the crops, more recent approaches for GH-implemented APV solutions focus
on semi-transparent or spectrally selective PV technologies in order to allow more PAR
transmission while still producing energy.
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2.3 STATE-OF-THE-ART IN AGRIVOLTAIC GREENHOUSE

APPLICATIONS

GH cultivation is expanding rapidly worldwide to help meet the rising food demand
associated with a growing global population [92]. Recent global estimates report 1.3
million hectares of GHs worldwide, distributed across 119 countries [92]. China alone
accounts for 60.4% of global GH coverage, while Mediterranean countries, i.e. Spain,
Italy, France, Turkey, and Morocco, collectively contribute about 16% [92]. Within the
Mediterranean basin, Spain is the leading country, representing 5.6% of global GH area,
with 32,000–33,500 ha concentrated in the province of Almería, southern Spain [22].
Beyond these, large GH clusters have also been identified in Mexico, and GH cultivation
is increasingly present across 22 African countries, mainly for vegetable and cut-flower
production [92]. High-tech GHs, such as the "Venlo" GHs in The Netherlands as described
in Section 2.2.2.2, that use advanced climate control and vertical production systems
require less land and deliver higher yields, however, their construction and operation are
expensive, which limits their adoption in many regions [22]. Plastic-covered, low-tech
GHs, such as the "raspa y amagado" GHs in Spain as described in Section 2.2.2.1, remain
essential for small-scale farming worldwide, yet represent one of the main sources of
agricultural plastic pollution when not recycled properly [93, 94, 95]. Globally, GH
cultivation continues to grow at an estimated 6% per year [67].

Given the global scale of GH agriculture, the application of APV systems to GHs has
gained attention as a promising approach to simultaneously address energy demand,
plastic reduction, and sustainable food production. APV is particularly suitable for regions
with a high density of already existing GH infrastructures [96], where PV modules could
(partially) replace plastic films or shading elements. In recent years, research on APV GHs
has developed as a distinct field of study and is the focus of several review articles [97, 98,
99, 100]. Figure 2.10 combines the work of [92] who used satellite image mapping to
identify major clusters of GHs worldwide, and [97] whose work includes a review of 122
studies on APV GHs worldwide from 2010 to 2025.

Agrivoltaic greenhouse studies 
[Kashif et al. (2025)]

Figure 2.10: Global distribution of GH production clusters and locations of published APV
GH studies. The basemap and data on GH clusters is taken from [92]. Green stars indicate
the locations of APV GH studies summarized by [97].
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Numerous studies emphasize that well-designed APV systems can maintain or even im-
prove crop performance while contributing to farm-level energy self-sufficiency [99, 101].
However, several studies also pointed out that the integration of PV panels into the GH
roof can create a significant reduction in solar radiation inside the GH with possible effects
on microclimate and subsequently crop production [102, 103, 104]. It is therefore crucial
to study the effect of shading caused by PV panels in APV GHs and the availability and
distribution of PAR inside APV GHs. In recent years, both experimental and numerical
studies on APV GHs have been conducted under various climatic conditions, which re-
ported differing results depending on GH type, shading configuration, and crop species.
In the following subsection, an overview of different technical approaches to integrate PV
into GHs is presented. Then, the relevant state-of-the-art publications for the classification
of the presented results in this thesis are described in detail.

2.3.1 TECHNICAL APPROACHES FOR INTEGRATING PHOTOVOLTAICS

INTO GREENHOUSES

a) b) c)

d) e)

Figure 2.11: Different technical solutions to integrate PV modules in GHs. a) Roof-integrated
PV [105]. b) GH-integrated PV system of the REGACE project [106]. c) Flexible, semi-
transparent PV modules on the roof of a tunnel GH [107]. d) Wavelength-selective PV system
combining a luminescent solar concentrator with conventional crystalline silicon solar cells
[108]. e) Voltiris system inside a glass GH: a spectral filtering PV solution consisting of
dichroic filters that reflect a part of the spectrum of the incident irradiance towards a PV
module [109].

The integration of conventional PV modules into GHs has been described for both tra-
ditional and thin-film crystalline silicon modules [110, 111, 39, 35, 112, 113]. The
review paper of [97] summarized 24 studies (experimental and modeling studies) about
integrating conventional, opaque PV modules into the roofs of APV GHs. Figure 2.11 a)
shows the prototype GH of [105] where the shading provided by roof-mounted PV panels
could be adjusted dynamically depending on external climate. Similarly, the study of
[114] and [115] examined the effects of semi-transparent PV modules installed on a GH



STATE-OF-THE-ART IN AGRIVOLTAIC GREENHOUSE APPLICATIONS 19

with cultivated lettuce and tomatoes inside. Although the measurements indicated that
modules block 35–40% more irradiance than the polyethylene cover and decrease the air
temperature, no significant variations in the growth trends of the lettuce or tomatoes were
observed. In another study [116], the growth of lettuce was investigated experimentally
under a small-scale pilot GH with semi-transparent PV modules and with a light diffusion
film underneath the PV modules. The results indicated that the growth trend of the lettuce
plant is comparable to the case without PV and that the diffuse film improves agricultural
yield. Comparably, the study conducted by [117] also focused on cultivating lettuce in a
prototype GH. Their findings showed that the PV system resulted in a 20% shading effect
within the GH. More recently, the experimental study of [118] also reported crop yield
responses under an opaque, bifacial PV roof configuration of a Venlo APV GH in Türkiye.
The authors observed a yield reduction of approximately 26–32% in the first growing
season compared to a reference GH. In the following growing season, the reduction in
crop yield was reduced to about 15–18% after improvements in shading management and
system operation.

PV modules can also be integrated inside the GH beneath the roof, as illustrated in Fig-
ure 2.11 b). The TriSolar tracking system uses semi-transparent bifacial PV modules to
optimize light distribution within the APV GH while maximizing electrical output. This
system is currently being tested within the REGACE project at six sites across Europe, in-
cluding four universities in Germany, Austria, Greece, and Israel, as well as two operational
farms in Germany and Italy. The core technology consists of a responsive tracking system
mounted inside the GH that adjusts its angle according to crop needs. The collaboration
is also investigating CO2 enrichment as a strategy to increase electricity generation under
low-light conditions by modifying the angle of incidence for the bifacial modules. In
addition, REGACE aims to develop a comprehensive digital twin for PV-integrated GHs
and has recently presented an application of Spatio-Temporal Graph Neural Networks
for GH microclimate modeling [119]. Further research within the consortium focuses on
outdoor performance monitoring for perovskite module degradation studies [120] and on
developing models to estimate the rear-side energy production of bifacial modules [121].

Figure 2.11 c) shows the integration of flexible, semi-transparent PV modules on the roof
of a tunnel GH by [107]. They used semi-transparent dye-sensitized solar cells as an
alternative GH cover material for agrivoltaic applications. While dye-sensitized solar cells
incorporate organic dye molecules, they are not strictly classified as organic PV. According
to [107], their spectral transmission can be tuned to avoid major chlorophyll absorption
bands while preserving high transmittance in the red wavelength region required for
photosynthesis. Outdoor characterization reported efficiencies of up to approximately 2%
under low irradiance and similar performance under both direct and diffuse illumination.
The semi-transparent modules were validated in a 100 m2 GH prototype in Greece with
tomato cultivation [107]. In the GH with PV modules, the tomatoes grew better than in
the control GH, while at the same time the electricity produced by the dye-sensitized solar
cells could be used to power the measurement sensors [107].

Wavelength-selective PV systems, as shown in Figure 2.11 d) were tested at the University of
California, where scientists developed a semi-transparent system combining a luminescent
solar concentrator with conventional crystalline silicon solar cells [122, 108, 123]. The
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wavelength-selective PV system can directly substitute the plastic and glass coverings of
GHs, which offers the opportunity for electricity production and light control for the plants
at the same time. The luminescent material used in the wavelength-selective PV system
can increase the panel’s efficiency and adapt the light to the needs of plants. In addition,
the authors stated a relatively cheap price of 10 USD/m2 [108].

The Voltiris system, shown in Figure 2.11 e), is a wavelength-selective, low-concentration
PV technology designed for high-tech glass GHs. It uses dichroic filters and dual-axis
tracking to transmit most PAR to the crop canopy while concentrating non-PAR wave-
lengths onto PV cells [124]. In an eight-month trial at Agroscope in Switzerland, tomatoes,
peppers, and basil grown under Voltiris modules showed no significant yield reduction
compared with unshaded controls, while PV yields were comparable to those of conven-
tional PV installations [124]. However, the system requires substantial mounting height to
accommodate the dual-axis trackers which makes it suitable only for tall, stable structures.

2.3.2 EXPERIMENTAL STUDIES ON AGRIVOLTAIC GREENHOUSES

This subsection presents in detail the experimental APV GH studies relevant to the classifi-
cation of the results in this thesis. The findings of this work will later be compared with
those reported in these studies.

The study of [35] analyzed the effect of flexible PV modules on tomato cultivation in a
"raspa y amagado" GH in Almería, Spain, during the 2009–2010 growing season. The GH
was divided into three zones: one unshaded control and two PV treatment zones, where
flexible amorphous silicon panels were arranged in a checkerboard pattern covering 9.8%
of the roof area. The authors found no significant differences in total or marketable yield
among treatments, though fruits grown under PV shading showed slightly smaller size
and lower color intensity.

Figure 2.12: Experimental "raspa y amagado" GH used in Almería, Spain, divided into one
control and two PV-shaded zones with flexible amorphous silicon modules covering 9.8% of
the roof area in both zones. Figure taken from [35].

In a subsequent publication on the same trial by [36], the authors analyzed in depth the
effects of the shading treatment (9.8%) on the morphology, yield, and quality of tomato
fruits. Inside the GH, there was greater PAR radiation absorption in the control area than
in the shaded areas. This had no effect on total production, commercial production, plant
morphology, number of flowers, color, firmness, or pH of the fruit. Although shading
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reduced fruit size, it did not affect overall yield because there were more fruits in the
shaded treatments, albeit smaller ones. Likewise, a slight increase in soluble solids content
in the fruit was observed in the shaded treatments.

The study of [37] performed an APV GH experiment with tomato crop and 10% roof cover
ratio in two 172 m2 Canarian GHs located in Agadir, Morocco. They arranged the flexible
PV panels in East-West oriented strips, as depicted in Figure 2.13. The experiment was
conducted during the 2017 tomato growing cycle to assess the impact of partial shading
on the GH microclimate and tomato yield. The results showed that this low level of
PV coverage did not significantly affect air temperature, humidity, or tomato yield. On
the contrary, a slightly higher yield was recorded in the PV-shaded treatment, which the
authors attributed to a lower incidence of the pest Tuta absoluta observed in the shaded
GH.

a) b)

Figure 2.13: a) Experimental APV Canarian-type GH located in Agadir, Morocco.
b) Geometric model showing the 10% roof coverage with flexible PV panels arranged in
east–west-oriented strips, as described by [37]. Image credit: [37].

A subsequent study by the same authors [38] compared the effect of 40% PV cover ratio
in checkerboard pattern on GH microclimate and tomato production during summer and
winter season of the 2018–2019 growing campaign. They found that 40% PV shading with
flexible panels on a Canary-type GH did not have a significant effect on tomato production,
although it did have a negative effect on fruit ripeness.

The study of [39] investigated the performance of a commercial PV GH located in Decimo-
mannu, Sardinia (Italy), where 50% of the roof area was covered with multi-crystalline
silicon PV panels providing a rated power of 68 kWp over a total GH area of 960 m2 (see
Figure 2.14). Two cherry tomato cultivation cycles were carried out between August 2011
and July 2012 to evaluate the effects of shading on crop productivity. Measurements over a
full year showed that the PV system reduced internal global radiation by 64% compared to
an uncovered GH, with reductions of 82% under PV-covered roofs and 46% under plastic-
covered roofs. Solar radiation followed a marked north–south gradient, leading to uneven
light distribution and yield variation among rows, with plants grown under the plastic
roof achieving the highest yields. The average total yield amounted to 7.5 kg m-2 year-1,
with marketable production representing 76% of this value, which was lower than typical
cherry tomato yields in southern Europe. Supplementary high-pressure sodium lighting
powered by the PV system was tested during winter but did not significantly improve
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yields, while its energy cost exceeded the revenue from crop sales. In contrast, the PV
installation generated approximately 108,000 kWh annually, resulting in energy revenues
substantially higher than agricultural revenues. The study concluded that, while such PV
GHs can be highly profitable in terms of energy generation, their agronomic sustainability
is compromised, and design adaptations, e.g. semi-transparent panels or alternative PV
layouts, are needed to achieve a balance between energy and crop production.

Figure 2.14: Schematic representation of the PV GH studied by [39] in Decimomannu,
Sardinia (Italy). Figure taken from [39].

The study of [125] evaluated the effect of shading produced by PV panels installed on the
roof of a tunnel-type GH. Conducted in Viterbo, Central Italy, the experiment investigated
a prototype structure covered with flexible semi-transparent mono-crystalline silicon PV
modules (18% efficiency) arranged in a checkerboard pattern, as depicted in Figure 2.15.
The authors analyzed the temporal and spatial variation of shading within the GH and
reported that, from mid-March 2017 to mid-September 2017, shading remained almost
entirely inside the structure throughout the day, while during the remaining months it
was partly inside and partly outside. The annual shading percentage never exceeded 40%
under the adopted configuration. The study focused primarily on the geometric analysis
of light interception in curved tunnel GHs and did not include an evaluation of crop yield
or microclimatic effects.

Figure 2.15: Prototype PV tunnel GH located at Tuscia University (Viterbo, Italy) as described
by [125]. The structure is covered with flexible semi-transparent mono-crystalline silicon PV
modules arranged in a checkerboard pattern to limit shading, achieving a maximum annual
shading of about 40%. Image credit: [125].
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The study of [40] experimentally analyzed the effect of different roof-top shading levels
(15%, 30%, and 50%) on tomato crop cultivated during the 2014–2015 growing season
in a Mediterranean "Venlo"-type GH, mentioned in Section 5.1, located in Almería, Spain.
The authors simulated the shading effect of PV panels using opaque black polyethylene
sheets arranged in linear strips along the north–south-oriented roof (Figure 2.16). Their
results indicated that moderate shading (up to 30%) did not significantly affect total or
marketable tomato yield, whereas higher shading levels (50%) led to notable reductions
in both yield and fruit quality. Increasing shading delayed fruit maturation and reduced
total soluble solids, while fruit firmness increased under stronger shading conditions.

a) b)

Figure 2.16: a) Roof-top installation of opaque polyethylene sheets simulating the shading
effect of PV panels in a "Venlo" GH located in Almería, Spain [40]. b) Tomato crop grown
inside the "Venlo"-type APV GH. Image credit: [40].

2.3.3 MODELING APPROACHES FOR AGRIVOLTAIC GREENHOUSES

The results of previous experimental APV GH studies show that it is difficult to predict crop
responses to artificial shading as they are complex and depend on many different factors.
In order to improve the understanding of APV systems and their influence on crop yield,
modeling approaches are increasingly being employed in APV. This subsection summarizes
the most relevant state-of-the-art modeling approaches for irradiance modeling and yield
predictions in APV systems, which will be compared with the results of this thesis.

2.3.3.1 IRRADIANCE MODELING FOR AGRIVOLTAIC GREENHOUSES

The study of [126] summarized results of numerical simulations as well as experimental
results of GHs in Europe with PV cover ratios of 25% to 100%. For their study, four APV GH
types were simulated and compared to real commercial large-scale APV GHs in Sardinia,
Italy. The types differ mainly for the roof design, thus the amount and the installation
pattern of the PV panels, as presented in Figure 2.17.
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Type 1

Mono-pitched roof 

PV cover ratio: 100% 

Type 2

Venlo

PV cover ratio: 60% 

Type 3

Gable roof 

PV cover ratio: 50% 

Type 4

Gable roof, straight pattern

PV cover ratio: 25% 

Type 4

Gable roof, checkerboard pattern

PV cover ratio: 25% 

Figure 2.17: GH types and shading levels studied by [126]. Figures adapted from [126].

To calculate solar radiation, the authors used a geometric approach. Their algorithm
computed the solar path throughout the year and compared the sun’s position with the
roof geometry in order to determine whether an observation point inside the GH was
shaded or illuminated. If an observation point was not shaded, it received the sum of
direct and diffuse radiation multiplied by the average transmissivity of the GH cover,
whereas shaded points only received diffuse radiation through the cover. The simulations
were performed under clear-sky conditions with an assumed transmissivity coefficient of
0.65. For each GH type, radiation was calculated at 100 observation points arranged in a
10 × 10 grid across the GH floor and aggregated into light distribution maps. The results
were expressed as cumulated global radiation relative to a conventional GH, which made
the indices independent of the cladding material, and the uniformity of radiation was
evaluated using the coefficient of variation across all observation points. Their simulations
summarized a decrease in yearly global radiation by 0.8% for east–west-oriented and 0.6%
for north–south-oriented GHs for each additional 1% PV cover ratio. Additionally, GH
height was shown to increase available radiation by an additional 3.8% for each additional
meter of GH gutter height.

[127] developed a simulation tool to calculate the irradiance uniformity inside a "Venlo" GH
by applying a decomposition model, based on the method developed by [128]. The method
was originally used to simulate the global horizontal radiation distribution in open-field
APV systems. The approach of [127] provides a vector-based geometric representation
of the GH and PV panels, as depicted in Figure 2.18. To determine the solar radiation
entering a GH, any given point inside the GH is assessed if it is shaded by PV panels or
exposed to direct sunlight, depending on the solar position. Irradiance maps for the GH
ground are then estimated based on solar irradiance for representative days in each month
taken from a typical meteorological year. By integrating these values over time, the model
estimates both monthly and annual radiation levels for different points inside a GH and
provides averaged irradiation maps for the ground of the GH.
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Figure 2.18: Schematic representation of the GH irradiance model developed by [127].
The model computes direct and diffuse irradiance at each point inside a "Venlo"-type GH by
assessing shading from PV panels based on solar geometry. Figure taken from [127].

2.3.3.2 ESTIMATING CROP YIELD IN AGRIVOLTAIC SYSTEMS

A direct approach for crop yield estimation is the application of crop growth and func-
tional–structural plant models for specific crop types. The review of [57] summarized
various studies validating crop models in APV systems, detailing the crops studied, the
models used, and their calibration methods. Crop growth models can simulate biomass
accumulation, fruit yield, and other physiological processes over time, however, accurate
yield predictions require thorough calibration to local environmental conditions. For GH
applications, one of the most established models is the Tomato Growth model (TOMGRO)
[129], which has recently been extended to APV contexts [130, 131]. As highlighted by
[57], while these models effectively capture plant responses to varying light and shade
conditions, significant challenges remain in representing the dynamic composition of
diffuse and direct radiation under PV structures. Consequently, local validation with data
remains essential to ensure model reliability in APV environments.

Given these challenges in modeling the complex light environment of APV systems, empir-
ical approaches have become equally important for understanding crop yield responses.
The yield of crops in APV systems is particularly difficult to predict because the shade
patterns created by PV panels differ substantially from the irradiance distributions in
conventional agriculture without PV. In general, there is a strong debate about the shading
ratio that is acceptable in APV systems. However, the shading ratio itself is challenging to
quantify, as it fluctuates hourly and daily depending on factors such as latitude, system
design, and spatial position. To address this uncertainty, the study of [132] conducted a
meta-analysis to quantify how different crop types respond to shading in order to assess
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their suitability for APV. They summarized 58 field studies from temperate and subtropical
regions that reported both yield and the corresponding reduction in solar radiation. Data
were standardized as relative yield under shading (unshaded = 100%) and categorized
into nine crop groups. The authors related relative yield to the reduction in solar radiation
and derived crop-type-specific response curves, as depicted in Figure 2.19.

Figure 2.19: Impact of shading on the relative yield of various types of crops according to
[132]. Figure taken from [132].

The work of [132] is widely used in the APV research community to estimate crop yield
responses under varying shading levels, as several studies included in their meta-analysis
reported high relative yields (>100%) for crops such as berries, fruit trees, and forages.
Their results generally indicate yield increases for many crop types under moderate shading.
However, it is important to note that most experiments included in their analysis used
shade nets instead of PV panels and studies about GHs were generally excluded. Shading
nets provide homogeneous shading patterns, which differ substantially from the shade
patterns created by APV systems. Of the 58 studies analyzed, only two originated from
APV experiments. In contrast to shade nets, which provide uniform shade throughout the
day, APV systems expose plants to frequent transitions between full sunlight and complete
shade. Since stomatal reopening following a transition from shade to sun may take 10–60
minutes [133], crop performance under APV systems may be lower than under shade nets
at the same average shading level. This means that one should be careful from directly
extrapolating such results to APV systems and their results should be confirmed in APV
studies [134].
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In comparison to [132], the study of [134] proposed using the ground coverage ratio,
the ratio of PV panel area to cultivated land area, as a measure for estimating crop yield
potential in APV systems. Based on the results of 21 studies, including APV GH studies,
they established a relationship between crop yield and ground coverage ratio, as depicted
in Figure 2.20. According to their calculations, yields generally remain around 80% at
25% ground coverage ratio but drop to about 60% at 50% ground coverage ratio.

Figure 2.20: Relationship between ground coverage ratio and relative plot yield in APV and
GH systems [134]. Figure taken from [134].

Based on the previously reviewed studies, it is evident that APV research for GH applications
is expanding. However, APV installations in Almería-typical "raspa y amagado" GHs have
so far been investigated only for low shading ratios that did not affect marketable crop
yield. Consequently, it remains unclear whether a threshold shading level exists above
10% at which crops in this GH type can no longer tolerate additional light reduction. In
this thesis, this research gap is approached and an experimental study conducted in a
"raspa y amagado" GH with two higher shading ratios (30% and 50% roof coverage) is
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presented and analyzed. Furthermore, to date, no simulation model for APV greenhouses
is available that accurately represents the irradiance perceived by plants as a function of
PV layout and light transmission through the surrounding cover materials. This thesis
addresses these research gaps by developing a holistic APV greenhouse model that enables
layout optimization. The experimental measurements are used to validate the developed
model, a step that is still largely missing in the current state-of-the-art.

2.4 STATISTICAL ERROR METRICS

Throughout this thesis, several statistical error metrics are used to evaluate model per-
formance. The following subsections introduce each metric using general terminology,
where:

• n is the number of observations,

• yi is the observed value,

• ŷi is the simulated value,

• y is the mean of the observed values, calculated as y = 1
n

∑n
i=1 yi.

2.4.1 ROOT MEAN SQUARE ERROR AND NORMALIZED ROOT MEAN

SQUARE ERROR

The Root Mean Square Error (RMSE) quantifies the average magnitude of the simulation
error and is defined in Equation 2.2.

RMSE=

√

√

√1
n

n
∑

i=1

( ŷi − yi)2 (2.2)

The normalized RMSE (nRMSE) expresses the RMSE relative to the mean of the observed
values and is calculated as in Equation 2.3.

nRMSE=
RMSE

y
(2.3)

2.4.2 MEAN BIAS ERROR AND NORMALIZED MEAN BIAS ERROR

The Mean Bias Error (MBE) indicates the average bias in the simulations and is defined in
Equation 2.4.

MBE=
1
n

n
∑

i=1

( ŷi − yi) (2.4)

The normalized MBE (nMBE) expresses this bias as a fraction of the mean observed value
and is calculated as in Equation 2.5.

nMBE=
MBE

y
(2.5)
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2.4.3 MEAN ABSOLUTE ERROR AND NORMALIZED MEAN ABSO-
LUTE ERROR

The Mean Absolute Error (MAE) reflects the average magnitude of the errors in a set of
simulations, without considering their direction, and is defined in Equation 2.6.

MAE=
1
n

n
∑

i=1

| ŷi − yi| (2.6)

The normalized Mean Absolute Error (nMAE) expresses the MAE relative to the mean of
the observed values and is typically reported as a fraction, as given in Equation 2.7.

nMAE=
MAE

y
(2.7)

This normalization facilitates the comparison of prediction accuracy across different scales
or datasets.

2.4.4 COEFFICIENT OF DETERMINATION (R2)
The Coefficient of Determination (R2) measures the proportion of the variance in the ob-
served data that is predictable from the model and is calculated according to Equation 2.8.

R2 = 1−

∑n
i=1(yi − ŷi)2
∑n

i=1(yi − y)2
(2.8)

2.4.5 IRRADIATION ERROR

The irradiation error quantifies the relative deviation between simulated and observed
cumulative irradiation over a given period, e.g. per day. The irradiation error evaluates
the total bias in the simulated sum compared to the observed sum. It is expressed as a
percentage and calculated as in Equation 2.9.

Irradiation Error (%)=

∑n
i=1 ( ŷi − yi)
∑n

i=1 yi

× 100 (2.9)

A positive value indicates overestimation of cumulative irradiation by the model, whereas
a negative value indicates underestimation.





3
Methodology of the agrivoltaic simulation
framework

“One never notices what has been done; one can only see what remains to be done.”

—Marie Curie

The model developed and validated in this thesis is divided into two main components, i.e.
the irradiance model and the crop model. The two components are coupled to estimate
the yield in APV GHs dependent on different sites, GH types, crops and PV modules and
independent of designated experimental studies. The following chapter explains the
workflow of the two sub-models in detail and is hence split into two separate sections.

Section 3.1 explains the procedure of the irradiance model. The objective of the irradiance
model is to assess how PV modules on GHs affect the irradiance distribution inside the
GH with high spatial and temporal resolution. Therefore, a ray-tracing-based approach
was chosen, utilizing the Radiance software, version 5.4 [135].

Section 3.2 focuses on the crop modeling part. The objective of the crop model is to evaluate
how different types of crop develop under APV conditions and to estimate the expected
crop yield. Here, two approaches are presented, one flexible and more general approach
based on the light requirements of different types of crops and one detailed approach
using a functional-structural plant model specific for tomato crop. Both approaches are
implemented into the simulation framework and validated in Chapter 6.

3.1 IRRADIANCE MODEL

The irradiance model focuses on correctly mapping light transmission through GH cover
materials, the adaptability of PV arrangement patterns, and the simulation of GHI dis-
tributions inside APV GHs. The model is implemented using the C++-based Radiance

ray-tracing software, version 5.4 [135]. Radiance employs backward ray-tracing algo-
rithms, meaning that the light ’rays’ are traced back from the point of measurement or
view to the light source.

31



32 METHODOLOGY OF THE AGRIVOLTAIC SIMULATION FRAMEWORK

Radiance is a flexible and optimised lighting simulation tool that has been continuously
improved and validated over the last three decades [135]. The software was developed to
run on UNIX machines with its source code being freely available.

Radiance is a modular software, as most UNIX-based software programs, which offers
flexibility and freedom in the development of own functions and applications for the
user. The here presented irradiance model is based on the common Radiance workflow,
depicted in Figure 3.1, which is extended to simulate APV GHs.

materials geometry

oconv

octree

rvu rpict rtrace

image

ximage

reading

display

Figure 3.1: The main components of the Radiance rendering system. Figure taken from [135].

The diagram in Figure 3.1 shows the flow between programs (boxes) and data (paral-
lelograms). Geometrical objects (geometry) get assigned a material and are combined
into an octree using the oconv command. The rvu and rpict commands can be used to
render images. The command rvu directly displays the image in an interactive viewer,
while rpict writes its output into a readable image file. The file can then be displayed

using the ximage command. Ray-tracing calculations to simulate irradiance in the scene
are started using the rtrace command. Results are stored in a readable file (reading).

3.1.1 THEORY OF RADIATIVE TRANSFER MODELING AND IRRADI-
ANCE CALCULATION IN RADIANCE

Radiance was developed as a research tool for predicting the distribution of visible
radiation in illuminated spaces [136]. It takes as input a three-dimensional geometric
model of the physical environment, and produces a map of spectral radiance values in
a color image [136]. Because it can produce realistic images from a simple description,
Radiance has a wide range of applications in graphic arts, lighting design, computer-aided
engineering and architecture [136]. Furthermore, Radiance is the most widely adopted
backward ray-tracing software in the field of PV [137, 138, 139, 140, 141].
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3.1.1.1 KAJIYA’S RENDERING EQUATION

Radiance is a physically-based rendering system tailored to the demands of lighting
design and architecture [142]. Herewith, the term "physically-based rendering" refers to
rendering techniques based on physical principles of light behavior for local and global
illumination.

The theoretical foundation underlying such physically-based systems is the rendering
equation, an integral equation introduced by James Kajiya in 1986 that describes the
amount of light leaving a point on a surface as the sum of emitted light and incoming light
that is subsequently scattered or reflected [143]. The rendering equation formalizes the
relationship between radiometric quantities and the bidirectional reflectance distribution
function used in rendering.

Equation 3.1 shows Kajiya’s rendering equation [143] with the notion of energy transfer
between two points replaced by energy passing through a point in a specific direction
[142]. Radiance uses ray-tracing in a recursive evaluation of Equation 3.1 at each surface
point x [142].

Lr(x ,ωr) = Le(x ,ωr) +

∫

Ω+

Li(x ,ωi)ρbd(x;ωi,ωr) (ωi · n)dωi (3.1)

where x denotes a surface point, ωi and ωr are unit direction vectors for incoming and
outgoing directions, respectively, and n is the outward unit surface normal at x . The
variable Ω+ describes the hemisphere above the surface, defined by ωi · n> 0, and dωi

is the differential solid angle element (in units of sr). The term Lr(x ,ωr) describes the
outgoing radiance from point x in directionωr , Le(x ,ωr) describes the emitted radiance of
point x in directionωr , and Li(x ,ωi) describes incident radiance at point x from direction
ωi (all in units of W sr−1 m−2). The function ρbd(x;ωi,ωr) describes the bidirectional
reflectance–transmittance distribution function of the material at surface point x (in units
of sr−1).

The formulation of the rendering problem in the form of Kajiya’s rendering equation in
3.1 is natural for ray-tracing because it calculates outgoing radiance in terms of incoming
radiance over the projected sphere, without any explicit mention of the model geometry
[142]. In this formulation, radiative transfer is evaluated locally at each surface interaction
point by computing the hemispherical integral of incident radiance based on recursively
spawned rays [142]. As a consequence, the method imposes no restrictions on the number,
topology, or shape of surface elements, and no spatial discretization of the scene geometry
is required [142].

Solving the rendering equation for any given scene is the primary challenge in realistic
rendering. Radiance uses a hybrid approach combining deterministic and stochastic
ray-tracing. Contributions from explicit light sources, such as the sun, are treated deter-
ministically. Instead of relying solely on random hemisphere sampling, Radiance sends
dedicated rays towards known light sources. If such a ray reaches the source without
obstruction, the full contribution of the source is evaluated analytically based on its angular
extent and radiance. Similarly, specular reflection and transmission are handled determin-
istically. For materials exhibiting directional scattering, such as glass or highly reflective
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surfaces, Radiance traces deterministic rays in the mirror and refracted directions. These
rays account for the dominant transport paths associated with specular interactions, while
stochastic sampling is used only for the remaining diffuse component. Diffuse interreflec-
tion is evaluated using Monte Carlo hemisphere sampling. Incoming radiance is sampled
over the projected hemisphere above the surface point, and recursive ray tracing is used
to account for multiple reflections and transmissions. To improve efficiency, Radiance
caches indirect irradiance values and interpolates them spatially [142].

3.1.1.2 SKY AND SUN AS RADIATIVE BOUNDARY CONDITIONS

Radiative transfer in Radiance is formulated as a boundary value problem in which the
sky and sun define the radiative boundary conditions [142]. These boundary conditions
specify the angular distribution and magnitude of radiance entering the scene.

The sky is modeled as a hemispherical light source emitting radiance into the scene
according to the Perez All-Weather sky model [144]. The Perez model describes the spatial
distribution of diffuse sky radiance as a function of atmospheric clearness, brightness, and
solar position, accounting for circumsolar brightening and horizon enhancement [144].
The sky radiance distribution Lsky(θ ,γ) is defined as shown in Equation 3.2 below.

Lsky(θ ,γ) = Lz F(θ ,γ) (3.2)

where Lz describes the zenith sky radiance, the variable θ is the zenith angle of the sky
element, the variable γ is the angular distance between the sky element and the sun, and
F(θ ,γ) describes the relative sky luminance distribution function.

Perez relative luminance distribution

The Perez relative luminance distribution F(θ ,γ) is given in Equation 3.3 [144].

F(θ ,γ) =
�

1+ A exp
�

B
cosθ

��

�

1+ C exp(Dγ) + E cos2 γ
�

(3.3)

where the variables A, B, C , D, and E describe empirical coefficients that depend on
atmospheric clearness and brightness.

The angular distance between a sky element and the sun is computed according to [144]
with Equation 3.4.

cosγ= cosθ cosθs + sinθ sinθs cos(φ −φs) (3.4)

where the variables θs and φs describe the solar zenith and azimuth angles.

The zenith radiance Lz is determined from the DHI by normalization of the sky radiance
distribution [144] according to Equation 3.5.

Lz =
DHI

∫

Ω+
F(θ ,γ) cosθ dω

(3.5)

whereΩ+ describes the sky hemisphere and dω denotes the differential solid angle element,
defined in spherical coordinates as dω= sinθ dθ dφ.
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Atmospheric parameters

The Perez coefficients A, B, C , D, and E depend on two atmospheric parameters: sky
clearness ϵ and sky brightness ∆ [144], defined in Equations 3.6 and 3.7.

ϵ =
DNI+DHI

DHI
+ 1.041θ 3

s (3.6)

∆=
DHI m

E0
(3.7)

where the variable E0 describes the extraterrestrial normal irradiance, and m is the relative
optical air mass. The sky clearness ϵ describes the relative dominance of direct versus
diffuse radiation, while the sky brightness ∆ characterizes the overall sky luminance.

The extraterrestrial normal irradiance E0(d) is computed as a function of the day of year d
using a correction for the varying Earth–Sun distance [144, 145] according to Equation 3.8.

E0(d) = Esc

�

1+ 0.033 cos
�

2πd
365

��

(3.8)

where Esc describes the solar constant (≈ 1367 W m-2) and d is the day of year.

The relative optical air mass m is computed using the empirical formulation of Kasten and
Young [146] according to Equation 3.9.

m=
1

cosθs + 0.50572(96.07995− θs)−1.6364
(3.9)

with the variable θs expressed in degrees.

Direct solar radiation

Direct solar radiation is represented in Radiance by an explicit directional source corre-
sponding to the solar disc [142, 135]. The sun is modeled as a finite angular source with
angular radius α⊙ ≈ 0.2665◦ and solid angle Ω⊙ given by Equation 3.10 [142, 135].

Ω⊙ = 2π (1− cosα⊙) . (3.10)

The solar radiance L⊙ is computed from the DNI as described in Equation 3.11.

L⊙ =
DNI
Ω⊙

. (3.11)

The resulting solar source emits directional beam radiation and produces sharp shadows.
Together with the diffuse Perez sky dome, the incoming directional radiance field is defined
which provides the emitted radiance term Le(x ,ωr) in Kajiya’s rendering equation 3.1
[143].
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3.1.1.3 IRRADIANCE CALCULATION

Once the directional radiance field inside the scene has been computed by solving the
rendering equation [143, 142], irradiance is obtained by hemispherical integration of
incoming radiance. The physical definition of irradiance at a surface point x is defined in
Equation 3.12 according to [147].

E(x) =

∫

Ω+

L(x ,ω) (ω · n)dω (3.12)

where L(x ,ω) denotes the spectral radiance arriving at point x from direction ω. The
vector n describes the outward surface normal at point x , and Ω+ denotes the hemisphere
above the surface, defined by ω · n> 0.

In Radiance, this integral is evaluated numerically using the rtrace -I command [142,
135]. Radiance computes a Monte Carlo approximation of the hemispherical integral by
tracing rays from the evaluation point into the surrounding hemisphere, sampling incoming
radiance from the diffuse Perez sky dome, the solar source, and surrounding surfaces,
and accumulating their cosine-weighted contributions. By default, rtrace -I returns
three color channel values, R, G, and B, which are linearly related to the color matching
functions defined by the International Commission on Illumination (CIE) [148, 149]. The
CIE 1931 tristimulus response functions describe the spectral sensitivity of the standard
human observer and form the basis for computing luminance and colorimetric quantities
from spectral radiance [150]. In Radiance, the R, G, and B channels approximate the
broadband shortwave irradiance field [148, 149]. Subsequently, the R, G, and B values
are averaged to obtain a single broadband irradiance value, which is interpreted as GHI at
the evaluation point according to Equation 3.13 [138].

GHI =
1
3
(R+G+ B) (3.13)

In the following sections, the previously presented theoretical background of Radiance
internal radiative transfer calculations is going to be related to the application of the
developed irradiance model. In order to build virtual APV GHs with Radiance and simulate
irradiance with the presented model, the design and orientation of the GH, the location
coordinates, and the arrangement of the PV modules are defined first (Section 3.1.2
and 3.1.3). This geometrical scene is then combined with input solar radiation data
(Section 3.1.4). Ray-tracing simulations are performed with a temporal and spatial
resolution defined by the user (Section 3.1.5). The final output of the simulations is then
GHI in units of W m-2, according to Equation 3.13, which can be fed into the crop model
(Section 3.2).



IRRADIANCE MODEL 37

3.1.2 GEOMETRICAL DETAILS

Radiance uses a Cartesian coordinate system. A Radiance scene is aligned so that the
x-axis points East, the y-axis points North, and the z-axis points upwards to the zenith, as
shown in Figure 3.2.

Figure 3.2: The Radiance convention on alignment of the coordiante system follows the
right-hand rule. Figure taken from [135].

All information on the scene, such as dimensions and coordinates, is stored in ASCII text
format, so it can be edited with any text editor. In general, in Radiance objects (i.e. PV
modules, buildings, etc.) are represented by geometrical figures with specific dimension
and materials. These objects can be moved (shifted along an axis, rotated, etc.) to user
specified positions and therefore be combined into forming complex sceneries, such as a
GH with a PV installation integrated into the roof.

3.1.2.1 VIRTUAL GREENHOUSE LIBRARY

The geometrical details of the GH structure and its materials have to be defined, so that a
3D representation of the GH can be generated. Within this PhD thesis, a virtual GH library
was developed which contains different GH geometries that can be further customized by
the user of the model. All 3D GH representations presented in this thesis were generated
by the author. In its current state, the library contains GHs that can be commonly found
in the Mediterranean region [22]: "Venlo", "multitunel" and "raspa y amagado" GHs. In
the future, the library can be further expanded with other GH types, such as glass GHs
which are typically found in northern Europe [151].

In order to build a virtual GH in Radiance, the primitives genrev, genbox and genprism

are used. All Radiance primitives describe surface objects with their surface normal vector
pointing outwards. Detailed information on Radiance object definition can be found in
[135]. The structural base of GHs are the support pillars and beams made from metal.
In the model, beams and pillars are implemented using the genrev or genbox primitives.
The general expression for a cylinder-like pillar used for the APV GHs in the model can
examplary be seen below.

! genrev Metal_Aluminum_Anodized pil lar t ∗ z(t) r(t) nseg |
x f orm − r x αx − r y αy − rz αz |
x f orm − t ∆x ∆y ∆z
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Metal_Aluminum_Anodized is a predefined Radiance material, resembling the optical
properties of reflecting, not transmissive anodized aluminum, which is often used in the
construction of GHs. The first three numbers z(t), r(t) and nseg refer to the height, the
radius and the segmentation of the object. Height and radius are variables of t, which
is defined as t = 1

nseg
and takes values between 0 and 1. The second line describes the

rotation in space in x-, y- and z-direction. The third line refers to a lateral movement in x-,
y- and/or z-direction in the overall Cartesian coordinate system of the scene. All values are
defined in meters for lateral movement and dimension and degree for the rotation angles.
By defining the basic geometrical shapes, the GH will then be composed by duplicating the
single objects to complete the structure of the virtual GH. Figure 3.3 presents an exemplary
"raspa y amagado" type GH generated with the model.

N
parcel

support pillars

width

length

windows PV modules

Figure 3.3: Rendered image of an exemplary "raspa y amagado" APV GH generated with the
model consisting of three individual parcels stacked together.

To modify the GH, the user has to define the GH type and define case-specific dimensions,
i.e. total length in meter, total width in meter, height in meter, orientation in the coordinate
system, number of parcels, number and dimension of support pillars per row, size and
location of windows in meter (indicated in Figure 3.3). As the last step in the GH
building process, windows, roof and side walls will be added to the geometry, which are
implemented using the genprism primitive to create 3-dimensional polygons to fit to the
user-defined dimensions. The implementation of the material that gets assigned to the
side walls and roof is described in Section 3.1.3. A custom load_greenhouse() function
loads the GH type and modifies it according to the user defined parameter values.

3.1.2.2 VIRTUAL PV MODULE LIBRARY

Depending on the available roof area and the desired roof cover ratio, the model allows
the user to distribute PV modules on the GH roof. Individual PV modules are defined as
rectangles with user-defined dimensions. In the current form of the irradiance model, PV
modules are modeled with a fully opaque material, but semi-transparent modules can
also be implemented in the future. The user can specify the PV module arrangement
pattern (checkerboard or linear placement) and the cover ratio. The model automatically



IRRADIANCE MODEL 39

computes the number of PV modules and the gaps considering both the roof and PV
module dimensions.

A custom make_module_coverratio() function has been implemented for this purpose.
The user may specify values between 0% and 100% for the roof cover ratio. The function
calculates the number of panels that can fit next to each other on the available area
along the length of the GH roof and the gap between the panels. Since it might not be
possible to exactly reach the specified roof cover ratio, the function also calculates the
true cover ratio achievable with the given configuration and the deviation from the input
cover ratio. Moreover, the user can specify the arrangement pattern of the panels on the
GH roof. Therefore, virtually all combinations and arrangements are possible, such as a
checkerboard pattern or line placement.

3.1.2.3 ROTATING THE VIRTUAL GREENHOUSE

All virtual GHs in the library are by default facing south. In order to realistically model
GHs, which are often rotated in the x-y-plane, a rotation matrix, given in Equation 3.14, is
introduced.

�

xrotated

yrotated

�

=

�

cos(θrot) − sin(θrot)
sin(θrot) cos(θrot)

��

xunrotated

yunrotated

�

(3.14)

The orientation is described with the θrot parameter. By default θrot = 180◦ describes a
south facing orientation of the GH and the PV modules. The user may specify values in
the range of [0◦, 360◦] to rotate the virtual APV GH system to match the desired rotation.

3.1.3 MATERIAL PROPERTIES

In the current version of Radiance, implementing realistic GH plastic materials is a
challenging task. As introduced in Section 2.2.3, GH cover materials are often multi-
layered with high haze values to increase diffusely transmitted light inside the GH.

According to Kajiya’s rendering equation (Eq. 3.1), the outgoing radiance in direction ωr

is given by the sum of the emitted radiance and the integral of the incoming radiance
over the hemisphere, weighted by the surface’s bidirectional reflectance–transmittance
distribution function ρbd(x;ωi,ωr). Consequently, all information describing a material’s
scattering behavior, including reflection, transmission, diffusion, and specular effects, is
contained in ρbd(x;ωi,ωr). In order to solve the rendering equation, Radiance does not
require a continuous function for each material model. Instead, Radiance provides a set of
physically-based material models, such as dielectric, plastic, glass, and trans, which
represent parameterized approximations of the bidirectional reflectance–transmittance
distribution function [148]. GH cover materials as a transmissive material are represented
by the material category trans.
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3.1.3.1 SCATTERING MODEL OF THE trans MATERIAL

The scattering behavior of a transmissive trans material is approximated by a decomposi-
tion into four components, i.e. ρr,diff, ρr,spec, ρt,diff and ρt,spec, as in Equation 3.15.

ρbd = ρr,diff +ρr,spec +ρt,diff +ρt,spec (3.15)

where ρr,diff describes the diffuse reflection component, ρr,spec describes the specular
reflection component, ρt,diff describes the diffuse transmission component, and ρt,spec

describes the specular transmission component.

Therefore, at each interaction point x of a ray with a trans material, Radiance evaluates
the integral in Equation 3.16 to obtain the outgoing radiance Lr(x ,ωr) in direction ωr .

Lr(x ,ωr) =

∫

Ω

Li(x ,ωi)
�

ρr,diff +ρr,spec +ρt,diff +ρt,spec

�

(ωi · n)dωi (3.16)

As described in Section 3.1.1, Radiance then uses the hybrid approach of deterministic and
stochastic ray-tracing, in which deterministic rays are distributed for specular reflection
and transmission and Monte Carlo sampling is used for diffuse reflection and transmission.

3.1.3.2 PARAMETERIZATION OF THE trans MATERIAL

In order to define a trans material as a user of Radiance, seven parameters have to be
specified, i.e. red, green, blue, speculari t y , roughness, Tdi f f , and Tspec, as below.

0

0

7 red green blue

speculari t y roughness

Tdi f f Tspec

The seven parameters of the trans material control the relative weights of the four scat-
tering components ρr,diff, ρr,spec, ρt,diff, and ρt,spec (Equation 3.15). The diffuse reflectance
term ρr,diff is scaled by the three color parameters (red, green, blue), which define the
overall color of the material and relate to the diffuse reflectance in the three color channels
RGB. They can each take values from 0.00 to 1.00: all three parameters equal 0.00 refers
to a black color while all three parameters equal to 1.00 refers to a white color [135].
The specular reflection term ρr,spec is controlled by the specularity parameter, which
refers to the gloss of the material. Values can range from 0.00 (matte) to a suggested
maximum of 0.07 (satin) [135]. The reflected specularity of common uncoated glass is
around 0.06 [135]. The angular spread of the specular scattering lobe is controlled by the
roughness parameter, which describes the surface roughness and can take values from
0.00 to a suggested maximum of 0.02. A value of 0.00 means polished, and a value of
0.02 refers to a low gloss [135].
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The last two parameters Tdi f f and Tspec describe the transmissive behavior of the material
and refer to the diffuse and specular transmission of the material, respectively. The diffuse
transmittance coefficient Tdi f f scales the diffuse transmission term ρt,diff, representing
the fraction of incident radiance that is transmitted through the material and scattered
diffusely. The specular transmittance coefficient Tspec scales the specular transmission term
ρt,spec, representing the fraction of incident radiance that is transmitted specularly. Both
parameters can take values between 0.00 and 1.00. Tdi f f = 0.00 refers to a completely
opaque material while Tdi f f = 1.00 describes a completely transparent material. Tspec =
0.00 means solely diffuse transmission and Tspec = 1.00 means a completely clear material
without diffuse transmission.

Internally, the trans material follows the Radiance scattering model described by [152].
Let C= (red, green, blue) denote the diffuse reflectance colour vector and let rs denote
the reflected specularity parameter. The total transmissivity a6 is defined in Equation 3.17.

a6 = Tdiff + Tspec, (3.17)

The transmitted specularity fraction a7 is defined in Equation 3.18.

a7 =
Tspec

Tdiff + Tspec
. (3.18)

Using this parameterization, the diffuse reflection and transmission coefficients ρr,diff and
ρt,diff are given by [152] in Equations 3.19 and 3.20.

ρr,diff = πC (1− rs) (1− a6) (3.19)

ρt,diff = πC a6 (1− rs) (1− a7) (3.20)

The purely specular components ρr,spec and ρt,spec are given in Equations 3.21 and 3.22.

ρr,spec = rs (3.21)

ρt,spec = a6 a7 (1− rs) (3.22)
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3.1.3.3 SENSITIVITY ANALYSIS ON OVERALL TRANSMITTANCE

Setting the values of the seven parameters of the trans material to realistically describe
transmissive polymers is a complex process. Experimentally measured values for diffuse
and specular reflectance or transmittance do not directly equal the values set in the
definition of the referring Radiance trans material but have to follow the equations
given in Section 3.1.3.2. Usually, the only available information of commercially available
plastic sheets for GHs is the transmittance value, without separation into direct and
diffuse fractions. In order to be able to relate the overall transmittance of a material to
a combination of Tdi f f and Tspec in Radiance, a sensitivity analysis on the correlation of
Tdi f f and Tspec with the 1.) overall transmittance and 2.) diffuse light transmission in the
simulation was performed.

A test environment for trans materials was set up with a rectangular surface of the GH
plastic material at a specific height, see Figure 3.4.

X

greenhouse plastic fully absorbing fully absorbing 

Figure 3.4: Test environment for trans materials to investigate transmittance behaviour
under defined simulation conditions.

A point-like light source was placed directly above the test material and emitted one direct
ray with constant intensity I0 vertically onto the test material’s surface. The transmitted
irradiance was analyzed along the projected area straight underneath the test material,
dependent on the choice of Tdi f f and Tspec.

For the analysis, the first five parameters of the test material definition were kept constant
whilst iterating through combinations of Tdi f f and Tspec, since the transmission behavior
of the material is only dependent on these two parameters. Tdi f f and Tspec were both
varied in range [0,1] in steps of 0.01 with a total of 1012 = 102021 combinations. The
overall transmittance τ, i.e. the ratio of total transmitted irradiance It rans,total to incident
irradiance I0, was then determined for all the tested combinations, as in Equation 3.23.

τ=
It rans,total

I0
(3.23)

Figure 3.5 depicts the results of the sensitivity analysis for the overall transmittance τ.
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Figure 3.5: Overall transmittance of Radiance trans materials depending on Tdi f f and Tspec .
The color scheme relates to the overall transmittance τ of the tested material, i.e. the ratio of
transmitted irradiance to incident irradiance.

Figure 3.5 shows distinct structures and color patterns for different combinations of Tspec

and Tdi f f . For Tdi f f values below 0.30, transmittance τ resulted in values below 0.10
independent of Tspec. The transmittance increased with the simultaneous increase in Tdi f f

and Tspec. Transmittance values of approximately 80% to 89% (as typical values for GH
plastics) are described by the yellow area in the upper right corner in Figure 3.5. For Tdi f f

as well as for Tspec, values between 0.80 and 1.00 are suitable, depending on the choice of
Tdi f f or Tspec accordingly. For a given transmittance of a GH cover material, the possible
combinations of values for Tdi f f and Tspec move along a curve, similar to the depicted
isolines, in Figure 3.5.

Intriguingly, the isolines included in Figure 3.5 have step-wise edges, in particular for
τ= 0.20 and τ= 0.40. These edges are not the result of a physical optical effect but are
caused by numerical sampling artifacts due to the stochastic ray sampling in Radiance.
For materials with zero roughness, Radiance probabilistically classifies each incident ray
as absorbed, reflected, or transmitted based on the specified material coefficients. With
a finite number of traced rays, small incremental changes in Tdi f f and Tspec shift the
probability at which an additional ray is transmitted instead of reflected, which then
results in the edges of the isolines visible in Figure 3.5.
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3.1.3.4 SENSITIVITY ANALYSIS ON HAZE

The test environment of Figure 3.4 was used to separate the direct light transmission from
the diffuse component. The position of the direct beam was determined by simulating
only the vertical light beam without test material, as as indicated by the red rectangle in
the left plot in Figure 3.6. Then the 1012 combinations of Tdi f f and Tspec were tested again
while separating the diffusely transmitted rays from the direct components of the beam
inside and outside the red rectangle. Figure 3.6 on the right visualizes the separation
of direct and diffuse components in the simulation for one exemplary tested parameter
combination.
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Figure 3.6: a) Without test material: extraction of position of direct beam, i.e. white spot
inside the red rectangle. b) With test material: separation of direct (inside red rectangle)
and diffuse (outside of red rectangle) components of light transmission. The color scheme
depicts the transmitted irradiance under the test material.

The total transmitted irradiance It rans,total under the test material was evaluated for
each of the tested combinations. The direct and diffuse transmission were determined
by distinguishing between direct transmitted irradiance (Idir) and diffusely transmitted
irradiance (Idi f f ). Then, haze Φ was determined according to Equation 3.24.

Φ=
Idi f f

It rans,total
(3.24)

Figure 3.7 depicts the results of the sensitivity analysis for the haze effect.
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Figure 3.7: Haze analysis of Radiance trans materials depending on Tdi f f and Tspec . The
color scheme relates to the haze Φ of the tested material, i.e. the ratio of diffusely transmitted
irradiance to total transmittance.

Figure 3.7 reveals clear structures for the dependency of haze on the choice of Tdi f f and
Tspec. For Tdi f f = Tspec → 1 , the direct transmission is dominant leading to haze equal
to zero. Haze increases gradually while decreasing Tdi f f and Tspec. For low Tspec, diffuse
transmission is overall dominant independent on the actual choice of Tdi f f , resulting in
high haze values. Notably, for Tspec → 1 and Tdi f f = 0, a high haze value is still maintained,
contrary to the assumption that specular transmission would dominate after a certain
threshold, resulting in a decrease of haze. However, in Radiance’s way of sampling direct
rays, purely specular transmission with zero diffuse contribution leads to both numerator
and denominator in Equation 3.24 equal to zero, so Φ= 1 is modeled.

Intriguingly, diagonal contour lines can be identified throughout the plot where haze
decreases instead of increasing. These curvatures are sampling artifacts which are mostly
caused by the roughness value of 0, which was kept constant for the simulations. In case of
zero roughness materials, Radiance classifies each ray as transmitted inside (specular) or
outside (diffuse) of a 3◦-wide cone, as given by default internal Radiance settings [135].
Decreasing Tdi f f or Tspec stepwise from 1.00 to 0.00 means that those discrete rays may
be accounted inside or outside of the cone, producing the contour lines rather than a
completely smooth gradient.
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3.1.4 SATELLITE-DERIVED IRRADIANCE DATA

As described in Section 3.1.1.2, radiative transfer in Radiance is formulated as a boundary
value problem in which the sky and ground define the radiative boundary conditions.
The sky and ground are represented as two hemispheres which enclose the scene. These
hemispheres are not physical objects but abstract boundary surfaces that emit radiance
into the simulation domain. The ground hemisphere represents the ground contribution to
the scene and accounts for ground-reflected radiation through a diffuse emitting surface.
The sky hemisphere represents the sky dome and provides the directional sky radiance dis-
tribution using an analytical sky model generated with the gendaylit function. Together,
these hemispheres define the incoming radiative field that drives the radiative transfer
problem, as introduced in Section 3.1.1.

The gendaylit function generates a sky description based on the Perez All-Weather model
[144], as described in Section 3.1.1.2. Based on this model, Radiance determines the
sky conditions (e.g., overcast, intermediate, clear) from the input parameters provided
by the user. In order to generate a description of the light sources in the simulation,
irradiance conditions, i.e. GHI, DHI, DNI and the solar position are specified for each
timestamp. In the presented model, satellite-based irradiance data, provided by the
Copernicus Atmosphere Monitoring Service (CAMS) [153], are used to generate irradiance
conditions outside of the GH and simulate the inside irradiance for each investigated
timestamp. CAMS products are quarterly benchmarked against a variety of ground stations
to monitor their consistency. One of the regular benchmarking sites is CIEMAT’s Plataforma
Solar de Almería, located approximately 30 km from the location of the two experimental
GHs used for validation, as presented in Chapter 5. A standard uncertainty of 2% for GHI
measurements was estimated based on the RMSE, as described by [154].

The use of satellite-based irradiance data makes the model flexible in simulating different
locations and time periods. With the latest CAMS product (version 4.0 of the CAMS
radiation service), time series of GHI, DHI, and DNI are available from 2004 to the day
before yesterday [155, 156]. Additionally, the temporal resolution of the simulations can
be adjusted based on the user’s needs. For localized, detailed simulations, a high temporal
resolution of 15 minutes can be used. For a more general analysis of the irradiance
distribution, a lower temporal resolution with 1 hour intervals may be sufficient. The
choice of temporal resolution correlates with the estimated computation time of the
simulations. The influence of temporal and spatial resolution on computational efficiency
is further discussed in Section 5.3.1.

By default, CAMS data is right-labeled, i.e. for example, for a 15-min temporal resolution
the timestamp of 08:15:00 represents the mean irradiance between 8:00 and 8:15. For
each 15-min interval, the sun position is modeled at the middle of this interval. For
example, for the period from 08:00:00 to 08:15:00, the sun’s position is modeled at
08:07:30. In the model, the sun position is calculated using a PVlib (V0.9.4) Python
routine [157, 158] and combined with the CAMS irradiance data in the Radiance sky file.
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3.1.5 RAY-TRACING ANALYSIS

The developed irradiance model simulates GHI inside the virtual GH at specific points de-
fined by the user using the rtrace function, according to the description in Section 3.1.1.3.
In the presented model, virtual irradiance sensors are placed inside the virtual GH at
positions defined by the user. These sets of coordinates, along with an orientation vector,
are saved in a line.pts file.

X

Y

Z

𝑁

Figure 3.8: Schematic picture of an examplary ray-tracing grid with virtual sensor positions
(blue dots). Each virtual sensor is defined with an x-, y- and z-coordinate and an orientation
vector (red vector). Primary rays are distributed hemispherically for each grid point.

Each virtual sensor is a starting point of a set of primary rays. Primary rays are distributed
hemispherically aligned with the plane perpendicular to the orientation vector of the grid
point. If the ray does not reach the virtual light source, i.e. the sky dome, or is absorbed at
some point within a certain number of bounces (ambient bounces), it is discarded. Direct
and diffuse light sources are sampled separately in the simulation [135].

Figure 3.9 illustrates the ray-tracing procedure for the presented model. When hitting a
surface, a ray may get reflected, absorbed and/or transmitted depending on the optical
properties of the surface material.
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Figure 3.9: Schematic picture of the ray-tracing procedure for an agrivoltaic (APV) GH.
Specular reflection (red), diffuse reflection (blue), specular transmission (red), and diffuse
transmission (green) are shown. The sky dome is indicated with the dotted semicircle, and
the sun is indicated with a yellow circle.

When a ray strikes a PV module, it is absorbed. Rays are reflected both specularly and
diffusely when they hit parts of the GH support structure, with diffuse reflections generating
new primary rays. When interacting with the transmissive GH cover material, rays can
also be transmitted both specularly and diffusely.

The presented model evaluates GHI at the x-, y-, and z-coordinates provided by the user,
according to the method presented in Section 3.1.1.3. The user decides if the virtual
sensors are placed symmetrically along a grid over the total area of the GH, only a partial
area of particular interest or at only discrete, single coordinates. The number of coordinates
defines the spatial resolution of the irradiance scan and correlates with the computation
time, which will be discussed in Section 5.3.1.

In the simulation, all objects, materials and sky files are combined in an octree. Raytracing
per timestamp is then performed with the following settings in the rtrace function.

rtrace -I -ab 2 -aa 0.1 -ar 256 -ad 2048 -as 256

Table 3.1 summarizes the parameter settings and their explanation.

Table 3.1: Explanation of rtrace parameters.

Parameter Explanation Additional Note

-I Request irradiance values rather than directional radiance. Integrates over the hemisphere; reports irradiance in Wm−2.

-ab 2 Sets number of ambient bounces to 2 0 = direct only; 1 = one diffuse bounce; 2 = two diffuse bounces.

-aa 0.1 Ambient accuracy tolerance (relative error) of 0.1. Lower values reduce noise but increase computation time.

-ar 256 Ambient resolution of 256 samples. Hemisphere sampling grid is
p

256×
p

256= 16× 16.

-ad 2048 Number of primary rays. Higher values yield smoother indirect lighting.

-as 256 Maximum additional ambient super-samples per point. Fires extra rays in noisy regions, up to this cap.
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The setting of these values is crucial to ensure accuracy while maintaining reasonable
computation time of the simulation. Changing these values to reduce noise in the simu-
lations is possible under the cost of additional computation time. If noise was observed
in the resulting simulated irradiance, options to reduce noise are to increase -ad (more
rays), lower -aa (stricter accuracy), or raise -ar (finer ambient grid). Conversely, these
settings can be ruled down to reduce computation time.

3.2 CROP MODELS

The development of the crop models focused on linking the simulation results of the
irradiance model to an estimation of crop development and crop yield obtained under
APV conditions. In this chapter, two approaches for crop modeling are presented, which
have been implemented and tested.

For both modeling approaches, the GHI simulation results of the irradiance model have
to be converted into PPFD first, as photosynthetic processes for crop growth are mainly
dependent on the incoming PAR spectrum. In this thesis, we make use of the linear
regression model of Vindel et al. [159] to convert GHI into PPFD. While there are more
complex approaches, such as radiative transfer and spectral decomposition models, which
provide more accurate PAR estimations, these methods often require detailed spectral
data, which is out of the scope of this thesis. The method is presented and discussed in
Section 3.2.1.

The first crop modeling approach is based on the DLI, i.e. the amount of radiation perceived
by the plants per day per unit of area, as introduced in Section 2.2.1.3. This method
offers a flexible and computationally fast way to evaluate if the plants inside the APV GH
perceive sufficient amounts of radiation to develop normally. This approach is described
in Section 3.2.2 and validated in Section 6.1.

The second presented approach for crop modeling is the application of a functional-
structural plant model to estimate yield of tomatoes grown under APV conditions. The
approach offers a detailed analysis of crop response to altered microclimate conditions in
the APV GH and gives insights into deeper structural behavior of the plant physiology. This
method was developed and applied within the Master thesis of J. Kornas [160], which was
supervised within the scope of this PhD thesis. The method is presented in Section 3.2.3
and its performance is validated in Section 6.2.

3.2.1 PAR ESTIMATION FROM GHI
The method of Vindel et al. [159] was developed using satellite-derived broadband
GHI and PAR estimations for mainland Spain and has been validated against ground
measurements at different sites. For the validation of the linear regression model, the
site of PSA was chosen, as for the CAMS data. For this location, a correlation coefficient
higher than 0.99, a mean bias error of −2.36% and an RMSE of 2.8 W m−2 were found.
Equation 3.25 describes how the model derives PAR [µmolm−2 s−1] from GHI [W m−2].

PAR(t) = [a(month) · GHI(t) + b(month)] · conv. (3.25)
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The conversion factor conv. has a constant value of 4.6 µmol J−1 [64]. For the region of
southern Spain, the coefficients a and b of [159], shown in Table 3.2, are applied.

Table 3.2: Coefficients a and b for the region of southern Spain taken from [159].

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

a [-] 0.42 0.42 0.41 0.41 0.38 0.39 0.36 0.39 0.39 0.41 0.41 0.41
b [Wm−2] 0.35 0.49 1.37 2.15 10.94 9.37 18.05 8.63 7.12 2.25 1.45 1.25

3.2.2 DAILY LIGHT INTEGRAL-BASED MODELS

Depending on the investigated PV technology or distribution of PV modules on the GH
roof, the PPFD transmitted to the plants will vary. As crops respond to altered PPFD with
a change in their photosynthetic productivity, the DLI can be used as a metric to estimate
yield.

Two approaches for yield estimation using DLI are presented in the following subsections.
In Subsection 3.2.2.1, simulated DLI values are compared to threshold values from the
literature. Yield is then estimated and accumulated on a daily basis until end of the harvest
using this method. In Section 6.1.1, the results are compared to experimentally measured
yield values for tomato crops, measured in the APV GH experiment described in Chapter 4.

The second method, described in 3.2.2.2, builds upon the DLI-based approach by incorpo-
rating temperature and relative humidity (RH) measurements to simulate microclimate
conditions and evaluate their influence on yield. This hybrid approach combines simulated
irradiance data with experimentally measured microclimate parameters from the APV GH
experiment. Yield is estimated using a combined exponential-factorization function of
DLI, temperature, and RH, and the results are compared to the experimental yield data in
Section 6.1.2.

3.2.2.1 YIELD ESTIMATION BASED ON DAILY LIGHT INTEGRAL

Different types of crops have different DLI requirements. The here proposed methodology
compares the simulated PAR inside the virtual APV GH to the PAR required by the plants and
has been adapted from [161]. The estimated DLI requirements of 14 common horticultural
and floricultural crops, taken from [161], recommended for optimal crop growth and
production are given in Table 3.3.
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Table 3.3: DLI crop requirements and photosynthetic light saturation points (PPFDsat).

Species DLIopt DLImin PPFDsat References
[molm−2 d−1] [molm−2 d−1] [µmolm−2 s−1]

High light demanding: DLIopt > 30 mol m-2 d-1

Tomato (Solanum lycopersicum) 30.0 15.0 700–1000 [162, 163, 164, 165, 166, 167, 79]
Cucumber (Cucumis sativus) 30.0 12.0 800–1000 [163, 164, 168, 167, 169]
Sweet pepper (Capsicum annuum) 30.0 12.0 800–1000 [163, 164, 170, 167, 171]

Medium light demanding: DLIopt = 10–20 mol m-2 d-1

Lettuce (Lactuca sativa) 20.0 12.0 200–400 [172, 173, 174, 164, 167, 175]
Chrysanthemum (C. morifolium) 20.0 10.0 300–600 [176, 177]
Rose (Rosa chinensis) 20.0 10.0 400–700 [176, 168, 178]
Strawberry (Fragaria ananassa) 19.0 12.0 400–600 [164, 166, 179]
Basil (Ocimum basilicum) 17.3 5.3 200–400 [180, 166, 181]
Spinach (Spinacia oleracea) 17.0 8.0 300–500 [172, 173, 174, 182]
Asparagus (Asparagus officinalis) 16.7 6.5 400–500 [166, 167, 183]
Ficus (Ficus benjamina) 16.0 8.0 150–300 [176, 166, 184]

Low light demanding: DLIopt = 5–10 mol m-2 d-1

Poinsettia (Euphorbia pulcherrima) 10.0 6.0 – [176, 166]
Dracaena (Dracaena fragrans) 8.0 4.0 – [176, 166]
Kalanchoe (K. blossfeldiana) 8.0 4.0 – [176, 166]

The collected species are classified according to their optimal DLI (DLIopt) in high (DLIopt >

30 mol m-2 d-1), medium (DLIopt of 10 to 20 mol m-2 d-1) and low (DLIopt of 5 to 10 mol m-2 d-1)
light demanding crops [167]. The minimum amount of radiation required for sufficient
crop growth is denoted as DLImin. Good and healthy crop development is achievable
with DLI levels between DLImin and DLIopt. As a time-integrated quantity, DLI varies only
gradually as radiation accumulates throughout the day and is primarily determined by day
length and seasonal solar elevation. PAR saturation, on the other hand, is an instantaneous
response of photosynthetic rate and is dependent on environmental and physiological con-
ditions. The reported saturation levels PPFDsat in Table 3.3 vary with CO2 concentration,
air temperature, plant developmental stage, leaf position, cultivar, and light acclimation
history.

High light demanding crops (DLIopt > 30 mol m-2 d-1) such as tomato, cucumber, and
sweet pepper are the most common GH crops worldwide [185]. They are particularly
important in regions such as the Netherlands, Spain, Canada, and Mexico, where controlled
environments or climatic conditions allow year-round production [185]. In northern
latitudes commercial growers often employ supplemental lighting during winter months
to reach sufficient DLI levels for optimal yield and fruit quality [186]. In Mediterranean
GHs shading is often required to prevent excessive light and heat stress during summer
[22].

Medium light demanding crops (DLIopt = 10–20 mol m-2 d-1) include leafy vegetables such
as lettuce and spinach, herbs like basil, and soft fruits such as strawberry. Many of these
crops are widely produced in both high- and low-tech GHs across Europe, North America,
and Asia [185]. In temperate regions, they can often be grown without supplemental
lighting except in winter, while again in Mediterranean GHs shading is sometimes required
to prevent excessive light and heat stress during summer [22].

Low light demanding crops (DLIopt = 5–10 mol m-2 d-1) are typically ornamental plants,
such as poinsettia, kalanchoe, and dracaena. These are often cultivated in commercial GHs
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for the potted plant market, particularly in Europe and North America [185]. Because of
their low light requirements, they are well suited for production in shaded environments
or in seasons with limited natural light, and excessive irradiance may even reduce quality
by causing compactness issues or leaf damage [185].

To estimate daily yield Y based on daily DLI values compared to the minimum DLI values
(DLImin) we propose a piece wise approach following Equation 3.26.

Y (t) =







100%, if DLIAPV ≥ DLImin
�

DLIAPV(t)
DLImin

�kDLI

· 100%, if DLIAPV < DLImin

(3.26)

where Y (t) describes relative yield under APV conditions, expressed as a percentage of
the control (no shading) yield. DLIAPV(t) describes the DLI of day t under APV (shaded)
conditions in mol m−2 d−1. DLImin describes the minimum DLI required to maintain full
yield. Parameter kDLI regulates the sensitivity of changes in yield due to DLI reductions.

For the presented method we assume that DLI requirements are constant during the crop
cycle and no reduction in yield and fruit quality is observed at the end of the crop cycle if
radiation levels inside the APV GH succeed the minimum DLI values (DLImin) everyday
during the crop cycle. The presented approach assumes full yield above the minimum
light threshold (DLImin), and a nonlinear decline below it, as schematically depicted in
figure 3.10.
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Figure 3.10: Schematic representation of the piecewise yield response function, Equation 3.26,
relating DLI values under APV conditions, DLIAPV(t), to relative crop yield Y (t). For light-
limited conditions (0< DLIAPV(t)< DLImin), relative daily yield increases with increasing DLI
following Equation 3.26 (orange curve, orange region). Full yield (100%) is obtained for each
day with DLImin ≤ DLIAPV(t)≤ DLIopt (green curve, light green region). For light-saturated
conditions (DLIAPV(t) > DLIopt), no further increase in relative yield is assumed and yield
remains constant at 100%.

In order to estimate total accumulated yield at the end of the crop cycle, daily yield
values are calculated based on the nonlinear DLI response model in Equation 3.26 and
subsequently summed over the entire cultivation period. The final cumulative yield is
then normalized relative to the unshaded control zone to express APV yield as a fraction
of yield in the conventional, no APV scenario.
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3.2.2.2 YIELD ESTIMATION BASED ON DAILY LIGHT INTEGRAL,
TEMPERATURE AND RELATIVE HUMIDITY

While DLI is one of the primary drivers of photosynthesis and biomass accumulation [64],
there are also other important factors contributing to plant development, such as GH
microclimate. We would like to extend the previously presented approach based solely on
DLI values by adding in variables for temperature and RH and estimate yield based on a
factorized function using these three variables. In this thesis, the approach is adapted to
GH tomatoes, as experimentally measured microclimate data obtained during the APV GH
experiment from Chapter 4 is used for the simulations. In principle, any other horticultural
crop could also be treated with the model if microclimate data would be available.

In general, a GH tomato production cycle can be divided into three main phases: a lag
phase with no yield at the beginning of the cycle, followed by a phase of rapid growth and
yield accumulation, and finally a plateau phase during which yields stabilize towards the
end. The duration of these phases depends strongly on the tomato variety as well as the
climatic conditions. For a crop cultivated over seven months in the GH and terminated
after pruning, the lag phase can last about 100 days from transplanting to first flowering,
the rapid growth and yield accumulation phase extends for roughly 90 days until peak
harvest, and the final plateau phase covers around 20 days due to the pruning of the
plants [187].

To describe this behavior and estimate yield, we use a modified Mitscherlich function
[188], i.e. a combined exponential-saturation curve. The function is a mathematical
model to describe plant development dependent on different growth factors and is given
in Equation 3.27.

Y (t) = Ymax(t)
�

1− exp
�

− kDLI [DLIcum(t)− D0]
��

,

Ymax(t) = α
�

Tmean(t)
Topt

�γT
�

RHmean(t)
RHopt

�ϵRH
(3.27)

where Y (t) describes relative yield under APV conditions, expressed as a percentage
of the control (no shading) yield. α describes a scale factor for maximum yield under
optimal temperature and RH conditions. Tmean(t) describes the mean daytime temperature
of day t inside the GH, Topt describes the optimal daytime temperature inside the GH,
and parameter γT describes the yield sensitivity to changes in temperature. RHmean(t)
describes the mean daytime RH of day t inside the GH, RHopt describes the optimal daytime
RH inside the GH, and parameter ϵRH describes the yield sensitivity to changes in RH.
Parameter kDLI regulates the sensitivity of changes in yield due to DLI reductions. DLIcum(t)
describes the sum of DLI values up to day t in mol m−2. D0 is the cumulative DLI threshold
before yield onset.

The approach captures the three phases of GH tomato yield accumulation taking into
account three input variables describing the microclimate inside the GH. In addition to
radiation, temperature affects enzyme kinetics and respiration rates of the tomato plants.
Outside the optimal ranges of 21 ◦C to 27 ◦C for tomato GH cultivation, fruit-set failures
and reduced lycopene synthesis may occur [81, 80]. RH influences stomatal conductance,
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transpiration cooling, and pollination success. Too low RH (< 40%) can lead to excessive
transpiration and flower drop, while too high RH (> 85%) favors fungal disease. For GH
cultivation, an intermediate optimum around 60% to 70% RH is generally recommended
[81, 80].

3.2.3 FUNCTIONAL STRUCTURAL PLANT MODELS -
TOMATO GROWTH MODEL (TOMGRO)

This section focuses on the integration of a functional-structural plant model (FSPM),
i.e. a biophysical modeling approach to estimate the entire plant behavior and yield
under dynamic conditions [189]. FSPMs simulate crop growth dynamically based on
physiological processes, organ-level development, and environmental interactions and
therefore deliver more comprehensive insights into crop growth and yield development.
We present a modeling approach for horticultural tomatoes, using the reduced TOMGRO
model by [190]. This work is part of the Master thesis of J. Kornas [160], which was
supervised within the scope of this PhD thesis. The first version of TOMGRO, developed
by [129], is a model used to simulate growth and development of GH tomatoes based on
environmental parameters measured inside the GH, i.e. air temperature, solar radiation
and CO2 concentration. In its initial version, TOMGRO comprised 574 state variables,
which is why it was ultimately reduced to five main state variables in the reduced TOMGRO
model [190]:

1. Node number for the main stem, N (node);

2. Leaf Area Index, LAI (m2
leaf m−2

ground);

3. Total plant dry weight, W (gdry m−2
ground);

4. Total fruit dry weight, Wf (gdry m−2
ground);

5. Mature fruit dry weight, Wm (gdry m−2
ground).

The state variables are based on a set of first-order time-dependent differential equations,
as in Equation 3.28.

du
d t
= f (u,p) (3.28)

where the u vector contains the input GH microclimate data (temperature, PPFD and CO2)
and the vector p the parameters and biological constants.

In order to model the development of tomatoes grown under APV conditions, the state
variables’ differential equations have to be solved

�

dN
d t , d LAI

d t ,
dWf

d t , dW
dt , dWm

d t

�

, being related
to photosynthesis,transpiration, nutrient transport and other physiological processes to
quantify changes in stems, leaves and fruits, and generally the growth of the whole plant.

The rate of node development, dN
d t , is modeled as in Equation 3.29.

dN
d t
= Nm fN (T ) (3.29)
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where Nm is the node appearance rate per day and fT (T) is a function that reduces
vegetative development under non-optimal temperatures.

The equation for the time changes in LAI is given in Equation 3.30.

dLAI
d t

=











ρplant δ λ(Td)
exp
�

β (N − Nb)
�

1+ exp
�

β (N − Nb)
�

dN
d t

, LAI ≤ LAImax,

0, LAI > LAImax

(3.30)

where ρplant is plant density (plants m−2), δ is maximum leaf-area expansion per node
(m2

leaf node−1), λ(Td) is a temperature-reduction function, β is a expo-linear coefficient, Nb

is a projection of linear segment of LAI vs. N to horizontal axis and LAImax is the maximum
possible LAI.

The above-ground biomass accumulation is computed according to Equation 3.31.

dW
dt
=min

�

dWf

d t
+ (Vmax − p1)ρplant

dN
d t

, GRnet − p1ρplant
dN
d t

�

(3.31)

where GRnet is the net above-ground growth rate, p1 is the loss of leaf dry weight per node
after LAImax is reached, and Vmax is the maximum increase in vegetative tissue dry weight
growth per node.

Partitioning of above-ground growth to fruit each day begins at node position NF F and
increases asymptotically to a maximum partitioning according to Equation 3.32.

dWf

d t
= GRnet αF fF(Td)

�

1− exp
�

−v(ϑ) (N − NF F)
��

g(Td) if N > NF F + kF (3.32)

where αF is the maximum partitioning to fruit, fF(Td) is a function to modify partitioning to
fruit for mean daily temperature, v(ϑ) is the transition coefficient between vegetative and
full fruit growth, g(Td) reduces growth at high temperatures, and kF is the development
time from first fruit to first ripe fruit.

The transfer of fruit from green to mature stages is given in Equation 3.33.

dWm

d t
= DF(Td) (Wf −Wm) if N > NF F + kF (3.33)

where DF(Td) is the function to describe the rate of fruit development.

Node development N and LAI are solved hourly. Their values are then used at the end of
each day to calculate the weights W , Wf and Wm.

In order to apply the model to local APV conditions of the APV GH experiment (presented in
Chapter 4), a calibration of the model parameters is necessary. First, all model parameters
and their value ranges are summarized from literature. Table 3.4 presents all model
parameters and their initial values. The original values are taken from [129]. The
parameter ranges were defined based on the literature sources given in the table.
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Table 3.4: Reduced TOMGRO model parameters, their original values taken from [129] and
[190], and range of variation during the sensitivity analysis.

Description Original Value Range of Variation Unit

Nm Node appearance rate per day 0.5 [129] [0.1–0.9] [191] node d−1

δ Maximum leaf area expansion per node 0.038 [190] [0.010–0.100] [191] m2node−1

β Coefficient in expolinear equation 0.169 [190] [0.060–0.500] [191] node−1

Nb Projection of linear segment of LAI vs. N to horizontal axis 16.0 [190] [8.0–25.0] [191] node

LAImax Maximum leaf area index 4.0 [190] [±10% of 4.0] [129] unitless

p1 Loss of leaf dry weight per node after LAImax is reached 2.0 [190] [±10% of 2.0] [129] g node−1

Vmax Maximum increase in vegetative tissue dry weight growth per node 8.0 [190] [2.0–12.0] [191] g node−1

NFF Nodes per plant when first fruit appears 22.0 [190] [4.0 [192]–22.0 [190]] node

kF Development time from first fruit to first ripe fruit 5.0 [190] [0.5 [193]–5.0 [129]] node

τCO2
Carbon dioxide use efficiency 0.0693 [129] [0.0100–0.5000] [191] µmolm−2s−1

D Maximum leaf conductance to water vapor 2.593 [129] [0.100 [193]–2.600 [190]] gm−2h−1

K Light extinction coefficient 0.58 [129] [0.3–0.9] [191] unitless

m Leaf light transmission coefficient 0.1 [129] [±10% of 0.1] [129] unitless

Qe Quantum efficiency of photosynthesis 0.0645 [129] [0.0100–0.5000] [191] unitless

Q10 Coefficient in maintenance respiration equation 1.4 [129] [1.4 [190]–1.6 [193]] unitless

rm Maintenance respiration coefficient 0.016 [190] [0.005 [193]–0.016 [129]] g[CH2O] g−1[d.w.]d−1

E Growth efficiency 0.7 [190] [0.5–0.9] [191] g[d.w.] g−1[CH2O]

TCRIT Critical temperature for photosynthesis decline 24.4 [129] [17.0–29.0] [191] ◦C

αF Maximum partitioning of new growth to fruit 0.8 [129] [0.1–0.8] [191] d−1

v(ϑ) Transition coefficient between vegetative and full fruit growth 0.135 [129] [0.050–0.900] [191] node−1

f F Fraction of dry matter allocated to fruits not specified [0–1] [190] unitless

In general, the model is first calibrated and subsequently validated using an independent
dataset. In this thesis, the model is calibrated and validated using data obtained during
the APV GH experiment presented in Chapter 4. Although the experiment comprised
only a single crop cycle, the GH was spatially divided into three shading treatments.
Model calibration was therefore performed using data from one shading zone, while the
remaining two datasets were reserved for model validation.

A sensitivity analysis of these parameters, using the Extended Fourier Amplitude Sensitivity
Test (eFAST) [194], is performed to identify the parameters most sensitive to calibration.
The corresponding value ranges for all parameters are also provided in Table 3.4. Following
the sensitivity analysis, the Particle Swarm Optimization (PSO) algorithm [195] is then
employed to find the set of calibrated model parameters by minimizing the RMSE, as
defined in Equation 2.2, between simulated and observed mature fruit dry weights, as this
quantity relates to the final yield obtained in the GH. Following the calibration process,
the model is validated and compared to the experimentally measured fruit dry weight of
the presented APV GH experiment.

Concluding, two approaches for crop yield modeling were presented for the methodology
of the model: DLI-based models and FSPMs. The DLI-based modeling approach is divided
into two methods; one relying only on radiation data and the other one is an extension
that additionally takes into account temperature and RH in the GH. For the FSPM, the
application of the reduced TOMGRO model is proposed.
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In the two DLI-based methods yield is aggregated over time and described as a relative
fraction of the conventional, no APV scenario. The method using solely radiation data
is tested and compared against tomato yield data from the APV GH experiment in Sec-
tion 6.1.1. The DLI-based method extended with temperature and RH data is an approach
to additionally take into account GH microclimate and its effect on crop growth and yield.
In Section 6.1.2, the resulting yield from the model is compared against the experimentally
measured yield from the APV GH experiment.

For the coupling of a FSPM to the irradiance model, the application of the reduced
TOMGRO model is proposed. In this thesis, the reduced TOMGRO model is presented
using the experimentally measured irradiance and temperature data from the APV GH
experiment. In Section 6.2, the simulated dry weight of the tomatoes is compared against
experimentally measured dry weight.





4
Agrivoltaic greenhouse experiment

“Experiment is the sole judge of scientific truth.”

—Ada Lovelace

This section presents the setup and results of the agrivoltaic greenhouse experiment
performed within the scope of this thesis. The objective of the experiment was to monitor
crop response to high shading levels and collect microclimate and irradiance data to
validate the APV GH simulation framework. The results from this chapter have been
published in [43].

Section 4.1 presents the materials and methods of the experimental setup. Section 4.2
describes the experimental results of the shading effects on GH microclimate, plant physi-
ology and crop yield and quality. Section 4.3 presents the discussion of the experimental
results in the context of agrivoltaic greenhouse experiments. Section 4.4 includes an
economic assessment of the APV greenhouse in terms of expected PV yield and economic
profitability.

4.1 MATERIALS AND METHODS OF THE EXPERIMENTAL

SETUP

4.1.1 GREENHOUSE CHARACTERISTICS

The experiment was conducted during the 2023–2024 tomato growing season in a "raspa
y amagado" GH in Almería at Fundación Finca Experimental UAL-Anecoop (36.864° N,
−2.282° E, 180 m above sea level), covering a total area of 1765 m2. Due to their low
construction and maintenance costs, "raspa y amagado" GHs are the most common GH
type in the Almería region [22]. Figure 4.1 shows the location of the experimental test
GH within the Almería region in southern Spain.

59
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Figure 4.1: Top left: Aerial view of the ANECOOP facilities. Inside the red rectangle: the
experimental GH. Top right: Closer aerial view of the analyzed GH. (source for both: Google
Maps, accessed 14 January 2025). Bottom: Overview map of the study area.

The GH structure consists of galvanized steel tubes, featuring a central corridor and two
parcels 8 m in width expanding towards each side of the corridor. The roof’s lowest points
(the corridor) are at a height of 3.4 m, while the highest points at the gables reach 4.5 m.
The roof and walls are covered with a multilayered polyethylene film of 200 µm thickness
with an 89% light transmission in the 400 nm to 700 nm range. Figure 4.2 shows the
experimental GH at the facilities of Fundación Finca Experimental UAL-Anecoop.
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Figure 4.2: View over the experimental test GH and the facilities of Fundacion UAL-Anecoop.
Image credit: Anna Kujawa (DLR).

The overall GH and crop maintenance, i.e., ventilation, irrigation, fertilization and pest
control, was carried out by Fundación UAL-Anecoop (Appendices A.1 and A.2). Passive
ventilation was provided by three zenithal windows, each 0.8 m wide and protected with
insect-proof nets. These windows were opened when the indoor to outdoor temperature
difference exceeded 10 ◦C according to the common horticultural practices of Fundación
UAL-Anecoop. A central irrigation system served the entire GH without separation of the
test zones.

The cultivation cycle started with the transplantation of ‘Lygalan’ tomatoes, a novel variety
developed by ANECOOP S.COOP [196], on 14 September 2023. Before transplantation,
the tomato seedlings were raised outside the GH in a nursery. Pruning was carried out
on 9 January 2024 (115 days after transplantation). The last harvest took place on 15
March 2024 (181 days after transplantation). Figure 4.3 shows two pictures from the day
of transplantation of the tomato plants.
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Figure 4.3: Top and bottom: Tomato plants on 14 September 2023 after transplantation
into the GH. Image credit: Anna Kujawa (DLR).
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To mimic the shading effect of PV modules, opaque plastic panels (1.0 m × 1.7 m) were
mounted on the roof. Two shaded test zones with 30% and 50% roof cover ratios were
compared against a control zone without any shading, as shown in Figures 4.2 and 4.4.

30% shading

0% control zone

50% shading

N

Figure 4.4: Rendering of the experimental GH based on the APV simulation framework
presented in Chapter 3. Pink squares: pyranometers. Orange stars: temperature and RH
sensors. Red area: measurements of physiological and crop yield parameters.

Based on the 3D GH representation in the irradiance model presented in Chapter 3, the
panels were arranged in a checkerboard pattern to improve light homogeneity and to
avoid boundary effects and shade overlapping issues throughout the year. In the 50%
shading zone, 140 panels were installed (14 per row with 0.56 m gaps between modules),
whereas the 30% zone contained 90 panels (9 per row with 1.44 m gaps). Figure 4.5
shows the PV pattern from the inside of the GH, while Figure 4.6 shows two pictures from
the mounting of the PV modules.

a) b) c)

Figure 4.5: Pictures from inside the GH. a) Control zone. b) 30% shading zone.
c) 50% shading zone. Image credit: Anna Kujawa (DLR).
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a) b)

Figure 4.6: The mounting of the opaque polyethylene sheets, mimicking the PV modules,
took place on 11 September 2023. a) View from inside the GH. b) Two lines of modules in
the 50% shading zone. Image credit: Anna Kujawa (DLR).

4.1.2 MICROCLIMATE MONITORING SYSTEM

Throughout the experiment, the microclimate parameters GHI, RH and temperature were
measured with a temporal resolution of one minute. The location of the different sensors
inside the GH is included in Figure 4.4.

In each test zone, three pyranometers were installed at the center of the zones and one
pyranometer was placed near the edge of the zones to monitor boundary effects caused
by radiation entering from the side walls. Temperature and RH were recorded at two
distinct locations in the center of each zone. All microclimate measurement sensors, i.e.,
four pyranometers, and two temperature and RH sensors per zone, were mounted at
a height of 2.8 m above ground, corresponding to the maximum canopy height of the
tomato plants during cultivation. The two shading zones and the control zone were not
physically separated from one another, which allowed air exchange and partial mixing
of their microclimates. Table 4.1 summarizes all microclimate measurement devices.
Figure 4.7 presents pictures of the sensors mounted in the GH during different stages of
the growing cycle.

Table 4.1: Microclimate measurement devices used in the GH.

Parameter Unit Device Manufacturer

GHI (center) W m−2 CMP10 Kipp & Zonen, OTT HydroMet B.V., Delft, Netherlands
GHI (center) W m−2 SP110 Apogee Instruments, Logan, United States of America
GHI (boundary) W m−2 SPlite2 Kipp & Zonen, OTT HydroMet B.V., Delft, Netherlands
Temperature ◦C RC-51H Elitech, Greenwich, United Kingdom
Relative Humidity % RC-51H Elitech, Greenwich, United Kingdom
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a) b) c)

Figure 4.7: a) Kipp and Zonen CMP10 pyranometer and Elitech RC-51H temperature and RH
sensor. b) Kipp and Zonen SPlite2 pyranometer. c) Apogee Instruments SP110 pyranometer.
Image credit: Anna Kujawa (DLR).

4.1.3 PLANT PHYSIOLOGY AND FRUIT QUALITY PARAMETERS

Two categories of measurements were conducted on the plants during the experiment:
plant physiological and fruit quality measurements. For each treatment zone, 20 plants
were selected within a central, representative area of each GH zone, as indicated in
Figure 4.4. Physiological measurements were taken weekly between 16 October 2023 and
9 January 2024, when the plants were pruned. Table 4.2 summarizes all measured plant
physiological parameters.

Table 4.2: Measured plant physiological parameters.

Parameter Unit Device/Method

Height of stem 1 cm Measuring tape
Height of stem 2 cm Measuring tape
Number of branches – Visual count
Number of leaves for stem 1 – Visual count
Number of leaves for stem 2 – Visual count
Trunk diameter of stem 1 mm Digital caliper
Trunk diameter of stem 2 mm Digital caliper
Distance between leaves in apical part cm Measuring tape
Distance between developed clusters in apical part cm Measuring tape
Number of fruits – Visual count

In addition, fruit quality measurements were performed at each harvest date, beginning on
18 January 2024 (125 days after transplantation) and ending on 4 March 2024 (171 days
after transplantation). The harvest dates were 18 January, 30 January, 7 February, 20
February, 26 February and 4 March 2024.
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Immediately after harvesting, fruits from each repetition were washed and examined.
Fruit firmness was measured using a digital fruit penetrometer. Then, fruits were cut
in half and total width and length and flesh wall thickness were determined. The solid
matter content, expressed as °Brix, was determined by squeezing out some drops of liquid
from the halves and adding them to a refractometer according to the AOAC method no.
932.12 [197]. In addition, for six selected plants per treatment zone, fresh and dry weight
of the harvested fruits were determined. For dry weight, the cut-in-halves tomatoes were
dried in a drying oven at 70 ◦C for five days. If the samples still contained liquid after five
days, they were kept an additional day in the oven. Table 4.3 summarizes the measured
parameters.

Table 4.3: Measured fruit quality parameters.

Parameter Unit Device Manufacturer

Fruit width and length mm Digital caliper –
Flesh wall thickness mm Digital caliper –
Fruit firmness kg/cm3 Digital fruit penetrometer (model 4105) STEP Systems, Nürnberg, Germany
Soluble Solids Content ◦Brix Pocket Refractometer PAL-1 ATAGO, Saitama, Japan
Fresh weight g NewClassic ML scale Mettler Toledo, Gießen, Germany
Dry weight g Universal drying oven Memmert, Schwabach, Germany
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4.2 EXPERIMENTAL RESULTS OF THE AGRIVOLTAIC GREEN-
HOUSE

This section presents the microclimate, plant physiological and fruit quality measurements
for the experiment performed in 2023/2024.

4.2.1 SHADING EFFECT ON MICROCLIMATE

4.2.1.1 IRRADIANCE

The pyranometers in the GH monitored GHI throughout the study period. In this section,
the data from the CMP10 pyranometers are presented as a representative example for all
irradiance measurements. Figure 4.8 shows the daily mean PPFD, estimated from GHI
according to the method presented in Section 3.2.1, as well as the relative fraction of the
30 and 50% zones with respect to the control zone.
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Figure 4.8: a) PPFD values in the three zones. The daily mean of the CMP10 pyranometer of
each zone is presented. b) PPFD fraction in the 30% and 50% shading zones with respect to
the 0% control zone.

The daily average PPFD measurements show that irradiance decreased in the winter
months and increased again towards the end of the crop cycle in March 2024 in all three
zones. The lowest consecutive irradiance values were monitored during December 2023
with values below 150 µmol m−2 s−1 for the control zone, below 110 µmol m−2 s−1 for the
30% shading zone and below 90 µmol m−2 s−1 for the 50% shading zone. The highest
PPFD values were reached in March 2024 with values of up to 600 µmol m−2 s−1 for the
control zone, 490 µmol m−2 s−1 for the 30% shading zone and 300 µmol m−2 s−1 for the
50% shading zone. Low PPFD values in all three zones on the same day could be identified
throughout the entire crop cycle and were mostly caused by cloudy and rainy conditions
at the test site.
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The daily light integral (DLI) can be calculated by integrating the PPFD over 24 hours
according to Equation 2.1 [64]. Tomatoes are classified as high-light demanding crops,
requiring DLI levels between 30 molm−2 d−1 and 15 mol m−2 d−1 for sufficient crop growth
according to [161]. Figure 4.9 shows the DLI in the three zones from 11 October 2023 to
15 March 2024.
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Figure 4.9: DLI values calculated from the PPFD of the CMP10 pyranometers in each zone.
The dashed line refers to the threshold for sufficient crop growth taken from [161].

The overall trend of decreasing DLI towards the winter months and increasing DLI towards
the ripening stage of the fruits in March is visible in all zones. The 0% control zone
exceeded 15 mol m−2 d−1 on clear sky days until November 2023. After December 2023,
the 0% zone shows an increasing trend. In the months January to March 2024, a few days
fell below the threshold again due to cloudy weather and therefore reduced radiation
levels at the test site. The DLI values of the 30% zone already fell below 15 molm−2 d−1

from October 2023. Starting from the end of February 2024, the overall trend in the DLI
values of the 30% zone is above the threshold. The values of the 50% zone remained
constantly below the threshold for the entire study period.

Throughout the study period, radiation levels were reduced on average by 48% in the 50%
zone and 25% in the 30% zone. This slight decrease with respect to the theoretical shading
reduction of the 30% zone was caused by the orientation of the GH and the positioning of
the zones. For comparison, the study of [126] indicated that the annual global radiation
decreases by 0.8% for each additional 1.0% of PV panels located in a roof-top PV GH.
As we only compare two shading zones against the control zone, we do not present a
general linear regression for the radiation reduction. In the presented study, each 1% of
additional shadowed area caused a 0.83% (30% zone) or 0.96% (50% zone) decrease in
PAR according to the measurements, which aligns well with the observations of [126].
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4.2.1.2 TEMPERATURE AND RELATIVE HUMIDITY

In the following subsection, the experimentally measured temperature and RH are ana-
lyzed. Optimal growing conditions for tomatoes are sunny weather with constant temper-
atures between 20 ◦C and 25 ◦C [198]. Fruit quality is strongly influenced by temperature.
High temperatures together with high RH promote diseases [198]. Increased temperatures
due to projected climate change might therefore affect crop yield due to a reduced fruit
set and changes in fruit quality [199]. Hence, APV systems with reduced temperatures
below the PV panels might be beneficial for GH temperature control in future scenarios.
Figure 4.10 shows the diurnal mean temperature and RH, calculated between sunrise and
sunset of each day, and the temperature and RH difference with respect to the control
zone. The mean of the two sensors per zone is presented.
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Figure 4.10: a) Diurnal mean temperature in the three zones calculated between sunrise
and sunset of each day. b) Temperature difference with respect to the 0% control zone.
c) Diurnal mean RH in the three zones. d) RH difference with respect to the 0% control zone.

The evolution of temperature in the GH shows a decreasing trend among all zones from
the start of the study period towards the winter months followed by a temperature increase
towards the end of the study period. At the beginning of the study period, the temperature
values exceeded 25 ◦C in all three zones. The lowest temperature measurements were
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recorded at the end of December 2023, with values below 12 ◦C in the 50% shading zone.
Starting from January 2024 the mean diurnal temperature values increased again in all
zones and the highest measured values were obtained at the beginning of March 2024
with values above 35◦ in both the 0% and 30% zone. On average for the entire study
period, the mean temperature values were 24.2 ◦C for the control zone, 23.8 ◦C for 30%
shading and 23.0 ◦C for 50% shading.

The differences in temperature with respect to the control zone show that temperature
values in the 50% zone were consistently lower than in the unshaded control zone with
an increasing trend towards the end of the study period. On average, the diurnal mean
temperature in the 50% zone was 2.2 ◦C lower than in the control zone throughout the
study period. The temperature measured in the 30% shading zone behaves similarly to
the measurements in the control zone. On average, the diurnal mean temperature in the
30% zone was 0.4 ◦C lower than in the control zone.

RH generally increased during the colder months and declined as temperatures rose
towards spring. On average for the entire study period, 58.5% RH was measured in
the control zone, 60.5% in the 30% shading zone and 64.5% in the 50% shading zone.
Looking at the difference in RH with respect to the control zone, the data shows that in
both shading zones an increase in diurnal mean RH values was observed except from few
days at the beginning of the study period. The measured RH in the 30% zone was on
average 2.0 percentage points (p.p.) higher than in the control zone. For the 50% zone,
the measured RH was on average 6.0 p.p. higher than in the control zone.

Figure 4.11 shows the tomato plants in the GH during different stages of the growing
cycle.
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29 Sep. 2023 29 Sep. 2023 29 Sep. 2023

10 Oct. 2023 23 Oct. 2023 23 Nov. 2023

23 Nov. 2023 14 Dec. 2023 14 Dec. 2023

11 Jan. 2024 05 Feb. 2024 20 Feb. 2024

Figure 4.11: Pictures from the APV GH during different stages of the tomato growing cycle.
Image credit: Anna Kujawa (DLR).
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4.2.2 CROP YIELD

This section presents the fresh and dry weight measurements of the investigated fruits.
Fresh weight and dry weight are mathematically related through the moisture content of
the tomato samples, but both quantities serve distinct purposes. Fresh yield represents
the marketable yield, which will be critical to evaluate the economic viability of the APV
GH. Dry weight represents total biomass without variability due to water content. Dry
weight of the fruits can be linked to photosynthetic efficiency, nutrient uptake, environ-
mental conditions and overall plant growth. Additionally, dry weight data was required
for parameterization and validation of the reduced TOMGRO model used presented in
Chapter 6.

The tomato plants were distributed with a density of 2 plants per m2 in the GH; hence,
absolute weight measurements of the single fruits were normalized to g m−2. Figure 4.12
presents the accumulated fresh weight measurements and the measurements for the
different days of the harvest as well as the relative and the absolute deviation from the
control zone.
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Figure 4.12: a) Accumulated fresh weight of collected tomato fruits for the three zones as a
function of the time after transplantation. b) Fresh weight measurements on the specific days
for the three zones. c) Absolute deviation in accumulated fresh weight of the two shading
zones with respect to the control zone. d) Relative deviation in accumulated fresh weight of
the two shading zones with respect to the control zone.

The highest accumulated fresh weight of mature tomato fruit was measured in the control
zone throughout the harvesting period. The relative difference in fresh weight between the
control zone and both shaded zones progressively decreased, thus indicating a potential
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delay in ripening due to shading. By the end of the harvest, the control zone accumulated
the highest fresh weight at 3298 g m−2, followed by the 30% shading zone with 2791 g m−2

and 2446 gm−2 measured in the 50% shading zone. Compared to the control zone, a 15%
yield reduction was measured in the 30% shading zone with a difference of 507 g m−2.
For the 50% shading zone, a 26% yield reduction (851 gm−2) was recorded with respect
to the control zone on the final day of harvest. The highest relative deviation between
fresh weight in the shaded zones and fresh weight in the control zone was already
measured on the first day of harvest in January 2024. Overall there is a decreasing trend
in relative deviation for the 50% zone. The numbers align with the study of [88], who
investigated the effect of aluminised shading screens on tomato production in a commercial
"raspa y amagado" GH in Almería. By applying different shading ratios above 30%, they
demonstrated a proportional decrease in total yield with increasing shading intensity. The
study of [200] analyzed the effect of reductions in PAR on tomato yield and quality due to
artificial shading. They also observed lower values of tomato yield under lower PAR levels
compared to full natural sunlight. They found that a 30% and 50% reduction in incoming
PAR led to a 14.3% and 38.1% reduction in tomato yield, respectively.

In addition to fresh weight of the mature fruits, the dry weight was also monitored to
trace back the shading effect on the quality of the fruits. Figure 4.13 presents the dry
weight of mature tomato fruit across the three different shading zones.
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Figure 4.13: a) Accumulated dry weight for the three zones as a function of the time after
transplantation. b) Dry weight measurements on the specific days for the three zones.
c) Absolute deviation in accumulated dry weight of the two shading zones with respect to
the control zone. d) Relative deviation in accumulated dry weight of the two shading zones
compared to the control zone.
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At the end of the growing season, the highest dry weight was measured in the control
zone with an accumulated total value of 330 gm−2. In the 30% shading zone 282 gm−2

were measured and in the 50% shading zone 267 g m−2 were measured. The 30% zone
had therefore an overall yield reduction in dry weight of 46 gm−2 with respect to the
control zone, which is equivalent to a 14% reduction. For the 50% shading zone, the
overall reduction in dry weight with respect to the control zone was determined to be
61 gm−2 at the end of the crop cycle, which is approximately 19% less yield. Similar to
the observations in the fresh weight measurements in Figure 4.12, the largest relative
deviation in dry yield was already observed at the first day of harvest. On the first harvest
day, the control zone exhibited the highest yield with 81 g m−2 in dry weight. On that
day, 12% less dry weight was measured in the 30% zone and 38% less in the 50% zone
compared to the control zone. Towards the end of the study period, this relative difference
decreases in both shading zones.

4.2.3 PLANT PHYSIOLOGY AND FRUIT QUALITY

In the presented experiment, differences in the development of the tomato plants were
visible early in the growing stage. This aligns with the findings of [165] who showed
that plant growth and productivity are directly correlated with the light intensity and
environment temperature in the GH. The figures of the plant physiological measurements
listed in Table 4.2 are collectively summarized in Appendix B. On average for the entire
growing period, the plants in the 50% shading zone were 38 cm higher with a 0.6 mm
smaller diameter of the trunk (see Figures B.1–B.4). The plants had on average 5.1 more
leaves than the plants in the control zone (Figures B.7 and B.8). For 30% shading, the
plants were on average 9 cm higher with a 0.2 mm smaller trunk diameter and had 5.0
more leaves for the whole growing period (see Figures B.1–B.4, B.7 and B.8).

In addition to plant physiology, fruit quality was determined by measuring fruit width
and length, flesh wall thickness, fruit firmness and SSC [°Brix] (as described in Table 4.3)
of the single harvested fruits for each date of measurement during the harvest period.
Since the SSC is a particularly interesting variable to assess the quality of tomatoes, it
will be investigated in more detail in what follows. The mean SSC values alongside the
sample standard deviations are depicted in Figure 4.14 for all harvested fruits among the
zones. The figures of the other fruit quality parameters are collectively summarized in
Appendix B.2.

In general, all zones show an increase in SSC towards the end of the harvest period, as
later-harvested fruits grow higher on the plant and receive more irradiance throughout
the growing period. The fruits taken from the 50% shading zone show on average an
absolute reduction of 0.6 °Brix compared to the fruits of the control zone throughout the
entire harvest period, which corresponds to an average reduction of 11%. On the last
measurement day, the fruits of the 50% zone show an absolute reduction of 1.0 °Brix
compared to the control zone. The fruits of the 30% shading zone follow a similar trend
as the 50% zone; however, an increase in SSC towards the end of the harvest period is
notable. On average, a reduction of 3% in SSC was observed throughout the harvest
period. On the last day of harvest, the fruits of the 30% zone had a reduction of 0.4 °Brix
compared to the control zone. These observations align well with the study of [40], who
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found that shading levels over 30% decreased the SSC in the investigated tomato crop
in comparison with the control treatment for a "Venlo" GH in Almería. In the study of
[88], the measured SSC of tomato crops was decreased for shading ratios above 40%.
Furthermore, other studies showed that the SSC of tomatoes can increase slightly with
increasing temperature, which might have a positive influence on the flavor of the crops
[165, 172].
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Figure 4.14: Soluble Solids Content of the measured tomato fruits. The average values of
the measured fruits per zone are presented as lines while the respective standard deviations
are shown as shaded regions.

Similar to the observed trend of an increase in SSC for the fruits of the 30% shading
zone, the fruits also showed an increase in firmness towards the end of the harvest period
and a similar behavior compared to the fruits of the control zone could be observed (see
Figure B.13). These observations are also in agreement with the previous study of [88]
who showed that shading over 40% increases the firmness of the fruits. In the study
of [40], it was also observed that with shading levels over 30% an increase in firmness
compared to the control treatment can be expected. In addition, different studies observed
a decrease in the proportion of larger fruits and an increase in the proportion of smaller
fruits at 50% shading [200, 162].

Since both the plant physiology as well as the fruit quality parameters were measured
from a set of representative plants in each zone, a statistical compatibility analysis was
performed to complement the above comparison of the mean parameter values in the
different zones. The measurement samples in the different zones were compared on the
last day of measurements with a Welch’s t-test (allowing for unequal variances of the two
compared populations) with a standard significance threshold value of α= 0.05.
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Table 4.4 summarizes the means and standard deviations for all plant physiology and
fruit quality parameters on the last day of measurement as well as the p-values for the
compatibility of 30% shading to the reference zone and 50% shading to the reference
zone. The 50% shading zone shows significant deviations from the reference zone for
almost all parameters, except for the distance between branches, the number of fruits and
the fruit firmness. The only significant deviations in the 30% shading zone are determined
to be the height of stem 2, the number of leaves in stem 2 and the fruit firmness.

Table 4.4: Overview of mean and standard deviation values of the measured plant physio-
logical and fruit quality parameters on the last date of measurement. The last two columns
represent the p-values for the null hypothesis that the measured values in the 30 and 50%
zones are compatible with the measurements in the control zone (α= 0.05).

0% Shading 30% Shading 50% Shading p-Value 30 p-Value 50

Plant physiology

Height stem 1 (cm) 270.8(144) 281.1(172) 296.1(124) 0.052 1.1× 10−6

Height stem 2 (cm) 251.2(222) 284.4(260) 269.3(306) 1.5× 10−4 0.045
Trunk diameter stem 1 (mm) 15.4(13) 15.2(13) 13.7(13) 0.62 3.1× 10−4

Trunk diameter stem 2 (mm) 15.4(11) 15.0(8) 14.0(11) 0.22 4.7× 10−4

Number of branches 21.8(16) 21.6(19) 18.5(14) 0.73 5.1× 10−8

Distance branches (cm) 15.6(50) 15.8(39) 14.8(28) 0.93 0.59
Number of leaves stem 1 36.1(33) 37.5(31) 38.6(26) 0.17 0.01
Number of leaves stem 2 32.3(47) 38.3(31) 36.4(33) 4.8× 10−5 0.003
Distance leaves (cm) 5.8(17) 6.8(18) 8.5(17) 0.12 5.9× 10−5

Number of fruits 34.8(45) 36.1(31) 32.9(43) 0.30 0.20

Fruit quality

Fruit diameter (mm) 52.6(25) 51.8(36) 48.1(50) 0.58 0.01
Flesh wall thickness (mm) 5.8(5) 5.5(7) 5.0(7) 0.29 0.004
Fruit firmness (kg cm−3) 3.4(4) 3.9(5) 3.3(7) 0.02 0.54
Soluble Solids Content (°Brix) 7.8(3) 7.4(7) 6.8(12) 0.14 0.02

4.3 DISCUSSION OF THE AGRIVOLTAIC GREENHOUSE

EXPERIMENT

The artificial shading in the presented experiment not only caused a radiation reduction
but directly impacted the microclimate in the GH. Therefore, the development of the
cultivated tomato plants was affected early on from the beginning of the crop cycle. Over
the entire study period, there was an average reduction of 48% in radiation in the 50%
shading zone, and a 25% reduction in the 30% shading zone in comparison to the control
zone. These findings align well with the radiation reductions determined by [126], who
indicated a radiation reduction of 0.8% for each additional 1.0% of PV shading.

The provided shading in the experiment resulted in 15% yield reduction for the 30%
shading zone and 26% yield reduction for the 50% shading zone in measured fresh weight
at the end of the crop cycle. These numbers align well with the findings of [88] and [200],
who both reported a similar decrease in yield with an increase in shading ratio. Several
other experimental studies also confirm that high shading levels lead to reduced tomato
yield in GHs due to radiation reduction [162, 201, 39, 202, 203, 40].
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Nevertheless, it is important to point out that tomato yield is not an isolated characteristic
and depends on the growth of the whole plant [165]. If the tomato plant does not grow
well then it will never give a high yield. Therefore yield is determined by the interaction
between plant morphology, physiology and growth conditions.

In the presented experiment, the two shading zones and the control zone were not
physically separated from one another. Hence, there was an exchange in air flow between
the zones and no separation of temperature or RH within the different areas in the GH.
Nevertheless, changes in temperature and RH were measured at the sensor locations at
the center of the zones. The combination of changes in temperature and RH and reduction
in irradiance directly affected the tomato plants at each stage of their development. In the
presented experiment, differences in the development of the tomato plants were visible
early in the growing stage, as the plant physiological measurements confirmed. These
observations align well with the findings of [165], who showed that plant growth and
productivity are directly correlated with the light intensity and environment temperature in
the GH, which affect two important physiological processes: photosynthesis and respiration.
Photosynthesis depends on both light intensity and temperature, while respiration only
depends on temperature. Therefore, final yield and sugar content depend on the trend of
these two physiological processes [203].

It was observed that plants from both shading zones developed on average 20% less fruits
than the plants in the control zone throughout the entire crop cycle. Furthermore, a delay
in ripening of the fruits was determined for both shading treatments, i.e., 6 days for 30%
shading and 9 days for 50% shading after the first harvest in the control zone. Previous
studies also showed that shading in GHs caused by PV panels reduces the number of
produced fruits and causes a delay in ripening [162, 204, 205]. A delay in ripening and
a delayed tomato harvest can actually have strategic market advantages, especially if it
shifts production into a period of lower supply and higher prices. The study of [206]
analyzed price trends in GH tomatoes across several Spanish regions and found that the
highest seasonal price indices occurred in March and April. By strategically timing the
delay in yield in an APV GH to coincide with periods of reduced supply and higher selling
prices, growers could potentially compensate yield reductions resulting from the shading.

Apart from their influence on plant physiological development and yield, the effect of
shading treatments on tomato quality, fruit size and dry matter content was also determined.
At the end of the crop cycle a reduction in dry weight of 14% and 19% was observed
for the 30% and 50% shading zones, respectively. In addition, for the fruits of the 50%
shading zone, a reduction of 0.9 °Brix was measured at the end of the crop cycle. For the
fruits of the 30% shading zone, a reduction of 0.2 °Brix was observed. SSC is an important
quality parameter considering that the amount of sugar and acid and their interactions are
related to flavor quality in tomatoes [207]. According to [79], SSC is highly affected by
the GH microclimate and environment including solar radiation, temperature, day-length,
water availability, soil mineral content, irrigation and fertilization.



78 AGRIVOLTAIC GREENHOUSE EXPERIMENT

4.4 ECONOMIC ASSESSMENT

The installation of PV modules on GHs has several economic advantages. The key benefit
of APV systems is the dual-land-use, i.e. agricultural activity and producing energy at the
same time. Firstly, the electricity generated by the PV system can be used to cover the
energy demand of the GH. Secondly, surplus energy can be sold to the grid. This way, APV
systems stabilize the income of growers and reduce dependence on fluctuating crop and
energy market prices.

4.4.1 ELECTRICITY SELF-CONSUMPTION AND GRID FEED-IN DUR-
ING THE WINTER TOMATO GROWING CYCLE

This section provides an estimation of the potential economic benefits from self-consumption
and energy sales that can be expected for a winter crop cycle from September to March,
similar to the tomato crop cycle conducted in the experiment of Chapter 4. The estimations
are based on simplified assumptions and are not intended as a detailed economic analysis.
Rather, they offer an initial indication of how APV systems can overcompensate crop yield
reductions, which were experienced during the tomato growing cycle in the experiment.
The here presented numbers were previously published in [43].

For the economic evaluation, we assume the same 1765 m2 GH as in the experiment, as
this a typical commercial-scale GH of the Almería region, and consider three hypothetical
scenarios: (1) no PV modules installed, (2) 30% of the roof covered with PV modules,
and (3) 50% of the roof covered with PV modules. Crop and PV yield values are scaled to
per square meter GH area for each of the three scenarios.

Based on the crop yield measurements of the 0% shading zone, the tomato yield of the
1765 m2 GH without PV installation is 5820 kg. The experiment was conducted during
the winter months, from September to March, when natural light levels were already low
for the reference zone without PV. Consequently, light availability in the two shaded zones
was even lower, leading to a reduction in crop yield toward the end of the growing cycle.
According to the measurements of the two shading zones, the applied shading treatments
resulted in a 15% crop yield reduction for the 30% shading zone and 26% reduction for
the 50% shading zone. This corresponds to approximately 895 kg less tomatoes for the
30% APV GH and 1504 kg less tomatoes for the 50% shading scenario. At a market price
for tomatoes of 0.58€ kg-1 for the 2023–2024 campaign [208], the traditional GH without
PV would have led to an income of 1.91€m-2 by solely selling the tomatoes after the
seven months of the growing cycle. The reduction in crop yield in the two APV scenarios
would have resulted in 1.62€m-2 and 1.42€m-2 for 30% and 50% shading respectively.
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To estimate the PV yield of the two APV systems (30% and 50% roof coverage of the
entire GH roof), the PVGIS SARAH radiation database was used [61]. The breakdown
of the monthly PV yield, as well as monthly prices for electricity are given in Table 4.5.
For the winter period from September to March, the estimated energy production was
32.44 kWh m-2 for the 30% shading scenario and 54.07 kWh m-2 for the 50% shading
scenario, assuming standard silicon modules and default system losses according to the
PVGIS default parameters. The energy consumption of the GH during the seven months
of the tomato cycle was approximately 1.17 kWh m-2 according to internal information
provided by Fundacíon UAL-Anecoop.

For the economic analysis, we assume the same energy consumption for all three scenarios.
Based on average Spanish electricity prices from September 2023 to March 2024 [209,
210], self-consumption of PV electricity to cover the GH’s energy demand during the
tomato cycle could therefore save around 9.3 ct m−2, which means approximately 165€in
both APV scenarios.

To account for installation-related costs when evaluating revenues from excess PV electricity,
the levelized cost of electricity (LCOE) was subtracted from the applicable feed-in electricity
price. The LCOE for the PV systems was estimated as 5.2 ct kWh−1, based on the findings
for rooftop PV from [211] for the irradiation level of the site of this study. This resulted in
a levelized net selling price, which was used in the economic assessment of surplus PV
energy exported to the grid. For electricity self-consumption, the LCOE was not subtracted
from the electricity price as the energy demand of the GH only corresponds to 3% and 6%
of the total PV yield for 30% and 50% shading respectively.

Table 4.5: Monthly prices for electricity consumption, electricity feed-in tariffs and the
levelized prices corrected with the levelized costs of electricity. The PV yields for the 30%
shading scenario and the 50% shading scenario are given as well as the consumption of the
GH. The savings due to self-consumption and the revenues from the two PV systems are
calculated.

Days Electricity Feed-In Levelized PV Yield PV Yield Consumption Saving Revenue Revenue
Price Price Price 30% 50% Self-Cons. 30% PV 50% PV

[209, 210] [212, 213] [211] [60] [60]
[ct/kWh] [ct/kWh] [ct/kWh] [kWh/m2] [kWh/m2] [kWh/m2] [ct/m2] [ct/m2] [ct/m2]

09/2023 14 11.2 10.3 5.1 3.44 5.74 0.09 1.02 17.22 29.00
10/2023 31 10.4 9.0 3.8 6.19 10.32 0.20 2.10 22.82 38.58
11/2023 30 8.0 6.3 1.1 4.75 7.91 0.19 1.53 5.21 8.84
12/2023 31 8.5 7.2 2.0 4.45 7.42 0.20 2.10 8.55 14.56
01/2024 31 8.6 7.4 2.2 4.79 7.99 0.20 2.10 10.14 17.22
02/2024 29 5.0 4.0 −1.2 5.35 8.92 0.19 0.96 −6.17 −10.48
03/2024 15 3.4 2.0 −3.1 3.46 5.77 0.10 0.34 −10.65 −18.02

Sum 181 – – – 32.43 54.07 1.17 9.15 47.12 79.70

To calculate potential revenues from selling excess electricity, average feed-in tariffs during
the study period [213, 212] were considered. For the 30% shading scenario, the overall
energy sales would therefore yield approximately 0.47€m-2, while for the 50% shading
scenario, the selling of the excess PV energy would yield about 0.80€m-2. Table 4.6
summarizes the comparison of the calculated PV and crop yield revenues per square meter
and estimates the overall profit increase for the two APV scenarios.
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Table 4.6: Overview for the economic analysis.

0% PV 30% PV 50% PV

Crop yield kg/m2 3.30 2.79 2.45
Crop revenue =C/m2 1.91 1.62 1.42

PV yield kWh/m2 0.00 32.43 54.07
GH energy consumption kWh/m2 1.17 1.17 1.17

Costs energy consumption =C/m2 −0.09 0.00 0.00
Feed-In revenue =C/m2 0.00 0.47 0.80

Total sum =C/m2 1.82 2.09 2.22

Profit increase in comparison to 0% PV +0.27 =C/m2 +0.40 =C/m2

+14.8% +21.8%

In APV GH systems, the revenue generated from the PV installation can serve as a supple-
mentary income and help offset operational costs of the GH such as electricity for climate
control, irrigation or lighting. Over time, the APV GH dual-use approach can improve the
economic viability and resilience of horticulture to varying crop market prices, particularly
in regions with high solar irradiance [30, 214]. Figure 4.15 summarizes the results of the
presented economic assessment.
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Figure 4.15: Comparison of economic performance per square meter for the GH with different
PV cover ratios (0%, 30%, and 50%) during one crop cycle (September–March). Bars represent
the contribution of crop revenue, PV revenue, and energy costs to the total profit per square
meter.
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In our two theoretical APV GH scenarios, both systems would overcompensate the reduction
in crop yield and lead to a net profit increase by the end of the crop cycle. For the 30%
shading scenario, the additional income can be estimated at 0.27€m-2, corresponding to
a profit increase of +14.8% compared to the conventional greenhouse without PV. The
50% cover ratio APV GH would have resulted in an additional 0.40€m-2, corresponding
to a profit increase of +21.8%.

These results already demonstrate the economic potential of APV GH systems. Even during
the winter months of the study period, when irradiance and PV output are naturally
lower, a positive net income could be observed. During summer, PV yields are higher
and radiation levels can even be harmful to crops. It can therefore be expected that the
benefits of APV systems considering the full year are even greater, leading to a higher
overall annual advantage.

4.4.2 ELECTRICITY SELF-CONSUMPTION AND GRID FEED-IN DUR-
ING THE FULL YEAR

Shading of PV modules gets particularly helpful in the summer months when photo-
synthetic saturation can occur and the naturally higher irradiation levels might become
harmful for the crops in the GHs. In order to provide a qualitative outlook on the potential
benefits of APV greenhouse systems during summer months with high solar availability, the
previously presented economic assessment of the winter months with low light conditions
is extended to the full year. Therefore, the same assumptions as previously described are
applied and it is assumed that no further agricultural activity was carried out in the GH
after the end of the tomato cycle in March. Table 4.7 summarizes the annual PV yield,
electricity prices, savings from self-consumption during the tomato cycle, and feed-in
revenues from selling excess electricity to the grid.

Table 4.7: Monthly prices for electricity consumption, electricity feed-in tariffs and the
levelized prices corrected with the LCOE. The PV yields for the 30% and 50% shading
scenarios are given as well as the consumption of the GH. The savings due to self-consumption
and the feed-in revenues from the two PV systems are calculated.

Days Electricity Feed-In Levelized PV Yield PV Yield Consumption Saving Revenue Revenue
Price Price Price 30% 50% Self-Cons. 30% PV 50% PV

[209, 210] [212, 213] [211] [60] [60]
[ct/kWh] [ct/kWh] [ct/kWh] [kWh/m2] [kWh/m2] [kWh/m2] [ct/m2] [ct/m2] [ct/m2]

09/2023 30 11.2 10.3 5.1 7.38 12.30 0.09 1.02 37.18 62.27
10/2023 31 10.4 9.0 3.8 6.19 10.32 0.20 2.10 22.82 38.58
11/2023 30 8.0 6.3 1.1 4.75 7.91 0.19 1.53 5.21 8.84
12/2023 31 8.5 7.2 2.0 4.45 7.42 0.20 2.10 8.55 14.56
01/2024 31 8.6 7.4 2.2 4.79 7.99 0.20 2.10 10.14 17.22
02/2024 29 5.0 4.0 −1.2 5.35 8.92 0.19 0.96 −6.17 −10.48
03/2024 31 3.4 2.0 −3.1 7.15 11.92 0.10 0.34 −21.86 −36.64
04/2024 30 3.1 1.3 −3.8 8.18 13.64 – – −31.01 −51.83
05/2024 31 4.4 3.0 −2.1 9.32 15.52 – – −19.57 −32.59
06/2024 30 6.8 5.6 0.4 9.61 16.01 – – 3.84 6.40
07/2024 31 8.1 7.2 2.0 9.66 16.10 – – 19.32 32.20
08/2024 31 10.0 9.1 3.9 8.96 14.93 – – 34.94 58.23

Sum 366 – – – 40.07 66.78 1.17 9.15 63.36 106.76
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For the calculation of self-consumption, the months of September and March are each
counted as half months, in accordance with the values reported in Table 4.6. For the
calculation of the feed-in revenues, the whole year is taken into account. According to
the PVGIS SARAH radiation database [61], the expected PV yield in July is more than
twice as high than in December for both cases of PV coverage of the GH. At the same
time, electricity prices and feed-in prices increased towards the summer months of 2024
[210, 213]. Under the simplified assumption of no further agricultural activity in the
GH, the savings due to energy self-consumption during the winter months of the tomato
cycle would remain at 0.09€m-2. The 30% PV system would therefore lead to a feed-in
revenue of 0.63€m-2 by selling the excess energy to the grid. The feed-in revenue of the
50% PV system is estimated at 1.06€m-2. The total revenues of selling crops and energy
are therefore estimated to be 2.25€m-2 for the 30% shading system for the full year, i.e.
a net profit increase of +23.6%. For the GH with 50% roof coverage, the total revenue is
estimated to be 2.48€m-2, i.e. a net profit increase of +36.3%.

In order to take into account the continuous agricultural activity of the GH, the seasonal
structure of a typical crop year in Almería should be considered. Common horticultural
practice consists of an 8–9 month crop cycle, e.g. with tomato, pepper, or cucumber,
followed by a shorter 2–3 month cycle with crops such as watermelons [22]. An alternative,
also widely practiced, is the cultivation of two consecutive tomato cycles [22]. The
experimentally measured DLI values inside the GH during the study period (Figure 4.9)
consistently exceeded the minimum threshold of 15 mol m-2 d-1 from the beginning of
March onward. This indicates that a subsequent crop cycle from March to August would
not suffer from yield reductions, even under 30% shading caused by a PV system. This
assumption aligns with the findings of [32] and [215], who evaluated monthly DLI levels
for Spain. They reported that high-light demanding crops are photosynthetically saturated
and shading is needed to avoid light-level related stress and damages. According to their
calculations, even a 50% PV roof coverage would not lead to yield reductions during the
summer months. Consequently, the economic assessment assumes full crop yield for the
second growing cycle, resulting in additional crop revenue of 1.91€m-2 for the annual
calculation. By expanding the energy demand of the GH to the full year, energy savings
due to self-consumption would increase to 0.17€m-2. For the 30% shading scenario,
the combined revenue of two crop cycles and the PV system would be at 4.16€m-2 for
the full year. For a GH with 50% roof coverage, the total income can be estimated to be
4.39€m-2. Compared with a conventional GH without PV installation (3.64€m-2 for two
crop cycles), the net annual profit increase is +14.3% for 30% PV coverage and +20.6%
for 50% PV coverage.

4.4.3 POTENTIAL APPLICATION OF AGRIVOLTAIC-GENERATED

ELECTRICITY FOR DESALINATION PLANTS

The generated electricity of the PV system could be used to power desalination plants
for water production, which could subsequently be used for GH irrigation [216]. Such
estimations become particularly important in years with low tomato market prices or under
extreme climatic conditions. The desalination plant of Carboneras in the Almería region,
for example, has an energy requirement of 4.25 kW h per 1 m3 produced freshwater [217].
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It should be noted that this value refers to one specific, exemplary plant and more modern
and energy-efficient desalination technologies may require less energy. The PV yield of
the 50% cover ratio system could lead to a production of 22,455 m3 of desalinated water
during the tomato cycle. The presented 30% cover ratio GH could supply up to 13,473 m3

of freshwater during the same period.

The experimental GH required 271 m3 of water during the tomato cultivation period
according to internal information provided by Fundacíon UAL-Anecoop. The PV yield
from the 50%-cover-ratio APV system could hence supply the experimental GH 82 times
with freshwater. For the 30%-cover-ratio APV system, the water consumption would be
covered 49 times. As mentioned in the previous subsection, PV yields are even higher in
summer. The overall annual advantage can therefore be even higher considering the full
year.





5
Validation irradiance model

“The way to learn mathematics is to do mathematics.”

—Mary Cartwright

In this chapter, the validation of the irradiance model, described in chapter 3, is presented
with the help of two case studies. The validation is divided into two parts: a short-
term validation with a calibration of the GH cover material using data from a previously
published study (case study 1), and a long-term validation with the assessment of model
accuracy using data from the experiment described in chapter 4 (case study 2).

For the short-term validation, we used the experimental results from López-Díaz et al.,
who conducted an APV GH study in 2015 on tomato crops in a "Venlo"-type GH [40]. This
allowed for a detailed validation on a single clear-sky day, as well as an assessment of
overall irradiance reduction across an entire crop cycle. The results of this validation
were published in [42] and are detailed in Section 5.1. The second part of the validation,
presented in Section 5.2, consists of a comprehensive long-term comparison using data
from the APV GH experiment, which included a 8 month tomato cycle followed by a 3
months watermelon cycle.

5.1 CASE STUDY 1: "VENLO" GREENHOUSE

The experiment presented by López-Díaz et al. [40] was performed from from 17 Septem-
ber 2014 to 14 May 2015 in a "Venlo"-type GH covering an area of 2145 m2 (57.5 m
long in north–south-direction, and 42.0 m width in east–west-direction) at the Tecnova
experimental center in the province of Almería, southern Spain (36◦53′ N, 2◦22′ W, 185 m
above sea level) [40]. The experimental design consisted of three shaded zones (15%,
30%, and 50% roof area covered) and a 0% control zone without any shading. Based on
the information given by López-Díaz et al [40], a virtual copy of the experimental test
GH was implemented in the simulation framework. Each zone was equipped with two
radiation sensors, which are used for the validation of the irradiance model. Figure 5.1
presents the virtual copy of the GH and the estimated sensor positions.
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N

Figure 5.1: Rendering of the experimental "Venlo" GH implemented in the simulation frame-
work. The estimated position of radiation sensors are indicated by stars.

The experimental shading zones are positioned along the long side of the GH in a north–
south-direction. Thirty-six PV modules as well as additional opaque polyethylene sheets,
each measuring 1.65 m in length and 1.00 m in width, were installed on the rooftop of the
GH. In the simulation, ground albedo of the GH is set constant to 0.2, representing albedo
of tomato plants of the study [22, 40]. For simplicity, albedo is kept constant in this study,
but the developed model could also handle spatial and temporal dependent albedo.
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5.1.1 DEFINITION GREENHOUSE PLASTIC

The plastic cover of the experimental GH in López-Díaz et al. had a thickness of 200 µm and
a transmission of 84% [40]. Based on the sensitivity analysis presented in Section 3.1.3,
the parameter range for suitable Tdi f f and Tspec combinations was determined to match
the overall target transmission of 84%. Testing different parameter combinations yielded
Tdi f f = 0.892 and Tspec = 0.796. According to Section 3.1.3, this parameter combination
represents a haze of Φ= 42%.

The final material definition for the simulations is given in Table 5.1.

Table 5.1: Parameter definition of the trans material to match the description of the GH
plastic used by López-Díaz et al. [40].

Red Green Blue Specularity Roughness Tdiff Tspec

0.938 0.938 0.938 0.010 0.000 0.892 0.796

In the simulation, plastic cover materials are modeled as uniform surfaces with constant
material properties and uniform transmission properties. The time-dependent changes in
material properties and transmission values are not accounted for but can be the subject
of future studies. In Radiance, the trans material is designed to model transmissive
surfaces with diffuse transmission [135]. trans materials do not inherently account
for complex, angle-dependent transmission properties. While more advanced material
definitions, such as t ransdata material, can incorporate angular-dependent transmittance
[135], their implementation would require detailed experimental measurements of the
incident-angle-dependent transmission profile of the GH cover materials, which are often
not available.

In the simulation framework, the virtual GHs consist of a large number of surface points,
each with a different angle of incidence. Each of these incident points contributes to the
diffuse light profile inside the GH. Furthermore, Figure 3.5 shows that in order to achieve
a realistic overall transmittance of the material, high values of Tdi f f , which causes the
diffusing effect, are needed. Hence, the approach of using two parameters (Tdi f f and
Tspec) to describe light transmission in the simulation is considered sufficient. Nevertheless,
the simplification can still pose limitations to the application of the presented model. If
diffuse light transmission is not 100% correctly modeled and the direct contribution of
the incident rays is overly pronounced, these could lead to a geometrical mismatch in the
irradiation maps. However, such an effect was not observed in the presented application
of the model.

5.1.2 DEFINITION SENSOR POSITION

For the validation of the model with the APV GH of López-Díaz et al., the positions of
the radiation sensors in the experiment had to be estimated for the simulation. First,
the x- and y-coordinates of all eight radiation sensors in the experiment were estimated
based on the description in [40]. We assumed that there might be a geometrical mismatch
between the estimated coordinates and the respective coordinates in the simulation, since
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the virtual GH was designed based on the general description given in [40]. To account
for this uncertainty, a search window of 2 m×2 m with a resolution of ∆x =∆y = 0.05 m
was applied around the primary estimated coordinates of each sensor. For each search
window, containing 412 = 1681 coordinate sets, ray-tracing simulations, according to
Section 3.1.5, were performed with a 15-min temporal resolution on 23 January 2015,
selected as reference day because corresponding raw radiation sensor data were provided
by the authors of [40].

For each radiation sensor and each of the 1681 simulated coordinate sets, the nRMSE
between simulated and experimentally measured GHI was calculated, according to Equa-
tion 2.3, where the experimental GHI was derived as 15-min means from the minutely
raw data. By minimizing the nRMSE, the best fitting sensor coordinates were identified.
Figure 5.2 presents the distribution of the nRMSE values for the west sensor in the 0%
control zone.
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Figure 5.2: Minimization of nRMSE values to find the coordinates of the radiation sensors in
the simulation. The nRMSE values for the west sensor in the 0% control zone are presented.
For that sensor, the pair of x- and y-coordinates with the lowest nRMSE of 0.10 is located at
∆x = −0.25m and ∆y = −0.20m with respect to the primary guess of the position in the
center of the plot.
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The minimization of the nRMSE resulted in a reduction from 0.22 (initial coordinate guess
in the center of the plot) to 0.1. The nRMSE distribution of the presented sensor shows
that values can range between 0.1 and 0.5 within a distance of less than 1.00 m. Using
this approach, the coordinates for all eight virtual sensors were optimized and applied to
simulate the entire crop cycle of the experiment, i.e. from 17 September 2014 to 14 May
2015.

5.1.3 VALIDATION BASED ON SINGLE-DAY IRRADIANCE MEASURE-
MENTS

The presented simulations were performed with a 15-min resolution. The input CAMS
irradiance data represent the mean values for the respective 15-min. For each 15-min
interval, the sun’s position was modeled at the middle of this interval. For example,
for the period from 12:00:00 to 12:15:00, the sun’s position was modeled at 12:07:30.
For 23 January 2015, experimental raw data were available and a comparison of the
experimentally measured irradiance data and the irradiance simulation was performed.
To quantify the deviation between the simulation and experimentally measured data, the
nRMSE and the irradiation error were calculated according to Equations 2.3 and 2.9.
Figure 5.3 shows the simulated GHI in comparison to the experimentally measured data
on that day for all eight sensors.
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Figure 5.3: Comparison between simulated and experimentally measured GHI of López-Díaz
et al. [40] for 23 January 2015. The plots on the left refer to the sensors placed on the
west of the GH; the plots on the right refer to the sensors placed on the east. The zones are
presented in ascending order, with the 0% zone in the first row and 50% in the last row. Red
stars: simulation; blue line: GHI measured by López-Díaz et al. [40]; green points: 15-min
means of experimentally measured data with ±1σ standard deviation; black curve: outside
GHI from CAMS used as model’s input.
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The simulated irradiance curves align with the experimentally measured values, showing
that the model is capable of simulating the measured irradiance conditions inside the
GH on the presented day. Focusing on the two sensors in the 0% shading zone, the
experimentally measured values display fluctuations even though there is no artificial
shading from PV modules in this area. This suggests that the differences in irradiance
measurements are influenced by localized shading from the structural elements of the GH
that obstruct the sensors’ field of view.

Furthermore, the experimentally measured data show short-term fluctuations at a minute
level for all sensors despite clear-sky conditions outside, as indicated by the GHI curve.
The possible explanations for these fluctuations are that the roof is not homogeneously
soiled, and thus changes in the irradiation measurement at the same location in the GH
are possible due to slightly different sun positions. Other potential factors are sensor
soiling due to the GH environment and general inhomogeneities of the plastic cover, e.g.,
small holes in the plastic or localized abrasion of the plastic cover due to the influences of
wind, sun, rain, and other external factors.

The simulation generally aligns well with the overall shape of the curves of the exper-
imentally measured data for all sensors on the presented day. Additionally, the model
can simulate changes in the irradiance distribution throughout the day at a sub-hourly
temporal resolution. This confirms an accurate representation of the GH structure based
on the general description in [40] and justifies the optimization of the sensor coordinates.
For the presented day, the nRMSE values range from 0.08 to 0.13, and the irradiation error
remains below 5% for all sensors. However, for other days, the bias and nRMSE values
might be higher, as the sensor positions were fine-tuned based on the same day’s data.

Notably, the simulations of the two sensors in the 50% shading zone show the highest
agreement with the experimental measurements and the lowest irradiation error values,
despite the overall low absolute irradiance levels. On the west side of the 50% shading
zone, irradiance values remain below 100 W m−2 during the first half of the day. In
contrast, for the sensor on the east side, this occurs during the second half of the day. The
model replicates these patterns, highlighting the advantage of high-resolution irradiance
simulations.
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5.1.4 RADIATION REDUCTION FOR ONE CROP CYCLE

The radiation reduction was evaluated based on the simulations of the whole crop cycle, i.e.
from 17 September 2014 to 14 May 2015, at the previously chosen grid points (averaged
for the two sensors per zone). Figure 5.4 shows the overall reduction in radiation for the
three shading zones with respect to the control zone.
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Figure 5.4: Overallradiation reduction with respect to the control zone as a function of
shading treatments of 15%, 30% and 50% for the simulation and experimental values of
López-Díaz et al. [40]. A 2nd-degree polynomial function is fitted to the simulated data
(R2 > 0.99).

The simulation produces radiation reduction values consistent with the experimentally
measured data. This means that the model is capable of taking into account changing
outside climatic conditions and solar zenith over a prolonged timeframe of several months.
For both the simulation and experimentally measured data, the presented radiation
reduction values are generally higher than the roof cover ratio. López-Díaz et al. reported
a radiation reduction of 28.8% for 15% shading, 46.6% for 30% shading, and 66.3% for
50% shading. In comparison, the presented simulation leads to values of 26.6%, 44.2%,
and 62.4% for the respective shading zones, which is on average 2.88 p.p. lower than the
experimentally measured data.

In Figure 5.3, the east radiation sensor of the 0% shading zone recorded higher irradiance
values compared to the west sensor in the same zone. Additionally, the experimentally
measured irradiance exceeds the outside GHI taken from the CAMS database on the
presented day several times. Hence, if there were systematically higher irradiance readings
from one of the sensors in the control zone in the experiment, this could have resulted in
overall lower values in the analysis of the simulations.
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Furthermore, deviations can also be caused by geometric mismatches, such as discrepancies
in the overall GH structure and small misalignments in sensor positioning relative to the
GH structure. Additionally, in the real world, the material properties of a GH cover
can change over time due to progressive degradation, which causes a change in their
visible appearance, as well as in their chemical structure, and consequently affects their
physical and mechanical properties [218]. Degradation is mostly caused by exposure to
UV radiation [219, 220]. Other factors that also intervene, albeit to a lesser extent, are
air temperature and humidity, possible mechanical stress (especially caused by wind),
contact with agrochemicals, and possible internal stress related to the installation phase
[218, 221]. As the degradation of the material is an important aspect, it should be
considered in future research and applications of the model. In addition, the model uses
a simplified approach to model the light transmission through the GH cover, and the
angular dependence of the incident light might lead to deviations in the long-term analysis.
Furthermore, the radiation sensors in the experiment might have been soiled or affected
by the local environmental conditions inside the GH or even shading by the crops, which
could have also caused deviations in the presented comparison.

5.1.5 DISCUSSION OF CASE STUDY 1: "VENLO" GREENHOUSE

In the presented validation of the irradiance model with the APV GH of Lópéz et al. [40], the
simulated irradiance was on average 2.88 p.p. lower than the experimentally measured
data over the extended timeframe of one crop cycle. The reasons for the deviations
in the comparison between the presented localized simulations and the experimental
measurements include geometric mismatches, such as discrepancies in the overall GH
structure and small misalignments in sensor positioning relative to the GH structure,
which are still possible even after the optimization of sensor coordinates. Additionally,
the properties of the GH materials can change over time, e.g., plastic coverings may
degrade over time, leading to a different transmittance than at the start of their use. The
constant exposure to solar radiation and chemical products during cultivation can cause
the degradation of GH plastic films [86]. In the Mediterranean region, GH coverings are
usually changed every three years due to a decline in their performance and eventual loss
of utility. [22]. The study of [222] showed that the transmission of LDPE materials exposed
to arid conditions for one year decreased by roughly 32%. In the simulation, plastic cover
materials are modeled as uniform surfaces with constant material properties, and such
an aging effect is neglected. For the application of the model to the GH experiment in
López-Díaz et al., the material definition of the plastic covering was optimized based on
the available dataset of one exemplary day and with the information given in [40] to
match the experimental results of one crop cycle. In order to improve model accuracy
for long-term predictions, given the extended timeframe of GH operations, a temporal
evolution of material properties could improve model accuracy. This could be realized
in the simulation by gradually adjusting material properties or, as a simplified approach,
applying a continuous degradation factor on the assumed plastic transmittance value.
However, detailed knowledge of the degradation processes and additional experimental
data would be needed to implement such a method.
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Furthermore, spontaneous changes in light diffraction can also occur due to the movement
of the plastic covering caused by wind or even small holes in the roof, which would further
contribute to measurement fluctuations in an experiment but are not included in the
simulation. Other potential factors include inhomogeneous soiling of the plastic roof,
which can cause variations in irradiance measurements at the same location depending
on the sun’s position, as well as sensor soiling due to the GH’s microclimate.

It might be of interest to compare the presented model to the findings of Torrente et
al. [127], who also simulated the GH studied by López-Díaz et al., and of Cossu et al.
[126], who conducted more general simulations of various north–south-oriented APV GHs.
Both modeling approaches were also presented in Chapter 2. Such a comparison is not
directly possible with the presented application of our model due to the differences in
the GH types studied, the timeframes of the simulations, and the methodologies used,
particularly the averaging of larger areas rather than point-like simulations as in the
presented model.

Torrente et al. [127] proposed a method incorporating the transmission of GH plastic
dependent on the solar incidence angle. The resulting radiation reduction was calculated by
averaging the radiation distribution across the entire GH for each individual shading zone
of the experimental setup. Their calculations of the irradiance maps for the experimental
GH in López-Díaz et al. were based on representative days for each month taken from a
typical meteorological year (TMY). By integrating these values over time, Torrente et al.
estimated both monthly and annual radiation levels for different points inside the GH and
provided averaged irradiation maps for the GH. Their findings showed radiation reductions
of 11%, 24%, and 32% for 15%, 30%, and 50% shading, respectively. Furthermore, their
model predicted lower absolute irradiance values in the 0% shading zone.

Cossu et al. [126] simulated the irradiance distribution for various GH types with different
roof cover ratios and estimated the yearly radiation reductions based on the entire GH area.
They estimated the annual average values of global solar radiation within GHs equipped
with PV modules and evaluated the impact of different PV cover ratios, orientations, and
structural parameters on light uniformity and availability over the course of a year. The
simulations in their study did not use actual input irradiance data but instead estimated
yearly trends based on representative climate data. Their findings reported yearly averaged
radiation reductions of 9%, 18%, and 30% for 15%, 30%, and 50% shading, respectively,
for north–south-oriented GHs at a height of 1.5 m.

Both studies focused on estimating spatially averaged irradiance values rather than model-
ing local light distribution. Their methods can account for the irradiance entering through
the GH’s side walls, but they do not resolve the detailed shading patterns created by
structural elements and PV modules at specific positions inside the GH. Additionally, their
use of annual average irradiance or TMY files means that local variations in environmental
conditions are not considered.

Both studies reported radiation reduction values that are generally lower than the theo-
retical roof cover ratios of the investigated GHs. Possible explanations for this deviation
from the here-presented findings include the north–south orientation of the GH, which
causes the shadow of the PV modules to fall outside the GH at various times during the
crop cycle. Additionally, a considerable fraction of irradiance enters through the side
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walls. By averaging the irradiance over the entire zone area, the models of [127] and
[126] account for this additional amount of irradiance. Furthermore, differences in input
irradiance data, GH types, and the investigated timeframes prevent a direct comparison
between the studies. The presented model incorporates a more detailed representation of
the GH structure and cover materials. Actual satellite-derived irradiance data from the
time period of the experiment in López-Diaz et al. rather than annual averages or TMY
files are used to model the input irradiance conditions. Hence, the climatic conditions of
the time period are illustrated more precisely. This presented model makes it possible to
highlight the influence of the local environmental conditions, different sun positions, and
the shading caused by the GH structure itself.

In principle, the presented model can also be used to generate an averaged overview of
different zones. However, the strength and novelty of the model is its ability to perform
localized simulations and to visualize the shading effects caused by the PV modules. The
model can also simulate the impact of finer structures, such as components of the GH
frame and the light transmission through the GH covering plastic, which contribute to a
non-uniform irradiance distribution. Furthermore, the simulations can be performed at
any point in the virtual scene, such as at a different height or close to the side walls.
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5.2 CASE STUDY 2: "RASPA Y AMAGADO" GREENHOUSE

The long-term performance of the irradiance model was evaluated using continuous
measurements of GHI collected in two successive GH crop cycles in the experimental APV
GH presented in Chapter 4. The 185-day cycle with tomatoes ran from 14 September
2023 to 15 March 2024. The 80-day watermelon cycle took place in the experimental APV
GH from 22 March to 10 June 2024. To match the lower canopy of the watermelon plants,
the pyranometers in the GH were lowered from a height of 2.8 m to 0.5 m during that
cycle. This combination of crop cycles reflects a typical growing campaign in the Almería
region [22].

Figure 5.5 shows a rendered view of the experimental GH, including the position of the
pyranometers across the three shading zones. In each zone, four pyranometers were
installed, as described in Chapter 4. The following sections present a detailed comparison
between the model’s simulated GHI and the corresponding experimental measurements.
The results from the comparison with the CMP10 pyranometers, marked in green in
Figure 5.5, are presented as a representative example for all pyranometers.

N

Figure 5.5: Top view rendering of the experimental APV GH implemented in the simulation
framework. The estimated position of the twelve pyranometers are indicated by the stars.
Green stars: CMP10 pyranometers.
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5.2.1 DEFINITION SENSOR POSITION

For the application of the model to the experimental APV GH, the same approach as
previously described in Section 5.1.2 was followed. First, the coordinates of each of
the twelve pyranometers were mapped from the physical setup into the simulation by
measuring their x–y-coordinates inside the experiemntal GH. As the positioning of the
sensors was more precise than those for case 1 of [40], the geometrical mismatch was
assumed to be minimal. Consequently, a tighter search window of 0.80 m × 0.80 m
was defined around each sensor’s initial estimate, with a spatial resolution of ∆x =
∆y = 0.05m. Within each search window (172 grid points, yielding 289 candidates
per pyranometer), ray-tracing simulations were executed at 15-minute intervals for a
set of clear-sky days during the experimental period to simulate GHI at each timestamp.
The simulated sensor grid was rotated to match the overall orientation of the GH. For
every sensor and each of its 289 simulated coordinates, the nRMSE between simulated
and measured GHI was computed. The coordinate yielding the minimum nRMSE was
defined as the pyranometer’s optimal position in the model. Figure 5.6 shows the nRMSE
distributions for the CMP10 pyranomters in the three zones of the GH.
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Figure 5.6: Minimization of nRMSE values to find the coordinates of the CMP10 pyranometers
in the simulation. The coordinate set with the lowest nRMSE is marked with a red circle.
a) 0% zone. b) 30% zone. c) 50% zone.



98 VALIDATION IRRADIANCE MODEL

For the 0% control zone the nRMSE minimization yields 0.07 for the CMP10 sensor. For
the 30% shading zone, the nRMSE values generally increased due to the shading pattern
of the PV modules. Within the search window, the coordinate set with the lowest nRMSE
value was 0.11 for the CMP10 pyranometer. For the 50% shading zone, the nRMSE values
generally increased again due to the increase in density of the PV modules. Within the
search window, the coordinate set with the lowest nRMSE value was 0.15 for the CMP10.
Notably, for the 0% and 30% zone, the sensor position with the lowest nRMSE are located
at the edge of the search window in 0.4 m distance to the initial estimate.

5.2.2 VALIDATION BASED ON SINGLE-DAY IRRADIANCE

MEASUREMENTS

This section compares simulated and experimentally measured GHI for the clear-sky day of
11 April 2024 as an example day because clear conditions facilitate a better understanding
of both the ray-tracing capabilities and the limitations. Figures 5.7, 5.8, and 5.9 show the
GHI curves for this example day.
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Figure 5.7: Comparison of outside, experimentally measured, and simulated GHI at the
CMP10 pyranometer location in the 0% shading zone. GHI input from CAMS (black dashed),
minutely GH measurements (blue), 15-min means of experimental data ±1σ standard devia-
tion (green), and 15-minute interval simulated GHI (red).

In Figure 5.7 it can be seen that the experimentally measured data follows the shape of the
input GHI curve but is attenuated by 15–20% which aligns with the overall transmittance
of the GH plastic cover described in Chapter 4. In addition, a decrease in GHI between
10:00 and 11:00 is measured, which is caused by the shading of structural elements of the
GH itself.

The simulation captures the overall diurnal trend of the experimentally measured data
and also reproduces the decrease in GHI caused by structural elements, which means that
the overall GH 3D representation aligns well with the experimental GH. Nevertheless, the
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simulations underestimated the measured 15-minute mean GHI values by approximately
10%, particularly around solar noon. This underestimation can be attributed to the way
Radiance models solar radiation. Radiance uses three broadband RGB channels that
represent the visible range of the spectrum (approximately 380 nm to 780 nm). When
using the rtrace sky generators (gendaylit, gensky), as described in Section 3.1.5,
Radiance internally assumes the solar spectrum is fixed without any spectral variations
with air mass and that the scaling of the three RGB channels follows an approximate
daylight chromaticity [135]. Hence, the three RGB channels in the rtrace output are
weighted broadband integrals over the visible range and do not track how the solar
spectrum shifts with changing solar zenith. Energy-wise, the NIR portion of the solar
spectrum is implicitly included in the broadband DNI input and therefore not neglected
in the simulation, however, it is distributed according to the fixed visible spectral shape
assumed by Radiance [135]. As a result, when comparing the mean of the three RGB
values to the broadband GHI measured by the pyranometers, which measure the full
spectrum, the NIR contribution is only weakly represented due to this spectral weighting.
Consequently, the simulated GHI underestimates the experimentally measured GHI inside
the GH especially during central hours, when the NIR fraction of the solar spectrum is
naturally higher.
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Figure 5.8: Comparison of outside, experimentally measured, and simulated GHI at the
CMP10 pyranometer location in the 30% shading zone. GHI input from CAMS (black dashed),
minutely GH measurements (blue), 15-min means of experimental data ±1σ standard devia-
tion (green), and 15-minute interval simulated GHI (red).

In Figure 5.8 for the 30% shading zone, the shading pattern caused by the PV modules is
clearly visible in the experimentally measured data and is reproduced by the simulation.
However, the experimentally measured GHI rises more steeply during the early morning
hours, reflecting the model’s general tendency to underestimate irradiance due to the
spectral weighting and lower contribution of NIR irradiance by Radiance.
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Figure 5.9: Comparison of outside, experimentally measured, and simulated GHI at the
CMP10 pyranometer location in the 50% shading zone. GHI input from CAMS (black dashed),
minutely GH measurements (blue), 15-min means of experimental data ±1σ standard devia-
tion (green), and 15-minute interval simulated GHI (red).

In Figure 5.9 for the 50% shading zone, the measurements of the pyranometer display dis-
tinct shading patterns, corresponding to the movement of shadows cast by the PV modules.
The simulated GHI curve successfully reproduces both the number and approximate timing
of these shading events. In general, the shading pattern is reproduced by the simulation,
in particular after 12:00. One mismatch is apparent between 11:00 and 12:00 when the
simulation rises but the experimental measurements suggest a shaded time interval. This
indicates a slight misalignment in the PV layout geometry or model configuration. Such
minor discrepancies are to be expected, as the GH model used in the simulation is ideally
symmetrical, while the real GH has a slightly inclined roof, which likely causes a shift in
the shading pattern.

5.2.3 VALIDATION BASED ON IRRADIANCE MEASUREMENTS OF

TWO COMPLETE CROP CYCLES

For each day of the experiment, simulations with 15-minute temporal resolution were
performed at the previously defined sensor positions to obtain GHI inside the GH within the
three shading zones. Figure 5.10 presents the comparison of the experimentally measured
GHI by the three CMP10 pyranometers with the simulated GHI at the specified coordinate
sets.
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Figure 5.10: Comparison between experimentally measured GHI by the three CMP10 pyra-
nometers and simulated GHI at the previously defined coordinate points. Dashed line: line of
equality where GHIsim=GHIexp. (a) 0% shading. (b) 30% shading. (c) 50% shading.

The comparison between simulated and experimentally measured GHI shows a general
agreement for all three shading zones. In all three scatter plots, the GHI data points are
distributed homogeneously around the agreement line, which indicates that the model does
not show a consistent trend of either overestimating or underestimating the experimentally
measured values.

For the 0% shading zone, the model tends to slightly underestimate the measurements
for higher irradiance levels (above 500 W m-2), which is consistent with the discussion
in the previous section. In the 30% shading zone, on the other hand, a slight tendency
of the model to overestimate the measured values can be observed for irradiance values
above 300 W m-2. For the 50% shading zone, both measured and simulated values show
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the expected decrease in irradiance magnitude due to the stronger shading by the PV
modules. Again, for GHI values above 300 W m-2, the model tends to overestimate the
experimentally measured values.

Most importantly, the simulation reproduces well the magnitude of irradiance across the
three zones, reflecting the gradual decrease in light availability with increasing shading
due to the PV modules. This indicates that the model successfully represents the general
lighting conditions inside the GH, including the contribution of diffuse light transmitted
through and around the shading structures.

In order to evaluate the model accuracy for the extended time frame of the experiment,
the nRMSE, as defined in Equation 2.3, was calculated for each day of the crop cycle
between experimentally measured GHI of the CMP10 pyranometers and simulated GHI.
Figure 5.11 shows the nRMSE values for the three shading zones of the APV GH for each
day of the experiment.
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Figure 5.11: Long term validation (nRMSE values) of the irradiance model with experimen-
tally measured GHI of the CMP10 pyranometers in the three shading zones. Red circles, solid
curve: 0% control zone. Green triangles, dashed curve: 30% shading zone. Blue squares,
dashed-dotted curve: 50% shading zone.

The day-wise comparison shows that within each zone, the nRMSE values behave consis-
tently without larger differences. For the 0% control zone, the nRMSE values accumulate
around 0.1, with some higher values above 0.2 at the beginning of December 2023. As
the shading ratio increases, the nRMSE values per zone also increase due to the increased
shading pattern of the PV modules. For the 30% shading zone, the nRMSE values generally
stay below 0.3 with the majority below 0.2. The 50% shading zones shows the highest
deviation between simulation and experiment with values around 0.3 for the tomato cycle
and values below 0.3 for the watermelon cycle. This is mostly caused by the model’s
sensitivity to the sun position so that misalignments in the geometric positioning of the PV
modules in the simulation compared to the real-world APV GH can lead to deviations.
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Additionally, a slight decrease in nRMSE values and greater uniformity among the shading
zones is observed when transitioning from the tomato cycle to the watermelon cycle
(indicated by the grey area). Here, the nRMSE values of the 50% shading zone decrease
from below 0.4 during December 2023 to consistently below 0.3 after 15 March 2024.
For the 30% shading zone, the nRMSE values consistently decrease below 0.2 after March
2024. Intriguingly, the 0% control zone is not affected by the changes, which means that
the effect is related to the PV modules. During the watermelon cycle, the pyranometers in
the GH were lowered from a height of 2.8 m to 0.5 m, increasing the distance between
the sensors and the diffusing GH plastic cover. In the simulation, this increased distance
means that more diffused rays reach the sensor positions and the dominant contribution
of the direct sun rays is reduced compared to measurements and simulations taken at
2.8 m.

In order to assess the accuracy of the irradiance simulations for the presented case study,
the error metrics nRMSE, nMAE, nMBE, RMSE, MAE and MBE are calculated for the entire
timeframe of the experiment and summerized in Table 5.2.

Table 5.2: Error metrics for the comparison between simulated and experimentally measured
GHI for the three zones in the APV GH.

Zone nRMSE nMAE nMBE [%] RMSE [W m−2] MAE [W m−2] MBE [W m−2]

0% Shading 0.09 0.13 −2.40 52.1 36.2 −6.4
30% Shading 0.18 0.19 0.41 51.0 37.9 0.8
50% Shading 0.27 0.19 −6.16 31.0 21.8 −6.7

For the unshaded control zone, the irradiance model shows the lowest relative errors
(nRMSE = 0.09, nMAE = 0.13), which indicates a very good agreement between sim-
ulated and experimentally measured GHI. The small negative bias (MBE= -6.4 W m-2,
nMBE= -2.4%) confirms the underestimation of GHI by the irradiance model, but the
deviation remains small over the two crop cycles. In the 30% shading zone, the nRMSE
increases to 0.18, which was discusses previously due to the greater geometric and material
complexity caused by the PV system. Here, the bias is almost zero (MBE=+0.8 W m-2,
nMBE=+0.4%), which demonstrates that the model reproduces the experimentally mea-
sured GHI very well on average. Under 50% shading, the nRMSE further increases to 0.27,
which reflects again the higher uncertainty associated with the more dense PV system and
more complex light interactions such as reflections and side-wall contributions. Notably,
the absolute RMSE remains small (31 W m-2) because irradiance levels in this zone are
generally lower, which was also observed in Figure 5.10. The MBE (MBE= -6.7 W m-2,
nMBE= -6.2%) indicates a slight underestimation by the model. This deviation is within
the range typically considered acceptable for radiative transfer or daylight modeling
studies, where MBE values within ±10% are generally regarded as satisfactory [144, 223].
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5.2.4 UNCERTAINTY ANALYSIS BASED ON IRRADIANCE

MEASUREMENTS OF TWO COMPLETE CROP CYCLES

This section evaluates the uncertainties and error sources of the irradiance model based on
the data from case study 2. Subsection 5.2.4.1 examines the angular dependence of light
transmittance through the GH cover material and its implementation in the irradiance
model. Section 5.2.4.2 investigates the correlation of CAMS GHI from the experimentally
measured GHI inside the GH.

5.2.4.1 ANGULAR DEPENDENCE OF TRANSMITTANCE

In the horticulture sector, especially in the Mediterranean region, LDPE films are widely
used as GH covering materials [86]. As already introduced in Chapter 2, these plastic films
are often multi-layered with a UV-protection film toward the outside and agrochemical-
resistant films toward the inside of the GH [40]. The materials have been developed to
maximize the fraction of diffuse light inside GHs, which has been proven to have positive
effects on crop growth and yield in GHs [84, 87]. The transmittance of LDPE materials is
known to depend on the angle of light incidence, as experimentally measured by [224]
and [225] for different types of GH cladding materials.

For the development of the irradiance model, special focus was therefore placed on
the accurate representation of the GH plastics, with focus on diffuse light transmission.
Angular-dependent light transmission, inhomogeneous soiling of the GH and material
degradation due to internal and external forces and stressors are not considered, and
therefore represent a limitation of the model.

In order to assess the effect of angular-dependent light transmission, the transmittance
was calculated as the ratio between the GHI inside the control zone and the corresponding
outside GHI provided by CAMS, using 15-minute mean values over the entire experimental
period. Figure 5.12 shows the transmittance dependent on the sun elevation angle for
both simulated and experimentally measured values from the CMP10 pyranometer in the
control zone of the GH.

In the simulation plot in Figure 5.12, most values cluster around three horizontal bands
centered at approximately 0.25, 0.45 and 0.60–0.65 transmittance. The spread in trans-
mittance narrows at elevation angles between 50° and 70°, while a broader distribution is
observed at lower elevations (< 20°), including some values above 0.8. This wider spread
is likely due to side-wall light contributions during early morning and late afternoon hours.

The experimentally measured transmittance distribution in Figure 5.12 is more scattered
and shows an increased variability due to material characteristics of the plastic and
changing environmental conditions such as moving cloud cover, uneven soiling, damage
to the plastic covering, and surface reflections. A trend of increasing transmittance with
rising solar elevation can be observed, which indicates a dependence of transmittance on
the angle of incidence.
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Figure 5.12: Long-term transmittance as a function of solar elevation angle for the control
zone (0% shading), based on simulated GHI (left column) and experimentally measured
GHI (right column) throughout the experiment. The density plot illustrates the frequency of
measured transmittance values at each elevation angle. a) CMP10 simulation. b) CMP10
experimental.

In both plots in Figure 5.12, a cluster of values around a transmittance of approximately
0.45 can be observed, which corresponds to the decrease in GHI between 10:00 and 11:30
shown in Figure 5.7. This drop in irradiance is most likely caused by an internal structural
element which reduced the GHI to a similar level. The presence of this pattern in both
the measured and simulated data further supports that the overall GH geometry was
accurately represented in the model.

The methodology presented here is a simplified approach to simulate light transmission
through GH cover materials using Radiance. In this approach, angular dependence of the
material properties was not explicitly implemented. In general, objects in Radiance are
surface materials, meaning surfaces have no thickness, and all light–material interactions
are calculated at the surface. When a ray intersects a surface, Radiance computes the
interaction only at that specific point, with no path length through the medium. Dif-
fuse reflection, specular reflection, transmission, and absorption are all resolved at this
boundary. In Radiance, the trans material is designed to model diffusely transmitting
surfaces [135]. To simulate transmittance, Radiance applies a bidirectional-scattering
distribution function (BSDF) at the surface and generates new rays accordingly. However,
trans materials do not inherently account for complex, angle-dependent transmission
behavior. All transmitted rays are either diffusely scattered into a hemisphere around the
forward direction or passed straight through specularly, as described in Chapter 3.



106 VALIDATION IRRADIANCE MODEL

More advanced material definitions, such as transdata, can incorporate angle-dependent
transmission [135], but their use requires detailed experimental data on the angular trans-
mission characteristics of GH cover materials, which are often unavailable. Alternatively,
the BSDF of a specific GH plastic could be measured at various angles and wavelengths
in a lab setting and then used in Radiance. However, this would require a separate
measurement campaign for each material of interest.

Graefe et al. [224] developed and validated a radiation transfer prediction model for
single and double layers of plastic covering over kohlrabi canopies in GHs. Their model
used laboratory-measured angular-resolved transmittances, which were then upscaled to
non-planar cover geometries in the field. Additional measured and upscaled parameters
included absorptance and haze at multiple angles. Effects of plastic aging and surface wet-
ting were incorporated using simple empirical methods. They emphasize the importance
of scaling lab-measured optical properties to field conditions, particularly to account for
the varying sun incidence angle over non-flat surfaces. They also noted that the wetness
of the inner plastic surface changes throughout the day. Pollet et al. [225] also studied
the influence of wetness on LDPE transmission. They found that condensation droplets
significantly reduced transmittance and compared to dry LDPE, transmittance of normally
incident radiation dropped to 65%. Furthermore, wet LDPE exhibited nearly constant
transmission values for incident angles between 0° and 60°.

These studies show that the transferability of lab-measured BSDFs to real-world GH
conditions is not straightforward and will remain a challenging task in future model
enhancements. In principle, the implementation of angle-dependent light transmission is
feasible, however, the experimental effort required to obtain accurate data is substantial.
Moreover, the transferability of lab-measured BSDFs to GH conditions is not straightfor-
ward and will mean further investigation for future model extensions.

5.2.4.2 DISCREPANCY BETWEEN OUTSIDE GHI AND MEASURED GHI

INSIDE THE GREENHOUSE

The presented results are based on simulations that use CAMS satellite-derived irradiance
data as input conditions to define the sky and sun in Radiance. The use of satellite-derived
data makes the model flexible and independent of ground-based measurements, which are
often unavailable. However, as discussed in Chapter 3, CAMS data may be less accurate
for locations distant from validation sites. In the simulations presented here, instances
were observed where the experimentally measured GHI from the pyranometers inside the
GH exceeded the corresponding CAMS input values. To evaluate this effect over the entire
experimental period, Figure 5.13 compares the measured GHI from the three CMP10
pyranometers in the different zones of the GH with the CAMS-derived input GHI. The
comparison includes all 15-minute mean values of CAMS GHI and CMP10 GHI for sun
elevation angles greater than 0°.
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Figure 5.13: Comparison between experimentally measured GHI by the three CMP10
pyranometers and outside GHI provided by CAMS. Dashed line: line of equality where
GHICAMS=GHIexp. a) 0% shading. b) 30% shading. c) 50% shading.

In Figure 5.13 it can be seen that with increasing shading ratio, the amount of data points,
where the outside GHI by CAMS is smaller than the experimentally measured GHI inside
the GH, decreases. Furthermore, no systematic correlation to the sun elevation angle can
be observed. However, it mainly occurs under overcast conditions, when the simulation
cannot capture local fluctuations in irradiance due to a fast-moving cloud cover. Out
of 9860 investigated data points in Figure 5.13, the input GHI was smaller for 4.26%
in the control zone, 2.31% for the 30% shading zone and 1.38% for the 50% shading
zone. Hence, this effect can be considered negligible over the entire experimental period.
Nevertheless, for short-term comparisons between measured and simulated values it might
influence simulation results, in particular on overcast days.
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5.3 DISCUSSION OF THE IRRADIANCE MODEL

In this chapter, we validated the presented irradiance model with two case studies. For case
study 1, we recreated the APV GH experiment of López-Díaz et al. [40], who conducted
their study in 2015 on tomato crops in a "Venlo"-type GH in Almería. This allowed for a
detailed validation on a single clear-sky day, as well as an assessment of overall irradiance
reduction across an entire crop cycle. Case study 2 consisted of a comprehensive long-term
comparison, using data from the APV GH experiment presented in Chapter 4, which
included a 8 month tomato cycle followed by a 3 months watermelon cycle in a "raspa y
amagado" GH in Almería. For both case studies, we presented simulations with a temporal
resolution of 15-minutes, which allowed us to recreate irradiance and shading patterns
similar to the data recorded by the radiation sensors in the experiments.

In case study 1, the sensor position in the simulation was fine-tuned with the help of
one day of raw data from the original experiment. For the presented day, the nRMSE
values ranged from 0.08 to 0.13, and the irradiation error remained below 5% for all
sensors. However, for other days, the bias and nRMSE values might be higher, as the
sensor positions were fine-tuned based on the same day’s data. Case study 1 was then also
used to perform simulations over the entire time frame of the experiment and compare the
overall reduction in radiation in the APV zones of the experiment to the results published
by [40]. On average, the reduction in radiation based on the simulated GHI was 2.88 p.p.
lower than the experimentally measured data.

The application of the irradiance model to the "raspa y amagado" GH of Chapter 4 imposed
a more challenging task than the replication of the "Venlo" GH in case study 1. The "raspa
y amagado" GH of the our study was rotated away from a perfect south-facing position
and not as symmetrical as the "Venlo" GH of [40]. In addition, the distance between GH
roof and pyranometer position in the experiment was only about 0.5 m during the tomato
cycle, which increased the dominant contribution of the direct sun rays in the Radiance

simulations and decreased the contributions of the diffuse sky. Overall, the irradiance
model shows very good performance for the long-term validation across all zones, with
the lowest errors in the unshaded area (nRMSE = 0.09, nMBE = –2.4%). For 30% shading
(nRMSE = 0.18, nMBE = +0.4%) and 50% shading (nRMSE = 0.27, nMBE = –6.2%) the
error metrics indicated a decrease in accuracy of the model, however, the shading patterns
measured in both zones were successfully reproduced by the simulations. In addition, the
results showed that the irradiance model is capable to simulate the correct magnitude of
irradiance inside the GH within the shaded zone and that diffuse light contribution is also
modeled correctly.

As discussed before for both case studies, deviations between experimentally measured
and simulated irradiance values are inevitable due to the complexity of both the GH envi-
ronment and the simulation framework. Part of this complexity comes from geometrical
details of the GH and its surroundings, which are difficult to reproduce with complete
accuracy. In addition, the plastic cover exhibits a non-uniform transmission profile, and
its transmission properties are subject to change over time through soiling and aging.
Uncertainties of the input irradiance data from CAMS also propagate into the model, as
discussed before.
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Future improvements can include the direct coupling with crop models to provide crop-
specific yield predictions. Previous studies demonstrated that hourly time steps are
sufficient for both crop modeling and energy yield modeling. The study of [226] confirmed
that hourly data provide realistic energy yield predictions in various climatic conditions,
while the study of [227] demonstrated that hourly mean values are suitable for modeling
solar irradiance in agricultural setups and assessing APV performance. Most crop models
operate effectively on a daily or an hourly time scale and could be coupled directly to
the presented model. The studies of [228] and [229] highlighted that many crop models,
such as DSSAT, effectively utilize daily time steps to simulate crop growth by integrating
weather inputs, including irradiance. The TOMGRO model of Jones et al. [129] works
with hourly time steps to simulate tomato crop development in GHs, making it possible to
display the reaction to finer-scale variations in irradiance, which will be presented in detail
in Chapter 6. However, when using hourly averaged irradiance data, information on short-
term fluctuations in irradiance, as presented here, can be lost. Beyond the coupling to
specific crop models, the model could also be integrated into a comprehensive framework
including an economic yield estimation, e.g., similar to the evaluations of [230] on a
regional scale for the Canary islands [230] or [231] on the national scale for the United
States.

The simulation results of case study 1 showed that the line placement of PV modules along
the roof of a north–south-oriented GH leads to significant shading periods, as was already
proven by the experimentally measured values in the study of López-Diaz et al. [40]. The
results of case study 2 showed that light homogeneity improved with the placement of
the PV modules in a checkerboard pattern and changes between shaded and unshaded
periods were less pronounced. The results from the presented application of the model
in both case studies indicate that the irradiance distribution inside the GH is not only
influenced by the PV shading, but, depending on the position in the GH, the structure
itself leads to an inhomogeneous irradiance distribution. For each GH configuration and
dependent on the site, different PV configurations might be more beneficial and there is
no general, optimal solution for PV placement. This agrees with the experimental studies
and pilot sites across Europe, which showed that the design of APV solutions always has to
be adapted to location-specific climatic conditions [41]. For GHs, different studies indicate
that checkerboard patterns and semi-transparent PV modules improve light uniformity
[39, 131]. Furthermore, small and fast-moving shade patterns can be more beneficial
to plant growth [232]. Nevertheless, the final decision on an APV installation does not
consider only the PV array but also the grower’s perspective and the specific characteristics
of each GH when assessing whether the reduction in crop yield is adequately compensated
by energy savings and other factors [131].

Finally, we compared the model with state-of-the-art modeling approaches for irradiance
modeling for APV GH. The presented model is the first ray-tracing-based irradiance model
for APV GHs in the Mediterranean region that has been validated with experimental data
from two complete crop cycles. The model is capable to simulate the complex interaction
between sunlight and GH cover materials and has a high spatial and temporal resolution
of the simulations. Comparable models, such as the methods of [126] or [127], were
not tested over such an extended time frame. Both methods rely on simplified, spatially
averaged irradiance estimates derived from TMY or annual climate data, which neglect
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short-term and local variations in weather and sunlight conditions. The approaches do
not resolve local light distributions or the fine shading patterns created by PV modules
and GH structures. Additionally, both models approximate the GH transmission and side-
wall effects but lack a detailed geometric representation of the structure and materials,
which reduces their accuracy for complex configurations or time-specific analyses. In
contrast, the presented ray-tracing-based irradiance model provides an explicit and detailed
representation of the GH geometry, the optical properties of the cover materials, and the
layout of the PV modules. This level of detail enables the simulation of localized irradiance
conditions rather than spatially averaged values. Moreover, the model performs time-
resolved calculations, which makes it possible to capture complex light interactions such
as reflections, shading, and transmission effects throughout the day and crop cycle. By
using actual satellite-derived irradiance data from the experimental period, the model
also reflects the real climatic conditions more accurately than approaches based on TMYs
or annual averages.

5.3.1 ANALYSIS OF COMPUTATIONAL RESOURCES

The presented simulations for both case study 1 and 2 were run on a high-performance
computer running Ubuntu 18.04 LTS, equipped with dual 64-bit CPUs clocked at 2.6 GHz
and 512 GB of DDR4 memory operating at 3200 MT/s. This section has been published
as part of [42] and discusses the computational resources based on the simulations and
findings of case study 1.

Balancing computational efficiency and the desired accuracy of simulations is crucial for
ensuring both the reliability and practical applicability of the presented ray-tracing-based
model. In general for APV simulations, accuracy is referred to as the spatial resolution
in the x- and y-directions, relating to the number of sensor points/pixels chosen for the
ray-tracing scan.

Figure 5.14 relates the number of pixels and spatial accuracy to the computation time for
the presented application of the model in case study 1.

Using a theoretical resolution of ∆x =∆y = 0.05 m for the virtual GH requires approxi-
mately 106 virtual sensors. Under these conditions, simulating 23 January 2015 at 12:00
would take 4 h 35 min 18 s. Reducing the resolution to ∆x = ∆y = 0.20m lowers the
computation time to 1 h 10 min 2 s. When simulating only the eight specified sensor
positions, the runtime is 7 min 4 s. With the same configuration, the simulation of one
single pixel takes 1 min and 8 s.

In Figure 5.3, each sensor has 37 simulated data points (from 8:15 to 17:30 in 15-min
intervals), resulting in a total of 296 simulations for that day. By running 30 timestamps
in parallel, the entire day’s simulations for all sensors are completed in approximately
one hour, assuming each timestamp requires the same computation time. Extending this
approach to cover the full crop cycle from 17 September 2014 to 14 May 2015 at a 15-min
resolution requires under two days of total runtime.
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Figure 5.14: Computation times for timestamp 23.01.2015 at 12:00:00 for varying numbers
of pixels.

Not every simulated timestamp requires the same amount of computation time. In addition
to spatial resolution, other factors, such as the optical properties of the GH cover materials
and outside climatic conditions, affect how long each simulation runs. Higher irradiance
levels (e.g., summer vs. winter) and diffuse light conditions (e.g., overcast days or
strongly diffusing cover materials) tend to increase computation time per timestamp. The
dimensions of the modeled system and the complexity of the materials also impact the
simulation duration. As the experimental GH in López-Díaz et al. was relatively large
(57.5 m × 42.0 m × 10.0 m) and had a highly diffusing cover material, the simulation
times per timestamp were relatively long. In comparison, the simulations of case study 2
took less time per simulated timestamp due to the smaller size of the GH itself (44 m ×
43.0 m × 4.0 m). In general, simulation time and computational efficiency are dependent
and can be adjusted with the choice of internal Radiance ambient parameters, such as the
number of primary rays or ambient bounces. The correct setting of these parameters can
be difficult, as an incorrect value can potentially lead to increases in noise or decreases in
overall accuracy. Information on how to choose these values for each specific simulation
can be found in the Radiance documentation and the literature [135, 137]. For the
application of the model up until now, ambient bounces were set to 2, and number of
primary rays was set to 2048.

In general, it is difficult to give overall statements about total simulation time, as it can
vary significantly with timestamp and use case. Examining previous studies, the trade-off
between computational efficiency and accuracy in the deployment of ray-tracing algorithms
is an important topic. Bruno et al. developed a PV tracking optimization model based
on Radiance for open-field APV installations and pointed out that computational cost is
already one of the main limitations of the developed optimization [233]. They mentioned
a runtime of 10 h per simulated day in the optimization process and encouraged the usage
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of typical days to represent a full year [233]. Sánchez et al. evaluated the relationship
between computation time and spatial resolution for an open-field APV system, modeled
with Radiance, and mentioned a run time of 430 s for a spatial resolution of 100 × 100
pixels using a regular laptop computer (1.8 GHz processor, 16 GB RAM, 8 GB GPU) [234].
Ovaitt et al. compared ray-tracing-based simulations for open-field APV systems with
Radiance against view factor models and noted that their simulations were run on an
HPC cluster [235].

Ray-tracing simulations for APV systems can be fast and accurate if set up in an efficient
way. In general, it is not possible to establish proper computational benchmarks due
to the complexity of the information (hardware, scene, input data) and the differences
in modeling approaches as well as a lack of detailed information on the temporal and
spatial resolution used in different studies. Ray-tracing offers precise modeling of light
distribution in APV systems and the GHs included as well as provides more customization
options for complicated setups in comparison to other modeling approaches, e.g., Torrente at el.
[127] or Cossu et al. [126]. A mindful choice of the spatial and temporal resolution is always
beneficial. The user should be aware of the goal of their simulations. For a long-term
analysis or evaluation of light homogeneity inside a GH, a different modeling approach,
e.g., view-factor models or the models of Torrente et al. [127] or Cossu et al. [126], might
be more suitable and effective than applying ray-tracing algorithms. However, for a high
level of detail in the spatial and temporal distribution of the irradiance inside a GH, as
well as a connection to actual input irradiance data, ray-tracing and the presented model
are more suitable. Strategies to reduce the computation time of ray-tracing simulations
include simplifying the geometry, lowering the number of ambient bounces, or identifying
representative days via clustering similar meteorological conditions, thus minimizing the
number of detailed simulations without losing information.



6
Validation crop model

“In life, we must keep our curiosity alive.”

—Rita Levi-Montalcini

In this chapter, the validation of the two approaches to obtain crop yield is performed.
The first approach is based on radiation by DLI values. The validation of the DLI approach
is presented in Section 6.1. The second presented approach, called TOMGRO, uses a
FSPM to apply a biophysical modeling approach to simulate tomato yield grown under
APV conditions. The validation of the FSPM can be found in Section 6.2. These results
were obtained within the Master thesis of J. Kornas [160], which was supervised within
the scope of this PhD thesis. Part of these results were published in [43]. Section 6.3
compares the approaches and discusses uncertainties and limitations of each approach.

6.1 DAILY LIGHT INTEGRAL-BASED MODELS

The goal of the DLI-based crop modeling approach is to estimate total accumulated yield
over time, i.e. how much yield would be harvested at the end of the crop cycle, depending
on the DLI values of each day. In this section, two methods are presented. The first
application uses solely the DLI values and is compared to tomato yield data from the
APV GH experiment described in Chapter 4. The second approach extends the DLI-based
method and takes into account additionally daily RH and temperature values measured in
the experimental APV GH.

113
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6.1.1 YIELD ESTIMATION BASED ON DAILY LIGHT INTEGRAL

Figure 6.1, left hand side, depicts the DLI values for the tomato crop cycle from November
2023 until March 2024 for the three shading zones for both experimentally measured
values within the GH described in Chapter 4 and DLI values derived from the simulated
GHI according to Section 3.2.1. On the right hand side of Figure 6.1 the daily yield with
respect to no shading is depicted, with modeled curves according to the yield estimation
described in Section 3.2.2.1 (Equation 3.26) with DLImin = 15molm−2 d−1. Parameter
kDLI in Equation 3.26 was fitted to the experimentally measured yield reductions from the
50% zone, resulting in kDLI = 0.379. The fitted parameter was then applied for the 0%
and 30% shading treatments.
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Figure 6.1: DLI and corresponding modeled daily yield over the crop cycle for three shading
levels: 0% (red solid line), 30% (green dashed line), and 50% (blue dash-dotted line).
a) DLI values based on simulation results and experimentally measured values for each shading
treatment. b) Relative daily yield based on simulated DLI values (lines) and experimentally
measured DLI values (markers) calculated from the nonlinear DLI-yield model (Equation 3.26)
using the calibrated exponent kDLI = 0.379.

In order to obtain the total accumulated yield at the end of the crop cycle for the 30% and
50% shading zone, the daily yield values are summed and normalized to the unshaded
control zone. Figure 6.2 depicts the accumulated yield Ycum(t) for the three shading zones
based on the simulations of the irradiance model. The experimentally measured fresh
weight, normalized to the control zone without shading, is included for comparison.
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Figure 6.2: Cumulative relative yield with respect to no shading over time for three shading
treatments: 0% (red), 30% (green), and 50% (blue). Solid, dashed, and dash-dotted lines
show the modeled cumulative yield normalized to the control zone (0%) based on the
nonlinear DLI-yield relationship with calibrated parameter kDLI = 0.379. Markers represent
the experimentally measured cumulative fresh weight expressed as percentage of total yield
in the unshaded control zone.

The plot shows that according to the model, harvestable yield is theoretically accumulated
right from the start of the crop cycle, whereas the experimental measurements show that
yield accumulation is only observed during the late stages of the crop cycle. Furthermore,
final accumulated yield is overestimated by the simulation in comparison to the experi-
mentally measured values. In the experiment, a reduction in fresh weight in comparison
to the control zone of the harvested fruits of 15% for 30% shading and 26% for 50%
shading was determined. Using the DLI-based crop modeling approach, the final yield
decreased by 8% under 30% shading and by 20% under 50% shading compared to the
control zone at the end of the crop cycle.

This overestimation of yield originates from the simplicity of the modeling approach, using
only radiation as input data. Similarly, the model is unable to generate a natural shape
for the yield accumulation curve. DLI is not the only factor influencing crop growth and
yield in GHs. In a GH system other microclimate variables, such as temperature, RH, CO2

content, etc., do also influence plant development and final yield. Furthermore, differences
in airflow, irrigation or source-sink dynamics may also affect crop development, which is
not depicted in the simulation.

Nevertheless, the modeling approach can be used in the design process for APV GHs with
certain limitations. First, the model yields relative values with respect to an unshaded,
conventional GH scenario. In order to obtain final crop yield quantities in kg m-2, the
expected crop yield for the traditional GH case without APV installation has to be known.
So far, only relative changes are calculated, as it is also the case in similar approaches
as proposed by [126]. Additionally, the model was fed with localized simulations based
on pyranometer positions within the investigated APV GH of Chapter 4, coupled with
the results of the irradiance model. If the user requires a more generalized overview of
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the irradiance conditions in the APV GH, the irradiance model would need to include
a grid covering the entire GH area, with possible subdivisions into zones or multiple
points of interest. Furthermore, in order to use the model as a stand-alone model, the
user has to be aware of the uncertainties of the approach. In the presented results, we
experienced an overestimation of 7 p.p. for 30% shading and 6 p.p. for 50% shading. This
discrepancy originates from the simplicity of the approach, neglecting other microclimate
and environmental conditions influencing the development process of the plants. In terms
of final yield, such a discrepancy in yield may lead to unexpected economical losses.

6.1.2 YIELD ESTIMATION BASED ON DAILY LIGHT INTEGRAL,
TEMPERATURE AND RELATIVE HUMIDITY

This section introduces the second DLI-based crop yield modeling method. In contrast to
the previous approach, which relied solely on DLI values, this method also incorporates
temperature and RH data to account for the influence of the greenhouse microclimate on
crop yield and to generate a more realistic yield accumulation curve. In the presented
approach, according to Section 3.2.2.2 Equation 3.27, we assume the following optimal
conditions:

DLImin = 15mol m−2 d−1, Topt = 22 ◦C, RHopt = 70%.

First, the cumulative DLI threshold before yield onset (D0) was determined by fitting a
linear model to the experimentally measured fresh yield data of the control zone. D0

corresponds to the sum of all DLI values up to the point where the fitted line intersects
the x-axis. This procedure resulted in D0 = 778molm−2 d−1, which was reached on 29
December 2023.

The remaining parameters (α,γT,ϵRH, and kDLI) were then estimated by applying a non-
linear least-squares fit to the control zone data (simulated DLI together with measured
temperature and RH). These parameters were subsequently used to simulate yield in the
30% and 50% shading zones. Figure 6.3 shows the cumulative yield with respect to the
final experimentally measured yield of the 0% shading zone.
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Figure 6.3: Cumulative tomato yield over time under three shading levels (0%, 30%, 50%),
fitted using a Mitscherlich-type model. Points indicate experimentally measured cumulative
fresh weight relative to the control zone, while lines represent simulations. Red, solid line:
control zone. Green, dashed line: 30% shading. Blue, dash-dotted line: 50% shading.

The plot shows a sudden yield onset in all three zones, with delays of 2 days under
30% shading and 4 days under 50% shading. Overall, the simulated curves tend to
overestimate measured data during most of the crop cycle, but converge towards the
experimentally observed accumulated yield by the end. At the final harvest date, the
model slightly underestimated total yield in all three zones. For the control zone, yield
was underestimated by 4 p.p.. Under 30% shading, the underestimation was 3 p.p.,
corresponding to an 18% reduction relative to the final yield of the control zone. Under
50% shading, the underestimation reached 6 p.p., equivalent to a 32% reduction in final
yield relative to the control zone.

The deviation between the simulated fresh weight curves and the experimentally measured
fresh weight is evaluated based on the RMSE, nRMSE, MAE, nMAE and R2 values. Table 6.1
summarizes the error metrics for the three shading zones.

Table 6.1: Error metrics by shading zone

Zone RMSE nRMSE MAE nMAE R2

0% Shading 0.07 0.10 0.07 0.09 0.91
30% Shading 0.04 0.07 0.04 0.07 0.95
50% Shading 0.03 0.06 0.03 0.05 0.97

In general, the factorization approach captured the yield behavior of the APV tomatoes
with respect to the experimentally measured fresh weight data and presents a more natural
curve for yield accumulation than the previously presented DLI approach in Figure 6.2.
All error metrics (RMSE, nRMSE, MAE, nMAE) decreased, and R2 increased with higher
shading ratios. Interestingly, this indicates that the model simulates yield more accurately
under 30% and 50% shading than in the control zone.



118 VALIDATION CROP MODEL

As shown in Figure 6.3, the simulated curves for the control zone and 30% shading tend
to lie above most of the experimentally measured data points. In all three zones, the
measured data show a steep increase in yield throughout the harvest period without
entering a saturation phase toward the end of the crop cycle. This pattern results from the
horticultural intervention of fruit pruning, which causes the tomato plants to stop growing
and producing new fruits. Since no new fruits develop after pruning, the experimentally
measured yield does not reflect a natural yield curve and appears nearly linear, which is
difficult to simulate with the presented modeling approach.

Nevertheless, the approach demonstrates that using three input variables results in a more
accurate reproduction of the natural shape of the yield accumulation curves compared
to using only DLI as presented in Figure 6.2. To use the simulations as a stand-alone
model fully independent from experimentally measured data a GH microclimate model is
required to simulate RH and temperature based on the APV shading ratio. The current
modeling approach is fitted to data from a single crop cycle of the APV GH experiment
and cannot yet operate without these measured inputs. Developing such a microclimate
model and integrating it into the current simulation workflow is beyond the scope of this
thesis and could be addressed in future work.

6.1.3 DISCUSSION OF DAILY LIGHT INTEGRAL-BASED CROP

MODELING AND COMPARISON TO STATE OF THE ART

The modeling results presented in the previous section showed deviations from the ex-
perimentally measured fruit fresh weight at the the end of the harvest. The simulation
results showed that yield response in APV scenarios can be approximated using DLI and
microclimate, however, certain limitations have to be taken into account. This section
aims to discuss the uncertainty sources and limitations of the general modeling approach
using DLI thresholds and microclimate data of the greenhouse.

Firstly, deviations were generally expected as the presented yield modeling approaches
are simplifications. The approach using accumulated DLI values assumes an accumulation
of yield starting from the first day of the crop cycle. In reality, yield accumulation, as
observed in the tomato crops during the experiment, only starts to accumulate after certain
plant physiological stages have been passed.

Secondly, it has to be taken into account that in each development stage different DLI
thresholds might be required. So far, DLI requirements are assumed to be constant
throughout the crop cycle to simplify the model.

In addition, yield was treated as a smooth nonlinear function of DLI in the first approach.
In reality, plant responses are more buffered, and non-linearities are not uniform across
all stages of development. The presented modeling approach does not capture plant
acclimation, phenology, or source-sink dynamics.

In order to take into account microclimatic changes in the APV scenarios, experimentally
measured temperature and RH values were added to the modeling approach in the second
presented method. The results showed that the addition of two further parameters to
the model increased the ability of the model to reproduce the experimentally measured
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data. Nevertheless, one has to take into account that the addition of experimentally
measured data acts as a calibration to local conditions in the GH. Biological variability
and measurement uncertainties always play a role in experiments, which might influence
modeling results.

Nevertheless, the approach of DLI thresholds to estimate yield in APV scenarios is a
common tool, frequently discussed and presented in the APV field due to its simplicity. For
example, [236] used a modified GECROS model based on DLI values to simulate soybean
under various shading levels and observed underestimations of yield with up to 16.5%
RMSE at 27% shading. They noted that the parameterization of reproductive sink strength
under reduced radiation remains a key source of error. [31] employed the STICS model
based on radiation data to simulate wheat and lettuce under PV shading and found that
their model consistently overestimated wheat yield under severe shading. They showed
limitations in representing stomatal conductance adjustments and respiratory costs during
fluctuating light levels as the major error source. Moreover, broad-scale models based on
radiation, such as EPIC, tend to overestimate root and tuber crops in APV scenarios [45].

A different, commonly used approach for crop modeling based on experimentally measured
crop yield data is presented in the empirical meta-analysis of [132]. The publication
summarized the susceptibility of different crop types to shading based on literature data.
The authors used the experimental yield results of open-field agrivoltaic studies and
studies using shading nets to extract yield response curves for different groups of crops.
Interestingly, their results suggested that berries, fruits, and fruity vegetables like tomatoes
may show initial benefits up to 40% shade [132]. In particular, fruity vegetables may even
experience increases in harvestable yield until about 20% reduction of solar radiation
[132]. However, it is important to point out that the sub-category of fruity vegetables
contained only the experimental results from three studies. Two of them were conducted
on bell pepper during the summer months of the respective study periods in sub-tropical
climate regions, where light levels are typically too high for the crops and were therefore
reduced purposely with the shading cloths [237, 238]. The authors clarified that crop
types with low availability of data points resulted in higher uncertainty, i.e. for fruity
vegetables under 20% solar reduction the 95% confidence interval spans around the mean
of +8% yield change roughly from –18% to +35% yield change compared to the unshaded
control zone. At 40% reduction of solar radiation their results spans around +2% yield
change with approximately –33% to +56%. Even though the authors excluded any type of
GH study for their meta-analysis as the system difference to open-field APV was considered
too large [132], there are similar studies conducted in "raspa y amagado" GHs in the
Almería region which delivered comparable results. The study of [88] investigated the
impact of aluminised shading screens with 40%, 50% and 60% shading in comparison to
an unshaded control treatment on tomato yield during two consecutive years: For one of
the investigated years they found no reduction in crop yield and marketable production
throughout all shading treatments. In addition, the APV study of [36] was conducted
during two growing seasons in a commercial GH for tomato production in Almería with
approximately 10% shading provided by flexible PV panels mounted on the GH roofs.
Their results showed that the reduction in radiation caused by the PV panels on the roof
did not affect the total and marketable yield during both growing seasons. The results of
[132] provide a set of initial indicators that may be used in assessing the suitability of crop
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types for shade systems, and thus for APV or other dual land-use systems. Detailed yield
response curves, as provided by their study, are valuable tools in optimizing the output
of annual crop components in these systems. The results of our study complemented by
the study results of [36] and [88] indicate that a similar classification of crop response
for APV GH tomatoes to shading into shade-benefiting, -tolerating and -susceptible is
possible. However, each study has to be clearly investigated for crop type, soil type,
climate and provided shading in order to find homogeneous groups. This is also confirmed
by [132] who pointed out that their meta-analysis cannot directly capture interactions
of shading with other factors, such as water availability, where shading may reduce
evapotranspiration and thus water stress. Therefore, dynamic crop growth models as
presented in Section 6.1.2 may help to further optimize APV systems. The study of [132]
also claims that further field experiments are needed especially for different APV designs
(e.g., top-mounted PV panels with or without tracking or vertically mounted panels) to
provide the input to calibrate these data driven models. Based on the shortcomings of
their study they also formulated general recommendations for future APV research and
e.g. mentioned that different levels of shading should be included at the same sites so
that yield response curves can be created to optimize the level of shade, as done in our
study. Furthermore, they recommended that crop types need to be studied based on the
same type of measurement, e.g. dry matter-based yield should be preferred to assure that
increased yields in fruits are not just the result of higher water contents. This approach
was also already followed by our study as tomato dry weight directly correlates with their
flavor and overall quality.

In summary, DLI-based approaches offer a practical framework for simulating yield in APV
systems. However, the results point out that DLI-driven yield models must be calibrated
to crops, and that microclimate interactions, e.g., changes in temperature and RH further
influence model accuracy. This is in alignment with the results of empirical crop modeling
analysis, as presented by [132]. One has to be aware of uncertainties arising from the
simplicity of the different approaches, such as that yield is accumulated linearly and local
microclimate effect might not be taken into account properly.

6.2 TOMGRO

This section evaluates the application of the reduced TOMGRO model to simulate tomato
dry weight under APV conditions. As introduced in Section 3.2.3, the inputs of the
reduced TOMGRO model are PPFD and temperature in hourly time resolution. The
plant development is simulated based on these hourly time steps. The yield of the plant,
described by the five output variables, is then calculated on a daily time scale.

To validate the reduced TOMGRO model with the presented APV GH experiment, the
experimentally measured microclimate data was used. For each shading zone of the
GH, the hourly PPFD, calculated based on GHI according to the method presented in
Section 3.2.1, and the hourly averaged temperature, measured by the two temperature
sensors in the central area, were used as input data. In the experiment, mature fruit dry
weight was the only output variable of the reduced TOMGRO model that was measured.
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Therefore, the TOMGRO model has been calibrated and validated on the basis of this
variable. Figure 6.4 shows the workflow of the reduced TOMGRO model.

Hourly PPFD
[µmol/ m2s]

Hourly Temperature
[°C]

Reduced TOMGRO 
[Jones et al. (1999)]

Leaf area index 
[-]

Aboveground dry weight 
[g/m2]

Number of nodes
[-]

Fruit dry weight 
[g/m2]

Mature fruit dry weight 
[g/m2]

from CMP10, SPlite2, two SP110 from two Elitech RC-51H

Figure 6.4: Scheme of the reduced TOMGRO model according to Jones et al. [190]. The
mature fruit dry weight (marked in red) was simulated using the experimentally measured
input data.

6.2.1 CALIBRATION TOMGRO
To apply the model to local conditions of the experimental GH, a calibration of the
model parameters was necessary. First, all model parameters and their value ranges were
summarized from the literature. Table 3.4 in Section 3.2 summarizes all model parameters,
their initial values and the corresponding variation range.

In [160], an eFAST sensitivity analysis was performed, which quantifies the influence
of each parameter on the model output by computing both first-order and total effect
sensitivity indices [194]. This analysis, implemented using the open source Python package
SALib [239, 240], using Python version 3.9.13, identified those parameters as sensitive
that contribute more than 10% to the total effect. In total, six parameters were found to
be sensitive and transferred to the calibration process, i.e., Nm, D, Qe, TCRIT, αF, and f F_.

The PSO algorithm, a stochastic population-based optimization method, was employed for
the calibration process [195]. The PSO algorithm iteratively refines candidate solutions
based on both local and global best positions. For the implementation, the Python library
Pyswarms was used [241].

To achieve an independent validation from the calibration process with data for only one
crop cycle available, the model was calibrated using measurements from the 50% shading
zone. Following the sensitivity analysis, the PSO algorithm [195] was then employed to
find the set of calibrated model parameters by minimizing the RMSE between simulated
and observed mature fruit dry weights. The resulting set of parameters was then tested
against data from the 30% shading and control zones. In order to quantify the deviation
between the simulated dry weight curves and the experimentally measured dry weight for
the two remaining zones, the RMSE, MAE and R2 were calculated.
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Seven model parameters were selected for calibration based on the eFAST sensitivity
analysis. The PSO algorithm was applied to minimize the RMSE between simulated and
experimentally measured dry weight data. Table 6.2 summarizes the seven parameters
and their calibrated values. The whole parameter set and the initial values are summarized
in Table 3.4. The minimum RMSE value found in the calibration process was 8.54 gm−2

for the 50% shading zone.

Table 6.2: Calibrated model parameters.

Description Calibrated Value

Nm Node appearance rate per day 0.38 d−1

D Maximum leaf conductance to water vapor 2.33 g m−2 h−1

Qe Quantum efficiency of photosynthesis 0.44 mol(CO2) /mol(photons)
T_CRIT Critical temperature for photosynthesis decline 19.76 ◦C
αF Assimilate fraction allocated to fruit growth per day 0.86 d−1

fF_ Fraction of dry matter allocated to fruits 0.90
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6.2.2 VALIDATION TOMGRO WITH EXPERIMENTAL DATA

The calibrated TOMGRO model was then tested against the experimentally measured data
of the 0% and 30% shading zone of the experiment. Figure 6.5 presents the simulated
and observed dry weight data for all three shading zones.
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Figure 6.5: With TOMGRO simulated and experimentally measured dry weight data for all
three shading treatments using the calibrated parameters based on the 50% shading zone. Red
circles: experimentally measured dry weight control zone. Green triangles: experimentally
measured dry weight 30% shading zone. Blue squares: experimentally measured dry weight
50% shading zone. Red, solid curve: simulation control zone. Green, dashed curve: simulation
30% shading zone. Blue, dashed-dotted curve: simulation 50% shading zone.

The deviation between the simulated dry weight curves and the experimentally measured
dry weight for the two remaining shading zones is evaluated based on the RMSE, MAE
and R2 and summarized in Table 6.3 for the control zone and the 30% and 50% shading
zones.

Table 6.3: Error metrics for the control zone and the 30% shading zone for the validation of
the calibrated reduced TOMGRO model. The values of the 50% shading zone were obtained
in the calibration process and are given for comparison.

Zone RMSE [g m−2] nRMSE MAE [g m−2] nMAE R2

0% Shading 7.76 0.04 4.14 0.02 0.99
30% Shading 11.56 0.07 7.11 0.04 0.98
50% Shading 8.54 0.05 4.34 0.03 0.99

In general, both datasets of the experimentally measured values are described realistically
by the simulation with an RMSE below 12 gm−2. The lower RMSE and MAE values of the
0% zone indicate better agreement of the simulation with the experimentally measured
values than for the 30% zone. The MAE remains at 7.11 g m−2 for the 30% shading zone
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and 4.14 g m−2 for the control zone. At the end of the crop cycle, the deviation of the
model from the experimentally measured values of the 30% shading zone was 4 p.p.. For
the control zone, the simulations resulted in a deviation of 3 p.p. from the experimentally
measured values at the end of the crop cycle.

The results point out the importance of a careful parameter calibration and also the
need for independent validation datasets. The results presented here would potentially
look different if the calibration had been performed with the dataset from a different
zone than the 50% zone. Furthermore, the results highlight the importance of using real
experimentally measured input data that correctly maps the microclimate in the APV
GH. A common approach in recent studies using TOMGRO for yield estimation in APV
GHs is yield simulation without real experimental input data under the assumption of
constant and optimal temperature conditions [131, 242]. The presented study showed
that for shading levels and PV patterns similar to the presented experiment, a change in
microclimate should be expected, which can lead to non-optimal temperature conditions.
Hence, adapted development of the tomatoes to the shading conditions should be observed
subsequently. These changes can only be modeled accurately if the input data is adapted
and a calibration of the model parameters to the site’s conditions is performed. The main
objective of the simulation was the application of a biophysical modeling approach to
estimate crop yield under real APV GH conditions. The results of the simulation show
that the reduced TOMGRO model can be adapted in general to simulate crop yield under
reduced irradiance and temperature conditions. For future studies, the work can be
extended to test the parameter calibration for additional crop cycles and crop types. An
extension of the model to different GH types or climatic scenarios can also be studied in
the future. The goal for the future and a possible application of the model would be one in
which growers who are potentially interested in an APV setup for their GH could estimate
the evolution of crop yield for their specific use case. Thus, an optimization of the APV
setup related to ripening delays and market entry could be possible.

6.2.3 DISCUSSION OF SIMULATION WITH THE TOMGRO MODEL

The modeling results presented in the previous chapter show a reasonable agreement
with the experimentally measured dry weight data. In comparison to other studies that
also used the reduced TOMGRO model or its adaptions to simulate APV scenarios, the
presented results point out the advantages of a detailed calibration and validation. The
study of [130] integrated the reduced TOMGRO model into their APV GH; however, they
validated their simulations against the experimental measurements of [243] and the
simulation values from the work of [244]. The modeling results of [130] underestimated
both the experimental and the simulated values, with deviations of approximately 14% at
the end of the crop cycle. Other studies on tomato yield in APV GHs neglect the calibration
to site-dependent conditions and do not validate their application of the reduced TOMGRO
model against experimental measurements [131, 242]. Furthermore, these models assume
optimal and stable temperature conditions and do not take into account the potential
effect of shading on temperature inside the GH. The presented experiment showed that
shading may alter the microclimate inside the GH such that the cultivated plants adapt to
these conditions.
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Nevertheless, it is important to mention possible limitations of the presented modeling
approach and discuss potential improvements for future studies. First, the presented
experiment covered the time period of one growing cycle. To utilize the data from one
growing cycle to test the TOMGRO model, the data from the 50% shading zone was used
for model calibration. Subsequently, the model was applied to the 30% and 0% shading
zones. In order to perform an independent validation, the experimentally measured data
of a second crop cycle would be necessary. In future studies, the model could also be
tested against measurements from different GH types or sites.

In the presented study, the model was calibrated and tested using experimentally measured
mature fruit dry weight data. The reduced TOMGRO model also simulates four other
state variables, i.e., number of nodes, leaf area index, aboveground dry weight and fruit
dry weight. These datasets were not recorded in the presented study as the main goal
was to monitor experimentally the changes in microclimate and successively changes in
plant physiology and yield of the tomato crops. In order to perform a comprehensive
model calibration and validation, additional datasets of these four parameters would be
beneficial and could be monitored during a second growing cycle.

In addition to the available data, there are several other factors influencing the growth
process of the tomato plants, which were not considered in the current modeling approach.
These include information about soil, irrigation and diseases that are not directly included
in the reduced TOMGRO model, as well as the assumption of a constant CO2 content in
the GH. In general, soil properties, irrigation and fluctuations in CO2 concentration in
the GH can play a non-negligible role in how plants develop and might not be mapped
fully correctly in the presented modeling approach. Consequently, performing simulations
with a new independent dataset could lead to diverging results as certain stress factors or
growth conditions may not be correctly considered. In future studies, a comprehensive
measurement campaign could focus on monitoring such additional GH environment and
tomato growth variables.

6.3 COMPARISON AND EVALUATION OF CROP MODELS

To conclude, two approaches for crop yield modeling were presented and validated in
the previous sections: DLI-based models and FSPMs. The DLI-based modeling approach
is divided into two methods; one relying only on radiation data and the other one is an
extension that additionally takes into account temperature and RH in the GH. For the
FSPM, the application of the reduced TOMGRO model was presented.

6.3.1 GENERAL COMPARISON OF THE THREE METHODS

Depending on the simulation goals, each approach has its advantages and disadvantages.
The two DLI-based methods do not simulate detailed plant phenology or growth. Instead,
yield is aggregated over time and expressed as a relative fraction compared to the con-
ventional, no-APV scenario. In contrast, the FSPM approach simulates yield in absolute
terms.
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The DLI-based method using solely radiation data can be coupled directly to the presented
irradiance model and offers a flexible tool that can be easily adapted for different crops.
For this method, simulated yield was compared against experimentally measured tomato
yield data from the APV GH experiment. The comparison showed that with this method
harvestable yield is produced from the beginning of the crop cycle and a natural shape of
yield accumulation is not reproduced. However, at the end of the crop cycle the simulated
yield for the 30% shading overestimated the experimentally measured data by only 7 p.p..
For 50% shading, the simulation overestimated the experimentally measured yield by
6 p.p..

The DLI-based method extended with temperature and RH data is an approach to addi-
tionally take into account GH microclimate and its effect on crop growth and yield. This
approach does only work if these three parameter sets (radiation, temperature and RH)
are available. To solely work simulation-based, an additional GH microclimate model
would be needed. In this thesis, the method was tested using a hybrid approach: simu-
lated radiation data from the irradiance model combined with experimentally measured
microclimate data from the APV GH experiment. The simulated yield was then compared
to the experimentally measured yield from the same experiment. Overall, the simulation
underestimated the final yield across all three zones of the experiment. Specifically, the
simulation underestimated yield by 4 p.p. in the control zone, 3 p.p. under 30% shading,
and 6 p.p. under 50% shading.

The coupling of FSPMs to the irradiance model is more complex than the DLI-based
methods. For the application of the reduced TOMGRO model, a detailed calibration to
site-specific conditions was necessary. The calibrated model can be used as a stand-alone
model coupled to the irradiance model using radiation and temperature as input data
(needing a microclimate model for temperature data). A key advantage of TOMGRO is
the detailed simulation it offers, providing insights into tomato plant development at the
organ level. This allows for easy identification of stress factors and their impacts on crop
yield. Additionally, TOMGRO directly simulates the weight of harvested fruits rather than
a relative yield. However, TOMGRO is specific to tomatoes and the presented calibrated
model only valid under the climate conditions of the test site. In this thesis, the reduced
TOMGRO model was applied using experimentally measured irradiance and temperature
data from the APV GH experiment. The simulated dry weight of the tomatoes was then
compared to experimentally measured dry weight. The simulation produced a natural
shape of yield accumulation and aligned well with the experimentally measured yield
data, as confirmed by the evaluation of RMSE, MAE and R2.

6.3.2 ERROR SOURCES OF THE THREE METHODS

While the presented crop yield modeling approaches reproduced the observed yield
reductions, both the experimental measurements and the simulations of the presented
study have additional sources of uncertainty that should be taken into account in the
interpretation of the data.

First, uncertainties in our microclimate inputs may propagate through the yield simula-
tions as experimental measurements always carry certain uncertainties. Sensor soiling,
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environmental influences or technical limitations might affect the accuracy of the input
data of the model and thus influence the outputs of the simulations. The sensors deployed
in the experiment were calibrated in advance and constantly cleaned during the measure-
ment period in order to minimize uncertainties due to soiling or tilting. Furthermore,
daily quality control was performed with the measured microclimate data. Nevertheless,
residual errors may remain.

In addition, the use of the linear regression model to convert GHI to PAR by [159]
introduces its own uncertainty. Although deviations are minimal for validation locations,
it should be kept in mind that the method may introduce additional uncertainties to the
model, as the relationship between GHI and PAR is not always linear and can be influenced
by local environmental conditions. Furthermore, the method of Vindel et al. [159] has
been developed for outside conditions. The irradiance spectrum within the GH can be
different from the one outside due to the transmission through the GH plastic, which
introduces another source of uncertainty in the presented study. In a future measurement
campaign, specifically chosen PAR radiation sensors, only monitoring the PAR spectrum,
could be deployed in the GH to avoid the additional conversion step in the data evaluation.

In the presented experimental study all three zones were located within the same GH
without any physical separation. Hence, a constant exchange of air flow between the zones
was not actively prevented. In addition, all plants were irrigated equally and a potential
change in water needs of the plants due to shading was not observed. Ideally, a separate
GH would be needed for each shading treatment to ensure that the specific conditions of
each zone are studied without interference from neighboring zones. Nevertheless, clear
differences in the microclimate were observed with the presented experimental setup.
These deviations were then also mapped realistically in the crop yield simulations of the
three different zones.

In general, the presented crop modeling approaches showed that calibration to local
climatic conditions is necessary to understand crop response to APV conditions. In APV
systems, understanding the interaction between crops and partial shading by PV panels is
crucial. The validation of crop models like TOMGRO plays a significant role in enhancing
the prediction of crop growth and yield under APV conditions. In this thesis, the validation
of the crop models was limited to the data set of one crop cycle which was divided into
the three shading zones. In order to achieve an independent validation and use the model
to forecast yield, further datasets of following crop cycles would be necessary. Future
research could focus on further independent validation of the model with additional crop
cycle data.

The coupling of the presented crop modeling framework with a techno-economic model
could also be explored in future work, as the true benefit of APV systems lies in the synergy
between electricity generation and crop production. This was already highlighted in the
economic assessment of the APV GH experiment presented in Section 4.4. One potential
approach is the development of a comprehensive framework that includes economic yield
estimation, similar to the regional-scale evaluations conducted by [230] for the Canary
Islands or the national-scale assessment by [231] for the United States.





7
Conclusion and outlook

“Long story short, I survived.”

—Taylor Swift

7.1 CONCLUSION

Agrivoltaic (APV) systems are a promising tool to decrease potential conflicts over land
between the agricultural and energy sector [30]. Furthermore, they promote sustainable
land use through reduced irrigation needs [20, 27, 28] and a higher economic profitability
for farmers [26]. APV systems are particularly suited for semi-arid and arid regions [20,
21], where light intensity might be higher than the crops’ needs, and additional shading
can have a positive impact on crop growth [30, 31]. Even in temperate climates, APV
systems can protect crops from increasingly frequent extreme weather events, such as
hail and heavy rainfall [245, 246]. Research in APV is steadily increasing [46, 247, 248,
249, 250]. Nevertheless, the application of APV concepts to Mediterranean greenhouses
(GHs) in the Almería region has so far been addressed in only a few studies, leaving
several scientific and practical questions unanswered [35, 36, 37, 38, 39, 40]. This thesis
expands the available experimental datasets and presents a simulation tool for irradiance
distribution and crop yield estimation in APV GHs.

Four research questions were defined at the beginning of this thesis. The first question
examined how irradiance distribution inside APV GHs can be modeled for different GH
designs and PV module configurations. The second question addressed how crop yield
can be estimated based on the irradiance levels obtained from these simulations. The
third research question focused on how the additional shading introduced by PV modules
influences the microclimate inside the GH. Finally, the fourth question explored whether
the integration of PV modules on GH roofs can provide economic benefits to farmers.

In Chapter 3, the methodology of the simulation framework is presented. The modeling
chain is split into the irradiance and the crop yield modeling part. The software framework
of the irradiance model is based on the ray-tracing software Radiance. With the model,
detailed 3D-replicates of APV GHs can be generated. A workflow to implement complex
GH cover materials consisting of multi-layered LDPE has been developed and tested. The

129
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transmitted global horizontal irradiance (GHI) inside the GH is then simulated based
on the transmission properties of the GH cover materials and the arrangement of the
PV modules. The crop model presents two different approaches. The first approach is
based on the daily light integral (DLI) requirements of various crops and is divided into
two methods. The first method compares the DLI calculated from the simulated GHI
with the crop-specific DLI requirements on a daily basis. The second method extends
this comparison by including additional thresholds for temperature and relative humidity
inside the APV GH to account for microclimatic effects on crop growth. The second
approach focuses specifically on tomatoes and applies the reduced TOMGRO model to
estimate yield under different shading scenarios.

In Chapter 4, the APV GH experiment performed from September 2023 to March 2024 is
presented. The experiment was conducted in a commercial scale "raspa y amagado" GH
in Almería, and two roof cover ratios of 30% and 50% shading were compared against
an unshaded control zone. During the experiment, data on the GH microclimate, plant
physiology, and crop yield and quality were collected. The irradiance measurements
showed that throughout the study period, radiation levels were reduced on average by
48% in the 50% zone and by 25% in the 30% zone. This slight decrease with respect to
the theoretical shading reduction of the 30% zone was caused by the orientation of the
GH and the positioning of the zones. The high shading levels of the APV GH experiment
altered the GH microclimate, which in turn affected yield, fruit quality, and harvest timing.
The 30% and 50% shading zones led to yield reductions of 15% and 26%, respectively,
in fresh weight at the end of the crop cycle compared with the control zone. The 30%
shading zone had a smaller impact on fruit quality than the 50% shading zone, showing an
increasing trend in soluble solids content toward the end of the experiment. In contrast,
50% shading caused significant reductions in both yield and fruit quality. The experiment
was conducted with relatively high shading ratios compared with previous studies, which
reported no yield decline for shading ratios of around 10% [35, 36]. In the presented APV
GH experiment, high shading levels have been selected in order to add data points to the
experimental data available in literature for "raspa y amagado" GHs. An expanded dataset
will help the scientific community move closer to identifying the shading threshold that
still allows for optimal crop growth.

To address the research question of whether integrating PV modules on GH roofs provides
an economic benefit, an economic assessment was conducted for the winter study period.
The crop revenue from a GH without PV installation was estimated at 1.82€m-2 for
the tomato cycle during winter months with low light availability. When including the
electricity revenue from the PV modules, the energy demand of the GH was covered by
the electricity generated by the PV system and crop yield losses were overcompensated
by feeding excess energy into the grid. The results showed that 50% roof coverage with
PV could achieve a profit increase of up to +22%, while a 30% coverage could already
result in a +15% increase in profit for the winter months of the tomato cycle with low
light availability. Shading of PV modules gets particularly helpful in the summer months
when photosynthetic saturation can occur and the naturally higher irradiation levels
might become harmful for the crops in the GHs. Therefore, the economic assessment was
extended for the full year under the assumption of a hypothetical, consecutive tomato
growing cycle. This second growing cycle increased the total crop revenue to 3.64€m-2 for
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the full year for a GH without PV installation. For the 30% shading scenario, the combined
revenue of two crop cycles and the PV system would be at 4.16€m-2 for the full year. For
a GH with 50% roof coverage, the total income can be estimated at 4.39€m-2. Compared
with a conventional greenhouse without PV installation, this corresponds to a net annual
profit increase of 14.3% and 20.6% for 30% and 50% PV coverage, respectively. These
findings highlight the economic potential of APV GH systems and point out the advantages
of APV systems: APV GHs can generate an additional income source for growers, enhance
self-sufficiency, and reduce dependence on fluctuating crop and energy market prices.

In Chapter 5, the irradiance model is validated using both literature data and experimen-
tally measured data from the APV GH experiment. For the literature-based validation, a
“Venlo”-type APV GH experiment conducted in 2014–2015 was reproduced. The positions
of the radiation sensors in the experimental GH were estimated by minimizing the nRMSE
for one day of irradiance raw data. Subsequently, the GHI inside the GH was simulated
for the entire crop cycle in 15-min intervals, resulting in a deviation of 2.88 percentage
points in the simulated reduction in radiation over the full crop cycle. For the validation
with the experimental data from the "raspa y amagado" APV GH experiment, the same
procedure was applied. The radiation sensors position were transferred to the simulation
and defined by minimizing the nRMSE for a set of clear-sky days during the time frame of
the experiment. Simulations were then performed for the defined sensor coordinates to
simulate GHI inside the GH for the entire time period of the experiment. The nRMSE of
the GHI of the irradiance model was determined to be 0.09 for the control zone, 0.18 for
30% shading and 0.27 for 50% shading using the irradiance data from the experiment.
The model is capable to clearly reproduce the shading patterns caused by the PV modules
and also simulate shading related to the GH structure itself. Overall, these validations
have shown that the irradiance model can augment the scope of irradiance modeling for
APV GHs over the state-of-the-art: The spatial and temporal resolution of the simulations,
the adaptability to different sites, time periods and GH types and the accuracy of the
ray-tracing-based irradiance simulations were all increased notably.

In Chapter 6, the validation of the different approaches for crop modeling are presented. All
approaches were validated exclusively with data from the 2023–2024 APV GH experiment.
The solely DLI-based method overestimated crop yield by 7 percentage points for 30%
shading and by 6 percentage points for 50% shading. The extension of the solely DLI-based
method with data for GH temperature and RH helped achieve a more natural curve for
yield accumulation of the tomatoes in the GH. The nRMSE of the fresh weight for the
crop cycle was 0.07 for the unshaded control zone, 0.04 for 30% shading and 0.03 for
50% shading. The validation of the reduced TOMGRO model yielded an nRMSE of dry
weight of 0.04 for the unshaded control zone and 0.07 for the 30% shading zone, while
the data from the 50% shading zone was used to calibrate the model. The results of the
reduced TOMGRO validation point out the importance of a careful parameter calibration
and also the need for independent validation datasets. Nevertheless, the results highlight
the importance of using real experimentally measured input data that correctly maps
the microclimate in the APV GH. The validation of the reduced TOMGRO model in the
presented application augmented the scope of yield modeling for APV systems over the
state-of-the art by using real experimental input data instead of the assumption of constant
and optimal temperature conditions inside the GH.
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In conclusion, the presented simulation framework, validated under real GH conditions,
demonstrates a high spatial and temporal resolution. It offers a reliable framework for
designing and optimizing APV GH systems. Its application can support the development
of efficient and sustainable APV GH designs in future research and practice.

7.2 OUTLOOK

This thesis presents one of the first holistic research works on yield modeling for APV GHs
combined with the results from a real-scale APV GH experiment. In the thesis further
enhancements and possible approaches were already identified that are not implemented
and investigated yet. This section summarizes the main enhancements and gives an
outlook for future studies.

Firstly, regarding the irradiance model, so far incident-angle dependent light transmission
is not accounted for in the current implementation of the GH cover materials. In order
to extend the model by including the new material category transdata, laboratory mea-
surements of BSDFs of specific GH plastics would be needed. Adding angle-sensitive light
transmission could be an interesting step to be able to compare different films and GH
cover materials, e.g. clear, diffuse, anti-reflective coatings and their performance could
be studied across seasons and latitudes. This would allow for an even more detailed
optimization of the cover materials for APV applications.

Secondly, the crop yield estimations, particularly the calibration and validation of the
reduced TOMGRO model were performed with the data from one crop cycle. Here, the
dataset of one shading zone was used to calibrate the model, while the validation was
done with the data of the other two remaining shading zones. In order to perform an
independent validation, the experimentally measured data of a second crop cycle would
be necessary. In future studies, the model could also be tested against measurements from
different GH types or sites. In addition to that, the reduced TOMGRO model was calibrated
and tested using experimentally measured mature fruit dry weight data. The reduced
TOMGRO model also simulates four other state variables, i.e., number of nodes, leaf area
index, aboveground dry weight and fruit dry weight. In order to perform a comprehensive
model calibration and validation, additional datasets of these four parameters would
be beneficial and could be monitored during a second growing cycle. This could be an
interesting step toward application and validation of the presented model in a broader
context.

Several other APV studies already pointed out that water use efficiency is improved un-
derneath PV panels in APV systems by lowering crops’ evaporation rates and their overall
water needs [20, 27, 28]. In the presented experiment, irrigation was not monitored as it
was not part of the scope of the thesis, hence, no conclusion on improved water-use effi-
ciency was drawn from the experiment. In future studies, a comprehensive measurement
campaign could focus on monitoring evapotranspiration and irrigation of the GH crops,
which can be an interesting topic in future climate scenarios with limited water resources.
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Lastly, this thesis included a preliminary economic assessment, which we used to demon-
strate a potential profit increase for the presented APV GH experiment. This economic
assessment was based on simplified assumptions and could be enhanced in future studies.
Particularly, questions about installation, maintenance, exchange of GH cover materials
without PV replacement, whitewashing practice and also system costs have only been
briefly answered in this thesis. A detailed feasibility study on APV concepts for "raspa y
amagado" GHs could support social acceptance and motivate growers to invest in APV
systems for their GHs.

The presented work improved the understanding of how PV modules installed on GH
roofs influence GH microclimate, crop development and yield under APV conditions. The
developed model can be used in the future to optimize PV module layouts to maintain
light homogeneity inside the GH and minimize yield losses due to shading. In the next
step, the model can be applied to develop dynamic shading strategies for APV GHs with
tracked PV modules. This approach is particularly promising, as in conventional GHs the
roof transmittance is typically adjusted according to crops’ needs and market demands.

What remains to be finally addressed is the broader picture. APV as a research topic
combines multiple scientific fields. Within this thesis alone, topics from physics-based
light modeling and biophysical crop modeling to plant physiological measurements and
crop yield and quality assessments were investigated. Yet, APV as a practical approach to
mitigating climate change, especially when implemented at large scales, is more than only
a scientific question. Its development and success are also influenced by socio-cultural,
regulatory, and political-institutional contexts that determine how the technology is funded,
sited, deployed, managed, and maintained.

In the region of Almería, for instance, GHs form an essential part of the local landscape,
economy, and cultural identity. However, this thesis did not address aspects of social
acceptance, stakeholder perception, or the current legal and policy frameworks governing
APV systems in Spain. These dimensions are crucial for ensuring the long-term feasibility
and acceptance of APV technologies. Future studies should therefore also integrate
perspectives from farm owners, local communities, policymakers, and technical experts
to better understand how APV is perceived and can be adopted in real-world contexts.
Combining such insights with scientific work, such as the technical and agronomic results
presented in this thesis, will be important to successfully upscale and integrate APV GH
systems into regional and national sustainability strategies.
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Appendix

A FERTILIZER AND PHYTOSANITARY TREATMENTS

Magnesium sulfate

Monopotassium phosphate

Calcium nitrate

Fertilizers

Potassium nitrate

Potassium sulfate

Figure A.1: Use of fertilizers during the study period.
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Figure A.2: Use of phytosanitary treatments during the study period.
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B PLANT PHYSIOLOGICAL AND FRUIT QUALITY MEA-
SUREMENTS

B.1 ADDITIONAL FIGURES PLANT PHYSIOLOGY
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Figure B.1: Height of the tomato plants in the three shading zones for stem 1. The mean
of the 20 representative plants per zone is depicted as a line while the respective standard
deviation is indicated by the shaded region.
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Figure B.2: Height of the tomato plants in the three shading zones for stem 2. The mean
of the 20 representative plants per zone is depicted as a line while the respective standard
deviation is indicated by the shaded region.



PLANT PHYSIOLOGICAL AND FRUIT QUALITY MEASUREMENTS 157

20
23

-10
-19

20
23

-10
-25

20
23

-11
-02

20
23

-11
-08

20
23

-11
-15

20
23

-11
-22

20
23

-11
-29

20
23

-12
-07

20
23

-12
-15

20
23

-12
-21

20
23

-12
-28

20
24

-01
-05

20
24

-01
-11

8

10

12

14

16

Tr
un

k 
di

am
et

er
 st

em
 1

 [m
m

]
Zone 0
Zone 30
Zone 50

Figure B.3: Diameter of the trunk of the tomato plants in the three shading zones for stem 1.
The mean of the 20 representative plants per zone is depicted as a line while the respective
standard deviation is indicated by the shaded region.
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Figure B.4: Diameter of the trunk of the tomato plants in the three shading zones for stem 2.
The mean of the 20 representative plants per zone is depicted as a line while the respective
standard deviation is indicated by the shaded region.
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Figure B.5: Number of branches of the tomato plants in the three shading zones. The mean
of the 20 representative plants per zone and 2 main stems per plant is depicted as a line while
the respective standard deviation is indicated by the shaded region.
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Figure B.6: Distance between the branches of the tomato plants in the three shading zones.
The mean of the 20 representative plants per zone and 2 main stems per plant is depicted as
a line while the respective standard deviation is indicated by the shaded region.
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Figure B.7: Number of leaves per branch of the tomato plants in the three shading zones for
stem 1. The mean of the 20 representative plants per zone e is depicted as a line while the
respective standard deviation is indicated by the shaded region.
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Figure B.8: Number of leaves per branch of the tomato plants in the three shading zones
for stem 2. The mean of the 20 representative plants per zone is depicted as a line while the
respective standard deviation is indicated by the shaded region.
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Figure B.9: Distance between leaves per branch of the tomato plants in the three shading
zones. The mean of the 20 representative plants per zone and 2 main stems per plant is
depicted as a line while the respective standard deviation is indicated by the shaded region.
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Figure B.10: Number of fruits of the tomato plants in the three shading zones. The mean of
the 20 representative plants per zone and 2 main stems per plant is depicted as a line while
the respective standard deviation is indicated by the shaded region.
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B.2 ADDITIONAL FIGURES FRUIT QUALITY
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Figure B.11: Mean fruit diameter of the measured tomato fruits. The average values of the
measured fruits per zone are presented as lines while the respective standard deviations are shown
as shaded regions.
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Figure B.12: Mean flesh wall thickness of the measured tomato fruits. The average values of
the measured fruits per zone are presented as lines while the respective standard deviations
are shown as shaded regions.
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Figure B.13: Mean firmness of the measured tomato fruits. The average values of the
measured fruits per zone are presented as lines while the respective standard deviations are
shown as shaded regions.
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