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Abstract

Watermelons account for 7% of the world’s fruit vegetable production. In the European
market, Spain contributes around 35% of total watermelon supply, with the majority grown
in greenhouses in Almeria, Southern Spain. This study presents experimental results
from the first agrivoltaic watermelon trial conducted in a raspa-y-amagado greenhouse
during the 2024 growing season in Almeria, Spain. Watermelons were cultivated under
two shading treatments with 30% and 50% of the roof area covered with PV modules and
compared against an unshaded control group. Throughout the experiment, temperature
values in the 30% and 50% zones were 2.2 °C and 4.3 °C lower than in the control zone,
respectively. The unshaded control zone and the 30% shading treatment maintained DLI
conditions within the optimal range between 21 molm 2d ! and 32molm 2d ! for most
of the crop cycle, while the 50% shading zone remained largely above the minimum
threshold of 15mol m~2d~! required for adequate crop growth. No statistically significant
differences were observed in fruit weight, rind width, fruit firmness, or soluble solids
content at harvest. In addition, the experimentally measured irradiance data from this
study were compared with simulations from a previously established irradiance model.
The model was applied to the raspa-y-amagado greenhouse, and the experimental data
were used to perform a long-term comparison between simulated and measured irradiance
for 265 days of data. The irradiance model accurately reproduced shading effects from
both the PV modules and greenhouse structure, achieving nRMSE values of 0.09, 0.18, and
0.27 for the control, 30% shading, and 50% shading zones, respectively.

Keywords: agrivoltaic; photovoltaic greenhouse; watermelon; shading; microclimate; yield;
fruit quality

AgriEngineering 2026, 8, 245

https:/ /doi.org/10.3390/agriengineering8060245


https://crossmark.crossref.org/dialog?doi=10.3390/agriengineering8060245&domain=pdf&date_stamp=2026-06-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com
https://orcid.org/0000-0002-9295-5300
https://orcid.org/0000-0003-2800-9886
https://orcid.org/0000-0002-4457-3551
https://orcid.org/0000-0003-0529-5672
https://orcid.org/0000-0003-4522-6815
https://orcid.org/0000-0002-7546-1878
https://doi.org/10.3390/agriengineering8060245

AgriEngineering 2026, 8, 245

20f37

1. Introduction

The rapidly increasing global temperature due to climate change [1-3] and its associ-
ated consequences pose significant challenges to agricultural systems, which must adapt
to changing climatic conditions while ensuring stable food production. At the same time,
overall food production has to be increased by about 70% until 2050 [4] in order to meet the
global food demand of an increasing global population [5]. The expansion of renewable
energies requires large portions of land, which might also affect food security. Although
correlations between energy production and food security are complex and still being
discussed [6], concerns about the land-use conflict between food and energy production
are reasonable given a present and prospective land scarcity. To address this land-use
conflict, new approaches to use areas of land simultaneously for both food and energy
production have emerged. Agrivoltaics (APV) integrates PV systems into agriculture,
making the simultaneous crop cultivation and solar energy production on the same area of
land possible.

APV offers especially high potential in semi-arid and arid regions, where various
positive side effects can be expected. Firstly, a PV system provides the farmer with an
additional source of income, as surplus energy can be sold to the grid and used to supply
industrial demand [7,8]. Additionally, APV systems can offer protection for crops from
extreme weather events, such as heavy rainfall or droughts [7,8]. Furthermore, several
studies have shown that water use efficiency is improved underneath PV panels in APV
systems [7,9,10]. These findings are becoming even more relevant as water demand for irri-
gation in agriculture is expected to increase in prospective future climatic conditions [10,11].
Crops cultivated in arid climates may also directly benefit from the reduction in solar radia-
tion through the PV panels [12,13]. A recent study assessed future climate scenarios for
two European wine-growing sites affected by climate change and found that APV systems
can reduce air and soil temperatures while improving soil moisture levels [14]. Therefore,
APV can be an important component of future renewable energy production systems while
simultaneously ensuring food production and the economic viability of agriculture [13].

One particularly promising application of APV systems is their integration into green-
house (GH) agriculture. GH cultivation is expanding rapidly worldwide to help meet the
rising food demand associated with a growing global population [15]. Recent global esti-
mates report 1.3 million hectares of GHs worldwide, distributed across 119 countries [15].
Globally, GH cultivation continues to grow at an estimated 6% per year [16]. Therefore,
plastic-covered, low-tech GHs remain essential for GH farming worldwide, yet represent
one of the main sources of agricultural plastic pollution when not recycled properly [17-19].
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 reduc-
tion, and sustainable food production. In recent years, research on APV GHs has developed
as a distinct field of study and is the focus of several review articles [20-23]. Figure 1
combines the work of [15] who used satellite image mapping to identify major clusters
of GHs worldwide, and [20] whose work includes a review of 122 studies on APV GHs
worldwide from 2010 to 2025.
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Figure 1. Global distribution of GH production clusters and locations of published APV GH studies.
The basemap and data on GH clusters is taken from [15]. Green stars indicate the locations of APV
GH studies summarized by [20].

Figure 1 demonstrates that regions with a high density of already existing GH infras-
tructures are particularly suitable for the application of APV [24], where PV modules could
(partially) replace plastic films or shading elements. Numerous studies emphasize that
well-designed APV systems can maintain or even improve crop performance while con-
tributing to farm-level energy self-sufficiency [22,25]. However, several studies also point
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 [26-28]. 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, different technical approaches to integrate PV into GHs have been developed. The
integration of conventional PV modules into GHs has been described for both traditional
and thin-film crystalline silicon modules [29-34]. The review paper of [20] summarized
24 studies (experimental and modeling studies) about integrating conventional, opaque
PV modules into the roofs of APV GHs. However, as in the case of c-Si solar cells, the non-
homogeneous illumination beneath the module, the low performance in diffuse light
conditions, the rigidity and toxicity still remain important issues, restricting their future
potential for higher market penetration [35]. Therefore, semi-transparent PV modules offer
more advantages in APV GH applications. The study of [36,37] examined the effects of
semi-transparent PV modules installed on a GH 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 [38], 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 [39] 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.

Another option to realize APV concepts for GHs is the integration of flexible, semi-
transparent PV modules on the roof of GHs [40]. The study of [40] used semi-transparent
dye-sensitized solar cells as an alternative GH cover material for agrivoltaic applications.
Their spectral transmission can be tuned to avoid major chlorophyll absorption bands
while preserving high transmittance in the red wavelength region required for photosyn-
thesis [40]. In addition, a full-scale prototype PV GH using dye-sensitized solar modules as
the cladding material has been studied in Greece [35,41]. The spectral engineered, semi-
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transparent material showed a high external quantum efficiency (higher than 70%) in the
whole blue—green region of the visible light, while allowing high transparency (up to 55%)
in the red region [41].

Furthermore, wavelength-selective PV systems were tested at the University of Cal-
ifornia, where scientists developed a semi-transparent system combining a luminescent
solar concentrator with conventional crystalline silicon solar cells [42—44]. The 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 [42-44].

Overall, new techniques and methods to combine PV and GHs are constantly emerging.
The authors of [35] summarized that each case is different and the design of the APV system
cannot always follow a standard approach. System adaptations to the local climate, crop
type, land shape and power needs should be implemented [35]. While crystalline silicon
modules are the most commonly applied technique so far, novel high-tech PVs offering high
performance, transparency and wavelength-selective absorption are counted as valuable
alternatives in the last years [35].

In Europe, the largest continuous concentration of GHs is located in the region of
Almeria; see Figure 2. It is the second largest area of GHs worldwide, representing a fraction
of 5.6% of global GHs. Southern Spain combines some of Europe’s driest conditions with
abundant sunlight and groundwater resources, which creates ideal conditions for year-
round crop production. Annual global horizontal irradiation in the Almeria region ranges
from 1900 kW hm 2 to 2100 kW hm ™2, according to the European Commission’s PVGIS
database [45,46].

m Gpemwcus

Figure 2. The “Campo de Dalias” greenhouse (GH) area surrounding El Ejido, a town in the southeast
of Almeria, Spain. Image credit: European Union, Copernicus Sentinel-2 imagery [47].

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 [48,49]. In the Almeria region, the so-called
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plastic-covered raspa-y-amagado GHs represent the majority of GHs [50]. Due to the high
solar radiation in Almeria, crop cultivation inside the raspa-y-amagado GHs can suffer
from adverse effects, and farmers are often required to manually reduce light transmission
of the plastic covers. The implementation of APV systems can support light management,
while simultaneously generating energy, which would lead to a higher profitability for GH
owners [51]. It has been shown that even for a tomato crop cycle during winter months
with low light availability a profit increase of up to +22% can be hypothetically expected
for a raspa-y-amagado GH with 50% of the roof area covered with PV modules, while a
30% PV coverage could already result in a +15% increase in profit for the grower [52].

Based on the previously reviewed studies, it is evident that APV research for GH ap-
plications is expanding. However, the impact of APV related shading on crop development
and yield in Mediterranean GHs has so far been investigated only by a limited number
of experimental studies [31,32,52-56]. In particular, APV installations in Almeria-typical
raspa-y-amagado GHs have been studied only by a few studies up to now. The experimen-
tal studies of [32,53] investigated tomato crop in a raspa-y-amagado APV GH with shading
ratios below 10% during the 2009-2010 growing season. The low shading ratio and limited
size of the APV GH did not affect marketable crop yield at the end of harvest [32,53]. The
study of [52] experimentally evaluated the impact of shading on GH microclimate and
subsequent tomato yield in a raspa-y-amagado APV GH during the 2023-2024 growing
campaign. In that study, shading ratios of 30% and 50% of the roof area covered with PV
modules were compared against an unshaded control zone. The high shading levels of the
APV GH altered the 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%, respec-
tively, in fresh weight at the end of the crop cycle compared with the control zone. These
reductions in yield were mostly attributed to the low light availability during the winter
months of the experimental study. However, shading of PV modules in APV GHs becomes
particularly helpful in the summer months when the naturally higher irradiation levels
might become harmful for the crops and photosynthetic saturation can occur.

This study presents an experimental investigation of shading effects on watermelon
cultivation in the same APV GH system described by [52], conducted during the late
spring and summer of 2024. Although watermelon is a larger industrial crop than GH
crops such as tomato and pepper, studies on the effect of the environment on crop growth
during the growing season are rare [57,58]. We present the first experimental study on
watermelon crops in an agrivoltaic setting, with preliminary results previously presented
in a conference poster [59]. To date, the effects of shading on GH-grown watermelons
have been only sparsely investigated. The study of [60] examined the role of the fruits
themselves in active photosynthesis, while another study explored the impact of light
supplementation using light-emitting diodes (LEDs) on watermelon crops [57]. In the
presented APV GH experiment, high shading levels have been selected to expand the
range of available experimental data for raspa-y-amagado GHs. This study contributes
novel results for a GH crop that has not previously been investigated in an APV context.
An expanded dataset will help the scientific community move closer to identifying shading
thresholds that still allow for optimal crop growth.

Furthermore, this study presents simulation results of the irradiance distribution
inside the raspa-y-amagado APV GH and compares them with experimentally measured
irradiance data over the entire growing period. In the presented study, the arrangement
of the PV panels on the GH roof was developed and determined based on theoretical ray-
tracing simulations prior to the experimental crop trial. These simulations were carried out
using the simulation framework introduced in [61] in order to determine the positioning of
the zones within the GH by minimizing shade overlap in the simulated irradiance distri-
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butions for different tested PV panel arrangements. In the study of [61], the methodology
was calibrated and validated for a Venlo-type GH using a single-day dataset from an APV
GH experiment reported in the literature [56]. Building on the monitoring period of the
tomato growing cycle described in [52], as well as the present watermelon trial, the ex-
perimentally measured irradiance data from the raspa-y-amagado GH were used for a
long-term comparison with simulated irradiance values at this specific test site. The novelty
of this work lies in the application of the methodology to a different GH geometry and GH
cover material, which demonstrates the flexibility and transferability of the model across
different configurations and sites. In addition, this study provides the first comparison
of ray-tracing-based irradiance simulations with experimental data for multiple months
across different seasons and crop cycles.

Section 2 presents the study methodology, including the GH characteristics and micro-
climate monitoring system (Sections 2.1 and 2.2), the fruit quality and yield measurements
(Section 2.3), and the irradiance model applied to the raspa-y-amagado GH (Section 2.4).
Section 3 presents the results of the study, including the effects of shading on GH micro-
climate (Section 3.1), crop yield (Section 3.2), and the results of the irradiance simulations
(Section 3.3). Section 4 discusses the results in the context of the current state-of-the-art,
while Section 5 summarizes the main findings and provides an outlook on future research
directions for the application of APV in GHs.

2. Materials and Methods
2.1. Greenhouse Characteristics

The experiment was conducted in a raspa-y-amagado GH in Almeria at Fun-
dacién Finca Experimental UAL-Anecoop (36.864° N, —2.282° E, 180 m above sea level,
1765m?) [52] during the watermelon growing cycle in 2024. As this is the follow-up grow-
ing cycle of the study presented in [52], the GH and the microclimate monitoring system
remained identical to those described in [52]. The combination of a longer tomato crop
cycle during winter (180 days [52]) followed by a shorter watermelon crop cycle reflects a
typical growing campaign in the Almeria region [50]. This section summarizes the main
GH characteristics relevant for interpreting the results, with emphasis on the aspects that
differ from [52].

The cultivation inside the GH started with the transplantation of a Diploid watermelon
variety with microseeds developed by ANECOOP S.COOP [62], on 22 March 2024. This
variety is characterized by sweet flavor and minimal seed content [62]. Before transplanta-
tion, the watermelon seedlings were raised outside the GH in a nursery. Harvesting of all
fully developed fruits took place on 10 June 2024 (80 days after transplantation). In each
treatment zone, 57 plants were planted in total with 19 plants per row. As each zone covered
440m?, this leads up to a plant density of 0.13 plants per m?. As the examined crop of the
trial is an almost seedless variety (62-CM3229), two additional watermelon pollinators were
added to the GH, i.e., the SM225514 variety and the CM2455 variety. These pollinator crops
flower early and continuously throughout the pollination period. One pollinator plant was
planted for every three seedless plants. Irrigation was controlled according to the growers’
expertise using a single irrigation system serving the entire GH. Therefore, all treatment
zones received the same irrigation and were not managed separately. Fertigation was
applied throughout the crop cycle via drip irrigation using water-soluble mineral fertilizers
supplying macronutrients (nitrogen, phosphorus, and potassium), calcium, magnesium,
and micronutrients such as iron, zinc, manganese, boron, and molybdenum, following com-
mon horticultural practices in the Almeria region. Pest management included a disinfection
of the GH soil prior to the transplantation of the seedlings, sticky traps for monitoring and
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reducing flying insect populations, and localized flower strips to support natural enemies.
No artificial pest-control treatments or pesticides were applied to the crops during the trial.

Opaque polyethylene sheets (1.0 m x 1.7 m) were attached to the GH roof to mimic the
shading effect of hypothetical PV modules [52]. The design of the GH and the arrangement
of the PV modules were defined prior to the study period using the methodology developed
in [61]. Based on a three-dimensional (3D) geometric representation of the GH developed
using the model described in [61], and climatic conditions derived from PVGIS data [45,46],
the GH was divided into three zones, i.e., one unshaded control zone and two test zones
with 50% and 30% shading by the PV modules installed on the roof. The terms “30%
shading” and “50% shading” refer to the two GH zones and are defined by the fraction of
the roof area covered by PV modules. Throughout the article, the terms “30% zone” and
“50% zone” are used to describe the test zones. Figure 3 shows an image of the real APV

GH and the according virtual geometric representation.

Figure 3. (a) View over the experimental APV GH and the facilities of Fundacion UAL-Anecoop [52].
(b) Virtual 3D-representation of the geometry of the GH and the arrangement of the PV modules in
the two shaded zones. Red, green and yellow stars: pyranometers. Blue squares: temperature and
relative humidity (RH) sensors.

Based on the 3D representation of the GH and the irradiance simulations based on
PVGIS data, the PV modules were arranged in a checkerboard pattern. This aimed to
improve light homogeneity inside the three zones and to avoid shade overlapping issues
throughout the year [52]. 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) [52]. Figure 4 shows the PV pattern from the inside of the GH.

The GH structure consisted of galvanized steel tubes, featuring a central corridor and
two parcels 8 m in width expanding towards each side of the corridor [52]. The roof’s lowest
points (the corridor) were at a height of 3.4 m, while the highest points at the gables reached
4.5m [52]. The GH cover consisted of a multilayer polyethylene film with a thickness of
200 um and a light transmission of 89% within the 400 nm to 700 nm spectral range [52].
Three zenithal windows, each 0.8 m in width and fitted with insect-proof nets, provided
passive ventilation [52]. Following the procedure carried out during the previous tomato
cycle in [52], the windows were opened when the temperature difference between indoor
and outdoor conditions exceeded 10 °C. A centralized irrigation system was used across
the entire GH without distinction between test zones [52], while overall GH operation and

https://doi.org/10.3390/ agriengineering8060245


https://doi.org/10.3390/agriengineering8060245

AgriEngineering 2026, 8, 245 8 of 37

crop management (ventilation, irrigation, fertilization, and pest control) were performed
by Fundacién UAL-Anecoop [52].

Figure 4. Pictures from inside the GH. (a) Control zone. (b) 30% shading zone. (c) 50% shading zone.

2.2. Microclimate Monitoring System

Global horizontal irradiance (GHI), relative humidity (RH), and temperature were
monitored at one-minute intervals, following the methodology of the microclimate monitor-
ing system presented in [52]. Sensor locations are illustrated in Figure 3, with measurement
specifications summarized in Table 1.

Table 1. Measurement devices used in the greenhouse (GH). Table taken and adapted from [52].

Symbol

Parameter Unit Device : Manufacturer
Figure 3

GHI (center) (Wm~2) CMP10 green stars Kipp & Zonen, OTT HydroMet B.V,,
Delft, The Netherlands

GHI (center) (Wm~2)  SP110 red stars Apogee Instruments, Logan, UT, USA

GHI (boundary) (Wm~2)  SPlite2 yellow stars Kipp & Zonen, OTT HydroMet B.V,,
Delft, The Netherlands

Temperature °C) RC-51H blue squares Elitech, Greenwich, UK

Relative Humidity (%) RC-51H blue squares Elitech, Greenwich, UK

Unlike tomatoes, which are grown vertically, watermelons are cultivated directly on
the GH floor, with the fruits resting on the ground. Therefore, to match the canopy height
of the watermelons in this study, all microclimate sensors were lowered from 2.8 m [52] to
0.5m above the GH floor.

2.3. Fruit Quality and Yield Measurements

The quality of the fruits and the yield was determined after harvest on 10 June 2024
(80 days after transplantation). The total number of harvested fruits and the total yield per
zone was documented. Then, for each treatment zone, ten fruits were selected randomly
for detailed examination.

First, a visual assessment of the external fruit quality was conducted, evaluating shape,
rind condition, and color. Fruit firmness was then measured using a digital penetrometer.
Subsequently, the fruits were cut in half to determine rind width. The soluble solids content
(SSC), expressed in units of °Brix, was measured by extracting a small sample of fruit
flesh and analyzing it with a refractometer according to the AOAC method no. 932.12 [63].
Table 2 summarizes the measured parameters.
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Table 2. Measured fruit quality parameters. Table taken and adapted from [52].
Parameter Unit Device Manufacturer
Fruit weight (8) NewClassic ML scale Mettler Toledo, Gieflen, Germany
Fruit firmness ! (kgem™3)  Digital fruit penetrometer (model 4105) ~ STEP Systems, Niirnberg, Germany
Rind width ! (mm) Digital caliper -
Soluble Solids Content  (°Brix) Pocket Refractometer PAL-1 ATAGO, Saitama, Japan

! Measured at three individual points per fruit.

2.4. Methodology of the Irradiance Model

The GH design and PV module arrangement were defined using the ray-tracing-based
irradiance model developed by [61]. Originally created to simulate irradiance distribution
within APV GHs, this methodology considers both the PV layout and the transmission
properties of the GH cover material. In [61], the model was calibrated and validated for
a Venlo-type GH by comparing simulations to a single-day dataset from an APV GH
experiment reported in the literature [56]. A direct comparison of the simulated irradiance
distribution with experimentally measured data was only feasible for that specific day.
The overall reduction in radiation was calculated with simulation results covering the
entire crop cycle of [56] and compared to the values reported in [56]. However, a more
comprehensive comparison with experimentally measured data across different climatic
conditions and over longer time periods remained open.

For the experiment planning in this study, a novel geometrical representation of the
raspa-y-amagado APV GH and an implementation of the new GH cover material were
incorporated into the model framework. Irradiance conditions at the test site were then
simulated based on PVGIS data [45,46], as experimentally measured data were not yet
available at that stage prior to the experiment. These simulations were therefore carried
out without comparison to real-world GHI measurements.

In the presented study, we use experimentally measured GHI data from the raspa-y-
amagado GH for a detailed long-term comparison with the simulated GHI values. The
irradiance sensors used in this study were the CMP10 Class A pyranometers manufactured
by Kipp and Zonen. These pyranometers have a spectral range of 285nm to 3000 nm,
and their relative error due to temperature sensitivity is below 1% [64]. The analysis
is based on GHI data from the tomato growing cycle described in [52], as well as the
watermelon trial presented here. The simulations are driven by satellite-based irradiance
data covering the time period of the experiment, with a temporal resolution of 15 min. This
section briefly outlines the methodology of [65] and addresses the challenges involved in
integrating the new GH cover material into the model.

The methodology of [61] is implemented using the C++-based ray-tracing soft-
ware Radiance (version 5.4) [66], a widely used tool for backward ray tracing in
photovoltaics [67-71]. In the first step, the geometry of the APV system using 3D represen-
tations using standard Radiance object primitives is defined. The light sources, i.e., the
sun and the sky dome, are then incorporated based on irradiance data from the Coperni-
cus Atmosphere Monitoring Service (CAMS) [72,73], using user-defined timestamps and
temporal resolution. The model simulates GHI at any given coordinate point within the
scene [61], with simulations for APV applications typically performed at the height of
crop canopy or rear- and/or front-side of the PV system. The following section describes
the challenges related to the implementation of GH cover materials for plastic-covered
APV GHs.
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2.4.1. Implementation of the Raspa-y-Amagado Greenhouse Cover Material

For plant growth, the most relevant fraction of solar radiation is the photosynthetically
active radiation (PAR, in units of pmolm~2s~1). 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 [74]. This spectral region aligns with the range of light
visible to the human eye (380 nm to 750 nm). Figure 5 shows the AM1.5 solar spectrum
(direct + circumsolar component) based on the ASTM G173-03 reference spectrum (ASTM
International, 2008) obtained via NREL [75], overlaid with the absorption spectra of chloro-
phyll a, chlorophyll b, and S-carotene, as well as the photosynthetic action spectrum.

2.00
—— ASTM G173 AM1.5 Spectrum
1.751 PAR range (400-700 nm)
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Figure 5. Spectral distribution of the ASTM G173 AM1.5 direct+circumsolar irradiance [75], overlaid
with the absorption spectra of chlorophyll a, chlorophyll b, and B-carotene, as well as the photosyn-
thetic 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 gray with
black, dashed lines.

Within the PAR region, not all wavelengths contribute equally to photosynthesis, as in-
dicated by the absorption spectra in Figure 5. The primary photosynthetic pigments exhibit
distinct absorption maxima in the blue and red parts of the spectrum: chlorophyll a absorbs
most strongly near 430 nm and 662 nm, while chlorophyll b absorbs mostly around 453 nm
and 642 nm [74]. These regions are therefore most efficiently used for the photochemical
reactions of photosynthesis. At the canopy scale, however, plants make use of a broad
spectrum of photons across the PAR wavelengths to drive photosynthetic carbon gain [16].
Beyond chlorophyll a and chlorophyll b, several accessory pigments, such as carotenoids
and nonphotosynthetic photoreceptor pigments, including phytochromes, cryptochromes,
and phototropins, also absorb in specific spectral bands [16]. Even at relatively low light
intensities, these receptors regulate numerous developmental and metabolic processes,
which influence seed germination, plant architecture, flavor formation, and nutritional
quality [16]. Most of the activating wavelengths fall within the blue (400 nm to 500 nm), red
(600 nm to 700nm), and far-red (700 nm to 800 nm) regions 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 [16]. By reaching
shaded lower leaves more effectively than blue or red wavelengths, green light can support
photosynthesis in inner canopy layers [76].
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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. Besides
light intensity, the directional light distribution in the GH throughout the canopy also
plays an important role [77]. 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 [78-80]. This means that maximized PAR transmission with a high fraction of diffuse
light is one of the most crucial considerations in GH design for most crops.

In the presented study, the GH cover material is made from a transmissive low-density
polyethylene film, which is the most common cover material for GH in the Mediterranean
region [50]. To increase the diffuse light distribution inside the GHs, these materials have
high haze values, i.e., the fraction of transmitted light, which deviates from the incident
direction [81]. Overall light transmission in the PAR range is typically between 80% and
89% , which aligns well with the values reported in this study (multilayer polyethylene
film, 89% transmission in PAR range; see Section 2.1). According to various manufacturers,
the fraction of diffuse PAR transmission is typically between 55% and 60% [82]; however,
for this study it has not been given.

As described in [61], transmissive materials for GH covers can be defined using the Ra-
diance material category trans. The theoretical background on radiative transfer modeling
and the material scattering model in Radiance is given in detail in Appendix A and will be
summarized here. To calculate irradiance at a specific point in the scene, Radiance solves
the rendering equation (Equation (A1)) for that point [83]. In this equation, the surface ma-
terial at that specific point is described by a bidirectional reflectance-transmittance distribu-
tion function, which characterizes both reflection and transmission. Radiance approximates
the bidirectional reflectance—transmittance distribution function with a material-dependent
parameterization [66], meaning that each material in the software can be described using a
physically based scattering model [66].

The Radiance modifier of a trans material is defined by seven parameters, i.e., red,
green, blue, specularity, roughness, Ty; ffs and Tspec, which the user has to manually set for
each GH cover material [61]. Setting the values of all seven parameters of the trans material
to realistically describe transmissive polymers is a complex process. As described in detail
in Appendix A.2, the trans material follows the Radiance scattering model described
by [84]. The seven parameters defined by the user are used in Equations (A4)—(A9) to
describe the decomposition of the bidirectional reflectance—transmittance distribution
function of the trans material. The scattering behavior of the material is then approximated
using Equation (A2), and the rendering equation is solved in the form of Equation (A3) to
calculate irradiance at a given point in the scene.

Usually, the only available information of commercially available plastic sheets for
GHs is the transmittance value, without separation into direct and diffuse fractions, which
is also the case in the presented study. For a realistic implementation of a GH cover material
in the software, the correct definition of the two parameters Ty; ff and Tspec is crucial, as they
influence transmission characteristics in the scattering model.

The methodology of [61] already included a workflow to relate the overall transmit-
tance of a given material to a combination of Ty; ff and Tspec in Radiance. This workflow
is now extended to correlate combinations of Tj; ff and Tipec in the simulation with the
diffuse light transmission of a material. Similar to the methodology developed in [61],
a simulation test environment for trans materials was set up with a rectangular surface
of the GH plastic material at a specific height; see Figure 6. A point-like light source was
placed directly above the trans material and emitted a direct ray with constant intensity Iy
vertically onto the trans material’s surface.
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Figure 6. Test environment for trans materials to investigate transmittance behavior under defined
simulation conditions. Yellow arrow: direct light beam emitted vertically onto the trans material.
Dashed, yellow arrow: specular fraction of transmitted light. Dashed, blue arrows: diffuse fraction
of transmitted light. Transmitted irradiance is spatially evaluated along the ground below the

trans material.

First, the test environment of Figure 6 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 a trans material between the light source and the
ground surface, where the irradiance is evaluated. The position and spatial extent of this
direct beam is indicated by the red rectangle in Figure 7.

For the analysis of different parameter combinations to potentially describe GH plas-
tics, the first five parameters of the trans material definition were kept constant whilst
iterating through combinations of Ty; ff and Tspec. Ty; ff and Tspc were both varied in range
[0,1] in steps of 0.01 with a total of 1012 = 102021 combinations. Then, the 1012 combina-
tions of T ff 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 7 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 7. (a) Without trans material: extraction of position of direct beam, i.e., white spot inside
the red rectangle. (b) With trans 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 trans material.
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The total transmitted irradiance I,y 101, Under the trans material was evaluated
for each of the tested combinations. The direct and diffuse transmission were determined
by distinguishing between direct transmitted irradiance (I;;,) and diffusely transmitted
irradiance (Iz;¢f). Then, haze ® was determined according to Equation (1).

1;:
o= dif f )

Itruns,total

Figure 8 depicts the results of the sensitivity analysis for the haze effect.
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Figure 8. Haze analysis of Radiance trans materials depending on Tj; ff and Tspec. The color scheme
relates to the haze ® of the tested material, i.e., the ratio of diffusely transmitted irradiance to
total transmittance.

Figure 8 reveals clear structures for the dependency of haze on the choice of Ty and
Tspec- For Ty; = Tspec — 1, the direct transmission is dominant, leading to haze equal
to zero. Haze increases gradually while decreasing Tj; ff and Tspgc. For low Tspec, diffuse
transmission is overall dominant independent of the actual choice of Ty;¢f, resulting in
high haze values. Notably, for Tsp.c — 1 and Ty;fr = 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 in haze. However, in Radiance’s way of sampling
direct rays, purely specular transmission with zero diffuse contribution leads to both the
numerator and denominator in Equation (1) equal to zero, so ® = 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 the 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 [66].
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Decreasing Ty; ff 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.

Following the analysis for the overall transmittance in [61] and the here-presented haze
analysis in Figure 8, the characteristics of the cover material of the raspa-y-amagado GH
(89% light transmission [52], diffuse light transmission between 55% and 60% as reported
in [82]) are transferred to the simulation environment and approximated with the parameter
combination given in Table 3.

Table 3. Parameters of the trans material to match the description of the raspa-y-amagado GH.

Red Green Blue Specularity Roughness Tairr Tspec
0.938 0.938 0.938 0.010 0.000 0.972 0.655

2.4.2. Statistical Error Metrics to Evaluate Long-Term Comparison

Several statistical error metrics are used to evaluate model performance in the com-
parison between experimentally measured GHI and simulated GHI. Here, the metrics are
introduced and summarized using general terminology, where

. n is the number of observations;

. y; is the observed value;

*  {;is the simulated value;

* ¥ is the mean of the observed values, calculated as y = % Y Yi

The root mean square error (RMSE) quantifies the average magnitude of the simulation
error and is defined in Equation (2).

n

1 R
RMSE = - Y (@i —vi)? 2)
i=1
The normalized RMSE (nRMSE) expresses the RMSE relative to the mean of the
observed values and is calculated as in Equation (3).

nRMSE = RB;SE 3)

The mean bias error (MBE) indicates the average bias in the simulations and is defined
in Equation (4).

n

MBE = % Y (0 —vi) (4)
i=

The normalized MBE (nMBE) expresses this bias as a fraction of the mean observed
value and is calculated as in Equation (5).

nMBE = Mo ©)

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 (6).

1
MAE = =3[9 =il (6)
i=1
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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 (7).

nMAE = MAE 7)

3. Results

Section 3.1 discusses the effect of shading on the GH microclimate, while Section 3.2
focuses on its impact on watermelon yield and fruit quality. Section 3.3 presents the
comparison between experimentally measured GHI and simulated GHI, based on the
methodology and the novel implementation of the GH plastic described in Section 2.4.

Irradiance data from inside the APV GH are presented in Sections 3.1 and 3.3. As
described in Section 2.2, GHI was monitored using four pyranometers at different locations
within each of the three zones. For clarity and a cleaner visualization, data from the
CMP10 pyranometers, marked with green stars in Figure 3, are shown as a representative
example for all presented irradiance data.

3.1. Effect of Shading on Greenhouse Microclimate

As described in Section 2.4.1, PAR is the primary driver of photosynthesis for crop
growth. As the pyranometers in the GH measured GHI, these GHI values were converted
into PPFD using the linear regression model from Vindel et al. [85]. This method has
previously been applied by [86] to calculate radiation levels in APV GHs in Southern Spain
using satellite-derived GHI data. It was also used in the earlier study on tomatoes in the
same GH [52] to present microclimate measurements. According to [85], GHI [W m~2]is
converted into PAR [pmol m 2 s~!] using Equation (8).

PAR(t) = [a(month) - GHI(t) + b(month)] - conv. (8)

The conversion factor conv. has a constant value of 4.6 umol ]! [74]. For the region of
southern Spain, the coefficients of [85], shown in Table 4, are applied.

Table 4. Coefficients a and b for the region of southern Spain taken from [85].

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

al-] 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] 035 0.49 1.37 2.15 10.94 9.37 18.05 8.63 7.12 2.25 1.45 1.25

Figure 9 shows the daily mean PPFD and the relative fraction of the 30% and 50%
zones compared to the control zone. To relate the measurements to the climatic conditions
outside the GH at the test site, daily mean PPFD values derived from satellite-based CAMS
data are also presented.

The daily average PPFD shows that irradiance levels remained stable among the three
zones in the GH throughout the study period and the absolute irradiance levels did not
increase significantly towards the end of the study period. Days with low PPFD values
in all three zones were primarily associated with cloudy and rainy conditions at the test
site, which is confirmed by the CAMS data (gray data points in Figure 9) with equally low
PPFD values outside of the GH. In the 30% shading zone, the mean reduction in radiation
over the study period is 31%. The term “radiation reduction” is used here to quantify the
reduction in irradiance levels relative to the unshaded control zone, where 100% of the
incident radiation is measured inside the GH. In the 50% shading zone, radiation levels
were reduced on average by 52%.
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Figure 9. (a) PPFD values in the three zones. The daily mean of the CMP10 pyranometer of each zone
is presented. In addition, the outside radiation conditions are included with daily mean PPFD values
derived from satellite-based CAMS data. (b) Fractional quantities with respect to the 0% control zone.

The PPFD is then used to calculate the daily light integral (DLI) [74]. According to the
study of Jeon et al. [57], watermelons are classified as high light-demanding crops requiring
DLI values between 21 molm~2d~! and 32molm~2d~! for optimal crop development. A
minimum threshold for sufficient growth of high light-demanding crops has been reported
as 15molm~2d~! by Cossu et al. [87]. Figure 10 illustrates the temporal evolution of
the average DLI in the three zones over the study period. For comparison with external
conditions, the outside DLI is derived from CAMS data.
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Figure 10. DLI values calculated from the mean PPFD of the three zones. The dashed line refers to
the threshold for sufficient crop growth taken from [87]. The DLI range for optimal crop growth is
taken from [57].

For the unshaded control zone, the measured DLI values were above the minimum
threshold of 15molm~2d~! on 92.6% of the days (75 days), while on 49.4% of the days
(40 days) the measured DLI values fell within the optimal DLI range of 21 molm2d~! to
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32molm~2d~!. In the 30% shading zone, 80.2% of days (65 days) exceeded the minimum
threshold, while 46.9% (38 days) were within the optimal range. While for the 50% shading
zone none of the days reached the optimal range, the measured DLI values exceeded the
minimum threshold on 38.3% of the days (31 days).

In addition to GHI, temperature and RH were also monitored and measured at two
distinct points in the center of each zone (labeled with blue squares in Figure 3). According
to the study of Jeon et al. [57], watermelon growth slows down or stops in temperatures
higher than 40 °C or temperatures lower than 12 °C. Figure 11 shows the diurnal mean
temperature and RH, calculated between 9:00 and 18:00 of each day, and the temperature
and RH difference with respect to the control zone.
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Figure 11. (a) Temperature values in the three zones. The diurnal mean of the two temperature
sensors of each zone is presented, calculated between 9:00 and 18:00 for each day. (b) Temperature
difference with respect to the 0% control zone for daily mean temperature values. (c¢) Diurnal mean
RH in the three shading zones, calculated between 9:00 and 18:00 for each day. The mean of the two
sensors per zone is presented. (d) RH difference with respect to the 0% control zone for daily mean
RH values.

During the study period, the temperature in the two shaded zones was consistently
lower than the values recorded in the unshaded control zone (except for three days for
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the 30% zone). On average, temperatures in the 30% and 50% zones were 2.2°C and
4.3°C lower than in the control zone, respectively. The highest temperatures occurred
on 5 April 2024, reaching 44.6 °C, 40.6 °C, and 39.2 °C for the 0%, 30%, and 50% zones,
respectively. The lowest temperatures were recorded on 31 March 2024, with 22.0°C,
20.6°C, and 18.9 °C, respectively.

As the RH inside the GH naturally correlates with temperature, the curves for the
diurnal mean RH show an opposite trend, increasing with shading. On average, diurnal
mean RH values of the 30% shading zone are 2.1 percentage points (p.p.) higher than in
the control zone. For the 50% shading zone, the diurnal mean RH values are on average
5.5 p.p. higher than in the control zone. Days with lower RH in the shaded zone than the
control occurred on 10 days for the 30% shading zone and on 4 days in the 50% shading
zone. Maximum RH values were reached in all three zones on 31 March 2024, at 69.4%,
75.6%, and 79.4% in the 0%, 30%, and 50% zones, while minimum RH occurred on 5 April
2024, at 16.2%, 18.5%, and 20.7%, respectively.

3.2. Effect of Shading on Fruit Quality and Yield

This section presents the results of the fruit quality and yield measurements. As
indicated in Section 2.3, all fruits in the GH were harvested on the same day. Ten fruits
per treatment were sampled as subsamples within each zone (control with 0% shading,
30% shading and 50% shading) for fruit quality analysis. Therefore, fruits do not represent
independent experimental replicates, but, rather, subsamples of the same treatment unit.
Statistical interpretation of treatment effects was conducted with this limitation in mind
and should be interpreted cautiously.

A visual examination was conducted on all 30 fruits to assess rind condition, shape,
and color. According to the United Nations Economic Commission for Europe Standard
FFV-37 for the marketing and quality control of watermelons [88], fruits classified as
“Class Extra” must be of the highest quality and free from defects, except for very slight
superficial imperfections that do not affect their overall appearance. For “Class I”, minor
defects in shape and color are permitted compared to “Class Extra”, while the rind must
remain completely intact [88]. All 30 fruits examined from this experiment showed no
visible defects and developed the expected color for the cultivar across all replicates.
Therefore, no reduction in appearance of the crops due to shading was observed during
the visual examination.

Then, the fruits were measured according to the protocol described in Section 2.3,
using the devices listed in Table 2. Figure 12 summarizes the results for fruit weight, rind
width, SSC, and fruit firmness. For each shading zone, the mean of the ten replicates is
shown, with error bars representing one standard deviation of the mean.

Watermelon fruit quality parameters showed only minor variation among shad-
ing treatments. Mean fruit weight was (10.23 £ 1.63) kg in the control treatment,
(8.58 £ 1.10) kg under 30% shading, and (10.55 £ 2.17) kg under 50% shading. Mean
rind width ranged from (18.60 &+ 2.74) mm in the control to (19.70 + 1.86) mm and
(19.97 £ 1.45) mm under 30% and 50% shading, respectively. Fruit firmness values were
(1.29 +0.16) kgem =3, (1.33 £ 0.23) kgcm 3, and (1.24 4 0.11) kg cm 2 for the 0%, 30%,
and 50% shading treatments, respectively. SSC remained comparable across treatments,
with values of (9.99 4 0.31) °Brix, (9.98 & 0.65) °Brix, and (9.79 & 0.56) °Brix for the control,
30%, and 50% shading zones, respectively.
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Figure 12. Mean values and standard deviations of watermelon fruit quality parameters across the
three shading treatments (0%, 30%, and 50%). Bars represent the mean of the examined fruits per
treatment, while error bars indicate +10 standard deviation. The control treatment (0% shading)
is shown in red with forward-slash hatching, the 30% shading treatment is shown in green with
backslash hatching, and the 50% shading treatment is shown in blue with vertical bar hatching.
Shown variables include fruit weight (kg), rind width (mm), fruit firmness (kg cm—3), and soluble
solids content (SSC) (°Brix). (a) Fruit weight. (b) Rind width. The width was determined at three
different points of the rind. For each repetition, the mean of these three measurements was considered.
(c) SSC. (d) Fruit firmness. The firmness was determined at three different points of the rind. For each
repetition, the mean of these three measurements was considered.

To assess the statistical significance of shading effects on watermelon fruit quality,
the four measured parameters under shaded treatments (30% and 50% shading) were
compared with the control (0% shading) using Dunnett’s test at a significance level of
« = 0.05 [89,90]. Prior to applying Dunnett’s multiple comparison test, the assumptions of
normality and homogeneity of variances were evaluated using the Shapiro-Wilk test and
Levene’s test, respectively. No significant deviations from normality or homogeneity of
variance were detected (p > 0.05).

Table 5 summarizes the mean values and standard deviations of the four fruit quality
parameters, together with adjusted p-values and 95% confidence intervals obtained from
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Dunnett’s multiple comparison test comparing the 30% and 50% shading treatments against
the control.

Table 5. Mean values and standard deviations of watermelon fruit quality parameters. The last four
columns report the adjusted p-values and 95% confidence intervals (CI) from Dunnett’s multiple
comparison test relative to the control treatment (0% shading).

Parameter  Unit 0% Shading 30% Shading 50% Shading p-Value30 p-Value50 95% CI 30 95% CI 50

Weight (kg) 10.23 £ 1.63 8.58 £1.10 10.55 + 2.17 0.07 0.88 [—3.41,0.11] [—1.44,2.08]
Rind width  (mm) 18.60 £2.74  19.70 £ 1.86 19.97 + 145 0.40 0.26 [-1.08,3.28] [-0.81,3.55]
Firmness (kg cm~3) 1.29 £ 0.16 1.33 £0.23 124 £0.11 0.75 0.77 [-0.13,0.23] [-0.23,0.13]
SSC (°Brix) 9.99 +0.31 9.98 & 0.65 9.79 + 0.56 1.00 0.62 [-0.56,0.54] [-0.75,0.35]

None of the measured fruit quality parameters in the shaded treatments showed
statistically significant deviations from the control at « = 0.05. Mean fruit weight under
50% shading was comparable to the control, while fruits grown under 30% shading showed
a tendency toward lower weight; still, this difference was not statistically significant
(p = 0.07). The applied shading also had no effect on rind characteristics, with rind width
and fruit firmness remaining similar across all treatments.

Fruit sweetness, expressed as SSC, was likewise unaffected by the applied shading.
SSC is one of the main quality indicators in watermelons. For the European market, a SSC
of 8°Brix is defined as minimum acceptable quality standard [88], which is fulfilled in all
three zones of the GH. The SSC represents sugars, organic acids, soluble amino acids and
other compounds in the fruits and is therefore closely associated with perceived sweetness
and overall consumer acceptance [91].

In addition to the presented quality measurements, the total marketable yield of the
three zones was also determined. While in the control zone 60 fruits and in the 50% shading
zone 64 fruits were harvested (509 kg and 444 kg total yield, respectively), only 21 fruits
were harvested in the 30% shading zone (177 kg total yield). The reduced yield in the 30%
shading zone was caused by a localized pest outbreak of powdery mildew that specifically
affected the area of the 30% shading zone in the GH. The pest outbreak was likely caused
by already contaminated GH soil prior to the transplantation of the watermelon seedlings.
It was already pointed out by [59] that the consequences of such a contamination disease
can be an “all or nothing” factor for the grower. In that case, APV can mean financial
security for farmers due to additional income from generating and selling energy with the
PV system [59]. In the presented study, the pest outbreak is not considered to be related to
the shading treatment; however, because the yield of the 30% shading zone was strongly
affected by powdery mildew, direct comparisons of yield between the 30% zone and the
other treatments should be interpreted with caution, and no firm conclusions regarding the
effect of 30% shading on yield can be drawn.

3.3. Irradiance Modeling for the Raspa-y-Amagado Greenhouse

The long-term performance of the irradiance model is evaluated using continuous
measurements of GHI collected in two successive GH crop cycles in the experimental APV
GH presented in Section 2.1. The 185-day cycle with tomatoes ran from 14 September 2023
to 15 March 2024 [52]. The 80-day watermelon cycle took place in the experimental APV
GH from 22 March to 10 June 2024. The simulations presented in this manuscript cover
the time period of both crop cycles. During the watermelon cycle, the pyranometers in
the GH were lowered from a height of 2.8 m to 0.5m to align with the lower canopy of the
watermelon plants. Consequently, the simulations for the tomato crop cycle estimate GHI
at a height of 2.8 m, while those for the watermelon crop cycle estimate GHI at 0.5 m inside
the GH.
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3.3.1. Single-Day Irradiance Modeling

This section compares simulated and experimentally measured GHI for the clear-sky
day of 11 April 2024 as an example day because clear-sky conditions facilitate a better
understanding of both the ray-tracing capabilities and the limitations. Figures 13-15 show
the GHI curves for this example day.

Sensor: 0_CMP10

1000 A
.“‘,...o.o.’,“. Experimental (minutely)
o ‘~.\‘ -%- Simulation (best pixel)
’," e, -4+ GHI exterior CAMS
800 1 » .

o, —+ Experimental (mean * std)
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GHI [W/m?]

400+

200+

Time

Figure 13. 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 10 standard deviation (green), and 15 min
interval simulated GHI (red).

In Figure 13 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 trans-
mittance of the GH plastic cover described in Section 2.1. 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 simulations underestimated the measured 15 min 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 red—green-blue (RGB)
channels that represent the visible range of the spectrum (see Figure 5, approximately
380nm to 780nm). When using the rtrace sky generators (gendaylit, gensky), as de-
scribed in [61], Radiance internally assumes that 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 [66]. Consequently, 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 near-infrared
(NIR) radiation of the solar spectrum is implicitly included in the broadband direct normal
irradiance input parameter and is therefore not neglected in the simulation; however, it is
distributed according to the fixed visible spectral shape assumed by Radiance [66]. 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 underesti-
mates the experimentally measured GHI inside the GH, particularly during midday hours,
when the NIR fraction of the solar spectrum is naturally higher.
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Thus far, approaches to increase the fraction of NIR around solar noon in Radiance
daylight simulations to obtain a better agreement with experimentally measured GHI
values have not been reported in the literature. In general, an air-mass-dependent spectral
correction accounting for the NIR contribution could be added to the post-processing of the
simulated GHI by Radiance. Theoretically, such a correction model can be either based on a
known reference solar spectrum model, e.g., the ASTM G173 solar spectrum [75] (depicted
in Figure 5), or based on the coupling of Radiance with a spectral model such as SMARTS
(Simple Model of the Atmospheric Radiative Transfer of Sunshine) [92]. Nevertheless,
the development of such a correction would require further experimental testing and data,
which is beyond the scope of the present study and could be further elaborated in future.

Sensor: 30_CMP10

1000
“‘,40-0-0‘.’.‘ Experimental (minutely)
‘y" "~,,_‘ -%- Simulation (best pixel)
’,." 't.’ -4+ GHI exterior CAMS
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S
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T 400
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S e & & & & & q.°° G-QQ S
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Figure 14. 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 +-1¢ standard deviation (green), and 15 min
interval simulated GHI (red).

In Figure 14, 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.

In Figure 15, for the 50% shading zone, the measurements of the pyranometer dis-
play distinct 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.
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Figure 15. 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 10 standard deviation (green), and 15 min
interval simulated GHI (red).

3.3.2. Irradiance Modeling for Two Complete Crop Cycles

For each day of the experiment, simulations with 15 min temporal resolution were
performed at the previously defined sensor positions to obtain GHI inside the GH within
the three shading zones. Figure 16 presents the comparison of the experimentally mea-
sured GHI by the three CMP10 pyranometers with the simulated GHI at the specified
coordinate sets.

The comparison between simulated and experimentally measured GHI shows a gen-
eral 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 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
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.

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 (3), was calculated for each day of the crop cycle
between experimentally measured GHI of the CMP10 pyranometers and simulated GHI.
Figure 17 shows the nRMSE values for the three shading zones of the APV GH for each
day of the experiment.
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Figure 16. Comparison between experimentally measured GHI by the three CMP10 pyranometers

and simulated GHI at the previously defined coordinate points. Dashed line: line of equality where
GHlIgjp, = GHlexp- (@) 0% shading. (b) 30% shading. (c) 50% shading.

The day-wise comparison shows that within each zone, the nRMSE values behave con-

sistently 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 show the highest
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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.

0.7

—a-- 50% zone
0.61 -+- 30% zone

—e— (9
0% zone tomato cycle watermelon cycle

W 0.4+ l i; .
z '*n I‘ ! h'!hl:h.ﬂ'; ”
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Figure 17. Long-term nRMSE values of the irradiance model with experimentally measured GHI
of the CMP10 pyranometers in the three shading zones. The nRMSE values are calculated for each
day and zone. Red circles, solid curve: 0% control zone. Green triangles, dashed curve: 30% shading
zone. Blue squares, dashed—dotted curve: 50% shading zone.

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 gray 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, as defined in
Equations (2)—(7), are calculated for the entire timeframe of the experiment and summarized
in Table 6.

Table 6. Error metrics for the comparison between simulated and experimentally measured GHI for
the three zones in the APV GH.

Zone nRMSE nMAE nMBE [%] RMSE[Wm~—2] MAE[Wm2] 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 simu-
lated and experimentally measured GHI. The small negative bias (MBE=—6.4Wm™2,
nMBE = —2.4%) confirms the underestimation of GHI by the irradiance model, but the
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deviation remains small over the two crop cycles. In the 30% shading zone, the nRMSE
increases to 0.18, which was discussed previously due to the greater geometric and material
complexity caused by the PV system. Here, the bias is almost zero (MBE = +0.8 Wm 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, again, reflects the higher uncertainty associated with the denser 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 16. The MBE (MBE = —6.7 Wm™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 stud-
ies, where MBE values within +10% are generally regarded as satisfactory [93,94]. As
described in Section 2, the GH cover exhibited an overall transmittance of 89% and a
diffuse transmittance of approximately 55%. In Radiance, direct irradiance is modeled
using deterministic rays originating from the sun, whereas diffuse irradiance is simulated
through Monte Carlo sampling based on the Perez sky model [61]. The simulation results
indicate that diffuse light transmission was reproduced accurately, as demonstrated by
the strong agreement between simulated and experimentally measured irradiance values
inside the GH, particularly during periods when the pyranometers were directly shaded
by the PV modules. However, the simulation error increases with higher shading ratios
imposed by the PV system. Under the 50% shading configuration, the PV modules were
positioned closer together, reducing the open spacing between modules and increasing the
relative contribution of direct solar irradiance in the simulation. Under these conditions,
accurately reproducing the pyranometer field of view became more challenging, and minor
geometric misalignments between the real GH and its 3D representation in the simulation
likely contributed to the larger discrepancies observed between measured and simulated
irradiance values.

4. Discussion

Watermelons are nutritious and widely consumed summer fruits around the world [91].
Botanically, watermelon is classified as a vegetable crop [95]. They account for 7% of the
world’s fruit vegetable production [96]. In the European market, Spain contributes around
35% of total watermelon supply, with the majority grown in GHs in Almeria, Southern
Spain [95]. Thus far, studies on the effect of the environment on crop growth and fruit
quality during the growing season are rare [57,58]. In general, the quantity and quality of
fruit vegetables are considerably influenced by meteorological factors, such as the amount of
sunlight, rainfall, and temperature during the maturity stage after the fruit set, as well as the
root zone environment of the cultivation area [57,97]. Light availability and temperature are
the most influential factors directly related to plant development and yield [98].

In the context of APV, the integration of PV panels into the GH roof can create a
reduction in solar radiation inside the GH with possible effects on microclimate and, subse-
quently, crop production [26-28]. This effect of reduced radiation can be particularly helpful
in semi-arid and arid regions [7,8], where light intensity might be higher than the crops’
needs, and additional shading can then lead to a positive impact on crop growth [12,13].
The specific case of the raspa-y-amagado GH has so far only been investigated in an APV
setting in the two studies of [32,53] with a shading ratio of 10%. In their studies, the shading
did not affect total marketable tomato yield. Furthermore, the study of [52] investigated
tomato crops in the same experimental setup as presented here and experienced a negative
impact of shading on tomato yield due to low light availability during the winter months.
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In the presented study during the spring/summer months of 2024, the mean reduction
in radiation over the study period was determined to be 31% in the 30% shading zone. In the
50% shading zone, radiation was reduced on average by 52%. This is in alignment with the
theoretical calculations of Cossu et al. [99], who found that each 1% of roof coverage by
PV modules reduces transmitted irradiance by approximately 0.8%. A checkerboard PV
arrangement and a north—south orientation of the GH enhance light uniformity beneath
the panels, which can potentially reduce shading stress on crops [99]. In the presented
study, the single-day irradiance measurements and simulations showed clear transitions
between shaded and unshaded conditions, despite the checkerboard arrangement of the
PV modules on the GH roof. Typically, Mediterranean GH cover materials exhibit high
haze values and are designed to create a more homogeneous light distribution inside
the GH [50]. Although opaque PV modules were used during the trial, diffuse light
still reached the crops through the gaps between the PV modules and through the side
walls of the GH. In this case, the high haze of the cover material (~55%) dominated the
light environment, resulting in predominantly diffuse radiation beneath the roof. This is
beneficial for crop development, as plants generally utilize diffuse light more efficiently
than direct light [78-80].

Furthermore, the photosynthetic rate of leaves exhibits a nonlinear response to light
flux density, approaching a saturation point beyond which additional PAR radiation does
not significantly increase photosynthetic activity [100]. Nevertheless, opaque PV modules
still create alternating patterns of shaded and unshaded direct sunlight. To address this
limitation, advanced approaches such as wavelength-selective and dye-sensitized PV
technologies are increasingly being investigated [35,41]. Future research could therefore
explore the integration of different types of semi-transparent PV modules in raspa-y-
amagado GHs to further mitigate abrupt transitions between shaded and unshaded areas
caused by direct solar radiation.

Jeon et al. [57] proposed a DLI range between 21 mol m2d!and 32molm 24! for
optimal crop development, as the watermelon is classified as a high light-demanding crop.
Furthermore, a threshold for sufficient growth of high light-demanding crops is reported by
Cossu et al. [87] with 15molm~2d~!. In the presented study, 38 days of the 30% shading
zone, i.e., 46.9% of the crop cycle, were within the optimal range. In particular, days in
the second half of the crop cycle leading up to the harvest were almost consistently in the
optimal range. For the unshaded control zone, only two days more fell in the optimal DLI
range, while days in the second half of the crop cycle were mostly above the optimal range.
For the 50% shading zone, 31 days were above the minimum threshold for sufficient crop
growth. The reduction in radiation did also affect temperature and RH in the two shading
zones. On average, temperatures in the 30% and 50% zones were 2.2 °C and 4.3 °C lower
than in the control zone, respectively. In addition, diurnal mean RH values of the 30% and
50% shading zone were 2.1 p.p. or 5.5 p.p. higher than in the control zone, respectively. It
should be noted that the operation of real PV modules can also lead to an increase in indoor
temperatures instead of a temperature decrease, as measured in the presented study [21].

Yield and quality of the cultivated watermelons were assessed with measurements
of fruit weight, rind width, fruit firmness and SSC after harvest. The watermelon is a
fruit that must be harvested when fully mature, because once separated from the vine,
neither the sugar content nor the internal coloration increase [101]. Fruit ripeness and
SSC is directly related to the eating quality of fruits. In the presented study, the crops
cultivated in the GH were considered ripe and harvested all on the same day, according
to the expertise of the GH maintenance personnel. The quality measurements showed no
significant differences in all four assessed parameters, i.e., fruit weight, rind with, SSC,
and fruit firmness. Nevertheless, the 30% shading zone was affected by a localized pest
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outbreak, which reduced total yield of the fruits and makes conclusions between this zone
and the control zone difficult. The total yield was 509 kg yield in the control zone and 444 kg
in the 50% shading zone. Due to the outbreak of powdery mildew in the 30% shading
zone, the final yield of that zone was determined to be 177 kg. The mean SSC for all three
zones was approximately 10°Brix, which is 2°Brix above the minimum desirable value
for watermelon in the European market [88]. These findings agree well with the study
of Marrou et al. [102], who observed that when mean daily air temperature and RH in a
GH were similar to full-sun conditions, the growth rate of some crops, such as lettuce and
cucumber in summer, was not significantly different. Moreover, no reduction in lettuce
yield was observed under a 50% and 70% reduction in incoming radiation in summer [103].

The total marketable yield of the three zones was also determined. While in the control
zone 60 fruits and in the 50% shading zone 64 fruits were harvested (509 kg and 444 kg total
yield, respectively), only 21 fruits were harvested in the 30% shading zone (177 kg total
yield) due to a localized pest outbreak in that zone. This yield reduction was not caused by
the applied shading; however, the financial consequences for the growers, if the crop yield
is less than expected, can be tremendous in any case. In that case, APV can mean financial
security for farmers due to additional income from generating and selling energy with the
PV system [59]. This aligns with the studies of [32] and [53], who applied a 10% shading
ratio to a raspa-y-amagado GH in Almerfa and were affected by the pest “Tuta absoluta” in
the control zone.

The irradiance conditions inside the APV GH were simulated using the methodology
developed in [61]. The comparison with the experimental data from the raspa-y-amagado
APV GH experiment was feasible for 265 days, combining the study periods of [52] and
the presented watermelon trial. The geometry and the cover material of the raspa-y-
amagado GH were added to the model workflow, and the model successfully reproduced
the irradiance measured inside the APV GH. 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. The model is able to reproduce the shading patterns caused by the PV modules
and also simulate shading related to the GH structure itself.

Even though ray-tracing-based models are a widely applied approach for the simu-
lation of irradiance in photovoltaics and agrivoltaics [67-71,104-106], their application to
GHs has been so far tested only by a few studies. The study of Laue [107] used Radiance
for glass GHs in the Netherlands. The study of Isied et al. [108] presented a ray-tracing
engine for the design of APV GHs, which tracks direct rays and does not model diffuse
refraction. Both studies simulated hypothetical GHs and did not present a validation with
experimentally measured irradiance data from a real GH. The irradiance model used in
this study was previously calibrated and validated for a Venlo-type GH [61] by comparing
simulations to a single-day dataset from an APV GH experiment [56]. A direct compari-
son of the simulated irradiance distribution with experimentally measured data was only
feasible for that specific day, and the applicability of the model to different meteorological
conditions and over longer time periods remained an open question. The present study
compares simulations with experimentally measured irradiance of a real-world APV GH
for 265 days, depicting different seasonal varieties. In the context of irradiance models for
APV GHs, the here-presented results represent the first detailed long-term comparison of
simulated irradiance with real-world data.

Experimental studies and pilot sites across Europe show that the design of APV
solutions always has to be adapted to location-specific climatic conditions [109]. For GHs,
different studies indicate that checkerboard patterns and semi-transparent PV modules
improve light uniformity [31,110]. Furthermore, small and fast-moving shade patterns
can be more beneficial to plant growth [111]. The simulation results confirmed that light
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homogeneity improved with the placement of the PV modules in a checkerboard pattern,
and changes between shaded and unshaded periods were less pronounced. Depending on
the position in the GH, irradiance distribution inside the GH is not only influenced by the PV
shading, but the structure itself can also lead to an inhomogeneous irradiance distribution.

5. Conclusions

The presented study describes the first experimental trial on watermelon crop in an
APV GH. The study was conducted in an Almeria typical raspa-y-amagado GH. Given
the global scale of GH agriculture and the importance of low-tech plastic GHs, the study
results can be transferred to similar GH systems and climates. High shading levels have
been selected to expand the range of available experimental data for raspa-y-amagado GHs.
This study contributes novel results for a GH crop that has not previously been investigated
in an APV context. An expanded dataset will help the scientific community move closer to
identifying shading thresholds that still allow for optimal crop growth. The static pattern
of the opaque PV modules created inhomogeneities in the irradiance distribution inside
the GH and caused a reduction in temperature in the two shading zones of the GH in
comparison to the unshaded control zone. Future studies could focus on semi-transparent
PV modules in order to create a more homogeneous light profile inside the GH or dynamic
PV tracking systems.

In addition, the irradiance 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. Its application can support the development of efficient and sustainable APV
GH designs in future research and practice. In the next step, the irradiance model can be
applied to develop dynamic shading strategies for APV GHs with tracked PV modules. This
approach is particularly promising, because in conventional GHs the roof transmittance is
typically adjusted according to crops’ needs and market demands.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three-dimensional

APV Agrivoltaics

CAMS Copernicus Atmosphere Monitoring Service
EU European Union

GH Greenhouse

GHI Global horizontal irradiance

LED Light-emitting diode

MAE Mean absolute error

MBE Mean bias error

NIR radiation  Near-infrared radiation

nMAE Normalized mean absolute error
nMBE Normalized mean bias error
nRMSE Normalized root mean square error
RGB channels  Red-green-blue channels

RH Relative humidity

RMSE Root mean square error

PAR Photosynthetically active radiation
PV Photovoltaic

Appendix A. Theory of Radiative Transfer Modeling and Scattering
Model in Radiance

Radiance was developed as a research tool for predicting the distribution of visible
radiation in illuminated spaces [112]. 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 [112]. 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 [112].

Appendix A.1. Kajiya’s Rendering Equation

Radiance is a physically based rendering system tailored to the demands of lighting
design and architecture [113]. 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 [83].

Equation (A1) shows Kajiya’s rendering equation [83] with the notion of energy
transfer between two points replaced by energy passing through a point in a specific
direction [113]. Radiance uses ray-tracing in a recursive evaluation of Equation (A1) at
each surface point x [113].

Ly(x,wy) = Le(x, wy) + /Q+ Li(x, w;) ppa(x; wi, wy) (w; - n) dw; (A1)

where x denotes a surface point, w; and w, are unit direction vectors for incoming and
outgoing directions, respectively, and n is the outward unit surface normal at x. The variable
Q7 describes the hemisphere above the surface, defined by w; - n > 0, and dw; is the
differential solid angle element (in units of sr). The term L,(x, w,) describes the outgoing
radiance from point x in direction wy, L.(x, w,) describes the emitted radiance of point x
in direction w;, and L;(x, w;) describes incident radiance at point x from direction w; (all
in units of Wsr~! m~2). The function py (x; w;, w,) describes the bidirectional reflectance-
transmittance distribution function of the material at surface point x (in units of sr!).
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Appendix A.2. Scattering Model of the trans Material

According to Kajiya’s rendering equation (Equation (A1)), the outgoing radiance in di-
rection w; is given by the sum of the emitted radiance and the integral of the incoming radi-
ance over the hemisphere, weighted by the surface’s bidirectional reflectance-transmittance
distribution function pp;(x; w;, w;). Consequently, all information describing a material’s
scattering behavior, including reflection, transmission, diffusion, and specular effects, is
contained in py;(x; w;, wy). 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 [114]. GH cover materials as a transmissive material are represented
by the material category trans [65].

The scattering behavior of a transmissive trans material is approximated by a decom-
position into four components, i.e., 0 diff, Or,spec, Ot diff and Pt spec, as in Equation (A2).

Pvd = Pr diff + Or,spec + Ot diff + Ot,spec (AZ)

where p, 4i¢r describes the diffuse reflection component, p;,spec describes the specular reflec-
tion component, p; qifr describes the diffuse transmission component, and p¢ spec describes
the specular transmission component.

Therefore, at each interaction point x of a ray with a trans material, Radiance evalu-
ates the integral in Equation (A3) to obtain the outgoing radiance L, (x, w,) in direction w;.

Lr(x/ wr) = /Q Li<xr wi) [Pr,diff =+ Or,spec 1 Ot diff T Pt,spec] (wi : n) dw; (A3)

Appendix A.3. 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, specularity, roughness, Tdiffr and Tpec, as below.

0
0
7 vred green blue

specularity  roughness

Tdiff Tspec

The seven parameters of the trans material control the relative weights of the four scat-
tering components 0, gif, Or spec, Ot,diff, and Pt spec (Equation (A2)). The diffuse reflectance
term p, 4if 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 [66]. The specular reflec-
tion term oy 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) [66].
The reflected specularity of common uncoated glass is around 0.06 [66]. 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 [66].

The last two parameters Ty; ff 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 Ty;¢s scales the diffuse transmission term p; s, represent-
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ing the fraction of incident radiance that is transmitted through the material and scattered
diffusely. The specular transmittance coefficient Tspec scales the specular transmission term
Pt,spec, representing the fraction of incident radiance that is transmitted specularly. Both pa-
rameters can take values between 0.00 and 1.00. T;rr = 0.00 refers to a completely opaque
material while Ty; ff= 1.00 describes a completely transparent material. Tspec = 0.00 means
solely diffuse transmission and Tsp.c = 1.00 means a completely clear material without
diffuse transmission.

Internally, the trans material follows the Radiance scattering model described by [84].
Let C = (red, green, blue) denote the diffuse reflectance color vector and let 75 denote the
reflected specularity parameter. The total transmissivity a4 is defined in Equation (A4).

ae = Tqift + Tspec/ (A4)
The transmitted specularity fraction a7 is defined in Equation (A5).

Tspec

ay = —————.
Taifs + Tspec

(A5)

Using this parameterization, the diffuse reflection and transmission coefficients p, gif
and p; qif are given by [84] in Equations (A6) and (A7).

Prdist = TC (1 —75) (1 —ag) (A6)
Prdiff = T Cag (1 —15) (1 —ay) (A7)
The purely specular components pyspec and prspec are given in Equations (AS8)
and (A9).
Pr,spec = Ts (AS)
Ptspec = a6 a7 (1 - rs) (A9)
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