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Abstract

Greenhouse horticulture is an energy-intensive production system that requires innovative
solutions to reduce energy demand without compromising crop yield or quality. Func-
tional greenhouse covers are particularly promising, as they regulate solar radiation while
integrating energy-harvesting technologies. In this study, six nanostructured glass coatings
incorporating semiconductor-based quantum dots (QDs) and quantum wires (QWs) of Ge
and TiN are developed using magnetron sputtering—an industrially scalable technique
widely applied in smart window and energy-efficient glass manufacturing. The coatings’
optical properties are characterized in the laboratory, and their agronomic performance is
evaluated in greenhouse trials with lamb’s lettuce (Valerianella locusta) and radish (Raphanus
sativus). Plant growth, yield, and leaf color (CIELAB parameters) are analyzed in relation
to spectral transmission and the daily light integral (DLI). Although uncoated horticultural
glass achieves the highest yields, several Ge-QD coatings provide favorable compromises
by selectively absorbing non-photosynthetically active radiation (non-PAR) while maintain-
ing acceptable crop performance. These results demonstrate that nanostructured coatings
can simultaneously sustain crop growth and enable solar energy conversion, offering a
practical pathway toward energy-efficient and climate-smart greenhouse systems.

Keywords: energy efficient greenhouse; greenhouse coverings; nanostructured glass; Ge
quantum dots; sustainable horticulture; agrivoltaics; crop growth

1. Introduction

Global food demand continues to increase, while agricultural production faces grow-
ing challenges from climate variability, land scarcity, and rising energy costs. Greenhouse
cultivation provides a stable and controlled production system that mitigates weather ex-
tremes and ensures reliable yields [1,2]. Plant growth in greenhouses depends on carefully
regulated environmental parameters, such as temperature, humidity, CO, concentration,
and substrate conditions, which require precise climate control [3]. However, greenhouse
farming remains highly energy-intensive, particularly in temperate regions where heating,
cooling, and lighting account for major production costs [4]. Reducing energy inputs while
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maintaining crop productivity is, therefore, a key challenge that can be addressed through
optimized greenhouse coverings combined with renewable energy technologies [5,6].

Integrating solar energy systems into greenhouse structures represents an effective
strategy for improving sustainability. Agrivoltaics—photovoltaic (PV) systems combined
with crop production—maximizes land-use efficiency by enabling simultaneous food
and energy generation. This approach is especially valuable in densely populated or
agriculturally intensive regions [7]. A variety of PV technologies are available for such
systems, including first-generation crystalline silicon, second-generation thin-film modules
(such as amorphous silicon, CdTe, and CIGS), and third-generation advanced types (organic,
tandem, and perovskite solar cells) [8]. The global installed capacity of agrivoltaic systems
has grown exponentially, from 5 MWp in 2012 to about 14 GWp in 2021, currently exceeding
2.8 GWp across more than 200 projects [9].

When applied to greenhouses, PV technologies can be mounted externally or inte-
grated into the roof structure as transparent, semi-transparent, or opaque modules. Solar
greenhouse systems, therefore, address both land-use efficiency and greenhouse gas reduc-
tion goals [10]. Every PV module alters light transmission, so the success of the technology
depends on balancing energy production with sufficient photosynthetically active radiation
(PAR) for crop growth [11-14]. Some studies report that shading from PV panels has lim-
ited or even positive effects on crop productivity, including improved water-use efficiency
and reduced canopy temperature [15]. Semi-transparent PV materials, in particular, allow
greater flexibility in managing sunlight while minimizing shading losses.

Plants utilize light within the 400-700 nm range, known as PAR, for photosynthesis.
Blue (400-500 nm) and red (600-700 nm) wavelengths play dominant roles, while green
(500-600 nm) and far-red (700-750 nm) light contribute to morphology and developmental
regulation. Each spectral region influences photosynthesis and photomorphogenesis differ-
ently: blue and UV light stimulate pigment and antioxidant biosynthesis; red and far-red
light regulate stem elongation and flowering; and green light penetrates deeper into the
canopy, supporting photosynthesis in inner leaf layers [16]. Consequently, controlling the
spectral composition of transmitted light through greenhouse coverings strongly affects
plant growth, yield, and product quality.

Common greenhouse covering materials include plastic films, semi-rigid polymers,
and glass, and possess distinct optical characteristics that affect light transmission and crop
performance [17]. Among them, glass remains the most durable and highly transparent to
PAR [5,18,19]. Recent advances in coating technologies enhance both optical and thermal
properties [20-23]. Semiconductor-based thin films containing nanostructures, such as
quantum dots (QDs) and quantum wires (QWs), emerge as promising candidates for func-
tional greenhouse glass [18-23]. These nanostructures exhibit quantum confinement and
multiple exciton generation, enabling high photovoltaic efficiencies and tunable spectral
transmission [24-29].

Magnetron sputtering is an industrially established deposition technique that allows
precise control of film thickness and composition. It offers high deposition rates, excellent
adhesion, and uniform coatings over large areas, making it suitable for the large-scale
production of energy-efficient glass [30].

This study investigates six nanostructured glass coatings based on Ge and TiN QDs, Ge
QWs, Ge/SisNg/Al, and Ge/Si core-shell structures, all deposited by magnetron sputter-
ing. The objectives are as follows: (i) to determine how their optical properties influence the
growth, morphology, and yield of lamb’s lettuce (Valerianella locusta) and radish (Raphanus
sativus), and (ii) to evaluate whether these coatings balance plant requirements with solar
energy conversion potential. The selected materials demonstrate high photoelectric conver-
sion efficiency, industrial relevance, and well-established preparation methods within our
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research group. By linking spectral transmission characteristics with plant responses, the
study provides insights into the design of advanced greenhouse coverings that support
both sustainable crop production and renewable energy generation.

2. Materials and Methods
2.1. Preparation of Coatings

The thin films used as greenhouse coverings are developed at the Laboratory for
Thin Films, Ruder Boskovi¢ Institute (Zagreb, Croatia), using optimized materials for
solar energy conversion [24,27-29]. Six distinct nanostructured coatings are fabricated
on horticultural glass substrates via magnetron sputtering. These include Ge quantum
dots (QDs), TiN QDs, Ge quantum wires (QWs), Ge/SisN4/Al, and Ge/Si core—shell
QDs, embedded in Al,Oj3, SiC, or SisNg matrices. The structures of the materials are
schematically illustrated in Figure 1.
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Figure 1. Scheme of structural properties of the thin films used for greenhouse cover.

Magnetron sputtering is selected because it is widely applied in the industrial produc-
tion of energy-efficient glass and smart windows, ensuring reproducibility and scalability.
Deposition parameters are optimized to achieve controlled nanostructure formation, uni-
form coverage, and stable adhesion to the glass surface. All coatings are produced using
a KJLC CMS-18 magnetron sputtering system (Kurt J. Lesker Company GmbH, Dresden,
Germany) at substrate temperatures between 300 and 500 °C. Detailed procedures are
described in previous studies [24,27-30]. No additional surface treatment is applied to the
glass or coatings.

Preparation parameters, including structure, matrix, deposition power, deposition
time, and temperature, are summarized in Table 1. Greenhouses G1 and G2 are covered
with Ge and TiN QDs embedded in Al;O3 and Si3N4 matrices, respectively. Greenhouse
G3 contains Ge QWs in Al,O3, G4 contains Ge/SizNy /Al core—shell QDs in Al,O3, while
G5 and G6 include Ge/Si core—shell QDs embedded in SiC and SizNy, respectively. A
seventh greenhouse (G7) is covered with standard horticultural soda-lime glass and serves
as the control.
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Table 1. Structural properties of the greenhouse coverings used in the experiment (G1-G7). The
thin films with structure specified in column Structure are deposited on glass substrate. P defines
the deposition power while ¢ defines the deposition time for each element, specified in column
Structure; Matrix defines material which holds the nanoparticles (NPs), while T defines the substrate
temperature during the deposition, and d is the thickness of the film used for coating.

Glass Structure P (W) t (s) Matrix NPs T(C) d(nm)
G1 (Ge/Al,O3) x 20 10/130 45/100 Al,O3 Ge 500 82
G2 ((Ti + SigNy)/SizNy) x 20 (65 +100)/100 15/20 SizNy TiN 300 156
G3 Ge+ AlL,O3 20 + 100 1800 Al,O3 Ge 400 53
G4 (Ge/SizgNg/Al/AlL,O3) x 20 25/25/25/140 10/40/40/200 Al,Os3 Ge/SizgNy/Al 500 82
G5 (Ge/Si/SizNy) x 10 10/50/150 80/75/15 SizNy Ge/Si 500 53
G6 (Ge/Si/SiC) x 10 10/50/150 80/75/15 SiC Ge/Si 500 0.0
G7 Soda-lime glass - - - - - -

All coatings consist of nanostructures that are several nanometers in size, arranged
in three-dimensional lattices. The coating structures are analyzed by grazing incidence
small-angle X-ray scattering (GISAXS), as shown in Figure S1 (Supplementary Materials).
All materials exhibit strong light-to-electricity conversion properties [25-29].

2.2. Optical Characterization

The optical properties of the coated glasses are characterized in the same laboratory
using an Ocean Optics spectroscopic system (Ocean Optics B.V., Ostfildern, Germany).
The system consists of a deuterium-halogen light source (DH-2000-BAL; 215-2500 nm),
a UV/VIS high-resolution spectrometer (HR4000; 190-1100 nm), and SpectraSuite 2.0
software (Ocean Optics, Dunedin, FL, USA) [31].

2.3. Greenhouse Experimental Design

The experiment is conducted at the Maksimir Experimental Field (45°49' N, 16°02" E) of
the University of Zagreb, Faculty of Agriculture, Croatia. A total of eight experimental variants
with three replicates are tested: seven glass-covered mini-greenhouses (10 x 10 cm? windows,
3 mm thick glass) and one open-field treatment without cover (NG). The experimental setup
and a photograph of the greenhouses are presented in Figure 2.
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Figure 2. (a) Scheme of the greenhouses used for the plant growth. They consist of nanostructure
coated glass equipped with sensors for monitoring light transmission properties, temperature, and
humidity inside the greenhouse. (b) Experimental realization at University of Zagreb, Faculty of
Agriculture, Croatia.
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Six greenhouses (G1-G6) are covered with nanoparticle-coated glass, and one (G7)
with uncoated soda-lime glass. Microclimatic conditions are continuously monitored
inside each greenhouse. Air temperature and relative humidity are recorded using BME280
sensors (Bosch Sensortec GmbH, Reutlingen, Germany), while light spectral distribution
is measured via AS7265x sensors (ams-OSRAM AG, Premstaetten, Austria), which detect
18 wavelengths in the 410-940 nm range. Data are logged hourly using a Raspberry Pi 4
Model B (Mouser Electronics, Assago-M], Italy).

Two vegetable crops are used: lamb’s lettuce (Valerianella locusta cv. Accent, Enza
Zaden, Enkhuizen, the Netherlands) and radish (Raphanus sativus cv. Celesta, Enza Zaden,
Enkhuizen, the Netherlands). These crops are chosen for their small size, as the coated
glass pieces (10 x 10 cm?) limit greenhouse dimensions. Lamb’s lettuce seedlings with
two to three true leaves are transplanted under the test coverings in late October and
harvested after 4 weeks. Radish is then planted in the same greenhouses and harvested
five weeks later.

2.4. Plant Morphology and Yield Measurements

Plant morphology is evaluated at harvest. For lamb’s lettuce, the measured param-
eters include number of leaves, rosette (leaf) mass, root mass, and total biomass. For
radish, the parameters include number of leaves, hypocotyl diameter, hypocotyl mass, and
total biomass.

At harvest, plants are cleaned and weighed using a precision balance (Ohaus
Adventurer-Pro AV53; Mettler Toledo d.o.0., Zagreb, Croatia). Biomass is separated into
rosette/leaf and root/hypocotyl fractions. Yield per unit area is estimated by multiplying
the mean rosette or hypocotyl mass by the standard plant density.

Plant density for lamb’s lettuce (700 plants-m~2) is calculated based on a sowing
density of 7-15 cm between rows and 50-80 seeds per meter [32]. For radish, a density of
200 plants-m~2 is used, corresponding to the 2-5 cm spacing within rows and the 10-20 cm
between rows [33].

2.5. Leaf Color Analysis

Fully developed leaves are counted, and leaf color parameters are determined using
a colorimeter (PCE-CSM 4; PCE Instruments UK Ltd., Southampton, UK) in the CIELAB
color space [34]. The following parameters are recorded: L* (lightness), a* (green-red axis),
b* (blue-yellow axis), hue angle (H, color tone), and chroma (C*, color purity).

2.6. Statistical Analysis

Data are analyzed via analysis of variance (ANOVA), using the PROC GLM procedure
in SAS® software version 9.3 (SAS Institute Inc., Cary, NC, USA) [35]. Mean values are
compared using the least significant difference (LSD) test at p < 0.05. Different letters in
tables or figures indicate statistically significant differences among treatments.

3. Results

The results are divided into two parts. The first presents the optical properties of the
coated glasses and the intensity of transmitted light across different wavelength ranges,
measured both in the laboratory and in the field during crop growth. The second part focuses
on plant properties and their relationship to the characteristics of the greenhouse coverings.

3.1. Optical Properties of Nanostructured Coatings
3.1.1. Laboratory Results

Light transmittance of greenhouse coverings is a key parameter for both plant growth
and photovoltaic energy conversion. The spectral transmittance curves of the coated glasses,
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standard horticultural glass (G7), and the open field (NG) are shown in Figure 3, with the
photosynthetically active regions indicated by shaded areas.
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Figure 3. Spectral transmittance of greenhouse covering materials. Dashed regions indicate wavelength
ranges in blue and red, relevant for chlorophyll absorption (photosynthetically active radiation, PAR).

As illustrated in Figure 3, the tested coatings exhibit distinct spectral characteristics, with
transmittance varying strongly across wavelengths. The average transmittance values in key
spectral regions are as follows: blue (410485 nm), green (500-585 nm), red (610-705nm),
and far-red (705-750 nm), which are summarized in Figure 4. The blue and red regions are
particularly emphasized due to their relevance to chlorophyll absorption (Figure 4a,b), while
green and far-red wavelengths are analyzed separately (Figure 4c). The overall transmittance
across the full spectrum (300-1100 nm) is presented in Figure 4d.
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Figure 4. Average transmittance of greenhouse coverings (G1-G7, NG) in different wavelength
regions: (a) blue and green (410-585 nm), (b) red and far-red (610-750 nm), (c) relative contribution
of PAR and non-PAR regions, and (d) average transmittance across the measured spectrum.

Among all coverings, the open-field condition (NG) shows complete transparency
(100%), while uncoated horticultural glass (G7) exhibits the highest transmittance among
greenhouse materials (92.5% on average). Among the coated variants, G1 achieves the
highest mean transmittance (70.79%), whereas G3 records the lowest (9.99%).

Because the used semiconductor materials possess a bandgap above 0.7 eV (Ge
bandgap), no significant absorption is expected in the far-infrared region. Therefore,
the optical properties of the coated glasses (G1-G6) should remain similar to that of the
uncoated glass (G7) for wavelengths above 1800 nm.
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To calculate the intensity of light transmitted into each greenhouse, transmittance data
are combined with the solar irradiance spectrum (Figure 5). The transmitted irradiance
in the blue—green and red—far-red regions is shown in Figures 5a and 5b, respectively.
Figure 5c compares the total photosynthetically active radiation (PAR; blue and red) with
non-PAR light (green and far-red), while Figure 5d displays the reference solar spectrum
used for the calculations. As expected, G3 records the lowest transmitted irradiance, while
NG achieves the highest values.
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Figure 5. Light intensity transmitted through the tested greenhouse glass coverings, calculated from
the transmittance and solar spectrum for different wavelength intervals: (a) blue and green light,
(b) red and far-red light, and (c) sum of the intensities of blue and red (PAR), green and far-red
(non-PAR) light. (d) Reference Sun’s spectrum used to calculate values for (a—c) panels.

In photovoltaic applications, an ideal covering maximizes transmittance in PAR re-
gions while minimizing it in non-PAR wavelengths, enabling selective absorption for
energy generation. This balance is evaluated in Figure 6, which shows (a) transmitted PAR
irradiance (IT, plants), (b) absorbed irradiance available for photovoltaic conversion (I, pg),
and (c) the combined performance index (Ic), defined as follows:

Ic = Iir, plants) I, PE) 1
4
(a) Solar Intensity available S0t (b) Solar intensity available 410 (c) Combined performance index:
for plants needs for energy conversion Ic=It piants |ape
200
= 600
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Figure 6. Performance indices of greenhouse coverings: (a) irradiance transmitted (I, plants) in
the photosynthetically active radiation (PAR) region, (b) irradiance absorbed by the greenhouse
available for photovoltaic conversion (I5, pg), and (c) combined performance index (Ic) calculated as
the product of (a,b). Higher values indicate coverings with greater potential to balance crop growth
and electricity generation.

According to this index, G2 shows the most favorable performance, followed closely
by G1 and G5. In contrast, NG and G7 perform the worst in terms of photovoltaic potential,
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since they absorb little to no light. G3 also shows limited overall performance due to its
low transmitted light intensity limiting plant growth, despite its high absorption capacity
for energy conversion.

3.1.2. Field Results

In field conditions, the transmitted light across tested coatings is measured using
AS7265x sensors, which detect 18 wavelengths between 410 and 940 nm. Measurements are
grouped into the same wavelength intervals as in the laboratory experiments. The recorded
irradiance for each wavelength (I, uW-cm~2) is converted to pmol-m—2-s71, according
to Leon-Salas et al. [36], allowing for the calculation of the daily light integral (DLI) in

mol-m~2.d~! (Table 2).

Table 2. The light intensity transmitted to the greenhouse for different wavelength regions and daily
light integral DLIs. All values are in mol-m~2-d ! for tested glass coverings in field conditions.

Glass ! Blue Light  Green Light = Red Light  Far-Red Light DLI
410-485nm  510-585nm  610-705 nm 730-810 nm 410-940 nm
Gl 5.09 415 421 6.13 22.37
G2 5.83 4.85 4.75 8.77 25.31
G3 411 3.31 2.59 4.96 15.82
G4 2.35 22 1.67 2.67 9.55
G5 1.83 1.74 1.27 2.09 7.47
G6 4.77 3.79 2.64 4.29 16.39
G7 6.54 5.66 5.31 10.38 29.26
NG 12.69 10.72 9.71 20.88 56.78

1 G1-Gé: nanoparticle-coated glass, G7: standard horticultural glass; NG: no greenhouse applied.

The photon flux (¢) and irradiance (I,) are related by

N A2 IdA
A Eph (A)

()

where A1 and A; are the starting and ending wavelength of the region of interest, respectively.
Epn (A) =he/A, is the photon energy.
Photosynthetic photon flux density (PPFD), given in mol m~2 s~1, is then calculated:

Qpar = Ni; 3)

where N = 6.022 x 10?%, (Avogadro’s number). Finally, the DLI is obtained by integrating
PPFD over the photoperiod of one day:

DLI (mol m=2 d_l) = PPFD (mol m—2 s_l) x photoperiod (s) 4)

As shown in Table 2 and Figure 7, nanoparticle-coated glasses differ in transmittivity
in a manner consistent with laboratory results. Figure 7a,b show daily photon integrals
for blue—green and red—far-red regions, while Figure 7c compares the transmitted PAR
(blue-red) and non-PAR (green—far-red) contributions. Figure 7d presents the total DLI,
which significantly influences the morphology and yield of lamb’s lettuce and radish.
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Figure 7. Measured number of photons (in mol-m~2-d ') transmitted through the tested greenhouse
coverings daily (DLI) for different wavelength intervals: (a) blue and green light, (b) red and far-red
light, (c) sum of blue, red (photosynthetically active radiation (PAR) region) and green, far-red
(non-PAR) light, and (d) total number of photons transmitted into the greenhouse for wavelength
interval 410-940 nm.

The DLI for the open-field condition (NG) reaches approximately 56 mol-m~2-d 1,
equivalent to roughly 2.5 kWh-m~2.d~!. This value is lower than the global average daily
insolation (~6 kWh-m~2.d 1) due to the autumn-winter growing season (October-January)
and the site’s geographic position.

Both lamb’s lettuce and radish are low-light crops, capable of growing under less than
6 h of direct sunlight per day. Optimal DLI values are 8-12 mol-m~2-d~! for lamb’s lettuce
and 12-15 mol-m—2-d ! for radish, with minimum requirements of 6 and 8 mol-m~2.d71,
respectively [37,38]. Thus, even the lowest-transmittance coatings provide sufficient light
for the normal growth of both species.

3.2. Plant Properties Under Different Coatings
3.2.1. Plant Morphology

Plant morphology varies significantly among coverings. For lamb’s lettuce, biomass,
leaf number, and both above- and below-ground mass differ across treatments (Figure 8a—d).
The highest values are obtained using standard horticultural glass (G7), except for root mass,
which peaks in open-field conditions. Among the coated variants, G1 produces the greatest
rosette weight, total biomass, and leaf number, followed by G5.
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Figure 8. Morphological traits of lamb’s lettuce and radish grown under different greenhouse
coverings: (a,e) number of leaves; (b,f) leaf or hypocotyl mass; (c,g) root mass or hypocotyl diameter;
and (d,h) total biomass. Results illustrate how spectral properties of coatings influence both shoot
and root development. The columns marked with different letters differ significantly at significance
level p < 0.05.
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Although open-field conditions provide a higher DL, air temperature and humidity
also influence plant development. The glass coverings reduce heat loss, maintaining higher
internal temperatures that positively affect morphology and yield.
For radish, growth is the best under open-field conditions (NG) and standard glass
(G7). Among the coated treatments, G1 achieves the highest biomass and hypocotyl
diameter, while G2 produces the most leaves, and G1 and G2 show comparable total
biomass (Figure 8e-h).
The differences among coatings are more pronounced for radish than for lamb’s lettuce,
particularly with regard to hypocotyl mass (Figure 8h).
3.2.2. Leaf Color
Leaf color parameters (CIELAB) show measurable differences across treatments (Table 3;
Figure 9). The L* value indicates brightness, a* represents the green-red axis, b* the blue—
yellow axis, while hue (H) and chroma (C*) denote color tone and purity, respectively [39].
Table 3. Color parameters of lamb’s lettuce and radish leaves grown under different glasses with
Ge-based nanostructures.
Color L* a* b* c* H
Glass! LL? RD LL RD LL RD LL RD LL RD
Gl 4760°3 53817 2230 16292  37.99¢ 41512  4405¢ = 4467° 12040  111.63°¢
G2 48.88bc 53222 —21.06° —16.173 41547 4056 46652 43733 11688  111.86°¢
G3 52042 4953  —1877b  —1941¢ 39973  3859bc  4416°¢ 4364 115159  11645°
G4 4738¢ 53597 24164  —1777b¢ 40542 41792 47197 45122 120807  113.18%¢
G5 50.31% 51952  —20.78¢  —16.04%  39.03b°  39.403c  4422¢ 4254 11807P  112.19°¢
G6 5029b 53253  —2091°¢  -1756° 40232  3758¢  4536P°  4148°¢  11744°4  115.04P¢
G7 43074 50752  —15223  —1739Pc 278094  39723bc 31724 43373 1186823Pc  113.61PC
NG  4583°d  4448¢  -16592  —14532 28419 23009 32904 27209 120213 122262
LSDyg 05 1.6794 3.4059 1.8626 2.4223 1.6383 2.9954 1.4437 1.9237 2.5045 4.1178
1 G1-Gé: nanoparticle-coated glass; G7: standard horticultural glass; NG: no greenhouse applied; 2 LL: lamb’s let-
tuce; RD: radish; 3 Values within the column marked with different superscripts differ significantly at significance
level p < 0.05.
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Figure 9. Leaf color characteristics of lamb’s lettuce and radish measured using CIELAB parameters:
(a) color brightness (L*); (b) color tone (hue angle, H); and (c) color purity (chroma, C*). Data highlight
the impact of glass coatings on chlorophyll-related pigmentation and photosynthetic potential.

The color brightness value (L*) remains similar across treatments and is often slightly
higher under coated glasses than under standard glass or in open-field conditions (Figure 9a).
Hue values are significantly lower under G7 and NG (Figure 9b), while chroma (C*) remains
nearly constant among all variants (Figure 9c).
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Overall, plants grown under Ge-based nanostructured coatings show minor varia-
tions in CIELAB parameters but maintain the color characteristics associated with good
market quality. These findings indicate that coatings can modify light spectra without
compromising photosynthetic potential or visual quality.

3.2.3. Yield

Crop yield is expressed as leaf biomass for lamb’s lettuce, and hypocotyl mass for
radish (Figure 10). Lamb’s lettuce is harvested four weeks after planting, and radish is
harvested five weeks later. As shown in Figure S2, air temperature and relative humidity
are consistent across treatments, indicating that light spectra are the main factors affecting

growth and yield.
(@) 2.0 Lamb's lettuce 4 )5, Radish
J a
— 15 * 4T i
y=0.0986x+0.616 NE 1 2
C  R=0.3701 53
X b

y=0.3336x-0.1366
24 . R=03324

G1 G2 G3 G4 G5 G6 G7 NG G1 G2 G3 G4 G5 G6 G7 NG

Figure 10. The yield of (a) lamb’s lettuce leaves and (b) radish hypocotyl mass, grown under different
glasses with Ge-based nanostructures. The columns marked with different letters differ significantly
at significance level p < 0.05.

Maximum yields occur under NG and G7, confirming that uncoated glass provides
optimal light for biomass accumulation. However, several Ge-QD coatings maintain yields
close to these references while simultaneously absorbing non-PAR. Notably, G1 produces
significantly higher yields for both crops than G6, despite similar average transmittance, likely
due to differences in spectral selectivity. The higher transmittance of green light (500-600 nm)
in G1 may enhance CO; assimilation efficiency relative to blue light, contributing to its
greater productivity.

Lamb’s lettuce yields range from 0.714 to 1.127 kg-m 2 under nanostructured coatings,
compared with 1.771 kg-m~2 under G7 and 1.540 kg-m 2 under NG (Figure 10a). Radish
yields range from 0.214 to 1.660 kg-m~2 under nanostructured coatings, compared with
2.362 kg-m_2 under G7 and 4.344 kg‘m_2 under NG (Figure 10b).

This trade-off between yield and absorbed non-PAR underscores the potential to bal-
ance crop productivity with solar energy harvesting, as explored further in the Discussion.

4. Discussion

Light not only determines plant growth but also interacts with many other factors,
such as air temperature, relative humidity, CO, concentration, nutrients, and irrigation.
The light environment influences plants through its spectrum, intensity, and photoperiod,
since photosynthesis depends on the absorption of photosynthetically active radiation
(PAR, 400-700 nm) by chlorophyll pigments. Blue (400-500 nm) and red (600-700 nm) light
strongly affect morphology, yield, and quality, while far-red, orange, green, and UVA light
also contribute positively, but to a significantly smaller extent [40,41].

Greenhouse coverings, therefore, play a decisive role in crop outcomes by modifying the
transmitted UV, PAR, and NIR fractions of solar radiation [20,42], as well as by interacting
with structural and climate-control systems [17,43]. The nanostructured coatings tested
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in this study alter spectral transmission in crop-relevant ways and produce clear effects on
morphology, leaf color, and yield. These findings are consistent with previous studies showing
that spectral composition and the daily light integral (DLI) strongly affect growth [17,44]. In
particular, the observed thresholds >15 mol-m—2-d! for radish and >20 mol-m—2-d~! for
lamb’s lettuce are in accordance with optimal values reported by Avgoustaki et al. and Zha
and Liu [45,46], though they are higher than the values determined in other studies [37,38].
Although absolute yields in the autumn-winter trials are lower than those reported in plant
factory conditions [47], morphological traits, such as leaf number, hypocotyl diameter, and
hypocotyl mass, remain within published ranges [46,47].

Leaf color (CIELAB) analysis further confirms that coatings influence photosynthetic
activity. Higher L*, a*, and b* values indicate higher chlorophyll content and correlate with
higher yields, consistent with the previously reported strong links between CIELAB metrics
and SPAD/chlorophyll readings [48-51]. Contrary to our results, Cozzolino et al. [52]
report higher color parameter values under diffuse greenhouse films compared to clear
ones, highlighting that results are context-specific, dependent on the species, growing
period, and covering material.

Temperature and relative humidity inside the greenhouses remain relatively similar
(variations below 10% of the average), as shown in Figure S2 (Supplementary Material).

Figure 11 illustrates the relationship between transmitted PAR/non-PAR and yield,
revealing crop-specific responses. Radish shows an approximately linear dependence of
yield on the transmitted PAR, whereas lamb’s lettuce displays a nonlinear response; G3,
despite its low PAR transmission, achieves about 75% of the biomass of G1 while receiving
only around 20% of its PAR. This resilience highlights the importance of the crop-specific
optimization of coatings. Given the limited number of plants tested, further large-scale trials
are necessary to quantify transmitted light-to-yield ratios more precisely. Additionally,
the natural light available during the study period is below average; therefore, higher
illumination during spring-summer—autumn is expected to further improve plant quality.

1 (a) 1(b

10- I PAR 10_() I PAR
—~ B ron-PAR ~ B non-PAR
t I yield lamb's lettuce 3 B yield radish
0.8 1 —0.8
o ke
2 o

>

Z 0.6 * 106
8 0.4 8 0.4
£ =
©0.2 50.2-
.| -

0.0+ 0.0 -

G1 G2 G3 G4 G5 G6 G7 NG Gl G2 G3 G4 G5 G6 G7 NG

Figure 11. Relationship between transmitted light (photosynthetically active radiation, PAR, and non-
PAR) and crop yield for (a) lamb’s lettuce and (b) radish. Results highlight crop-specific responses,
with radish showing a stronger correlation with transmitted PAR, while lamb’s lettuce exhibits yield
resilience even under reduced light transmission.

Figure 12 compares yield with the solar irradiance available for photoelectric conver-
sion efficiency (PCE). G1 and G2 represent promising compromises for lamb’s lettuce, while
G1 performs best for radish. G3 is notable for its high PCE potential, with only moderate
yield penalties, underscoring its potential for dual-use agrivoltaic strategies.
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Figure 12. Comparison of solar irradiance absorbed by coated greenhouse glass (available for
photoelectric conversion) and crop yield for (a) lamb’s lettuce and (b) radish. Results illustrate
the trade-off between plant performance and energy-harvesting potential, identifying coatings that
balance crop production with renewable energy generation.

Current PV coverings are limited by PAR reduction and low PCE [53], but PCE can
increase through QD integration under optimized deposition conditions [27,53]. Seasonal
variation also plays a critical role; during spring-summer, both PAR transmission and PCE
rise, while reduced transmission, compared to standard horticultural glass, contributes to
greenhouse temperature reduction and improved water-use efficiency [54]. High tempera-
tures during late spring, summer, and early autumn typically prevent the cultivation of
lamb’s lettuce and radish in open-field or greenhouse conditions, as both species quickly
transition into the generative phase. Under such conditions, nanoparticle-coated glass, with
its lower light transmission, helps mitigate heat stress and enables successful cultivation.

Agrivoltaic systems with ~68% light transmission sustain yields [54], which aligns
with our results (Table 3). Although greenhouse energy consumption varies widely, PV
greenhouses that produce over 25 kWh-m~2 per year can fully offset their energy use [22].
Ferndndez et al. [54] report that PV systems produce around 135 kWh-m~2 annually,
covering 75-114% of energy needs depending on location and system design. Aira et al. [55]
find that greenhouses installed with PV systems generate 90.15 kWh while consuming
56.21 kWh, achieving a positive energy balance and self-sufficient greenhouse operation.
This indicates that not all greenhouse surfaces need to be covered by PV-active coatings.

Overall, this study demonstrates that nanostructured coatings can selectively absorb
non-PAR for energy harvesting while maintaining acceptable crop performance. These
findings confirm their potential as functional greenhouse coverings that balance horticul-
tural productivity with renewable energy generation, encouraging further optimization,
crop-specific adaptation, and seasonal testing.

5. Conclusions

This study demonstrates the potential of nanostructured glass coatings to enhance the
sustainability of greenhouse horticulture by combining crop production with solar energy
harvesting. Six coatings containing semiconductor-based quantum dots and quantum
wires are fabricated via magnetron sputtering, a technique broadly used in energy-efficient
glass production, and are systematically evaluated in greenhouse trials with lamb’s lettuce
and radish.

The results show that plant morphology, yield, and leaf coloration depend strongly
on the coatings’ spectral properties. While uncoated glass produces the highest yields,
Ge-based QD coatings achieve a promising compromise by maintaining acceptable crop
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performance while selectively absorbing non-PAR suitable for photovoltaic conversion.
This dual function confirms the feasibility of using functional coatings to sustain plant
growth and enable renewable energy production.

Nanostructured coatings, therefore, represent a practical step toward smart greenhouse
coverings that integrate food production with clean energy generation. The findings
provide a foundation for optimizing coating design, scaling-up to commercial greenhouse
systems, and advancing climate-neutral agriculture.
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greenhouses and in the open field conditions.
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1. Aznar-Sanchez, ].A.; Velasco-Mufioz, ].E; Lopez-Felices, B.; Roman-Sanchez, .M. An Analysis of Global Research Trends on
Greenhouse Technology: Towards a Sustainable Agriculture. Int. . Environ. Res. Public Health 2020, 17, 664. [CrossRef] [PubMed]

2. Gruda, N; Bisbis, M.; Tanny, J. Influence of Climate Change on Protected Cultivation: Impacts and Sustainable Adaptation
Strategies—A Review. ]. Clean. Prod. 2019, 225, 481-495. [CrossRef]

3. Panwar, N.L.; Kaushik, S.C.; Kothari, S. Solar Greenhouse an Option for Renewable and Sustainable Farming. Renew. Sustain.
Energy Rev. 2011, 15, 3934-3945. [CrossRef]

4.  Paris, B.; Vandorou, F; Balafoutis, A.T.; Vaiopoulos, K.; Kyriakarakos, G.; Manolakos, D.; Papadakis, G. Energy Use in Greenhouses

in the EU: A Review Recommending Energy Efficiency Measures and Renewable Energy Sources Adoption. Appl. Sci. 2022, 12,

5150. [CrossRef]

5. Maraveas, C.; Kotzabasaki, M.L; Bayer, 1.S.; Bartzanas, T. Sustainable Greenhouse Covering Materials with Nano- and Micro-Particle
Additives for Enhanced Radiometric and Thermal Properties and Performance. AgriEngineering 2023, 5, 1347-1377. [CrossRef]


https://www.mdpi.com/article/10.3390/agronomy15112559/s1
https://www.mdpi.com/article/10.3390/agronomy15112559/s1
https://doi.org/10.3390/ijerph17020664
https://www.ncbi.nlm.nih.gov/pubmed/31968567
https://doi.org/10.1016/j.jclepro.2019.03.210
https://doi.org/10.1016/j.rser.2011.07.030
https://doi.org/10.3390/app12105150
https://doi.org/10.3390/agriengineering5030085

Agronomy 2025, 15, 2559 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Liantas, G.; Chatzigeorgiou, I.; Ravani, M.; Koukounaras, A.; Ntinas, G.K. Energy Use Efficiency and Carbon Footprint of
Greenhouse Hydroponic Cultivation Using Public Grid and PVs as Energy Providers. Sustainability 2023, 15, 1024. [CrossRef]
Livera, A.; Lodolini, E.M.; Saraginovski, N.; Crescenzi, S.; Neri, D.; Manganaris, G.A. Current trends and challenges of
agrivoltaic systems towards sustainable production of temperate fruit crops under intensive orchard setups. Sci. Hortic. 2025,
348, 114210. [CrossRef]

Asa, S.; Reher, T,; Rong, J. A multidisciplinary view on agrivoltaics: Future of energy and agriculture. Renew. Sustain. Energy Rev.
2024, 200, 114515. [CrossRef]

Trommsdorff, M.; Gruber, S.; Keinath, T.; Hopf, M.; Hermann, C.; Schonberger, E.; Gudat, C.; Torres Boggio, A.; Gajewski, M.;
Hogy, P.; et al. Agrivoltaics: Opportunities for Agriculture and the Energy Transition, A Guideline for Germany. Fraunhofer ISE.
2024. Available online: www.ise.fraunhofer.de/en (accessed on 20 October 2025).

Zahrawi, A.A.; Aly, A M. A Review of Agrivoltaic Systems: Addressing Challenges and Enhancing Sustainability. Sustainability
2024, 16, 8271. [CrossRef]

Torres, M.A.; Munoz, D.; Burgos, C.; Casagrande, D.; Ortiz, J.; Reyes, H. Design and Performance Evaluation of a Photovoltaic
Greenhouse as an Energy Hub with Battery Storage and an Electric Vehicle Charger. Sustainability 2024, 16, 981. [CrossRef]
Matuli¢, D.; Andabaka, Z.; Radman, S.; Fruk, G.; Leto, J.; Rosin, J.; Rastija, M.; Varga, I.; Tomljanovi¢, T.; Ceprnja, H.; et al.
Agrivoltaics and Aquavoltaics: Potential of Solar Energy Use in Agriculture and Freshwater Aquaculture in Croatia. Agriculture
2023, 13, 1447. [CrossRef]

Gauffin, H. Agrivoltaic Implementation in Greenhouses: A Techno-Economic Analysis of Agrivoltaic Installations for Greenhouses in
Sweden; KTH Royal Institute of Technology: Stockholm, Sweden, 2022.

Aroca-Delgado, R.; Pérez-Alonso, J.; Callejon-Ferre, A.].; Veldzquez-Marti, B. Compatibility between Crops and Solar Panels: An
Overview from Shading Systems. Sustainability 2018, 10, 743. [CrossRef]

Emmott, C.J.M.; Rohr, J.A.; Campoy-Quiles, M.; Kirchartz, T.; Urbina, A.; Ekins-Daukes, N.J.; Nelson, J. Organic Photovoltaic
Greenhouses: A Unique Application for Semi-Transparent PV? Energy Environ. Sci. 2015, 8, 1317-1328. [CrossRef]

Paradiso, R.; Cocetta, G.; Proietti, S. Beyond red and blue: Unveiling the hidden action of green wavelengths on plant physiology,
metabolisms and gene regulation in horticultural crops. Environ. Exp. Bot. 2025, 230, 106089. [CrossRef]

Di Mola, I; Ottaiano, L.; Cozzolino, E.; Sabatino, L.; Sifola, M.I.; Mormile, P.; El-Nakhel, C.; Rouphael, Y.; Mori, M. Optical
Characteristics of Greenhouse Plastic Films Affect Yield and Some Quality Traits of Spinach (Spinacia oleracea L.) Subjected to
Different Nitrogen Doses. Horticulturae 2021, 7, 200. [CrossRef]

Hemming, S.; Mohammadkhani, V.; Kempkes, E; Peters, A.; Lieffrig, V.; Harada, K.; van Spronsen, M.; van der Werff, T.; Louter,
C. Feasibility Study Thin Glasses for Greenhouse Roof Designs. Available online: https://www.glastuinbouwnederland.nl/
content/user_upload/20038_Eindrapport_Haalbaarheidstudie_Hoogisolerende_kas_3.0.PDF (accessed on 9 June 2025).
Stallknecht, E.J.; Runkle, E.S. Opportunities and challenges with advanced greenhouse glazing materials. Acta Hortic. 2023, 1377,
205-218. [CrossRef]

Teitel, M.; Vitoshkin, H.; Geoola, F.; Karlsson, S.; Stahl, N. Greenhouse and screenhouse cover materials: Literature review and
industry perspective. Acta Hortic. 2018, 1227, 31-44. [CrossRef]

Vasiliev, M.; Rosenberg, V.; Goodfield, D.; Lyford, J.; Li, C. High-transparency clear window-based agrivoltaics. Sustain. Build.
2023, 6, 5. [CrossRef]

Luo, H; Vasiliev, M.; He, T.; Wang, P.; Lyford, J.; Rosenberg, V.; Li, C. Transparent solar photovoltaic windows provide a strong
potential for self-sustainable food production in forward-looking greenhouse farming architectures. Clean. Eng. Technol. 2025, 24,
100895. [CrossRef]

Pandey, G.; Parks, S.; Thomas, R.G. Polymer and photo-selective covers on plant and fruit development: A review. Agron. |. 2023,
115, 3074-3091. [CrossRef]

Perisa, I.; Tkal&evi¢, M.; Isakovi¢, S.; Basioli, L.; Ivanda, M.; Bernstorff, S.; Miceti¢, M. Ge/Al and Ge/SizNy/ Al Core/Shell
Quantum Dot Lattices in Alumina: Boosting the Spectral Response by Tensile Strain. Materials 2022, 15, 6211. [CrossRef] [PubMed]
Tkalcevi¢, M.; Borscak, D.; Perisa, I.; Bogdanovi¢-Radovig, L; Sarié¢ Jankovi¢, L; Petravié¢, M.; Bernstorff, S.; Miceti¢, M. Multiple
Exciton Generation in 3D-Ordered Networks of Ge Quantum Wires in Alumina Matrix. Materials 2022, 15, 5353. [CrossRef]
[PubMed]

Tkalcevié, M.; Buba$, M.; Sancho-Parramon, J.; Perisa, I.; Salamon, K.; Bernstorff, S.; Bogdanovi¢ Radovi¢, I.; Provatas, G.;
Peter, R.; Miceti¢, M. Ge and Core/Shell Ge/Al Quantum Dot Lattices in Amorphous SiC Matrix for Application in Photo- and
Thermosensitive Devices. ACS Appl. Nano Mater. 2025, 8, 10395-10408. [CrossRef]

Tkal¢evié, M.; Basioli, L.; Salamon, K.; Sari¢, I; Sancho-Parramon, J.; Bubas$, M.; Bogdanovi¢-Radovi¢, I.; Bernstorff, S.; Fogarassy,
Z.; Balazsi, K.; et al. Ge Quantum Dot Lattices in Alumina Prepared by Nitrogen Assisted Deposition: Structure and Photoelectric
Conversion Efficiency. Sol. Energy Mater. Sol. Cells 2020, 218, 110722. [CrossRef]


https://doi.org/10.3390/su15021024
https://doi.org/10.1016/j.scienta.2025.114210
https://doi.org/10.1016/j.rser.2024.114515
https://doi.org/10.3390/su16188271
https://doi.org/10.3390/su16030981
https://doi.org/10.3390/agriculture13071447
https://doi.org/10.3390/su10030743
https://doi.org/10.1039/C4EE03132F
https://doi.org/10.1016/j.envexpbot.2025.106089
https://doi.org/10.3390/horticulturae7070200
https://www.glastuinbouwnederland.nl/content/user_upload/20038_Eindrapport_Haalbaarheidstudie_Hoogisolerende_kas_3.0.PDF
https://www.glastuinbouwnederland.nl/content/user_upload/20038_Eindrapport_Haalbaarheidstudie_Hoogisolerende_kas_3.0.PDF
https://doi.org/10.17660/ActaHortic.2023.1377.25
https://doi.org/10.17660/ActaHortic.2018.1227.4
https://doi.org/10.1051/sbuild/2023006
https://doi.org/10.1016/j.clet.2025.100895
https://doi.org/10.1002/agj2.21442
https://doi.org/10.3390/ma15186211
https://www.ncbi.nlm.nih.gov/pubmed/36143521
https://doi.org/10.3390/ma15155353
https://www.ncbi.nlm.nih.gov/pubmed/35955285
https://doi.org/10.1021/acsanm.5c01061
https://doi.org/10.1016/j.solmat.2020.110722

Agronomy 2025, 15, 2559 16 of 17

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Omelianovych, O.; Sandhu, S.; Ewusi, M.A; Larina, L.; Kim, B.; Trinh, B.T.; Szaniel, A.; Yoon, I.; Lee, J.-J.; Choi, H.-S. Stable and
Efficient Perovskite Solar Cells by Controlling the Crystal Growth via Introduction of Plasmonic TiN Nanoparticles. Adv. Funct.
Mater. 2024, 34, 2407343. [CrossRef]

Neki¢, N.; Sancho-Parramon, J.; Bogdanovi¢-Radovi¢, I.; Grenzer, J.; Hiibner, R.; Bernstorff, S.; Ivanda, M.; Buljan, M. Ge/Si core/shell
quantum dots in alumina: Tuning the optical absorption by the core and shell size. Nanophotonics 2017, 6, 1055-1062. [CrossRef]
Borowski, P.; Mysliwiec, J. Recent Advances in Magnetron Sputtering: From Fundamentals to Industrial Applications. Coatings
2025, 15, 922. [CrossRef]

SpectraSuite, Version 2.0; Ocean Optics: Dunedin, FL, USA, 2013. Available online: https:/ /spectrasuite.software.informer.com/
(accessed on 17 May 2021).

Lesié, R.; Borosi¢, J.; Buturac, [,; Herak-Custi¢, M.; Poljak, M.; Romi¢, D. Povrcarstvo, 3rd ed.; Zrinski: Cakovec, Croatia, 2016.
Rubatzky, W.E.; Yamaguchi, M. World Vegetables Principles, Production, and Nutritive Values, 2nd ed.; Chapman & Hall: New York,
NY, USA, 1997.

Markovic, I; Ilic, ].; Markovic, D.; Simonovic, V.; Kosanic, N. Color measurement of food products using CIE L*a*b* and RGB
color space. |. Hyg. Eng. Des. 2013, 4, 50-53.

SAS, Version SAS® /STAT 9.3; SAS Institute Inc.: Cary, NC, USA, 2010.

Leon-Salas, W.D.; Rajendran, J.; Vizcardo, M.A.; Postigo-Malaga, M. Measuring Photosynthetically Active Radiation with a
Multi-Channel Integrated Spectral Sensor. In Proceedings of the 2021 IEEE International Symposium on Circuits and Systems
(ISCAS), Daegu, Republic of Korea, 22-28 May 2021. [CrossRef]

Matysiak, B.; Kowalski, A. White, blue and red LED lighting on growth, morphology and accumulation of flavonoid compounds
in leafy greens. Zemdirb.-Agric. 2019, 106, 281-286. [CrossRef]

Currey, C.J.; Konjoian, P. How Increasing Light Improves Radish Yields. 2023. Available online: https:/ /www.greenhousegrower.
com/production/how-increasing-light-improves-radish-yields/ (accessed on 20 October 2025).

Pathare, P.B.; Opara, U.L.; Al-Said, F.A.]. Color Measurement and Analysis in Fresh and Processed Foods: A review. Food
Bioprocess Technol. 2013, 6, 36—60. [CrossRef]

Liu, J.; van Iersel, M.W. Photosynthetic Physiology of Blue, Green, and Red Light: Light Intensity Effects and Underlying
Mechanisms. Front. Plant Sci. 2021, 12, 619987. [CrossRef]

Olle, M.; Alsina, I. Influence of Wavelength of Light on Growth, Yield and Nutritional Quality of Greenhouse Vegetables. Proc.
Latv. Acad. Sci. Sect. B. Nat. Exact Appl. Sci. 2019, 73, 1-9. [CrossRef]

Baneshi, M.; Gonome, H.; Maruyama, S. Wide-range Spectral Measurement of Radiative Properties of Commercial Greenhouse
Covering Plastics and Their Impacts into the Energy Management in a Greenhouse. Energy 2020, 210, 118535. [CrossRef]
Timmermans, G.H.; Hemming, S.; Baeza, E.; van Thoor, E.A J.; Schenning, A.P.H.J.; Debije, M.G. Advanced Optical Materials for
Sunlight Control in Greenhouses. Adv. Opt. Mater. 2020, 8, 2000738. [CrossRef]

Frutos-Totosa, A.; Herndndez-Adasme, C.; Martinez, V.; Mestre, T.; Diaz-Mula, H.M.; Botella, M. A.; Flores, P.; Martinez-Moreno,
A. Light Spectrum Effects on Rocket and Lamb’s Lettuce Cultivated in a Vertical Indoor Farming System. Sci. Hortic. 2023, 321,
112221. [CrossRef]

Avgoustaki, D.D.; Vatsika, G.; Vatistas, C.; Bartzanas, T. Influence of Different DLI Treatments on Valerianella locusta Plants Grown
in an Indoor Vertical Farm. Acta Hortic. 2025, 1426, 175-182. [CrossRef]

Zha, L.; Liu, W. Effects of Light Quality, Light Intensity, and Photoperiod on Growth and Yield of Cherry Radish Grown under
Red Plus Blue LEDs. Hortic. Environ. Biotechnol. 2018, 59, 511-518. [CrossRef]

Kuleshova, T.E.; Zhelnacheva, P.V.; Ezerina, E.M.; Vertebny, V.E.; Khomyakov, Y.V.; Panova, G.G.; Kochetov, A.A.; Sinyavina, N.G.
Influence of the Light Spectral Composition on Photosynthetic, Electro- and Morphophysiological Indicators of Small Radish in
Conditions of Light Culture. Russ. J. Plant Physiol. 2024, 71, 59. [CrossRef]

Hu, H.; Zhang, J.; Sun, X.; Zhang, X. Estimation of Leaf Chlorophyll Content of Rice Using Image Color Analysis. Can. ]. Remote
Sens. 2013, 39, 185-190. [CrossRef]

Madeira, A.C.; Ferreira, A.; de Varennes, A.; Vieira, M.I. SPAD Meter Versus Tristimulus Colorimeter to Estimate Chlorophyll
Content and Leaf Color in Sweet Pepper. Commun. Soil Sci. Plant Anal. 2003, 34, 2461-2470. [CrossRef]

Conesa, A.; Manera, FE.C.; Brotons, ]. M.; Fernandez-Zapata, ].C.; Simén, I.; Simén-Grao, S.; Alfosea-Simén, M.; Martinez Nicolas, J.J.;
Valverde, ].M.; Garcia-Sanchez, F. Changes in the Content of Chlorophylls and Carotenoids in the Rind of Fino 49 Lemons During
Maturation and Their Relationship With Parameters from the CIELAB Color Space. Sci. Hortic. 2019, 243, 252-260. [CrossRef]
Zdarova, D.A.; Zolotukhina, A.A.; Belyaeva, A.S. A Comparative Study of Colorimetry and Reflectance Spectroscopy for
Estimating Pigment Content in Plant Leaves. In Proceedings of the 2025 Systems of Signal Synchronization, Generating and
Processing in Telecommunications (SYNCHROINFO), Tyumen, Russia, 30 June-3 July 2025. [CrossRef]

Cozzolino, E.; Di Mola, I.; Ottaiano, L.; EI-Nakhel, C.; Mormile, P.; Rouphael, Y.; Mori, M. The Potential of Greenhouse Diffusing
Cover Material on Yield and Nutritive Values of Lamb’s Lettuce Grown under Diverse Nitrogen Regimes. Italus Hortus 2020, 27,
55-67. [CrossRef]


https://doi.org/10.1002/adfm.202407343
https://doi.org/10.1515/nanoph-2016-0133
https://doi.org/10.3390/coatings15080922
https://spectrasuite.software.informer.com/
https://doi.org/10.1109/ISCAS51556.2021.9401321
https://doi.org/10.13080/z-a.2019.106.036
https://www.greenhousegrower.com/production/how-increasing-light-improves-radish-yields/
https://www.greenhousegrower.com/production/how-increasing-light-improves-radish-yields/
https://doi.org/10.1007/s11947-012-0867-9
https://doi.org/10.3389/fpls.2021.619987
https://doi.org/10.2478/prolas-2019-0001
https://doi.org/10.1016/j.energy.2020.118535
https://doi.org/10.1002/adom.202000738
https://doi.org/10.1016/j.scienta.2023.112221
https://doi.org/10.17660/ActaHortic.2025.1426.25
https://doi.org/10.1007/s13580-018-0048-5
https://doi.org/10.1134/S1021443724604622
https://doi.org/10.5589/m13-026
https://doi.org/10.1081/CSS-120024779
https://doi.org/10.1016/j.scienta.2018.08.030
https://doi.org/10.1109/SYNCHROINFO65403.2025.11079391
https://doi.org/10.26353/j.itahort/2020.1.5567

Agronomy 2025, 15, 2559 17 of 17

53. Maraveas, C.; Loukatos, D.; Bartzanas, T.; Arvanitis, K.G.; Uijterwaal, ].F. Smart and Solar Greenhouse Covers: Recent Develop-
ments and Future Perspectives. Front. Energy Res. 2021, 9, 783587. [CrossRef]

54. Fernandez, E.F; Villar-Fernandez, A.; Montes-Romero, J.; Ruiz-Torres, L.; Rodrigo, PM.; Manzaneda, A.J.; Almonacid, F. Global
Energy Assessment of the Potential of Photovoltaics for Greenhouse Farming. Appl. Energy 2022, 309, 118474. [CrossRef]

55. Aira, J.-R,; Gallardo-Saavedra, S.; Eugenio-Gozalbo, M.; Alonso-Gémez, V.; Mufioz-Garcia, M.-A,; Herndndez-Callejo, L. Analysis of
the Viability of a Photovoltaic Greenhouse with Semi-Transparent Amorphous Silicon (a-Si) Glass. Agronomy 2021, 11, 1097. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fenrg.2021.783587
https://doi.org/10.1016/j.apenergy.2021.118474
https://doi.org/10.3390/agronomy11061097

	Introduction 
	Materials and Methods 
	Preparation of Coatings 
	Optical Characterization 
	Greenhouse Experimental Design 
	Plant Morphology and Yield Measurements 
	Leaf Color Analysis 
	Statistical Analysis 

	Results 
	Optical Properties of Nanostructured Coatings 
	Laboratory Results 
	Field Results 

	Plant Properties Under Different Coatings 
	Plant Morphology 
	Leaf Color 
	Yield 


	Discussion 
	Conclusions 
	References

