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A B S T R A C T

Energy management in greenhouses is crucial as they demand high energy consumption to keep a desirable
environment for products. In this study, a novel greenhouse covering coating is introduced based on photo-
thermal plasmonic nanoparticles to reduce energy consumption in greenhouses. Antimony tin oxide nano-
particles were used as plasmonic nanoparticles and were deposited on polyethylene greenhouse coverings.
Thermal and optical properties of the antimony tin oxide-coated covering were characterized, and a compre-
hensive seasonal greenhouse energy analysis was performed to investigate the energy performance of the
developed greenhouse covering. The photosynthetically active radiation (PAR) transmittance of the developed
covering is 0.746, and the PAR-to-Solar-Transmittance (PST) value increased about 75% by the new covering.
Based on the results, developed greenhouse covering with photothermal plasmonic nanoparticles drops green-
house heating load by 70% and reduces total greenhouse energy consumption up to 49% in very cold climates.
Antimony Tin Oxide nanocoating itself increases greenhouse energy saving by 11.4% in comparison with
uncoated-double-layer polyethylene covering. Greenhouse energy savings in this study were achieved without
any compromise in photosynthetically active radiation (PAR) and crop growth. A greenhouse covering utilization
guideline is provided for each climate zone based on the results of this study to optimize the energy use in the
greenhouse. This study opens a new window to innovative material applications in greenhouses to make
greenhouses more sustainable and energy-efficient.

1. Introduction

One of the most basic human needs, food, has become more prob-
lematic as the world’s population grows. Because of the human need for
food, out-of-season cultivating has become commonplace and proven
necessary, which has sped up the development of greenhouses (Chaysaz
et al., 2019). Crops can be grown in a controlled atmosphere using
greenhouse farming, which promotes quicker growth and better yields
(Rabbi et al., 2019). A workable solution to guaranteeing wholesome
food for an expanding human population is the sustainable cultivation of
vegetables and fruits in greenhouses (Nikolaou et al., 2021). The pro-
duction of agricultural commodities, on the other hand, is largely
responsible for the world’s human-induced greenhouse gas emissions
(Muñoz-Liesa et al., 2022). According to estimates from the UN Food
and Agriculture Organization, land use-related and agriculture emis-
sions are responsible for approximately 17% of overall worldwide
greenhouse gas emissions. Thus, the agriculture industry has a

significant impact on climate change and global warming (Brækken
et al., 2023).

Crop growth depends on the interior microclimate, specifically the
greenhouse’s thermal management (Liu et al., 2023). Nevertheless,
maintaining a comfortable environment in the greenhouse, particularly
when cultivating crops in the off-season, requires high energy con-
sumption (Al-Helal and Abdel-Ghany, 2011). As a result, expanding
protected horticulture in greenhouses to boost output per unit area
would result in higher energy use and associated environmental effects
(Hosseini et al., 2024). Furthermore, this extensive energy use means
significant energy expenses. Heating and cooling systems are among the
major greenhouse operational expenses (Hosseini-Fashami et al., 2019).
In certain situations, the total energy consumption might make up as
much as 50% of the total costs of running a greenhouse. These high
operational expenses due to high energy use negatively impact the
profitability of the greenhouses (Brækken et al., 2023). Thus,
energy-efficient greenhouse operation is critical, and there is an urgent
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need to switch to more environmentally friendly and greener technology
in greenhouses.

Incorporating energy-efficient systems and sustainable energy solu-
tions in greenhouses can make them more environmentally friendly and
lower their energy consumption and energy costs (Hooshmandzade
et al., 2021). Recently, researchers have started studying methods to
lower greenhouse energy consumption by utilizing innovative tools and
techniques.

Given the importance of the greenhouse’s covering system to the
heat exchange between the internal and external environment, covering
materials play a vital role in energy management in greenhouses and
have garnered a lot of attention. Ma et al. (2022) designed a novel
greenhouse covering structure termed the spectral splitting covering,
which was able to transmit photosynthesis-required light and convert
the NIR light to electricity. They performed numerical simulations and
provided greenhouse energy analysis based on their results. The visible
transmissivity of their designed greenhouse covering was above 40% all
day and the electric power of the covering reached 133.2 W/m2. Feng
et al. (2024) proposed a beam-splitting greenhouse covering to decrease
the interior temperature and cooling energy consumption of the green-
houses in summer. They designed a greenhouse covering structure to
transmit visible light and absorb the NIR light based on the spacing
prism principle. They compared their results with a double-layer vac-
uum glass greenhouse covering and reported a greenhouse inside tem-
perature reduction of 3.16 ◦C, which led to a 21% thermal load decrease
by utilizing their designed covering. However, the impact of the pro-
posed covering on the greenhouse total energy use and plant growth was
not presented. Chen et al. (2020) analyzed phase change materials
(PCMs) usage in plastic greenhouse coverings. They experimentally
confirmed that using phase change materials can increase the green-
house indoor temperature, but the energy savings analysis and the effect
of PCMs on plant growth were not studied.

Numerous studies have been conducted on novel greenhouse
covering coatings to enhance greenhouse energy efficiency. Low-E and
IR-reflective coatings such as zinc oxide (ZnO) and titanium dioxide
(TiO2) have been studied in several researches. These coatings have high
reflection in infrared and near-infrared (IR-NIR) regions which are
important causes of heat accumulation in greenhouses. By using these
coatings, it is possible to lower the surface temperatures of the covering
materials in greenhouses by around 15%–20%, which would improve
the environment for the growth of plants (Zhang et al., 2023). Never-
theless, utilizing these coatings typically has a negative impact on the
solar heat gains in winter as they decrease the Solar Heat Gain Coeffi-
cient (SHGC) of the greenhouse covering. On the other hand, using
Low-E or IR-reflective coatings is mostly accompanied by significant
visible transmittance reduction and results in lowering the greenhouse’s
productivity (Abdel-Ghany et al., 2012). Therefore, even though these
technologies effectively handle the overheating problem, they offer a
crucial trade-off by affecting the greenhouse’s light environment.
Additionally, previous research has suggested that the lower surface
temperatures caused by the use of Low-E coatings might also mitigate
the condensation resistance of the covering materials, especially under
high humidity conditions of greenhouses (Zhang et al., 2023). This, in
turn, could lead to an increase in energy consumption due to the for-
mation of condensation on the inner surfaces. Also, there is still a huge
lack of technology to deposit Low-E coatings on plastics. The intrinsic
characteristics of plastics, such as their low surface energy and flexi-
bility, make it difficult for Low-E materials to be effectively deposited on
plastics, compromising the durability and overall performance of Low-E
coated covering materials in greenhouses (Solovyev et al., 2015). Xie
et al. (2019) studied indium tin oxide/silver (ITO/Ag) composites to
enhance the optical properties of the greenhouse covering. They
executed numerical calculations and reported more than 95% visible
light transmittance and more than 90% NIR reflectance. Although the
optical features of the greenhouse are perfectly improved, there is still a
lack of detailed energy analysis to show how these coatings change the

total energy use of the greenhouse. In the other work by Chavan et al.
(2020), a smart glass film (ULR-80) was employed on greenhouse
covering to reduce greenhouse energy use. They studied the optical
properties of the structured covering and energy savings in the green-
house. Based on their results, 85 % of the ultraviolet (UV), 26% of red
and 58% of far-red light were blocked. As a result, the heat load was
reduced by 8%. In contrast, utilizing these films led a 19% reduction in
PAR and consequently 25% decrease in season fruit production. Solo-
vyev et al. (2015) worked on multilayer low-E coatings on polyethylene
terephthalate (PET) and polyethylene (PE) substrates. They optimized
low-E coatings’ structures experimentally and used ZnO:Ga/Ag/ZnO:
Ga/SiO2 films as the coating on the PE greenhouse coverings. They re-
ported 77% transmittance and 91–92% IR reflection of their developed
coating. They performed heat transfer calculations and reported that the
greenhouse energy consumption decreased to the half in one day in
winter utilizing developed coating. In addition to the complexity of the
coating structure, lack of comprehensive greenhouse energy analysis
with and without coating is observed in this research work.

Considering the limitations associated with traditional coatings on
greenhouses’ covering materials, new studies on innovative coating
materials are needed in order to reduce the yearly total greenhouse
energy use without sacrificing the light needed for photosynthesis and
crop growth. In addition, coatings should be compatible with common
greenhouse coverings and easy to coat and use. Also, the literature re-
view revealed that there is a lack of comprehensive energy studies of
greenhouses with energy-efficient coverings that simultaneously
consider the effects on PAR and crop growth. Furthermore, the impacts
of different climate conditions on the energy efficiency of these cover-
ings are barely studied. The novelty of this work is to introduce a new
greenhouse covering coating material based on the photothermal energy
conversion and intrinsic plasmonic nanoparticles features. By leveraging
photothermal principles, these coatings have the potential to achieve
optimal energy use while minimizing the drawbacks and complications
of traditional coatings. A comprehensive annual, monthly, and daily
greenhouse energy analysis is performed across eight different climate
zones. The effects on PAR and crop growth are investigated. The energy
performance of the developed greenhouse covering is then compared to
that of traditional greenhouse coverings.

1.1. Photothermal plasmonic nanoparticles

Photothermal conversion or light-to-heat conversion is the process in
which the light’s energy is transferred to heat through light-absorbing
materials. High-performing photothermal materials are highly capable

Fig. 1. The schematic of LSPR.
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of absorbing light and efficiently converting light into heat (Cui et al.,
2023). Various materials have different photothermal mechanisms
based on their electronic structures (Elmi and Wang, 2023).

The photothermal mechanism which takes place in plasmonic
nanoparticles is plasmonic localized heating. Localized surface plasmon
resonance (LSPR) occurs when the incoming light’s frequency aligns
with the natural frequency of the plasmonic nanoparticles’ electrons
which causes oscillations of free electrons. As a result of the generation
and relaxation of hot electrons, heat is generated and then the heat is
transferred to the surrounding medium (Chen et al., 2019). The sche-
matic of the LSPR is shown in Fig. 1.

Also, plasmonic nanoparticles can be spectrally selective, which al-
lows us to adjust the absorption spectrum of the coating to transmit the
essential light spectrum for photosynthesis and absorb the NIR light. The
oscillations of the free electrons caused by LSPR lead to a strong
enhancement of the electric field close to the surface, and the material’s
absorption at corresponding wavelengths increases significantly. This
peculiar behavior of plasmonic nanoparticles is linked to their special
electronic configurations, in which electrons coherently oscillate and
redistribute on the surface. Plasmonic nanoparticles respond to light

depending on their morphology, shape, size, shape, and surrounding
medium (Indhu et al., 2023). Therefore, the absorption spectrum of the
plasmonic nanoparticles can be finely tuned by some of their properties
like shape and size. As discussed, instead of reflecting NIR, photothermal
materials absorb near-infrared light. It means that in addition to pre-
venting NIR light from passing through the covering, photothermal
coatings do not reduce the SHGC of the covering as much as other
coatings do, and help greenhouse coverings to keep their high SHGC
value. As a result, they do not affect thermal control negatively in
winter. Also, these nanoparticles are easy to deposit on plastics such as
Polyethylene (PE), Which is the most common plastic used in green-
houses (Katsoulas et al., 2020). This research uses enhanced photo-
thermal characteristics of plasmonic nanomaterials such as surface
plasmon resonance to decrease energy consumption in greenhouses and
present novel greenhouse coating materials to make greenhouses more
energy-efficient and sustainable.

2. Materials and methods

2.1. Materials and coating

Polyethylene (PE) is used as a greenhouse covering material in this
study. Because of its durability and resistance in extreme weather con-
ditions, PE is commonly used as a covering material in greenhouses.
Although PE is so light with a density of about half of the glass, it has
impressive flexibility and rigidity, which make it suitable to be used in
greenhouses. PE substrates were purchased from Farm Plastic Supply
(Addison, IL, USA) and were used as received. Antimony Tin Oxide
(ATO) nanoparticles with an average particle size between 20 and 50 nm
and a purity of 99.5% were purchased from Thermo Fisher Scientific
Chemicals Inc. (Tewksbury, MA, USA) as powder.

A measure of 5g ATO nanopowder was poured into 100 ml of 70%
methanol solution, followed by 60 min sonication to make the solution
homogeneous. Then 10× 10 cm2 PE substrates were spin-coated by ATO
nanoparticle solution using 80 μL solution per spin-coating time. The
spin time and speed were 30 s and 1000 rpm, respectively. To achieve
more ATO nanoparticles on a substrate, 4 layers of ATO were deposited
on a sample. To this end, after the first coat, the sample was dried for 2 h
at room temperature, and then the second spin-coating was applied to
the sample. This procedure was repeated 4 times to obtain a 4-ATO-
layer-coated sample denoted as PE-ATO4. The schematic of the
coating process is depicted in Fig. 2.

Fig. 2. The schematic of the ATO nanoparticles coating process.

Fig. 3. The experimental setup to measure samples’ emissivity.
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2.2. Characterization methods

2.2.1. Deposition characterization
To investigate the ATO nanoparticles deposition on PE samples and

study coating quality, scanning electron microscopy (SEM, Thermo
Scientific Apreo 2 SEM), X-ray photoelectron spectroscopy (XPS), and X-
ray diffraction (XRD) were taken. XPS measurements were conducted
using Physical Electronics VersaProbe III (Al kα) covering approximately
200 μm diameter. All spectra were calibrated with reference to the C1
peak at 284.8 eV. XRD patterns were measured by Malvern Panalytical
Empyrean® with copper Kα radiation (λ = 1.5406 Å) at 45 kV and 40
mA within diffraction angle 2θ from 10◦ to 70◦. The scanning step size
was 0.02◦.

2.2.2. Optical characterization
Optical characterization includes determining transmittance,

reflectance, and the emissivity of the samples. Optical spectra were
obtained by Cary 5000 UV–Vis–NIR spectrometer with a 150 mm inte-
grating sphere. The spectral range was 300–2000 nm with a step size of
1 nm. The emissivity was measured by the process described in our
previous work using the AE-AD1 emissometer (Zhang et al., 2023). The
experimental setup for measuring the emissivity of samples is demon-
strated in Fig. 3. The optical characterization was performed for both PE
and PE-ATO4 samples.

2.2.3. Thermal characterization
The primary thermal properties in this study are the center-of-the-

covering U-factor and Solar Heat Gain Coefficient (SHGC). These
properties were determined following ISO 15099 and National Fenes-
tration Rating Council (NFRC) standards using LBNLWINDOW Software
and its OPTICS by optical characterization data (Curcija et al., 2015). To
comprehensively study the impact and potential energy savings of the
developed ATO-coated PE plastics on the greenhouse’s energy con-
sumption, three different greenhouse coverings were modeled.

• Single-Layer PE Film: The foundational covering is a single-layer
polyethylene (PE) film, 6-mil (approximately 0.15 mm) thick. This
material is favored in numerous climates for its straightforward
installation, affordability, and high solar transmittance, making it a
prevalent choice for greenhouse construction.

• Double-Layer PE Covering: The next variant explored is a double-
layer PE covering, consisting of two 6-mil PE layers separated by a
13 mm air gap. Recently introduced to greenhouse insulation tech-
niques, this configuration aims to enhance insulating properties,
thereby extending the growing season. It can be implemented as
either an initial installation in new constructions or, more often, as
an upgrade by adding a second layer to an existing single-layer setup
of greenhouses.

• PE-ATO4 Covering: The third and new covering examined in this
research is based on the double-layer model but incorporates one 6-
mil PE layer and one 6-mil ATO-coated PE (PE-ATO4) layer, main-
taining the same 13 mm air gap. The inclusion of a nanocoated layer
(PE-ATO4) necessitates careful consideration of its orientation dur-
ing installation—external or internal—to leverage its thermal man-
agement benefits effectively. Our investigation includes a seasonal
adjustment strategy for this coated layer to examine its impact on
operational energy efficiency. In the summer, aiming for reduced
solar heat gains, the coated layer is placed externally (surface 2;
outer surface facing outdoors is typically defined as surface 1) to
dissipate the absorbed solar infrared outward. Conversely, in winter,
the layer is installed internally (surface 3) to maximize heat retention
inward. This seasonal switch design is illustrated in Fig. 4. Summer
and winter seasons are defined differently for the various climatic
zones, which is determined based on our previous work (Anwar
Jahid et al., 2022). This is further discussed in the Results and Dis-
cussion section. Notably, the proposed seasonal switch paradigm
presented in this work is practical and aligns with common green-
house energy-saving practices. It builds on the widespread method of
adding or installing new layers or materials to existing coverings to

Fig. 4. The schematic of the seasonal setup of ATO-coated PE films.

Fig. 5. The greenhouse model used in this study.
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enhance thermal efficiency across various climates, such as the
installation of dark shade cloth within greenhouses during summer
or augmenting insulation with an additional plastic layer in winter.

Given the optical properties of the PE and PE-ATO4 samples derived
from OPTICS of the LBNL WINDOW software and optical characteriza-
tion data, the center-of-the-covering U-factor and the covering’s Solar
Heat Gain Coefficient (SHGC) are calculated. In U-factor calculations,
based on mentioned standards, the interior and exterior ambient tem-
peratures are assumed as 21, and -18 ◦C. The wind speed is set to 5.5 m/
s.

2.3. Energy model

A greenhouse energy model was developed and simulated in Ener-
gyPlus. The greenhouse model was developed using the DOE Prototype
Building Model, Warehouse (non-refrigerated) ASHRAE 90.1 2019, with
some modifications to meet greenhouse standards (Baglivo et al., 2020;
Choab et al., 2021; Pacific Northwest National Laboratory (PNNL),
2023). Fig. 5 shows the greenhouse model in EnergyPlus. All exterior
walls and the roof of the prototype model were changed to window
glazing with a 30◦ slope of the roof. The total area of the modeled
greenhouse is 52,045 ft2, and all dimensions were kept as prototype
building models by DOE.

2.3.1. HVAC settings
The HVAC system parameters in the model were adjusted as

described below (Jans-Singh et al., 2021).

• Heating: The heating setpoint was set to 16 ◦C for 6 a.m. to 9 p.m.
and 13.6 ◦C for other times. The heating was provided by natural gas

using heating coils, and the heating supply air temperature was set to
50 ◦C.

• Cooling: The cooling setpoint was adjusted to 27 ◦C for 6 a.m. to 8 p.
m. and 29.7 ◦C for other times of the day. The air-cooled condenser
was employed to provide cooling using electricity with a supply
cooling air temperature of 14 ◦C.

The fan system energy consumption was minimized by assuming the
design pressure rise as 240 Pa.

2.3.2. Lighting settings
Different greenhouse plants require varying photosynthesis light

quality and intensity, which can also vary throughout different growth
stages. However, for the purpose of accurately and fairly assessing the
impact of covering materials on operational energy use, we simplified
the lighting requirements, following established practices in previous
greenhouse energy studies (Gislerød et al., 2012; Iddio et al., 2020;
Ravishankar et al., 2022; Xu et al., 2020). According to current litera-
ture, the recommended minimum PPFD ranges from 200 to 360
μmol/m2s for greenhouse leafy vegetables such as lettuce, basil, and
tomatoes (Ke et al., 2021). To avoid underestimating the lighting energy
use and the impact of transmitted solar light affected by the covering
materials, we opted to utilize the higher recommended PPFD value of
360 μmol/m2s.

Since EnergyPlus does not directly incorporate PPFD for lighting
automation, we converted the PPFD value to the photopic lux value of
19,440 lux as a setpoint in lighting automation systems of EnergyPlus. In
particular, the lighting system in EnergyPlus was programmed to
operate for 16 h daily to meet the minimum lighting requirement, with
an automatic shutdown for the remaining 8 h at night. Automated
lighting controls were implemented with continuous offsetting and set
to maintain a minimum input power and light output fraction of 0.2. The
illuminance reference points were strategically placed to control
greenhouse zones 1 and 2 (yellow points), as illustrated in Fig. 6. These
control settings help the greenhouse to maintain (turned on with
dimming if needed) sufficient light quality for plant growth during
daytime and turned off during nighttime. Additionally, to consider the
potential heat emitted from the lights, 31% convective and 17% radia-
tive heat dissipation were defined in EnergyPlus based on prior studies
(Katzin et al., 2021).

The variable parameters in the EnegyPlus model are U-factor, SHGC,
and PAR transmittance of each covering sample derived from LBNL
Window software. After the model was entirely developed, the Ener-
gyPlus simulation was executed, and heating, cooling, lighting, and total
energy consumption results were obtained. To comprehensively inves-
tigate the effects of photothermal coatings on greenhouse energy con-
sumption, a simulation was executed for eight different US climate
zones, and results are compared and discussed.

Fig. 6. Illuminance setpoints.

Fig. 7. (a) The ATO-deposited PE sample (b) SEM image of ATO nanoparticles (scale bar is 5 μm).
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3. Results and Discussion

3.1. ATO nanoparticles deposition

The ATO deposition quality on the PE surface is investigated by
various characterization techniques. Fig. 7 shows the PE sample after
ATO deposition and the SEM image of the coated sample. ATO nano-
particles are clearly shown on the SEM image, which proves their exis-
tence on the surface. An in-depth understanding of the surface chemistry
and stability of the ATO nanoparticle coatings on the PE substrate was
provided by the XPS and XRD analysis. As presented in Fig. 8, the XPS

results validate the antimony presence on PE samples, showing effective
ATO nanoparticles coating on PE. The components’ identification aligns
with the anticipated chemical composition of the film surfaces after
nanoparticle deposition.

Fig. 9 provides XRD patterns of coated PE. The bare PE has a distinct
peak at approximately 28◦ 2θ, which is characteristic of its amorphous
structure, where the peak at 33.9◦ 2θ matches the tetragonal ATO (101),
showing that the ATO nanoparticles are present on the sample. The XRD
results of tetragonal ATO crystallinity are consistent with antimony
detection of XPS analysis. The XPS and XRD results verify that the ATO
nanoparticles are uniformly deposited on the PE substrates.

3.2. Optical and thermal properties

Optical properties of the samples are vital in this study as aims to
selectively filter the solar radiation while minimizing the compromise in
required photosynthesis light. Therefore, UV–Vis–NIR spectra and PAR
transmittance results should be thoroughly studied. In addition, surface

Fig. 8. Total XPS spectra of ATO-coated PE.

Fig. 9. XRD pattern of PE and ATO-coated PE.

Table 1
Emissivity values.

Sample Emissivity

PE 0.86
PE-ATO1 0.71
PE-ATO4 0.42
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emissivity is important to study as affects the heating and cooling energy
performance and it has a direct impact on the overall thermal insulating
abilities of the covering material. The measured total emissivity values
of the PE, one-layer-ATO-coated PE (PE-ATO1), and four-layer-ATO-
coated PE (PE-ATO4) are provided in Table 1. It shows that the emis-
sivity of the PE sample is diminished by the ATO coating. The intrinsic
characteristics of the ATO nanoparticles, which are metallic in nature
and have a low emissivity, may be the cause of this decrease. Also, as is
indicated in Table 1, adding more ATO layers achieved a further
decrease in the emissivity of the sample, which made it less than half
ultimately by adding four layers, from 0.86 to 0.42. This decrease in
emissivity could help in the covering’s total heat transfer coefficient (U-
factor) reduction, increasing the overall insulation of the covering, and
consequently, saving heating and cooling energy in both winter and
summer seasons. As is depicted in Table 3, the U-factor decreased from
2.816 to 2.336W/m2K due to the emissivity reduction by the added ATO
coatings.

The optical spectra of the samples (PE and PE-ATO4) are depicted in
Fig. 10. The bare PE is almost fully transparent in both PAR and NIR
regions from 380 to 2000 nm. Almost no absorption occurs in PE sam-
ples in PAR and NIR regions. However, the absorptance of the PE-ATO4
begins to increase from the end of the PAR region (~860 nm) and it
rapidly goes up more than 0.7 from the wavelength of 960 nm and
maintains this high value in NIR. The PAR transmittance values of the
different coverings are mentioned in Table 2. As is shown in Table 2 and
Fig. 10, the transparency of the PE in the PAR range did not change a lot
as a result of ATO coating. The total PAR transmittance of single-layer
PE and PE-ATO4 are 0.890 and 0.746, respectively. It shows that
although the absorption of PE is increased extensively in the NIR region
by ATO coating, the transparency in the PAR region has just decreased
by 0.144 in total. This is the distinctive characteristic of the plasmonic
nanoparticles which is applied to PE samples by ATO coating. The NIR
light is absorbed by ATO nanoparticles and filtered through the PE-
ATO4 sample, while the PAR light, which is required for photosyn-
thesis, is transmitted.

The center-of-the-covering U-factor and solar heat gain coefficient
(SHGC) of the covering are the two most important thermal parameters
of greenhouse coverings in thermal and energy calculations and

management. Table 3 shows the calculated values of these parameters
for different coverings. As anticipated, the double-layer PE has a much
lower U-factor than the single-layer PE. It is mostly because of the 13
mm air gap, which creates a strong insulation and decreases the heat
transfer. Also, there is a little drop in SHGC as the transparency of the
double-layer PE is slightly reduced. The U-factor in PE-ATO4 is even less
than double-layer PE. It is because of the less emissivity of the coated PE
than bare PE.

The SHGC of the greenhouse covering is expressed as the difference
between heat fluxes entering the greenhouse with and without incident
solar radiation and is calculated using Equation (1).

SHGC = τs +
qin(IS=0) − qin

IS
(1)

Where τs is the covering total solar transmittance, qin and qin(IS=0) are the
heat fluxes entering the greenhouse with and without incident solar
radiation, respectively. IS is the solar radiation rate per square meter
(W/m2) reached by the greenhouse. The term qin(IS=0) − qin in Equation
(1) is directly related to the covering absorptance. When light strikes the
covering, part of it is transmitted inside, which directly contributes to
solar heat gain. Some part of it is reflected with no effect on SHGC, and
the other portion of the light is absorbed by the covering. Depending on
which side of the covering the absorption occurs, the absorbed energy
may be reradiated inside or outside of the greenhouse, which alters the
inward heat-flowing fraction of SHGC. That’s why the SHGC has
different values in summer and winter conditions in this study. In
summer, the coating layer is placed at the outside of the greenhouse
(Fig. 4), and the absorbed energy by the coating is mostly reradiated to
the outside, and a small amount of it contributes to the SHGC. On the
other hand, in winter, when the coating layer is internal, the absorbed
energy is mostly reradiated and enters the inside of the greenhouse.
Thus, the SHGC of PE-ATO4 is greater in winter than in summer. This
difference helps in energy management in the greenhouse as more
natural heat is required in winter and less solar heat entering the
greenhouse reduces cooling energy in summer. This is the reason that
traditional coatings such as Low-E coatings reversely affect SHGC and
thermal management. As traditional coatings have high reflectance in

Fig. 10. The UV–Vis–NIR spectra of the PE and the PE-ATO4.

Table 2
PAR transmittance values of different greenhouse coverings.

Covering PAR Transmittance

Single-layer PE 0.890
Double-layer PE 0.802
PE-ATO4 0.746

Table 3
Thermal properties of the greenhouse coverings.

Covering U-factor (W/m2K) SHGC

Single-layer PE 6.065 0.892
Double-layer PE 2.816 0.806
PE-ATO4 (Summer) 2.336 0.579
PE-ATO4 (Winter) 2.336 0.727
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the NIR region, they cause the SHGC of the coated covering significantly
decreases. Therefore, solar heat is being prevented from entering the
greenhouse in winter. This is one of the main advantages of plasmonic
nanoparticles rather than traditional coatings on greenhouse coverings.
As plasmonic nanoparticles have high absorption, rather than reflection,
in the NIR region, they help coverings maintain high SHGC during
winter, which helps in energy saving in the greenhouse. Here, although
the NIR transparency of the PE-ATO4 is much less than single and
double-layer PE, because of the high absorption capacity of ATO nano-
particles, the SHGC of the PE-ATO4 covering is only about 10% less than
double-layer PE in winter, and about 25% less in summer, which is
beneficial in thermal and energy management.

3.3. Effects on photosynthetically active radiation (PAR) and plants
growth

3.3.1. Photosynthetic Photon Flux Density (PPFD)
Photosynthetic Photon Flux Density (PPFD) is a crucial metric rep-

resenting the quantity of photosynthetically active photons that reach a
specific area within a given timeframe. PPFD is measured in micromoles
per square meter per second (μmol/m2s). This metric provides valuable
insights into the intensity of light available for photosynthesis, which is
the process through which plants convert light energy into chemical
energy to fuel their growth and development. For plants, light is an
essential factor influencing various physiological processes, including
photosynthesis, photomorphogenesis, and photoperiodism. PPFD spe-
cifically quantifies the number of photons in the photosynthetically
active range (typically 400–700 nm) that reach the plant canopy. The
intensity of PPFD directly impacts the rate of photosynthesis; an optimal
PPFD ensures that plants receive sufficient light energy to carry out this
crucial process efficiently. Studies showed that there is a positive cor-
relation between increased PPFD and enhanced plant growth. To align
the solar spectrumwith PPFD, the Bird Simple Spectral Model is utilized,
offering different methods for PPFD calculation. Conversion factors from
the solar energy spectrum to PPFD for daylight are approximated, aiding
in precise measurements of light intensity available for photosynthesis
(Franklin, 1998). Equation (2) is used to calculate the PPFD for different
greenhouse coverings. Also, the photosynthetic photon flux, φ (λ), which
shows the number of photosynthetic photons reached to the plant, and
PPFD are correlated as shown in Equation (3) (Safat Dipta et al., 2022).

PPFD=4.57⨯
∫ 700

400
PAR(λ)⨯S(λ)⨯τ(λ)dλ (2)

PPFD=

∫ 700

400

ϕ (λ)

NA⨯10−6 dλ (3)

PAR(λ) is the photosynthetically active radiation response at wavelength

λ, S(λ) is the solar spectral irradiance at wavelength λ, and τ(λ) is the
spectral transmittance of the material at wavelength λ. NA is the Ava-
godro’s number. Based on calculations, the photosynthetic photon flux,
φ (λ), is demonstrated in Fig. 11 for single-layer, double-layer, and PE-
ATO4 greenhouse coverings. As is expected, utilizing ATO coating on
the covering caused a little drop in photosynthetic photon flux, which
was compensated by artificial lighting to not affect plant growth. The
impact of this compensation by artificial lighting on lighting energy is
comprehensively discussed in section 3.4.

Based on PPFD calculations, PPFD values of different greenhouse
coverings are compared in Table 4.

3.3.2. PAR-to-Solar-Transmittance (PST)
Exploring solar light quality’s impact on plant photosynthesis, key

pigments (carotenoid, chlorophyll a, and b) and the photosynthesis ac-
tion spectrum (400–700 nm) is crucial. Plant pigments exhibit peak
absorption in the blue and red bands, with lower absorption in the green
band. Mecree curve (photosynthesis action spectrum) illustrates notable
peaks at 450 nm (chlorophyll b) and 680 nm (chlorophyll) (Bugbee,
2016). A PAR-to-Solar-Transmittance (PST) value is defined to express
the relationship between the relevant PAR region transmittance and the
full spectrum solar transmittance and is calculated as follows:

PST =
τPAR

τS
(4)

τPAR =

∫ 700
400 τ(λ)⨯PAR(λ)⨯S(λ)dλ

∫ 700
400 PAR(λ)⨯S(λ)dλ

(5)

τs =

∫ 2500
400 τ(λ)⨯S(λ)dλ

∫ 2500
400 S(λ)dλ

(6)

Where τs is the covering total solar transmittance, and τPAR is the
covering solar transmittance in the PAR region. The calculated PST
values for different greenhouse coverings are shown in Table 4.

As depicted in Table 4, the utilization of ATO nanoparticle coatings
on PE films results in a significant rise in their PST values, almost 75% in

Fig. 11. Photosynthetic photon flux, φ (λ), for different greenhouse coverings.

Table 4
PPFD and PST values.

Greenhouse
covering

PPFD

(
μmol
m2s

)

PPFD change
relative to Single-
layer PE (%)

PST PST change relative
to Single-layer PE
(%)

Single-layer PE 408.9 - 0.99 -
Double-layer
PE

343.4 −16.0% 0.97 −2.0%

PE-ATO4 357.0 −12.7% 1.73 +74.7%
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comparison with the uncoated films. This improvement signifies that the
ATO coatings enhanced the film’s capacity to selectively filter solar heat
while permitting a considerable transmission of PAR. This comparative
assessment highlights that, in terms of PST values or spectral selectivity
for solar heat control, PE films with four layers of ATO nanoparticles
exhibited superior performance.

3.4. Energy savings of using PE-ATO4 coverings

The heating, cooling, lighting, and total (including heating, cooling,
lighting, and fans operation) energy consumption of the greenhouse
were calculated by applying different coverings on the greenhouse for
eight US climate zones from very hot weather conditions (Zone 1) to
Subarctic (Zone 8). Summer and winter seasons were defined individ-
ually for each climate zone based on our previous work (Anwar Jahid
et al., 2022). The monthly energy consumption was calculated for each
climate zone with both summer and winter conditions. Then, based on
the energy consumption results, the best month to flip the covering was
determined for each climate. The studied climate zones and their cor-
responding summer and winter months are presented in Table 5, which
is upon the dominant HVAC mode of each month. Based on Tables 5, in
very hot and hot climates (Zone 1 and Zone 2), summer includes all
months of the year, meaning that the coating should be placed externally
all the time. However, in colder climates like Zone 7 and Zone 8, summer
includes just a few months of the year and coating should be placed
internally most of the year.

Fig. 12 illustrates a set of energy simulation results of the greenhouse
with different coverings (single-layer PE, double-layer PE, and PE-
ATO4) in summer, winter, and whole year in various climate zones. In
general, as expected, in the first three climate zones (1, 2, and 3),
heating energy consumption is too little, and lighting mainly contributes
to the total energy consumption. On the other hand, in the 5 remaining
climate zones (4, 5, 6, 7, and 8) heating contribution goes up and be-
comes the major energy consumption in the greenhouse.

From the total energy consumption perspective, as the cooling and
lighting energy was increased, using PE-ATO4 coverings increased the
total energy consumption in the summer season rather than single-layer
PE in all climate zones except Zone 5. But still using PE-ATO4 achieved
less energy consumption than double-layer PE covering. The heating
energy consumption in Zone 5 was relatively high in the summer
months. Therefore, there was a trade-off between heating, cooling, and
lighting energy consumption there, and ultimately, the total energy
consumption in summer decreased. In winter, however, the total energy
consumption was reduced in all climate zones by using PE-ATO4 cov-
erings. As mentioned, employing PE-ATO4 coverings led to a reduction
in heating energy, and heating energy usage constitutes the major en-
ergy consumption in winter months. The effect of PE-ATO4 on total
energy consumption throughout the year was not the same in all climate
zones. Table 6 shows the energy-saving percentage of the double-layer
PE without ATO coating and with ATO coating (the baseline is the
greenhouse with single-layer PE covering). As is shown in Table 6,
deploying PE-ATO4 coverings resulted in more energy consumption in
the hot climates (Zones 1 and 2) in the whole year than single-layer PE

(energy savings are negative). In all other climates, applying PE-ATO4
resulted in energy savings throughout the year, and the colder the
weather was, the more energy was saved. In comparison with single-
layer PE, the total annual energy saving achieved by using PE-ATO4
covering reached 7199.67 GJ (from 15712.96 to 8513.29 GJ) in Zone
8. The highest total annual energy saving percentage occurred in Zone 7
with 48.3%. It means using PE-ATO4 coverings in very cold climates
reduced the total annual energy consumption of the greenhouse to
almost half. This percentage was near 20% for mixed climate zones and
more than 40% for cold and subarctic climates. The third row of Table 6
demonstrates greenhouse energy performance improvement just caused
by ATO coatings. It is noteworthy that in all climates, the total energy
consumed by the greenhouse with PE-ATO4 coverings was less than the
greenhouse with double-layer PE coverings. In comparison with double-
layer PE without ATO coating, PE-ATO4 covering improved the green-
house energy savings by 11.4% in Zone 7.

Following is a detailed analysis of the heating, cooling, and lighting
energy consumption in the greenhouse.

• Heating: In all climate zones, the heating energy consumption is
reduced by employing PE-ATO4 throughout the year, relative to
single-layer and double-layer PE systems. In cold weather conditions,
this reduction is much greater, and as is shown in Fig. 12, using PE-
ATO4 obtains a huge reduction in heating energy consumption,
which reaches about 7411 GJ (from 12532.77 to 5121.37 GJ) annual
heating energy savings in Zone 8. The highest heating energy
reduction percentage was for Zone 7 with nearly 70% annual heating
energy savings.

ATO coatings significantly decreased the emissivity of the PE layer
and as a result, the heat transfer coefficient (U-factor) of the covering
decreased. In addition, based on the UV–Vis–NIR spectra, ATO coatings
increase the absorption in the NIR region significantly. Therefore, the
NIR light is absorbed by the ATO coating on the covering and reradiated
inside in winter. This maintained the SHGC of the covering still at a
relatively higher level although the overall transmittance of the PE-
ATO4 is slightly reduced relative to the PE alone. It means that U-fac-
tor decreases and maintaining high SHGC by ATO coatings led to huge
heating energy consumption reduction in the greenhouse in all climate
zones. Fig. 13 shows the hourly heating energy consumption for 72
consecutive hours starting from 1:00 a.m., Dec. 19th to 12:00 a.m. Dec.
21st in Zone 7. Dec. 21st was the winter design day. The secondary
vertical axis is the solar radiation rate per square meter reached by the
greenhouse. Fig. 13 clearly shows daily heating energy savings by ATO
coatings in the greenhouse. Based on the solar radiation demonstrated in
Fig. 13, Dec. 19th was cloudy, and Dec. 20th and Dec. 21st were sunny
days. But in both situations, PE-ATO4 covering had less heating energy
use rather than single-layer and double-layer PE coverings. Thus, the
sky’s cloudiness did not affect the ATO coatings’ performance.

• Lighting: Conversely, as shown in Fig. 12, the lighting energy con-
sumption is increased by using PE-ATO4 in comparison with single
and double-layer PE in all climate zones. This is because of that the

Table 5
Climate zones and corresponding summer and winter definitions. The weather dataset for each city is obtained from the EnergyPlus website (EnergyPlus, n.d.).

Climate Zone
Representative City Summer months (external)(low SHGC) Winter months (internal)(high SHGC)

1 (very hot) Honolulu, HI Jan–Dec –
2 (hot) Tucson, AZ Jan–Dec –
3 (warm) El Paso, TX Feb–Dec Jan
4 (mixed) Alburquerque, NM Mar–Nov Dec–Feb
5 (cool) Denver, CO Apr–Nov Dec–Mar
6 (cold) Great Falls, MT May–Oct Nov–Apr
7 (very cold) International Falls, MN May–Sep Oct–Apr
8 (Subarctic) Fairbanks, AK Jun–Aug Sep–May
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Fig. 12. The energy consumption of the greenhouse in various climate zones.
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Fig. 12. (continued).
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Fig. 12. (continued).
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PAR transmittance of the PE-ATO4 covering is less than that of
double-layer PE, and double-layer PE has less PAR transmittance
than single-layer PE. Thus, more artificial lighting was needed to
satisfy the required photosynthesis light in the greenhouse in such
situations. The most lighting energy rise occurred in Zone 7, which
increased from 2036 to 2270.11 GJ. It means approximately 11.5%
of annual lighting energy consumption rose in this climate zone. In
other climate zones, the increased lighting energy was less than 5%.

To better understand the features of lighting energy use, hourly data
from July 19th to 21st is depicted in Fig. 14. The lighting system was
programmed in the simulation to operate for 16 hours a day, turning off
for the remaining 8 hours at night. This setup illustrates that lighting
energy consumption is significantly influenced by solar radiation.
Analyzing three different covering materials reveals notable differences
in energy use, especially from 4 to 8 p.m., when reduced solar radiation
increases the demand for electrical lighting. During these hours, the
Photosynthetically Active Radiation (PAR) transmittance of the mate-
rials primarily dictates the electrical lighting needs. This also affects
heat emissions from the lighting systems, which can be substantially
impactful during the cooling season.

• Cooling: The extra artificial lighting discussed above causes the
greenhouse to heat up and generates undesired heat in the green-
house. Thus, the cooling system should remove this surplus heat
produced by the lighting system and consume more energy to keep it
at the desired temperature. Although the U-factor and the SHGC of
the PE-ATO4 are less than single-layer PE’s, based on Fig. 12,
employing PE-ATO4 makes cooling energy consumption increase in
all climate zones. However, this cooling energy rise was not

enormous in comparison with heating energy reduction, and the
most increase in cooling energy occurred in Zone 1 with only 47.15
GJ (from 422.66 to 469.81 GJ) in a year. In addition, using PE-ATO4
helped a little cooling energy reduction in comparison with double-
layer PE in all climates.

Fig. 15 illustrates the hourly cooling energy consumption for Climate
Zone 1 alongside solar radiation levels from July 19th to 21st. Generally,
cooling energy consumption began to increase at sunrise andmaintained
its peak until sunset. During early morning hours with rapidly increased
solar radiation and activated electrical lighting, the cooling energy
reached its highest intensity for the day, and the difference in cooling
energy between single-layer PE and PE-ATO4 was at its maximum.
Interestingly, during nighttime, single-layer PE outperformed the other
two covering systems. This enhanced performance was primarily due to
its poorer insulation quality, which promotes natural cooling by taking
advantage of the cooler outdoor air temperatures at night. Additionally,
single-layer PE benefited from reduced heat emission, a result of
decreased lighting energy use due to its higher PAR transmittance.
Consequently, single-layer PE significantly reduced cooling energy
consumption compared to the other covering options.

3.5. Optimizing energy savings through seasonal strategies on PE-ATO4
and single-layer PE

As discussed above, applying ATO coatings on the greenhouse’s
covering reduced the energy consumption in winter months extensively,
but it had a negative impact in summer months compared with single-
layer PE. It means that to optimize energy consumption in the green-
house; by starting the summer season (based on the definition of the

Fig. 12. (continued).
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summer in this study for each climate zone), the ATO-coated PE layer
should be removed from the existing greenhouse structure and just
single-layer PE being used in the summer. When the winter season starts,
the coated PE layer should be added to the covering and the coating
should be internal (winter mode). Overall, under such application
modes combining single-layer PE and PE-ATO4, ATO coatings helped in

energy savings throughout the year in all climate zones except very hot
and hot climates (1 and 2). The only exception is in Zone 5 where PE-
ATO4 applications in both summer and winter outperformed the per-
formance of the combination mode. Fig. 16 shows the energy-saving
percentages using such optimal combination mode (PE-ATO4) in
winter and single-layer PE in summer (except for Zone 5) in comparison

Table 6
Energy saving percentage by different coverings (the baseline is the greenhouse with a single-layer PE covering).

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8

Double-layer PE w/o ATO −9.9 −5.2 −0.5 15.5 27.1 36.0 41.6 38.9
Double-layer PE w/ATO −5.9 −1.5 2.9 19.0 31.8 41.6 48.3 45.8
Energy saving improvement just caused by ATO coating 3.6 3.6 3.5 4.1 6.4 8.7 11.4 11.2

Fig. 13. Hourly heating energy consumption (from 1:00 a.m., Dec. 19th to 12:00 a.m. Dec. 21st in Zone 7).

Fig. 14. Hourly lighting energy consumption (from 1:00 a.m., July 19th to 12:00 a.m. July 21st in Zone 1).

Fig. 15. Hourly cooling energy consumption (from 1:00 a.m., July 19th to 12:00 a.m. July 21st in Zone 1).
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with the single-layer PE (baseline).
As demonstrated in Fig. 16, in very hot and hot climates (zones 1 and

2) the best option is single-layer PE covering, and even using double-
layer PE inversely impacts energy savings. In the warm climate (i.e.
Zone 3), PE-ATO4 achieved a little, 3.32% energy saving throughout the
year, but double-layer PE still had a negative impact. However, in mixed
climate, Zone 4, PE-ATO4 facilitated nearly 20% energy savings, and in
cool (5), cold (6), very cold (7), and subarctic (8) climates applying ATO
coatings obtained huge yearly energy savings of approximately 29%,
42%, 49%, and 46%, respectively. Although the most energy saving
occurred in Zone 8 with 7.2 TJ energy consumption reduction, the
highest energy saving percentage, in comparison with single-layer PE,
was for Zone 7 with 49% energy savings. Furthermore, in comparison
with double-layer PE, PE-ATO4 covering was more effective and ob-
tained more energy savings in all climate zones. Based upon the above
analysis results, optimized seasonal strategies of using PE-ATO4 cover-
ings can be achieved using a climate zone map (Burleyson, 2020),
Fig. 17. By using Fig. 17, depending on the zone number of the city in
which the greenhouse is located, the ATO-coated PE layer can be added
during the specific months for operational energy saving purposes.

4. Conclusion

A new greenhouse covering coating based on photothermal plas-
monic nanoparticles was introduced, and its potential energy savings in
the greenhouse were investigated. Antimony tin oxide (ATO) nano-
particles were spin-coated on PE films and the uniform deposition was
verified by various characterization methods. The optical and thermal
properties of the ATO-coated PE films were measured. A greenhouse
energy model was developed, and the energy simulation was executed
for eight different US climate zones. The photosynthetically active

radiation (PAR) transmittance of the ATO-coated covering was 0.746,
and the PAR-to-Solar-Transmittance (PST) value of the covering raised
about 75%. The energy performance of a greenhouse with the developed
covering was compared with ones with single-layer polyethylene and
double-layer polyethylene coverings. Based on the results, ATO nano-
coating reduces total greenhouse energy consumption by 11.4%. In
comparison with single-layer polyethylene covering, double-layer
polyethylene covering with ATO coating reduces greenhouse’s heating
load by 70% and subsequently decreases the total greenhouse energy
consumption up to 49% without compromising required photosynthesis
active radiation. However, results showed that ATO coating increases
greenhouse lighting and cooling energy consumption. As a result,
applying ATO coating is effective in warm, mixed, cool, cold, very cold,
and subarctic climates (six out of eight studied climate zones) and is not
effective in very hot climates due to lighting and cooling energy con-
sumption increase. This study shows photothermal plasmonic nano-
particles have great potential to be used as coating material to
manipulate optical and thermal properties of greenhouse coverings to
control heat transfer through greenhouse and reduce energy consump-
tion in greenhouses without affecting plant growth.
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