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Abstract: At present, greenhouses are used to grow a variety of crops around the world. However,
with the change of climate, the increasingly harsh weather makes it more and more disadvantageous
for people to work inside, and plants are difficult to grow. Previous research has illustrated that
radiative cooling can be realized by using certain nonmetal oxide particles created for emission in an
infrared atmospheric transparency window, which is an environmentally friendly cooling method
due to reducing energy consumption. Polyethylene (PE)-based formulations with a UV stabilizer
and nonmetal oxide particles (NOP) were first granulated and then formed a monolayer film by
co-injection molding. The experimental results show that due to passive radiative cooling, under
the environmental conditions of 35 °C, and only considering the natural convection heat transfer,
the net cooling power of the greenhouse film developed in this study is 28 W-m~2 higher than that of
the conventional PE film. The temperature inside the simulated greenhouse cladded with the new
greenhouse covering was on average 2.2 °C less than that of the greenhouse with the conventional
PE film.

Keywords: covering material; passive cooling; infrared atmospheric transparency window

1. Introduction

Because of the change of climate, the temperature on the Earth’s surface has risen, resulting in
humans using a lot of energy to cool down, but the energy on the Earth is not inexhaustible, and concerns
about the environment and energy conservation have become important issues worldwide [1,2]. Most of
the cooling methods employed in the past have always required energy or resources to assist the heat
dissipation, while radiative cooling is a natural cooling method on the Earth, which radiates heat to outer
space through a transparency window in the atmosphere that is between 8 and 13 micrometers [3-26].
It refers to the process of dissipating the heat of objects to the space of the universe, having a lower
temperature via thermal radiation. It is environmentally friendly and a potential way to make up for
the problems caused by global warming during recent years, because this method offers an important
impact regarding energy saving, for its ability to conduct without external energy.

Radiative cooling is a natural phenomenon on the Earth’s surface. When the sunlight shines on
the Earth’s surface, it will be absorbed by the territory, and most of the thermal radiation can transmit
through the atmospheric window, where it is highly transparent. It is astonishing that the spectrum of
the atmospheric window is consistent with the range of wavelengths of thermal radiation from ground
objects, which is a good illustration of how the Earth maintains its heat balance throughout the year.
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From the mid-20th century, radiative cooling during nighttime through bulk materials comprising
inherent infrared emissions has been widely studied and has been applied to rooftop cooling [3-6],
but the peak cooling requirement occurs during the daytime. Daytime radiative cooling is difficult to
achieve because of solar radiation. According to the nature of being, such as the Saharan silver ant’s
body and the cocoon made by wild silk moths, they have nanostructure biomaterials that inspire the
progress of daytime radiative cooling materials. Firstly, Rephaeli et al. [7] present a metal-dielectric
photonic structure, which achieved a net cooling power in excess of 100 W-m~2. Raman et al. [10]
proposed a photonic radiative cooler and it achieved 4.9 °C below the ambient temperature under
direct sunlight, with a cooling power of 40.1 W-m~2. Gentle and Smith first used a mixture of SiC
and SiO, nanoparticles to yield high-performance cooling at a low cost [15], and then they proposed
a stack of alternating layers of polymers [22]. This device also performed better than a commercial
cool roof in reducing the temperature. Then, a nano-/microstructure, such as the plasmonic structures
and metallic/nonmetal photonic crystals, was proposed in order to improve the challenge of using
bulk materials and planar photonic devices during the daytime [7,16]. However, these radiators are
challenging for practical realization so polymeric photonics and metamaterial were developed to
make the radiative cooling device economic and scalable [11-13]. Yao Zhai et al. [12] manufactured
a metamaterial composed randomly of silicon dioxide microspheres and backed by a silver layer.
The metamaterial is extremely emissive across the atmospheric window due to the existence of
strong phonon—polariton resonances of the embedded microspheres so it showed a radiative cooling
power of 93 W-m~2 at noon under direct sunshine. Jun-long Kou et al. [13] used a polymer-silica
mirror consisting of a fused silica wafer, coated with a polymer top layer and a silver back reflector,
which achieved 8.2 °C under daytime, and it had a net cooling power of about 127 W-m~2 at an ambient
temperature of 300 K under AM 1.5 solar irradiation. No matter what kinds of devices were used for
radiative cooling in the past, they required identical features of a strong thermal emission and high
solar reflection.

A greenhouse is an artificial building that shelters crops from harsh weather conditions.
Solar radiation involves ultraviolet radiation (UV, 100-400 nm), visible radiation (VIS, 400-780 nm),
and near-infrared radiation (NIR, 750-2500 nm) and penetrates into the greenhouse through the
cladding to assist the crops in growing [27]. Among them, UV radiation affects film degradation and
pollinator behavior, and NIR radiation is a direct source of heat. With the greenhouse effect being
aggravated, the excessively high temperature makes it unfavorable for people to work inside the
greenhouse and plants are hard to grow inside them.

In the literature [27-38], some active and passing cooling methods have been proposed in order to
adjust the temperature inside the greenhouse. Active cooling, such as pad-fan systems, evaporative
cooling systems, and heat pumps, may consume some energies and water resources. Passing cooling
involves natural ventilation, shading, a liquid radiation filter (LRF), painting, and the NIR reflection
additives. These methods have some limits, such as a high cost, being poisonous, and limited cooling
effects. The infrared atmospheric window fits with the peak of thermal radiation wavelengths on general
ambient temperatures [20], so, if the materials can emit the wavelength between 8-13 micrometers,
the heat would be carried away to outer space by radiation, and this is a passive cooling. Based on
this idea, connecting greenhouse covering materials with radiative cooling in order to save energy,
CO; emission reduction, and, simultaneously, to adjust the temperature inside the greenhouse is a
subject worthwhile to explore.

The most different to the devices used for the radiative cooling and those used in the greenhouse
is high solar reflection. The greenhouse covering needs sunlight penetrating inside to keep the plants
growing; therefore, it requires high transmittance in the visible radiation and high emissivity over
the infrared atmosphere window. From past research, radiative cooling can be achieved by using
some nonmetal oxide particle [7,10,12-17]. Unlike the devices mentioned above, the covering of a
greenhouse needs neither high reflection nor a complicated device so we only added nonmetal oxide
particles as the base of films for radiation cooling rather than using complex composition.
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UV degradation of polymers is a well-known phenomenon, so a light stabilizer was added into
the covering in this study to delay the aging of films. Nonmetal oxide particles were added to a
polyethylene matrix, which was based on polyethylene (PE) and hindered amine light stabilizers, so as
to fabricate the new greenhouse covering. The nonmetal oxide particles were prospective to improve
the thermal radiation capability of the films in order to aid the new greenhouse covering in decreasing
the temperatures inside the greenhouse primarily by passive cooling.

2. Materials and Methods

2.1. Materials and Preparing Plastic Films

The materials used in the experiment were polyethylene (PE; USI Corporation, Kaohsiung,
Taiwan), nonmetal oxide (Taipei, Taiwan), and hindered amine light stabilizers (HALS; UV944, Lai Wai
Co., Ltd., Taipei, Taiwan).

In order to get films that were uniformly dispersed, the mixtures were placed in a twin-screw
kneading granulation/stretching apparatus to first be granulated. After the HALS (30 g) and PE (3000 g)
were granulated, a sample was put into a co-injection molding apparatus, and then heated to 265 °C in
order to produce the following films: PE@ with a thickness of 0.16-0.18 mm.

Nonmetal oxide particles (30 g), PE (3000 g), and HALS (30 g) were granulated. Next, the mixtures
were placed in a co-injection molding apparatus, to be heated to 265 °C. Finally, monolayer films and
the new greenhouse covering (PE@1.0S with a thickness of 0.16-0.18 mm) were produced.

2.2. Characterization of Prepared Plastic Films

We characterized the spectroscopic performance of PE, PE@, and PE@1.0S in infrared (4 to 20 pm)
using Fourier-transform infrared spectroscopy (FTIR; SHIMADZU, 8400, Kyoto, Japan). The films
were used as the covering to construct a simulated greenhouse. The temperatures of the simulated
greenhouse were recorded in real time with thermocouples (TECPEL Co., LTD., DTM-319A, NewTaipei,
Taiwan). Three thermocouples were placed on the film (surface temperature) in the greenhouse, in the
middle of the greenhouse (internal temperature), and outside the greenhouse (ambient temperature)
individually. The distance between the two greenhouses was 15-20 cm. When measuring temperature,
we placed a mat at the bottom of the greenhouse to block the heat from the ground to reduce the
effect on temperature measurements. The observed temperatures were used for evaluating the cooling
performance of the new greenhouse covering.

2.3. Energy Balance of a Radiative Cooling Structure

On the whole, the light on an object may be divided into absorbed, reflected, or transmitted.

The absorption (x), reflection (p), and transmission (7) of an object are defined as « + p + T = 1. [20].

For a greenhouse facing clear sky as shown in Figure 1, the net cooling power Py, of the surface is
described as follows:

Pnet(Ts/ Ta) = Prad(TS) - Ptltm(Tll) = Psolar = Pc @

where T is the surface temperature, T, is the ambient temperature, P,,; is the thermal emission power
radiated out by the substance, Py, is the absorbed atmospheric irradiation at a temperature T, Py,
is the incident solar power absorbed by the structure, and P, is the nonradiative (i.e., conductive +
convective) heat transfer.
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Figure 1. A schematic indicating the heat fluxes for a greenhouse.

3. Results

3.1. FTIR Spectrum of the Samples

Figure 2 is an FTIR spectrum between 500 and 2500 cm™~! (4 to 20 pum) of different covering films.
When PE added HALS (PE@), a significant peak appeared at 1575 cm™!, and this peak was attributed
to the characteristic absorption of the conjugated C=N in the HALS. A characteristic peak near
1000 cm~! emerged significantly after adding nonmetal oxide particles (PE@1.0S), and it corresponded

to nonmetal oxide. The absorption peak at 720, 1380, and 1460 cm~! belonged to ~CH,~ in linear
low-density polyethylene.
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Figure 2. Fourier-transform infrared spectroscopy (FTIR) spectra of different films. PE—polyethylene;
PE@—PE with added hindered amine light stabilizers (HALS); PE@1.0S—PE@ with added nonmetal
oxide particles.

3.2. Cooling Performance

We built a simple small simulated greenhouse (32 X 20 X 25 cm; Figure 3) and measured the
temperature on the covering to observe the cooling performance of PE@1.0S, as well as the ambient
temperature from 11:00 to 13:00 in Chiayi, Taiwan, as shown in Figure 4. We used PE as a comparison,
and under nearly 35 °C ambient conditions, the average temperature on the PE covering and PE@1.0S
was 52.01 °C and 49.69 °C, respectively. Although these experiments were conducted on a sunny day

and in a space surrounded by narrow buildings, occasionally some clouds appeared, causing occasional
drops in temperature.
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Figure 3. A simple simulated greenhouse.

60 -
—— ambient temperature
—PE

55 —PE@1.0S

(8)]
o

)

Temperature (°C)
By N
o (6]

w
(8)]

r T T T ! T T T T T '
0 20 40 60 80 100 120
Time (mins)

Figure 4. The temperature trend of PE and PE@1.0S on the surface of the covering and the

ambient temperature.

As shown in Figure 5, we also measured the temperature inside the greenhouse and the ambient
temperature at the same time from 11:00 to 13:00 in Chiayi, Taiwan, and occasionally some clouds
appeared, which resulted in the abrupt dips in the temperature trend. Using PE as a comparison,
the air temperature inside the greenhouse had a maximum temperature variance of 5.1 °C, and an
average variance of 2.2 °C under nearly 35 °C ambient conditions. This result illustrated that PE@1.0S
possessed a good cooling performance and it attributed to passive cooling, resulting from emitting
thermal radiation in the atmosphere window by the property of nonmetal oxide particles. The addition
of the nonmetal oxide particles was valid in lowering the temperature inside the greenhouse and it can
be proved by the value of the cooling heat flux, calculated in the following sections.
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Figure 5. The temperature trend of PE and PE@1.0S inside the greenhouse, and the ambient temperature.
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3.3. Energy Balance

The Earth’s atmosphere has a transparency window in the infrared (IR) wavelength range between
8 and 13 um and it can emit thermal radiation, which contributed to the radiative cooling. The most
obvious difference in the spectra region between PE covering and the new greenhouse covering
(PE@1.0S) was within 8-13 um, i.e., the atmosphere window. In order to discuss the efficacy of the
passive cooling, we observed and calculated the cooling heat power only for wavelengths of 8-13 um.
Therefore, we replaced the wavelength range of zero to infinite in each formula with 8 x 107 m to
13 x 107® m. When a greenhouse was facing clear sky, the net cooling power Py of the surface was
determined by the following:

Pﬂef(Ts/ Tu) = Prad(TS) - Putm(Ta) - Psolar - P, (2)

where Tg is the surface temperature, T, is the ambient temperature, P,,; is the thermal emission power
radiated out by the substance, P, is the absorbed atmospheric irradiation at a temperature T, Py,y
is the incident solar power absorbed by the structure, and P, is the nonradiative (i.e., conductive +
convective) heat transfer, and the thermal emission power radiated out by the film is as follows:

n/2  ,13e-6
P,a(Ts) = f f Ipp(Ts, A)es(A, 0)2msinOcosOANIO ©)]
8¢

Here, I;,(T,A) = /\56;,2]}—W1 is the spectral radiance of a black body, defined by Planck’s law at
any temperature, T (K), where / is Planck’s constant 6.626 x 1072 J-S!, k is the Boltzmann constant
1.3806 x 10723 J-.K~1, c is the speed of light in a vacuum 3 X 108 m-s~!, A is the wavelength (m), T is the
surface temperature of the film, and &s(A, 0) is the emissivity of the surface as a function of wavelength
and direction, which in this article, is not considered the function of direction in &5(A, 0). We replaced
the covering’s emissivity with its absorptivity by using Kirchhoff’s radiation law.

/2  13e—6
8e—

Puim(T,) is the absorbed atmospheric irradiation at a temperature T,, and ¢,(A, 0) is the emissivity
of atmosphere as a function of direction and wavelength. The angle-dependent emissivity of the
atmosphere between 8 and 13 um is given by &,(A,0) = 1—0.871/%0 [24], and T, is the ambient
temperature.

We integrated the FTIR spectrum (as shown in Figure 2) by using origin Pro8 in order to get
the transmittance within 8 um and 13 um. For PE, the transmittance was 68.68%, and in the case
of ignoring the reflection, the absorptivity was 0.3132, i.e., &5(A, 0) = 0.3132. According to Figure 4,
the average temperature on the PE covering was 52.01 °C, i.e., Tg = 52.01 4 273 = 325.01, the average
ambient temperature was 37.28 °C, i.e.,, T, = 37.28 +273 = 310.28, and ¢,(A,0) = 1 - 0.871/cos0,
$0 P,;4(PE) = 66.6931 W m~2 and Py, (PE) = 11.9890 W m~2 were calculated by MATLAB2017.

However, for PE@1.0S, the transmittance was 46.27%, and if ignoring the reflection, the absorptivity
was 0.5373, i.e., &5(A,0) = 0.5373. The average temperature on the new greenhouse covering was
49.69 °C, ie, Ts = 49.69 + 273 = 322.69, and the average ambient temperature was 37.28 °C,
ie, T, = 37.28 + 273 = 310.28, as shown in Figure 4, and ¢,(4,0) = 1 - 0.87'/<; therefore,
P,,4(PE@1.0S) = 110.8249 W m~2 and Py, (PE@1.0S) = 20.5640 W m~2 were computed by MATLAB2017.

13e—6
Psolar = L . Tams (A)gs (/\/ O)d)\ ®)
o

Pgo1ar is the incident solar absorption power by the films as in the following formula. To our
knowledge, the spectral irradiance of AM1.5 is mainly concentrated on the wavelength between 0.3 um
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and 3 um, and above 3 um is almost close to zero. In this study, we only discussed the wavelength
within the atmospheric window (8-13 pm). Therefore, whether it was for PE or PE@1.0S, Py, was
considered to be zero here, which was Pyjar(PE) = 0 and Pgg, (PE@1.0S) = 0.

PC :hc(Ta_Ts) (6)

The last item in the formula, P,, is the nonradiative heat transfer, where i, (W-m=2-K™1) is the
convection heat transfer coefficient, which is related to the wind speed. Generally, for applications
above ambient temperature, nonradiative heat transfer is advantageous for the cooling process,
but for applications below ambient temperature, nonradiative heat transfer is detrimental for the
cooling process.

Because our experiments were carried out in a narrow space surrounded by buildings, and the
wind was small, in this study, we only considered natural convective heat transfer. The natural
convection coefficient was calculated using the method in the website “QuickField”. The greenhouse
surfaces were divided into vertical plane and inclined plane and their natural convection coefficients
were 3.5 Wm~2K"! and 3.3 Wm2K}, respectively, and we took the h,, = 3.4 W-m2K! to
perform further calculations. Pc(PE) = 3.4 x (310.28 — 325.01) = —50.082 W-m~2, and Pc(PE@1.0S) =
3.4x (310.28 — 322.69) = —42.194 W-m™2. Finally, P,¢;(PE) = 66.6931 — 11.9890 — (—50.082) = 104.7861
W-m~2, and Py, (PE@1.0S) = 110.8249 — 20.5640 — (—42.194) = 132.4549 W-m~2, so the cooling effect
of PE@1.0S is about 28 W-m~2 higher than that of PE. It implies that the addition of the nonmetal oxide
particles could enhance the cooling performance of the greenhouse due to radiative cooling.

4. Conclusions

In this study, a new greenhouse covering (PE@1.0S) made of a PE-matrix composite was developed.

1.  FTIR spectra displayed that an obvious absorption appeared near 1000 cm~! due to nonmetal
oxide particles, and a peak at 1575 cm™~! was attributed to the characteristic absorption of the
conjugated C=N in the hindered amine light stabilizers;

2. Under ambient conditions of 35 °C, the inner temperature of the simulated greenhouse with
PE@1.0S was 2.2 °C less than that of the simulated greenhouse with the PE cladding. It is believed
that the cooling performance of the greenhouse was due to passive radiative cooling;

3.  Considering the natural convection heat transfer, under the environmental conditions of 35 °C,
the net cooling power of the greenhouse film developed in this study was 28 W-m~2 higher than
that of the conventional PE film, due to passive radiative cooling;

4. With the increasingly severe energy states and environmental problems, radiative cooling is
significant in reducing building energy consumption. Therefore, it is necessary to further study
how to use radiant cooling to reduce the temperature of greenhouses to save energy.
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