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Abstract

Daytime radiative cooling devices consisting of various materials are used to transmit and radiate heat energy from a target
body outward through the atmosphere and into cold outer space, without using external energy and in the presence of
sunlight. In this study, a daytime radiative cooling thin film structure is designed to achieve high emission in the
atmospheric transparency window (8—13 pm) and a high reflection of solar radiation. Simple and chemically stable inor-
ganic materials of silicon dioxide, silicon nitride, aluminum oxide, and silver are selected for the initial design of the
structure, initially having four layers. The needle optimization technique is used to enhance the initial design to acquire a
final structural design of 10 layers of the selected materials. The average emissivity of the cooler in the range of 8—13 um
was numerically found to be 94.5% and the average reflectance for the solar spectrum was determined to be 96.3%
according to validated calculations. Lastly, a high net cooling performance of 125 W/m? is theoretically generated by the
structure when it is equal to the ambient temperature and a temperature reduction of 8 °C is achieved from the ambient

temperature according to validated calculations.

1 Introduction

Cooling systems are an essential requirement in our daily
lives as they can be used to remove and dissipate heat
energy from almost any kind of undesirable heat source.
However, the use of such systems generally requires a
significant amount of external energy and results in high
greenhouse gas emissions which leads to global warming,
which consequently has a harmful impact on the environ-
ment of the planet. This has led to the introduction of
various novel ideas in the field of passive cooling, or
cooling without any external or active source of energy
(Daisy 2016). Recent studies have focused on the phe-
nomenon of radiative cooling, a passive cooling approach
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that lowers the temperature of surfaces exposed to sunlight,
without causing emissions and without using external
energy (Ko et al. 2018).

Radiative cooling or sky cooling is a phenomenon by
which cooling of a surface or a body occurs through the
process of radiation. It occurs naturally during the night
when sunlight or solar energy is not present. In general,
radiation is the emission of energy in the form of electro-
magnetic waves, caused by the presence of heat energy in a
body. Most of the heat energy emitted by a body is in the
form of infrared radiation. The heat energy emitted in the
form of infrared radiation of certain wavelengths can pass
through the atmosphere and reach cold outer space. This is
because the atmosphere does not absorb this energy and is
instead transferred from the atmosphere in the form of
radiation into outer space (Ko et al. 2018; Santamouris and
Feng 2018).

The main challenge is to radiate this form of heat energy
in the presence of sunlight, which normally counteracts the
effect of radiative cooling. Specific materials in the form of
a film or a coating can be used to radiate heat energy into
the atmosphere in the presence of sunlight, due to certain
optical properties that manipulate the movement of light
and generate a cooling effect. As a result, radiative cooling
is an exceptional idea as it can generate a cooling effect
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without external energy; is beneficial to the environment as
an alternative approach to cooling and can occur in the
presence of sunlight during daytime. Radiative cooling can
also be used to absorb unwanted heat from other sources
and emit this heat in the form of radiation into space.

A radiative cooler that does not need an active energy
source and which can produce a high cooling performance
during daytime can be used for various applications.
Recently, passive daytime radiative coolers have been
considered for the dissipation of heat from semiconductor
devices such as solar cells, or as a cooling strategy for
buildings to help reduce power consumption(Santamouris
and Feng 2018; Babu et al. 2020). The efficiency of solar
cells decreases when it reaches high temperatures of
around 50-55 °C, this can occur if the solar cell is exposed
to strong sunlight (Jeong 2020a). Additionally, the lifetime
of the solar cell can be shortened due to strong sunlight. To
prevent these problems, a daytime radiative cooler can be
integrated within the solar cell which would help it cool
passively and not let its temperature increase beyond
operating limits. Moreover, passive cooling has been
shown to reduce the dry-bulb temperature of water by
3-5 °C (Jeong et al. 2020a).

A cooling system using passively chilled water was
shown to increase the energy savings of a building by 21%
after conducting a building energy simulation (BES)
(Jeong et al. 2020a; Goldstein et al. 2017; Noronha et al.
2020). The water is cooled using passive daytime radiative
cooling, which saves the energy of the building by
requiring lesser cooling energy from an active source.
More research was performed in a study on the application
of photonic radiative cooling in indoor cooling systems of
buildings. According to the study, 68% of the energy
required for cooling within buildings in the USA can be
saved using a photonic radiative cooler (Jeong et al. 2020a;
Wang et al. 2018). In another study, the idea of a daytime
radiative cooler integrated with an HVAC (heating, venti-
lation, air-conditioning) system using only one refrigera-
tion cycle was proposed. The novel system uses water after
being cooled by radiative cooling to reduce the indoor
temperature of air and is expected to have a net cooling
power of 1600 W and decrease the air temperature by
10 °C (Jeong et al. 2018, 2020a). Researches are also
focused on the nanoscale domain to investigate the possi-
bility of passive cooling devices (Yesudasan and Chacko
2018; Yesudasan et al. 2020; Sumith and Maroo
2015, 2016; Hotchandani et al. 2020).

In this work, a photonic emitter based cooling device
concept is proposed with the support of numerical inves-
tigation. The proposed device can transfer thermal energy
to space without any external power supply and connec-
tions. The conceptual device is promising for futuristic
cooling devices and can be used at different length scales
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ranging from nanoscale (Yesudasan and Chacko 2018) to
large scales (Sumith and Maroo 2016).

2 Literature review
2.1 Background theory

The process of heat rejection from a body through radiative
cooling is based on certain principles. Firstly, the atmo-
sphere has a property of selective emission for the entire
spectrum of electromagnetic radiation (Hossain and Gu
2016). This means that the atmosphere selectively allows
certain wavelengths of radiation to pass through it, and this
varies throughout its range of altitude. A range of wave-
length exists from 8 to 13 um, in which the atmosphere is
transparent, which means that radiation in this range can
completely pass through it and can reach outer space
(Raman et al. 2014). Therefore, this wavelength range is
considered for thermal radiation from the body, and it is
present within the infrared spectrum of electromagnetic
radiation. As such, the heat energy emitted is mainly in the
form of infrared radiation. Lastly, for any type of heat
transfer, heat energy always flows from a high-temperature
source to a low-temperature sink. In this case, the high-
temperature source is the hot surface of the body and the
low-temperature sink is the cold vast space of the universe
that has a temperature of around 3 K (Chen et al. 2016).
Radiative cooling according to these concepts results in
passive or energy-free cooling of the surface.

During daytime, electromagnetic radiation ranging from
visible to infrared is incident on the target surface. The
high wavelength infrared range of 8—13 pum is considered
for thermal emission. The remaining wavelengths which
include the visible and near-infrared spectrums need to be
reflected away. As a result, to achieve effective passive
cooling, a surface coating should be designed such that it
can emit in the 8—13 pm range and reflect in the visible and
near-infrared spectrums of radiation.

For the calculation of radiative cooling power, a radia-
tive cooler of surface area ‘A’ at a temperature ‘T" with a
spectral and angular emissivity given by €(/, 0) needs to be
considered. When the cooling film is subject to sunlight, it
is affected by solar irradiance and atmospheric thermal
radiation. The parameters for atmospheric radiation include
the ambient temperature of the surroundings 7, and the
emissivity of the atmosphere €, (4, 0).

The net radiative cooling power of a thin-film cooler is
calculated using the following equation:

Pcool(T) = Pmd(T) - Patm(Tamb) - Psun

In the above equation, the radiative power of the cooling
device (P,4q) is given by:

- Pcond+conv (1)
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is the expression for the spectral radiance of a black body at
a temperature 7. Here, i is Planck’s constant, kg is the
Boltzmann constant, 4 is the wavelength, and c is the speed
of light. For a range of wavelength, the radiated power is
calculated by changing the limits of the wavelength inte-
gral in Eq. (2), as shown in the equation below:

2
2he? 1
75 eheliksT —

3

Praa(T) = An di.- (2, 0) 4)

The atmospheric thermal radiative power absorbed by
the atmosphere is given by:

P (Tum) = A / 40 - cos 0 / i pp(Tamp, ) - (2 0)
: Eatm(jw 0)

tl/cos@ (6)

€atm = 1 -

The atmospheric emissivity is calculated from atmo-
spheric transmittance in the zenith direction. The data of
the spectral behavior of the transmission of the atmosphere
is obtained from an external source (The SiteslGemini
Observatory 2020). It should be known that the atmo-
spheric transmittance data from (The SiteslGemini Obser-
vatory 2020) are for high elevation observatories with
transparent atmospheric conditions. The atmospheric
transmittance could likely be lower for conventional
locations or typical atmospheric conditions (Berdahl et al.
1983; Martin and Berdahl 1984).

The solar power absorbed by the cooling film is given
by:

Psun = A/ da - IAMI.S()V) : 6(;{7 Hsun) (7)
0

where I4.5 represents the solar illumination intensity of
the AM1.5 spectrum of sunlight (ASTM G173-03 2020).

The power lost due to conduction and convection from
the surroundings is given by:

Pcnnd+com - Ah ( amb — T) (8)

where h,. is the combined non-radiative heat transfer
coefficient that represents the effect of heating caused by

conduction and convection due to contact with air and
other external surfaces.

Radiative cooling is achieved when the radiative power
of the cooling film is greater than the sum of the absorbed
solar power, the absorbed atmospheric thermal radiative
power, and the lost power due to conduction and
convection.

The emissivity of the overall film structure is required to
calculate the net radiative power generated by the structure.
According to Kirchhoff’s law of thermal radiation, the
emissivity of a material can be considered equal to its
absorptivity. The absorptivity of a material or film varies
with the wavelength of light or radiation incident on it, as
some materials absorb more radiation at different wave-
lengths. The distribution of absorptivity with wavelength
can be acquired by using the transfer matrix method. The
transfer matrix method is based on a complex set of
equations that generates the spectral variation of absorp-
tivity vs wavelength of light for a structure by using the
data of the refractive indices and extinction coefficients of
the materials within the structure. A mathematical model
(Aaron 2020) of the transfer matrix method can be used to
generate the spectral plot of absorptivity vs wavelength for
a thin-layered film.

The inputs required for the model include the refractive
index and extinction coefficient data, the thickness of each
layer of material within the film, as well as the angle of
incidence of light on the film. The plot generated by the
model shows the absorptivity, reflectance, and transmit-
tance of the film with respect to the wavelength of light.

Based on Egs. (1-8), there are a set of conditions that
need to be satisfied for radiative cooling to be achieved.
Firstly, it must reflect sunlight strongly in the visible and
near-infrared spectrum, to minimize the solar power
absorbed by the cooling device. Secondly, it should emit
radiation greatly in the transparent wavelength ranges of
the atmosphere, and it is preferred if it is able to absorb
throughout the infrared region of radiation. Lastly, the film
should be well sealed from the environment, which would
minimize the non-radiative heat transfer coefficient to help
maximize cooling power (Raman et al. 2014).

A radiative cooling film or coating consists of different
materials that can be structured in different ways. The final
structure is also known as a photonic film, as it can
selectively manipulate light particles. A cooling film that
consists of different layers of materials that vary only in
one direction is known as a one-dimensional photonic film.
Likewise, a variation in 2 directions is two-dimensional,
and if the structure varies in all 3 directions, it is three-
dimensional. The following research focuses on the use of
one-dimensional film structures for radiative cooling.

@ Springer
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2.2 Relevant research

In the beginning, pigmented paints were the first coatings
or films used for radiative cooling. In 1978, Harrison and
Walton were the first to achieve daytime radiative cooling
of 2 °C below the ambient temperature, by using white
pigmented paints of titanium dioxide (TiO,) (Harrison and
Walton 1978). The next major advancement in this field
was achieved by a study published in 2013 (Rephaeli et al.
2013). In this study, a 2D metal-dielectric photonic struc-
ture was devised which was capable of daytime radiative
cooling with a significant cooling performance. In 2014,
Raman et al. (2014) presented a one-dimensional photonic
film that consists of seven alternate layers of silicon
dioxide and hafnium dioxide with certain thicknesses on
top of a silver substrate, as shown in Fig. 1. It was
experimentally found that this radiative cooling film was
able to cool to 4.5 °C below ambient temperature, thus
showing that daytime radiative cooling is possible.

Silicon dioxide is used as it has a property of high
phonon-polariton resonance, which causes higher emission
of infrared radiation in the 8-13 pm wavelength range of
light. Hafnium dioxide also has high infrared emission in
the 813 um range and has low ultraviolet absorption,
which helps in optimizing for solar reflectance. Addition-
ally, SiO, has a low refractive index, whereas HfO, has a
high refractive index. The combination of alternating high
and low refractive indices results in interference that
increases the emission of infrared radiation even further.
Ag is used as it has a useful property of high solar
reflectance, which decreases the absorption of solar energy.
After this study, the use of one-dimensional films for
radiative cooling has been an active research topic, with
considerable progress since then.

The following research after this involved experiment-
ing with other materials to further optimize radiative
cooling. In 2016, Chen et al. (2016) used layers of silicon

SiO2

SiO2
Ag

Fig. 1 HfO,/SiO, multi-layer on Ti (Ko et al. 2018; Raman et al.
2014)
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nitride, silicon, and aluminum of certain thicknesses to
construct an ideally selective emitter in the atmospheric
transparent window. This film structure is shown in Fig. 2.
Silicon nitride is used due to its similar property of high
phonon-polariton resonance, which along with silicon
increases emission in the transparent window of the
atmosphere. Aluminium is used for the bottom layer as a
solar reflector, due to favorable reflective properties.

In 2017, a film structure was designed in a study (Ke-
cebas et al. 2017) with 7 alternating layers of silicon
dioxide and titanium dioxide with a bottom silver layer as
shown in Fig. 3. Titanium dioxide is optically similar to
hafnium dioxide, as it has a high refractive index with high
infrared emission. As such, the film structure shown in
Fig. 3 also consists of low and high index materials that
utilize phonon-polariton resonance to increase infrared
emission. This film structure can lower its temperature to
5 °C below ambient temperature and has a radiative
cooling power of 100 W/m”. In this study, the cooling
power and temperature reduction were found using a
mathematical model without any experimentation, which is
the basis for the methodology of this project. The use of the
mathematical model shows that the thicknesses of the
emitting layers are important, and the surroundings of the
film structure affect the cooling power as well.

Further research in the field involves the use of poly-
mers. The first experimental investigation of using poly-
mers (Long Kou et al. 2017) consists of a film structure that
includes a polymer known as polydimethylsiloxane
(PDMS) as the top layer, silicon as the middle layer, and a
silver film as the bottom reflector (Fig. 4). The PDMS layer
is optically transparent to the wavelengths of light that need
to be reflected and when coupled with silica (SiO,), it helps
in increasing the infrared emission in the atmospheric
window. The cooling performance of this film is found to
be significantly higher than previous research and ranges
from 127 to 158 W/m”>.

Si3N4

Fig. 2 SizN,/Si/Al on Si (Ko et al. 2018; Chen et al. 2016)
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Fig. 3 SiO,/TiO, multi-layer on a metallic Al/Ag reflector (Ko et al.
2018; Kecebas et al. 2017)

SiO2

Ag

Fig. 4 PDMS/SiO, on Ag (Ko et al. 2018; Long Kou et al. 2017)

In another study (Yang et al. 2018), polytetrafluo-
roethylene (PTFE) is used with silver in the middle and
silicon as the bottom layer as shown in Fig. 5. PTFE has
high reflectance in the range of ultraviolet to near-infrared
wavelengths, and in combination with the emitting silicon
layer and reflecting silver layer, radiative cooling was
achieved up to 11 °C below the ambient temperature.

In general, research has shown that a polymer layer
improves the effect of the main reflective and emissive
layers (Long Kou et al. 2017; Yang et al. 2018; Suichi et al.
2018; Zhai 2017). However, the studies performed on
radiative cooling devices consisting solely of inorganic
materials to obtain a high performance like that of poly-
mer-based films are limited (Jeong et al. 2020a). Polymer-
based radiative structures have a shorter life span due to
oxidation and degeneration when exposed to sunlight for
longer periods (Jeong et al. 2020b). Furthermore, polymers
used as infrared emissive layers can gradually turn yellow

PTFE

Ag

Fig. 5 PTFE/Ag on Si (Ko et al. 2018; Yang et al. 2018)

when exposed to the environment for longer periods (Jeong
et al. 2020a). As such, radiative cooling systems comprised
entirely of inorganic materials are beneficial in terms of the
lifespan of the device.

3 Design and optimization

There are certain preferred design conditions according to
which the materials for the thin-film structure are selected.
For the top layers of the structure, the materials are selected
such that they are highly emissive in the infrared region of
the spectrum, to maximize infrared radiation and cooling
power. The middle layers were chosen to be consisting of
alternating layers of two materials; a high index and a low
index material, which also exhibit phonon-polariton reso-
nance in the 8—13 pum range of radiation. Alternating high
and low index layers of such materials produce interference
effects, which maximizes the reflection of solar radiation
and emission of infrared radiation (Raman et al. 2014;
Kecebas et al. 2017).

The final bottom layer was chosen to be a solar reflec-
tive layer, which would reflect wavelengths containing
solar power. The materials selected also need to be trans-
parent so that radiation can pass through them. Based on
these conditions, four materials were considered for the
design of the thin film: Silicon dioxide, Silicon Nitride,
Aluminum Oxide, and Silver. The data of the refractive
index and extinction coefficient of these materials were
obtained from an experimental study (Kischkat 2012).

Silicon dioxide (SiO,): Silicon dioxide is an optically
transparent, low refractive index, inorganic material that
has high absorption and emission in the atmospheric win-
dow of infrared radiation (Raman et al. 2014). The
refractive index of silicon dioxide at a wavelength of
550 nm is equal to 1.46 (Malitson 1965). Figure 6 shows
the absorption spectrum of SiO, for a thickness of 500 nm.

Figure 6 also shows an absorption peak at around a
wavelength of 9.5 um, which is within the infrared region
of the radiation spectrum. The material is selected as it can
be used as the low refractive index layer for the middle
layers and can also be used within the top emissive layers.

Silicon Nitride (SizNy): Silicon Nitride is a high
refractive index inorganic material that also has high
absorption in the infrared region of radiation (Liang et al.
2020). The refractive index of silicon nitride at a wave-
length of 550 nm is equal to 2.0523 (Luke et al. 2015).
Figure 7 shows the absorption spectrum of SizN, for a
thickness of 500 nm.

From the plot, it can be observed that there is an
absorption peak at a wavelength of around 11 pm, which is
also present within the infrared region of radiation. The
absorption also persists beyond the atmospheric

@ Springer
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Fig. 6 Absorption spectrum of 1
Si0, (silicon dioxide)
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Fig. 7 Absorption spectrum of 1
SizNy (silicon nitride)

0.8 -

04~

Absorptivity

transparency window. This material is selected as it can be
used as the high refractive index layer for the middle layers
of the structure and can also be used as a thicker emissive
layer within the top region of the structure.

Aluminum oxide (Al,O3): It is a medium refractive
index inorganic material that also has high absorption in
the infrared region of the spectrum (Eriksson et al. 1981).
The refractive index of aluminum oxide at a wavelength of
550 nm is equal to 1.6825 (Boidin et al. 2016). Figure 8
shows the absorption spectrum of Al,O; for a thickness of
500 nm.

Figure 8 shows that the absorption peak is at a wave-
length of around 13 pum, which is at the farther end of the
atmospheric transparency window. The material helps in
the absorption of higher wavelengths of radiation, which
would help in increasing the cooling power of the material.
It is selected to be used as a thick layer for the top region of
the film structure.

@ Springer

6 8 10 12 14 16 18
Wavelength (um)

Silver (Ag): Silver as a thin film possesses high reflec-
tance throughout the spectrum of electromagnetic radiation
(Kecebas et al. 2017). Figure 9 shows the reflectance of
silver for a thickness of 200 nm.

This material is considered for the bottom layer as a
reflector of solar radiative power. By increasing the
reflectance, it helps to keep the absorption low in the
wavelength range of 280—4000 nm, as the other selected
materials have no absorption within this wavelength range
of the spectrum.

The final design approach is to use Silver as the bottom
layer for solar reflection; Silicon dioxide and Silicon nitride
as the alternating low and high refractive index materials
for the thinner middle layers; and silicon dioxide, silicon
nitride, and aluminum oxide as materials for the upper
thick layers. Additionally, silicon is selected to be the
material for the substrate of the thin film. The materials
selected are inorganic and are easily available. Combining
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Fig. 8 Absorption spectrum of 1 T T
Al,O3 (aluminium oxide)
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Fig. 9 Reflectance spectrum of 1

Ag (silver) (
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the layers helps in maximizing the infrared emission of the
structure. These inorganic materials also provide a longer
lifespan to the cooler, as they are chemically stable and
inert materials that do not react with the surroundings
(Nalwa 2001). Also, the film structure is easier to fabricate
as it is one-dimensional, as compared to other previous
studies that involve complex two or three- dimensional
layers within the film structures (Rephaeli et al. 2013; Zhai
2017; Gentle and Smith 2010; Huang and Ruan 2017; Bao
et al. 2017; Wu 2018; Atiganyanun 2018; Mandal 2018;
Hervé et al. 2018).

After the selection of the materials, the arrangement of
the materials and the thicknesses of the layers are improved
using an optimization method. The method used is known
as the needle optimization method (Tikhonravov et al.
1996). It aims to improve the spectral distribution of a
material structure, to maximize the cooling power pro-
duced by the thin film structure. The optimization

6 8 10 12 14 16 18
Wavelength (um)

procedure is performed using an open-source software
(Larouche and Martinu 2008).

SiO;

Fig. 10 Initial design of the material structure
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The initial design of the material structure is shown in
Figs. 10, and 14 shows the spectrum for the initial
arrangement of the layers. The thicknesses of all the layers
are initially set as 200 nm. To improve the spectral dis-
tribution of absorption, the optimization is performed in
steps as shown in Fig. 11. The first step for the starting
design is to identify the points in the initial arrangement to
insert new layers. In the first step, one needle is added to
the spectrum in the system, which identifies the points in
the structure to insert new layers. The second step improves
the spectrum by adding 2 layers of any of the initially
selected materials, and by optimizing the thicknesses of all
the layers.

The steps are repeated by inserting new layers until
there is no further improvement in the absorption spectrum
of the material structure. At this point, the final design and
absorption spectrum of the thin film is attained. The needle
optimization method can be represented by a flowchart as
shown in Fig. 11.

4 Validation of methodology

The methodology used for the calculations is validated by
using it to calculate the relevant values of a research paper
(Kecebas et al. 2017). Table 1 shows the values of the
relevant parameters and the error between the calculated
and research values.

Figure 12 shows the spectral plot of absorption versus
wavelength from the research paper, and Fig. 13 shows the
plot of absorptivity versus wavelength acquired by using

/ R

Starting Design

ral R
Identification of the points

to insert new layers
Ao J

[Insertion of new layers ]

Ve

Adding the layers and
optimizing the thicknesses

&

Final Design

Fig. 11 General flowchart of the design procedure based on the
needle optimization method (Tikhonravov et al. 1996)
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the mathematical model for the same configuration of the
material structure specified in the research paper (Table 2).
It can be observed that the absorption spectrums above
are notably similar in terms of the distribution of the
absorption over the wavelength, which confirms the
methodology used to obtain the relevant spectral plots.
Furthermore, the optimization of the initial design is per-
formed using an open-source validated software (Larouche
and Martinu 2008), which ensures that the results of the
optimization are accurate. Therefore, based on high simi-
larity of the calculated results with the results of a previ-
ously performed study, the methodology used for the
design and calculations of the project has been validated.

5 Results and discussion
5.1 Final design

The results of the design and optimization are displayed in
Figs. 14, 15, 16, 17, 18 and 19, which show the absorption
spectrums at different stages of optimization, each having a
different number of layers. Improvements can be observed
in the spectral distribution after each stage of optimization.
The emission in the infrared range increases for each
successive stage while the emissivity in the solar spectrum
range (280—4000 nm) remains minimum.

As the number of layers of the selected materials within
the design increase, the spectrum is further improved. The
largest increase in emission/absorption can be noted after
the first optimization when the thicknesses of the initial
design are optimized. The emissivity and reflectance then
gradually increase with the number of layers until the
maximum values are reached, after which further opti-
mization does not contribute any significant improvement.

Figure 19 shows the absorption spectrum of the final
design of the thin film structure. The final design of the thin
film consists of 10 layers of varying thicknesses. The
absorption spectrum has insignificant improvement if fur-
ther layers are inserted into the design of the thin film at
this stage.

From the plot in Fig. 19, an average emissivity of 0.945
exists in the atmospheric window of infrared radiation
between 8 and 13 um. Also, an average reflectance of
0.963 exists in the solar radiation spectrum. As a result, the
structure can emit a significant portion of infrared radiation
while reflecting most of the solar radiation incident upon it.

The transmissivity throughout the entire spectrum is
equal to zero, which helps to focus on the improvement of
the absorption and reflection of the structure. Figure 20
shows the final design of the thin film structure. The
thicknesses of the layers from top to bottom are 125 nm,
210 nm, 1624 nm, 614 nm, 1063 nm, 52 nm, 29 nm,
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Table 1 Comparison of research and calculated values for validation

Parameter Research value (Santamouris and Feng 2018) Calculated value Percentage error (%)
Emissivity/absorptivity (8—13 pm) 0.45 0.44 2.22
Emissivity/absorptivity (280-4000 nm) 0.03 0.028 6.66
Reflectance (280-4000 nm) 0.97 0.972 0.20
Net cooling power density (W/m?) 35 38 8.5
Fig. 12 Absorption spectrum of 1
the research paper (Kecebas
et al. 2017)
0.8
c 0.6
ie]
=
o
3
< 04
0.2
0 1 | ! 1 |
0 2000 4000 6000 8000 10000 12000 14000
Wavelength (nm)
Fig. 13 Absorption spectrum 1 '
obtained using methodology
0.8
c 06+
kel
s
o
(%2}
o
< 04}
0.2

1 1

0 I
2000 4000 6000

8000 10000
Wavelength (nm)

12000 14000

60 nm, 48 nm, and 200 nm, respectively. The total thick- change in the thicknesses can greatly affect the values of
ness of the final optimized thin film is equal to 4025 nm. emissivity and reflectance.
From the results of the optimization, it can be noted that the In general, the final design of the one-dimensional
emissivity and reflectance of the structure are highly  inorganic photonic thin film consists of five upper, rela-
dependent on the thicknesses of the layers, and a slight  tively thicker layers that are highly emissive in the infrared
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Table 2 Emissivity and reflectance for the stages of optimization

Stage of optimization No. of layers Reflectance (280—-4000 nm) Emission/absorption in 8—13 pum range of wavelength
0 4 0.966 0.2047
1 4 (thicknesses optimized) 0.955 0.7768
2 6 0.958 0.8367
3 8 0.961 0.8936
4 9 0.963 0.9051
5 10 (final design) 0.963 0.9457
Fig. 14 No. of layers: 4 (initial 1
design)
08 | a
2 o6} 4
=
g
o
(%2}
< o4 -
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Fig. 15 No. of layers: 4 1
(thicknesses optimized)
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range of the spectrum. The upper layers are followed by
four relatively thinner layers of alternating low (SiO,) and
high (Si3Ny) refractive index layers which contribute to
high absorption in the infrared region. The bottom layer
consists of a highly reflective material (Ag) that provides
high reflectance in the solar spectrum of radiation.
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5.2 Cooling Performance Analysis

The equations from the methodology are incorporated into
the mathematical model to calculate the amount of cooling
power the thin film can produce. The cooling power of the
thin film is calculated using the model and is found to be
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Fig. 16 No. of layers: 6

Fig. 17 No. of layers: 8

Fig. 18 No. of layers: 9
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Fig. 19 No. of layers: 10 (final 1

design)
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Fig. 20 Final design of the thin film material structure

equal to 125 W/m? during daytime when both the surface
temperature of the film and the ambient temperature are
equal to 300 K. High broadband emission is achieved in
the atmospheric transparency window using the optimized
film material structure. The emissivity of the structure in
the atmospheric transparency window is equal to 0.945,
which means it emits 94.5% of the absorbed radiation
within that region. Overall, the proposed multilayered
structure generally has a better performance than that of
previously proposed structures (Jeong et al. 2020a).
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The average emissivity of the structure within the
transparency window for different angles of incidence of
radiation on the structure is represented by Fig. 21. The
emissivity is maximum for an angle of zero degrees on the
film and decreases gradually as the angle of incidence with
respect to the normal approaches 90°. This occurs because
the emissivity of a structure is dependent on the angle of
incidence, and the portion of radiation emitted by a surface
is lesser at a wider angle.

Figure 22 shows the variation of the net cooling power

density generated as a function of the surface temperature
of the material structure. An ambient temperature of 300 K
was used for the plot shown in Fig. 22. As the temperature
of the surface decreases, the cooling performance decreases
until it reaches zero and thermal equilibrium is attained.
The effect of non-radiative heat transfer on the cooling
performance is also investigated. Three varying values of
non-radiative heat transfer coefficient which include h,.
=0, 6, 12 W/m? K are considered. The line of he=0
shows the cooling performance when heat loss due to
convection and conduction with the surroundings is zero,
and h, = 6, 12 represent convective heat loss when the
airspeed with respect to the surface is approximately equal
to 1 m/s and 3 m/s respectively (Huang and Ruan 2017).

The equilibrium temperatures for combined conductive
and convective heat transfer coefficients of 0, 6, 12 W/m?
K are approximately equal to 260, 286, and 291 K
respectively. The cooling power of the designed film
structure was calculated to be equal to 125 W/m? under
direct solar radiation at an ambient temperature of 300 K.
Another observation is that the cooling power is not
affected by the non-radiative heat transfer if the tempera-
ture of the surface is equal to the ambient temperature, as
the heat loss due to convection and conduction will be zero
for this case.
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Fig. 21 Polar plot showing the 0
dependence of emissivity of the
structure on the angle of 30 30
incidence
-60 60
-90 90
0 0.2 0.4 0.6 0.8 1
Emissivity
Fig. 22 Variation of cooling Cooling Power Density vs Surface Temperature (T,,,, = 300K)
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When the surface temperature is higher than the ambient
temperature, the cooling performance will be even higher
for a greater convective coefficient as convection will
increase the cooling effect. However, when the ambient
temperature is higher than the surface temperature, the
convective effect results in heating of the surface, and the
cooling performance as such will be lesser. To conclude,
the final result achieved is that for a practical non-radiative
heat transfer coefficient of 12 W/mzK, the temperature
reduction from ambient during daytime is approximately
equal to 8 °C, and the cooling performance achieved at
ambient temperature is equal to 125 W/m?.

Several prohibiting factors also exist in the field of
passive daytime radiative cooling, such as high material
and fabrication costs, the effect of varying weather con-
ditions on the cooling performance, and instability when
exposed to sunlight for long periods (Jeong et al. 2020a).

280 290 300 310 320

Surface Temperature (K)

6 Conclusion

In this work, a multilayered inorganic structure is proposed
for passive daytime radiative cooling. The four materials
considered for the structure were silicon dioxide, silicon
nitride, aluminium oxide, and silver on top of a silicon
substrate, and a specific arrangement of these layers was
designed and optimized to achieve a high-performance
daytime radiative cooling material structure. As the mate-
rials are inorganic, the final structure is mechanically and
chemically stable in exterior environments even after being
exposed to sunlight for long periods, as opposed to organic
structures that exhibit a decrease in performance when
exposed to sunlight for longer periods. The final structure is
also one-dimensional, due to which it can be fabricated
relatively easily as compared to two or three-dimensional
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structures. Furthermore, the final structure can be fabri-
cated on a substrate using various techniques such as ion
beam deposition, vacuum deposition, and electron beam
evaporation (Raman et al. 2014; Kecebas et al. 2017; Long
Kou et al. 2017).

The proposed structure has high emission within the
infrared region of the spectrum and can emit radiation that
is able to pass through the atmosphere and into cold outer
space. Moreover, the proposed structure can be potentially
used for applications such as space cooling of building
HVAC systems, passive cooling of solar cells (Babu et al.
2020), and radiation of heat energy absorbed from appli-
ances when in direct contact through conduction. A net
cooling performance of 125 W/m? can be achieved by the
structure based on calculations, which is relatively high
compared to previous studies (Jeong et al. 2020a).

For future work, the proposed structure can be fabricated
and experimentally tested to measure the cooling perfor-
mance of the structure in realistic conditions. After fabri-
cation and testing, it can be used as a mechanism to absorb
heat energy through conduction from a heat source such as
an evaporator and radiate the absorbed heat through the
atmosphere and into outer space.
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