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With the crisis of greenhouse gases resulting in global warming, radiative
cooling can assuage the need to keep cool without any adverse footprints.
Radiative cooling is a heat transfer phenomenon in which entities dissipate heat
directly into deep space without any effort or requiring input energy. It has been
a well-known worldwide phenomenon for nocturnal heat transfer to dissipate
heat into deep space. In recent years, however, its potential for cooling during
the day leads to be considered as a possible method to mitigate the energy
shortage, and it also can benefit the entire world's environment. Radiative
cooling materials have leaped with the rapid advancement of nanotechnology.
In this review paper, radiative cooling is comprehensively represented with
regard to the principle of radiative cooling, energy balance, optimization, and
various applications. In the first section, the basic principle of heat transfer
mechanisms, which engage simultaneously in radiative cooling surface (RCS),
are considered and elaborated. Then various approaches were surveyed to
improve the performance of radiative cooling surfaces to outline possible
pathways of its development in terms of cooling performance and commercial
application. And finally, the application of RCS is discussed to explain the
benefits of employing them. This review also makes it possible to researchers
to develop the RCS for further upgrade, and the prospect of this subject reviews
the major features in summary for further future studies.

1. Introduction

Cooling is an inseparable part of our daily lives in every

even under sunlight [5]. Therefore, the diurnal radiative
cooling surface should have a low absorptance to mitigate the
effects of solar radiation. With the advancement in
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matter. Air conditioning provides comfort to our lives, and
fridges make it possible for us to preserve food for a longer
time. According to the US Department of Energy’s report, air
conditioning utilities are estimated to consume 15% of each
house in the USA [1]. Air conditioning facilities, which are
conventionally in use, cause environmental concerns and
increase the adverse effects of greenhouse gases. So,
employing renewable energy and boosting the efficiency of
such utility results in reducing the emission of greenhouse
gases, and less heat would be dissipated in the atmosphere. In
the ancient era, around 2000 years ago, Persians and Indians
used the radiative cooling technique to make ice in shallow
basins during the night while the ambient temperature was
higher than the freezing point, then keep them in ice-house
storage in the form of ice piles [2]. In the 20th century, several
attempts were made to ameliorate the selective infrared
emitters to increase the radiative cooling power during the
night [3,4], and many studies have been done to develop
radiative cooling surfaces, which is a promising point for the
future. In 1978, a sub-ambient temperature material was
generated which was able to dissipate heat 24 hours a day,
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nanotechnology, the diurnal RCS has made significant
progress by drawing academic society's attention [6].
Radiative cooling does not require input energy to perform,
and it simply emits heat from the earth's surface of
approximately 300 K into the depths of the Universe of
roughly 3 K. Therefore, the temperature difference between
the galaxy and the earth's surface is considerable and can be
employed to cool down the surface of the object during the
day [8-14]. The invaluable feature of RCS is that they require
no input energy to reduce the temperature and cool down so
this can directly deduct energy consumption [15,16].
Considering the atmosphere compound, it can be found that
the atmosphere has high transparency with 8 um to 13 ym
(Figure 1). For nocturnal radiative cooling, this band needs to
be considered. The radiative cooling process is a much more
arduous task during the day than during the night since solar
radiation attempts to provide positive net cooling. To
preclude sunlight heat absorption, the surface requires a
massive reflectance in the solar radiation spectrum which is
from 300 nm (ultraviolet) to 2,500 nm(near-infrared). Heat
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dissipation from the earth's surface through deep space is
significantly large enough to keep the surface temperature
below ambient even under direct sunlight.
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Figure 1. The spectral emissivity of different devices was
simulated numerically and measured experimentally. The 1st
and 2nd zones indicate the wavelengths of 8 ~ 13 uym and 16
~ 25 um of atmospheric windows, respectively [7]

Radiative cooling materials have experienced gradual
growth since 2000, and can be classified into four main
classes: dielectric multilayers [17-20] organic-inorganic
composites [21-23], porous polymers [24-26], and
metamaterials [27-30]. Polymers and dielectric materials
have high emittance due to their low innate absorptance.
Therefore, full solar radiation reflectance is crucial for getting
radiative cooling. This review discusses the principles of
radiative cooling, sums up novel advancements of radiative
cooling, and represents various types of its applications.
Meanwhile, we also propose scopes for further developments.

2. Fundamental of radiative cooling

Based on Kirchhoff's law, every object which has an
above temperature of 0 K perpetually absorbs and emits
electromagnetic waves, which make heat flow exchange
between objects (Figure 2). The earth itself is in heat
exchange with the dept of space which makes it cooler during
the night. If the surface absorption is lower than its emittance,
the desired radiative cooling surface is cooler than its ambient
even during the day under direct sunlight, and that is the
principle of radiative cooling.
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Figure 2. Heat transfer mechanisms of an RCS

2.1 Solar reflectance and surface thermal emittance
Solar reflectance and surface thermal emittance are the
two main factors should be considered in RCS design. Since in
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the solar spectrum from 0.3 um to 2.5 um the reflectance must
be 100 percent and O percent absorption. And consider the
atmosphere as an open window that has transmissivity
between 8 um and 13 um. So, the emittance, in this range,
should be 100 percent to transmit heat to deep space, and also
in the range of 2.5 um to 8 um and higher than 13 pm
wavelengths the ideal emittance should be 0 percent since it
precludes undesired overheating due to atmospheric
irradiation at a high temperature.

2.2 Radiative cooling heat flow
During the day, the net cooling heat flow per unit surface
area can be calculated from the:

Qnet = Qrad (Tsu‘r) - Qsol - Qatm(Tamb) - Qconv - Qcond (1)

Where:
Qrqq is the thermal radiation from the RCS, Wm-Z;
Qso; is the absorbed solar radiation by RCS, Wm-2;

Qatmis the absorbed atmospheric inward longwave radiation,
Wm-2;

Qcony and Q.ongare the convection and conduction heat
transfers between the surface and the ambient and in contact
surface, Wm-2.

Qrqq, emitted thermal radiation flux from the radiative
cooling surface can be achieved as:

Qraa(Tsur) = A [ cos0dQ [, Iy (A, Tour)eaur (A, 2)dA  (2)

Where Ty, is the RCS temperature, A is the area of RCS,
I,p(A, Teyr)is the blackbody’s spectral radiation at the

temperature Ty, in Plank’s law; [ dQ = f:/z sin8dfde is the
angular integral over a hemisphere, and &sur is the RCS
radiance vs direction and wavelength; 6,Q,¢ are zenith
angle(the angle between the direction of solar radiation
incidence and the direction perpendicular to the surface),
solid angle, and azimuth angle, respectively; A1 indicates
wavelength.

2hc? 1
Ipy (A, Tour) = =5~ [W] (3)
Here, h, k, and c are Planck’s and Boltzmann'’s constants, and
the speed of light in a vacuum, respectively. Deep space
temperature is as low as 3 K and can absorb Q.4 like a
blackbody, so its emittance is negligible.

Qqtm the absorbed atmospheric radiation by the surface
under the clear and cloudless sky can be calculated from:

Qatm = A [ 0582 [ £6ur (2 2) €atm (A Dl (A, Tamp)dA
(4)

Eatm(4, ) is the spectral emissivity of the atmosphere and

can be calculated from:

Eatm(A,2) = 1 — t(2)*/e0s? (5)

t(A) is the atmospheric transmittance in the zenith angle and
Iy (A, Taem) is the blackbody spectral radiation intensity at
Tamb where Tamb is the ambient temperature. The absorbed
solar intensity by the cooling surface is indicated as:

Qso1 = A [25 £, 500 5o (A)d2 (6)

£(4, B54;) is the emittance and the Ig,; (1) is the direct spectral
solar irradiation.
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Qconv 1S the convection heat transfer from the surface to the
surrounding environment, and h is the convection heat
transfer coefficient, Wm-2K-1:

Qconv = hA(Tamp — Tsur) (7)

Qcona = kA(Tobj = Tsur) (8)

Where Qonq is the conduction heat transfer, k is the
conduction coefficient, and T,p; is the temperature of the
object which is in contact with the RCS. The measurement
gadgets and local meteorological parameters are critical
factors in determining h. Wind speed is the most crucial
parameter since, most of the time, for h determination, a clear
sky is selected.

3. Optimization of RCS performance

According to Eq (1), the radiative cooling power can be
determined by five main features, which are
Qrad(Tsur)r Qsol' Qatm(Tamb)' Qconvr Qcond and discussed in
section 1. Here, the purpose is to maximize the
Qrad(Tsyr), and minimize the effects of undesired Q.pny,
Qcona into the RCS. So, a blackbody can be a perfect choice for
radiative cooling since through all spectrums it can be a
spotless emitter. So far, most compounds that are proposed
for improving the radiative cooling function are white in
color. The white color exclusively restricts the design in the
matter of aesthetic aspects. A metal-dielectric metal (MDM)
colored radiative cooler structure is considered to determine
the effect of structural factors on radiative cooling
performance efficiency and color appearance and reveal the
critical parameters [31]. Based on the experiment in ref [32]
the straight solar radiation into the surface is about 1000
W/m2 whereas the surface radiation emission is about 70
W/m2. Therefore, solar radiation dominates there; however,
some research on shades is used to block direct sunlight and
improve the performance of cooling. Many efforts have been
made to create single-layer paints to succeed in radiative
cooling during the day; however, most are in need of a thick
layer coating or not satisfying the whole-day radiative
cooling. In recent work, both BaSOs4 paints and BaSOas
nanoparticle films are considered, and the results show a
significant whole-day radiative cooling performance. BaSO4
features are low sunlight absorptance since it has a high
electron bandgap and phonon resonance at 9 pm for high sky
window emissivity [33]. Then one BaSOa4 acrylic-based paint
indicates a standard digit of competence of 0.77, providing
usage simplicity, comfortable paint form, compatibility with
commercial paint manufacturing methods, and excellent
reliability while it is one of the highest radiative cooling
solutions among all [34].

3.1 Impact of local meteorological parameters
Transparency of the sky is one of the most crucial factors
to consider in the radiative cooling power of the surface since
it is directly connected with the galaxy through the
atmospheric window, so it is highly sensitive to air humidity
and cloud thickness. Therefore, weather conditions can have
a significant impact on the emittance of the RCS. In recent
work, the significant effect of wind cover on cooling is
indicated both experimentally and theoretically, which
illustrates in regions with both humidity and high
temperature, the gradient of temperature during the day is
roughly 2.3 K, and it is even more during the night [35].
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3.2 Gadget design for experiments

It is an absolute need to measure the performance of the
radiative cooling surface. Two main features Q,.; and T},
should be measured meticulously in order to rate its
efficiency. Q. is the net cooling power of an RCS and T, is
the lowest possible steady-state temperature of the RCS that
can be reached at Q,,,; = 0. Various radiative cooling systems
are proposed by many researchers, in the following, some of
them are summed up in terms of performance. In order to
drop the heat loss, a photonic crystal board which is
surrounded by an air chamber, was made and placed at 30°
tilt angle to directly expose to sun lights [36].

3.3 Heatlosses

Most of the time, the unwilling heat loss in RCS is caused
by convection, conduction, and the inferior surrounding
radiation that, in a detailed calculation, should be considered.
Thermal management approaches should be considered to
mitigate the effect of heat loss since they can significantly
preclude the reduction of radiative cooling power. A simple
example to clarify this is when an RCS is on low-conducting-
heat boards, the temperature of the RCS is likely to be lower
than ambient, and it definitely works much better than when
it is on high-conducting-heat boards. Also, when the RCS is
exposed to airflow during the hot days of the year, convection
heat transfer plays a significant role in increasing the
temperature of the RCS because the RCS will encounter a heat
flow on its surface which heats the RCS.

4. Practical application of RCS

In recent years, with the advancement of
Nanotechnology and smart materials, radiative cooling
materials have become more practical in various cooling
applications in multiple devices and systems, such as air
conditioning, buildings thermal management, automotive
thermal management, and even radiative cooling textiles for
personal comfort. More unique applications are surveyed as
follows.

4.1 Atmospheric water harvesting

Atmospheric water harvesting is a state-of-the-art
method to turn the available moisture in the atmosphere into
potable water. Since water vapor is ubiquitous, even in arid
areas that suffer from water shortage, it can be a crucial
option to access water drawn so much attention in recent
years. In ref [37], the feasibility of dew reserving for
atmospheric water harvesting is studied which has
considered pigmented polymer foil, which is a mixture of TiO2
and BaSOs particles or a novel SiO2/TiO2 composite, as a
radiator with high natural emittance and high solar
reflectance. A system is designed to incorporate radiative
shielding and radiative cooling in which it dissipates the
condensation heat into deep space. In that system, a
condenser with a superhydrophobic surface is employed to
accumulate water [38].

4.2 Water desalination

Water desalination is a worthy method to remove salt
from brackish sources to make fresh water. Conventional
methods of salt removal from saline sources, such as thermal
desalination and membrane techniques, are in need of energy
consumption which increases the cost of water production.
Conversely, solar desalination does not require energy to
perform however its function is circumscribed to water
conditions. In a recent study, a freezing method is proposed
for a phase change in water desalination in which a passive
radiative cooling method is used to function as a heat sink to
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dissipate heat into the depth of space. It is illustrated in the
experiment that after two stages of the radiative cooling-
freezing process of the passive desalination, 37.3 g/L saline
water to 1.8 g/L with 50 percent attainment and 17.7 g/L
saline water to 0.7 g/L attainment. A lattice Boltzmann
method, in a recent study, was developed to address the
momentum and energy equations and paired with the finite
difference discretization of the species transport equation for
the concentration of salt. It indicates that the top and left cold
surfaces improve the efficiency of desalination twice as the
other surfaces. It also revealed that the lower the temperature
of the cold wall, the higher the efficiency of condensation [39].

4.3 Solar cell cooling

Solar energy generation, such as Photovoltaics (PV)
systems and solar collectors one of the best options to satisfy
energy shortages. Conventional solar modules available in the
market have an efficiency of roughly 20 percent because their
performance suffers from operating overheating under solar
irradiance; therefore, their performance can be improved
significantly [40]. Normally one sun solar module is able to
work at 20 to 40 °C higher than the ambient temperature.
Solar modules can be equipped with radiative cooling in order
to improve their reliability and performance as their
operating temperature decreases [41,42]. A general approach
to cool down solar cells with the radiative cooling concept is
proposed in ref [43]; as an example, a bare crystalline silicon
solar cell is considered, and while its absorption is
maintained, it can passively cool down by 18.3 K (Figure 3 and
Figure 4).

4.4 Transparent glass

Glass is the most worldwide in used material for
transparent envelopments, and objects which have
transparent coverages, such as vehicles and buildings,
consume massive amounts of energy to cool down in regions
with warm weather conditions. In a recent study, a semi-
transparent radiative cooling glass employing the adoptive
use of solar energy and passive radiative cooling is offered.
Experimental tests have been done to compare two small-
scale chambers, one with a semi-transparent radiative
cooling glass and one with regular glass, which indicates that
the chamber equipped with a semi-transparent radiative
cooling glass has a lower interior air temperature and the
temperature difference can reach 16.4 °C [46]. In the ref [47]
a double-mode glazing panel is proposed, which is able to
alter the amount of its reflectance (17 percent vs 89 percent)
using a silver film on a clear glass of glazing. On cold days
transparency let 70 percent of sunshine pass through and
only absorbs 13 percent, while on warm days, the silver
glazing works as radiative cooling and provides cooling with
the power of 20 W/m?2 to 60 W/m2 [48].

4.5 Buildings thermal management

HVAC systems of buildings utilize 15% of the entire
energy in the USA, and decreasing energy consumption and
carbon footprint can be a great achievement. Many proposed
approaches are not universal and are only able to decrease
buildings' energy consumption in some weather conditions
and regions. A beneficial method for thermal management
and providing comfort in buildings is roof ponds which
radiate during the night (Figure 5). Various outlines utilize
radiators with a flat plate that circulates water during the
night to cool down. In a study, an analytical model developed
for the heating purpose was tuned with several radiative
cooling equipment (Figure 6). Various operating regimes
have been considered, and the experimental data collected
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from three kinds of radiators examined verified the model's
precision. This model is able to predict the outgo
temperatures considering the design features of specific
radiators, the environmental conditions, and the pattern of
the operating system [49]. A bi-functional system equipped
with electrostatically-controlled thermal contact
conductance is proposed achieving up to 71.6W/m2 of
chilling power and up to 643.4 W/m2 of thermal power (over
93% of solar energy utilized) [50].
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4.6 Automotive thermal management

Parking under direct sunlight causes the car interior to
overheat and a massive amount of energy must be consumed
to cool it down. A new kind of car coverage is proposed to
keep the inside temperature low when the car is parked under
sunlight. An innovative meta-material coating is used as a
layer reflecting sunlight and effectively emitting infrared
radiation in the spectrum of the atmospheric window 8 pm to
13 pm. Not only does R coverage provide comfort to the
passenger but it also reduces gas consumption and carbon
dioxide emission [53]. In a study, a dual-layer film is made for
diurnal radiative cooling that included a layer of polymethyl
methacrylate (PMMA) monotonously blended with improved
silica nanoparticles (SiOz NPs) and a layer of silver. The
dispersion of the improved SiO2 NPs in PMMA was improved
significantly via in-site grafting PMMA resulting in high
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transparency of the radiative cooling film even at a high filling
fraction of SiO2 [54].
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Figure 5. A building-integrated photovoltaic-radiative
cooling system [51]
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4.7 Radiative cooling textiles for personal comfort

Personal thermal management (PTM) methods focus on
textiles to provide personal comfort, either heating or cooling,
instead of the entire room's HVAC. Since a huge amount of
energy is consumed to provide comfortable temperatures for
humans, many research efforts are conducting to develop
passive radiative cooling techniques to cool down the human
body without consuming energy [55-63]. However, many
textiles have been proposed for cooling purposes, and textile
to keep the surface temperature lower than ambient during
the day has not fully succeeded [64-67]. A worldwide famous
natural fabric produced by caterpillars is silk which is shiny
and so body-skin friendly [68-71]. New research revealed that
silk could be a promising point for achieving radiative cooling
during the day due to its hierarchical microstructure [72-75].
A great natural barrier that precludes silk from succeeding
radiative cooling under sunlight is its intrinsic feature which
is absorption in the ultraviolet spectrum. In a recent study, the
nano processing of silk through a molecular bonding design
and scalable coupling reagent-assisted dip-coating method is
explored and shown that nano processes silk is able to gain
lower temperature ambient radiative cooling during the day
[76]. In ref [77], it is mentioned that employing novel
radiative cooling/heating textiles could drop roughly 40
percent of buildings' energy consumption.

5. Conclusion

In summary, we explained the fundamentals of radiative
cooling, which has great cooling potential through the
atmospheric window (8 to 13 um). A precise material
selection with accurate nanophotonic arrangements is a
crucial factor in improving the cooling performance. Many
performance efficiencies in energy systems require sub-
ambient radiative cooling surface compounds, and itis indeed
both a promising point and a challenge for future research.
Radiative cooling materials are still in need of research and
development efforts to materialize and commercialize. The
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application of radiative cooling in buildings, the automotive
industry, PV systems, the textile industry, etc., not only able to
lower energy consumption but also provides comfort.
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