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As a sustainable technology, radiative cooling has received considerable attention due to its potential in energy
sustainability. Unlike conventional cooling techniques, radiative cooling does not consume electricity during
its operation and is therefore particularly attractive in reducing the energy demand for cooling and addressing
global warming by reducing carbon emissions. The general principle requires a radiative cooler to be thermally
emissive to dissipate heat via thermal radiation. During the daytime, the cooler needs to minimize the solar
heating effect to ensure subambient temperatures. Guided by these criteria, researchers have developed various
materials with engineered optical, thermal, and mechanical features. In this review, we will first explore the
fundamentals of heat transfer in radiative cooling processes. Subsequently, we will summarize the state-of-the-art
progress on material synthesis and system designs. Building upon those recently developed features, we will
review how this technology has been implemented in practical applications, ranging from thermal management
of buildings, semiconductor cooling, personal comfort design, and atmospheric water harvesting. Finally, we will
conclude this review by identifying and discussing some of the remaining challenges requiring future research

and development.
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I. INTRODUCTION

Since ancient times, when people first started to utilize
ice for food storage [1], the development of cooling tech-
nologies has often moved in parallel with the advancement
of society. In modern life, cooling strongly impacts our daily
routines in numerous ways via air conditioning, personal ther-
mal regulation, energy generation, and thermal management
for electronic devices [2]. However, the energy consumption
for cooling has significantly increased as well. According to
the Annual Energy Outlook released by U.S. Energy Infor-
mation Administration (EIA), electricity used for cooling the
interior space of buildings was nearly 389 billion kWh, which
amounts to 10% of the total electricity consumed in the U.S.
in 2021 [3]. Of considerable concern, most current cooling
technologies, such as air-compressor-based cooling systems,
directly or indirectly emit a massive amount of carbon diox-
ide, exacerbating the consequences of climate change [4]. To
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meet the rapidly growing need for cooling while reducing the
threats resulting from global warming, there is an urgent need
for researchers to move toward more sustainable and efficient
cooling technologies.

In recent years, there has been an emerging interest in
passive radiative cooling (PRC) as a potential solution to this
challenge [4]. The process relies mostly on spontaneous ther-
mal emission from the heat source. As a result, an operating
radiative cooling system does not consume any electricity
nor produce carbon dioxide emissions. Compared with con-
ventional cooling technologies such as air conditioning and
evaporative cooling, a PRC system can achieve high-energy
efficiency while realizing a minimal carbon footprint [4],
which makes it very promising for carbon reduction goals es-
tablished by the Paris Agreement [5]. Importantly, a radiative
cooling design normally only comprises a thin film coating
with thicknesses often <1 cm. Therefore, this simple structure
can be easily integrated with existing infrastructures without
adding system complexity [6].

In the past decades, many pioneering works have re-
ported on subambient nighttime cooling using black emitters
[7-12]. However, realizing subambient daytime cooling re-
mained a challenge, as intense solar radiation can rapidly
heat up a black emitter. As such, carefully controlling the
absorptivity spectra of the emitter is essential to realizing
passive daytime radiative cooling [13]. In general, it is neces-
sary to minimize solar absorption, while maximizing thermal
emission. Following these criteria, numerous studies were
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FIG. 1. (upper) Atmospheric transmittance as a function of wavelength and wave number. The arrow highlights the prior atmospheric
transparency window between 8 and 13 pm. (lower) Functional groups reported in previous works and their corresponding positions in
the wave number range. The chemical bonds located before 8 um are highlighted in red, and the bonds located between 8 and 13 pm are

highlighted in blue.

performed to develop selective emitters for daytime radiative
cooling [4,6,14-29]. In this review, we will overview the latest
progress in this active area by summarizing research con-
siderations regarding material synthesis, system design, and
application developments. Specifically, we will first discuss
the fundamentals and principles of daytime radiative cooling
(Sec. II). Then in Sec. III, we will summarize the recent
works for cooling materials investigation. In Sec. IV, we will
examine the system design of radiative cooling, which has
been overlooked in previous review articles. Finally, we will
discuss different applications of radiative cooling in Sec. V
and provide a general outlook for future research in Sec. VI.

II. HEAT FLUX OF RADIATIVE COOLING:
FUNDAMENTAL PRINCIPLES

In principle, thermal radiation is spontaneously emitted
from any thermal object at a temperature >0 K via electro-
magnetic waves [30]. According to Kirchhoff’s law of thermal
radiation, all bodies are both thermal emitters and receivers
with identical efficiencies, i.e., the emissivity always equals
the absorptivity at thermal equilibrium. Radiative cooling is
a technology that builds upon these well-established concepts
[4]. Through the atmospheric transparency window (e.g., 8—
13 pum in wavelength, Fig. 1), an object on the surface of
Earth dissipates heat via thermal radiation (P.,q) because its
temperature (~300 K) is normally much higher than outer
space (3 K). On the other hand, the object absorbs thermal
radiation from both the atmosphere (Pyyy,) and solar irradiance
(Pgun) during the daytime. Furthermore, it also exchanges heat
with the environment through nonradiative processes, such
as convection and conduction. As a result, the heat flux of
radiative cooling (Ppe) can be described as follows:

Pnet =Prad _Patm _Psun _Pnonrad~ (1)

These combined factors determine the equilibrium tem-
perature of the emitter when P, = 0. In general, to obtain
subambient cooling effect during the daytime, it is always

desired to minimize the absorbed heat from the environment
(Pym and Pyyy) while simultaneously maximizing the emitted
heat from the emitter (P,q). In the following subsection, we
will discuss these heat flux components in more detail.

A. Thermal radiation from the emitter (Py,q)

At thermodynamic equilibrium, the spectral radiation of a
blackbody can be described by Planck’s law [Eq. (2)]:

2hc? 1
IBB(Ts )") = )\‘5 he 9 (2)
exp (AkBT) —1

where T is the temperature of the blackbody, /4 is Planck’s
constant, kg is the Boltzmann constant, ¢ is the speed of
light, and A is the wavelength. Based on Eq. (2), the thermal
emission from an emitter is mainly determined by its thermal
equilibrium temperature (7;,q) and emissivity profile (&p,q), as
given by

Prad(Trad) = AIdQCOS(e)fd)"IBB(Trad» )\)Srad(e’ )u), (3)

where A is the area size of the emitting surface, [ d is the
angular integral of the emitter over accessible space, and &;,q
is the spectral emissivity of the emitter. In general, unity emis-
sivity is desired to maximize the outgoing thermal radiation.
However, in an outdoor environment, an emitter also absorbs
external thermal radiation, especially from the atmosphere.
Depending on the temperature of the environment, researchers
have developed broadband and narrowband emitters to obtain
optimized cooling performance, both of which will be dis-
cussed in detail in the following two subsections.

1. Broadband vs narrowband emitters

When designing an emitter for radiative cooling, the most
important criteria to consider is the spectral selectivity of
the emitter. Within the visible (VIS) and near-infrared (NIR)
range (i.e., 3802500 nm), the solar absorptivity of an emitter
is required to be <10% to realize a subambient cooling effect
[13]. Furthermore, depending on the direction of net heat flux,

090201-2



REVIEW ARTICLES

PHYSICAL REVIEW MATERIALS 6, 090201 (2022)

either a broadband or narrowband emitter is preferred for
optimized cooling performance [6]. For example, when the
equilibrium temperature of the emitter is below ambient, the
net heat flux flows from the environment to the emitter. In such
cases, an emitter that has unity absorption only within 8 to
13 um shows better cooling performance, as the narrowband
emissivity profile suppresses the heat absorption from the
atmosphere. This situation is mostly seen in applications of
refrigeration and food storage [31]. On the other hand, when
the emitter’s equilibrium temperature is above ambient, i.e.,
the net heat flux flows from the emitter to the environment, a
broadband emitter that has unity emissivity beyond 4 pm is
preferred due to the higher heat transfer efficiency. This situa-
tion can be found in cooling applications for solar modules
[27], building envelopes [21-23], and the thermal manage-
ment of the human body [24-26]. By carefully selecting the
materials and designs, researchers can obtain optimized cool-
ing performance in the corresponding conditions, as will be
discussed below.

2. Material selection and structural design

Typical metal oxides, such as titanium dioxide (TiO;),
silicon dioxide (SiO,), and zinc oxide (ZnO), have been fre-
quently deployed with polymeric binders for cooling paints
throughout the last century [32-34]. Due to the strong inherent
thermal emission of the binders and solar scattering effect
introduced by the embedded particles, researchers developed
efficient painting materials for radiative cooling during the
night and reduced surface temperature throughout the day
[35]. However, intrinsic limitations exist for these materials
to realize subambient daytime radiative cooling. For example,
TiO, has high absorptivity within 300-410 nm, which will
introduce a strong solar heating effect [36]. SiO, exhibits
a sudden change of refractive index ~9 pm, resulting in a
strong reflection peak within the atmospheric window [37].
These issues can be partially addressed by optimizing the
structure design, such as by tuning the particle sizes [38],
adding polymer binders [30,36], or introducing wide optical
bandgap dielectric particles like aluminum oxide (Al,O3), cal-
cium carbonate (CaCQOj3), and barium sulfate (BaSO,) [36,39—
42]. Additionally, one can reduce the solar absorption and
enhance the thermal emission by introducing interferometer
structures, as will be discussed in Secs. III A and III E.

On the other hand, polymers are recognized as promis-
ing alternatives for radiative cooling due to their scalability
and low cost. These materials normally contain many func-
tional groups or bonds that correspond to absorption in the
long-wavelength infrared (LWIR) range. By carefully se-
lecting polymer materials that contain functional groups at
desired wavelengths, one can demonstrate an efficient cool-
ing effect using simple two-layered structures [43—45]. For
example, double-bond functional groups like C = C and C =
O have higher absorptivity in the range of 2000—1500 cm™!
(corresponding to 4-6.7um) owing to stretching vibra-
tion. Therefore, for materials like polymethyl methacrylate
(PMMA) that contain C = O functional groups, their ab-
sorption peaks ~6 pum can support strong thermal emission
[46]. Figure 1 shows typical chemical bonds within 2-20 um
(5000-500 cm ") corresponding to the atmospheric transmis-

sion window [43—48]. These functional groups within and
beyond the 8-13 pum range are highlighted in blue and red,
respectively. Based on this chart, researchers can select poly-
mers that are applicable to situations where either a broadband
or narrowband emitter will provide the best cooling perfor-
mance. A more comprehensive exploration of these materials
has been published elsewhere [43].

B. Absorbed atmospheric radiation (Py,)

Radiative cooling has also been referred to as sky cooling
since heat is transported through the clear sky to outer space
via radiation. In general, the atmospheric radiation absorbed
by a thermal emitter can be estimated by

Patn (Tamp) = A [d2 cos(0) [ dMpp(Tamp, A)Erad
x (0, A)eum(0, 1), “4)

where Tynp is the temperature of ambient air, and &,y i
the spectral emissivity of the atmosphere. Given transmittance
in the zenith direction T4y (0, A), the angular atmospheric
emissivity e,y at the zenith angle (0) can be estimated by

gam(8, 1) =1 — [ Tam (0, M)]V7 )

However, due to the intrinsic absorption of atmospheric
gas components, such as carbon dioxide (CO,), ozone (O3),
and water vapor (H,O) [49], the atmosphere exhibits only a
few discrete transparency bands within 0.3-20 um (Fig. 1).
The transparency band located between 8 and 13 um is the
most significant, as it coincidently aligns with the peak of
blackbody radiation at 300 K (~9 pum). Other transparency
bands also exist that contribute to radiative cooling in dry
weather, one of which is in the LWIR region of 17.2-25
pum [50,51]. The transmissivity of these bands is largely
dependent on the weather conditions, such as temperature,
relative humidity, cloud cover, and latitude [6,52,53]. Among
all weather factors, two of the most important ones are the
atmospheric temperature and relative humidity, as they have
the largest impact on atmospheric LWIR transmissivity. Many
works developed simplified models to estimate the equivalent
atmospheric transmissivity, as summarized in a previous re-
view [21]. For example, the widely used MODTRAN model
provides the capacity to adjust a variety of different environ-
mental factors and has been used to model the atmospheric
transmittance [53—63]. As shown in Fig. 2(a), the atmospheric
transmittance was modeled with different ambient tempera-
tures and relative humidity [63]. These results show that, when
the environment changes from 0 °C/RH 50% to 40 °C/100%,
the atmospheric transmittance decreases by nearly half within
the 8—13 um range and to zero within the 17.2-25 um range.
This reduction in atmospheric transmittance will result in a
significant decrease in cooling performance.

As shown in Fig. 2(b), when the ambient tempera-
ture is 294.2 K and the surface relative humidity (RH) is
20%, the cooling power potential of a blackbody emitter is
102.7W/m? within 750-1400cm~! (7.14-13.33 um) and
4.5 W /m? within 400-580 cm~! (17.2-25 um) [51]. In areas
that consistently have extremely low humidity, the cooling
power of an emitter will be more accurately determined by
considering the atmospheric transparency windows at both 8—
13 um and 17.2-25 pum [49]. To illustrate this effect in the real
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FIG. 2. (a) Modeled atmospheric transmission in different temperature and relative humidity conditions. Copyright 2020 American
Chemical Society (Ref. [63]). (b) The cooling power potential from a blackbody emitter by considering the atmospheric transparency bands
within different wavelength ranges (blue shades). The different shades of blue represent the effect of relative humidity on atmospheric thermal

radiance/emission. Copyright 2019 Elsevier (Ref. [51]).

world, a cooling power of 40.1 W/m? was demonstrated using
a spectrally selective emitter in California [31], while a minor
cooling effect was observed in Hong Kong using an identical
design due to the humid local environment [56]. By studying
the effect of relative humidity on radiative cooling power, one
can see that there is a need to tailor the system design with
respect to the typical absorbed atmospheric radiation, as will
be discussed in Sec. IV.

C. Absorbed solar irradiation (Py,,)

The most significant factor that hinders radiative cooling
is solar radiation. The complete solar spectrum covers the
ultraviolet (UV; 250-380 nm), VIS (380-750 nm), and NIR
(750-2500 nm) ranges. Under air mass (AM) 1.5 solar irradi-
ation, the total irradiance (Zan;.5) of sunlight is ~1000 W/ m?.
The UV, VIS, and NIR bands constitute 6.8, 44.7, and 48.5%
of the AMI1.5 spectral power density, respectively. On the
other hand, the typical cooling power of a radiative emitter
at ambient temperature is ~100 W/mz. Therefore, to realize
subambient daytime radiative cooling, it requires the emitter
to have a minimized absorption in all three ranges but espe-
cially in the VIS and NIR ranges. In general, the absorbed
solar irradiation power (Pyy,) of an emitter is given by

Pyn =A COS(O‘)fd)JAMl.S()‘«)gradfsolar(Q, A). (6)

Here the angle o refers to the angle between the inci-
dent solar direction and the normal direction of the emitting
surface. The absorptivity of the emitting surface within
the solar spectral range equals to the emissivity, which is
given by €4 solar(0, A). In recent studies, researchers devel-
oped emitters with minimized solar absorptivity, with some
studies realizing a total absorption of <5% [64,65]. In ad-
dition, suppressed solar absorption can also be obtained by
implementing sunshades [44,55,66] or solar filters [67,68].
Although these methods can introduce additional complexity
to the system, they can also serve a secondary purpose includ-
ing thermal insulation [68] and beam steering [44], as will be
discussed in Sec. IV.

D. Conduction and convection (Pponraq)

Nonradiative heat losses via thermal conduction and con-
vection also play an important role in the heat flux of radiative
cooling [i.e., Pyt in Eq. (1)]. The heat flux of nonradiative heat
exchange P,onrag can be expressed by

Pronrad = AG(Tamp — Traa),

where ¢ represents the nonradiative heat transfer coefficient.
Depending on the temperature difference between the emit-
ting surface (T;,q) and ambient air (T,n,p), the nonradiative
heat loss can either be beneficial or detrimental. For example,
most photovoltaic (PV) plants operate at a temperature that is
much higher than ambient. In this case, a strong conduction or
convection heat transfer will facilitate heat dissipation [69,70].
On the other hand, for radiative cooling research focused on
subambient cooling, it is highly desired to minimize Pyoprad
to obtain lower temperatures. In most studies, researchers
employed polyethylene (PE) films and thermally insulating
containers (e.g., polyester foam boxes) to minimize the non-
radiative heat transfer. Advanced techniques, such as aerogels
[68] and vacuum chambers [31] were also employed to ex-
plore the upper limit of radiative cooling, as will be discussed
in Sec. IV.

III. MATERIAL DESIGN PRINCIPLES

In this section, we will review recent works that real-
ized daytime radiative cooling based on different mechanisms
and/or structures.

A. Spectral selectivity for radiative cooling

According to Secs. II A and IIC, one of the major chal-
lenges with material design for passive daytime cooling is
developing a surface that possesses a near unity solar re-
flectance (for minimizing solar heating gain) and a high
thermal emittance (for maximizing radiative heat loss) [4,13—
21]. For practical applications, to achieve better cooling per-
formance or even a subambient cooling effect, the solar
reflectance needs to be >90%, preferably even >95%, to
minimize the solar heating effect. Numerous materials have
been reported to realize this spectrally selective feature over
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FIG. 3. (a) Schematic illustrations of constructive interference and destructive interference. (b) and (c) The seven-layered SiO,/HfO,
interference structure and its measured spectra in the visible (VIS)-near infrared (NIR) and midinfrared (MIR) ranges. Copyright 2014, Springer
Nature (Ref. [13]). (d) and (e) The alternating SizN,4/SiO, interference structure and its measured spectra in the VIS-NIR and MIR ranges.
Copyright 2020, Elsevier (Ref. [87]). (f) and (g). Interference photonic structures for both cold and hot thermal management and their measured
spectra in the VIS-NIR and MIR ranges. Copyright 2018, Springer Nature (Ref. [107]).

two different wavelength regions in the VIS-to-NIR, and
midinfrared (MIR) regimes [13,31,36,38—175]. For instance,
spectrally selective radiative cooling was found in natural
creatures (e.g., butterflies [ 103] and silver ants [104]). Inspired
by these naturally existing cooling materials, multilayered
photonic structures were reported with top thermal radiation
layers and bottom solar reflective metals [13,42,44,87-102].
The metal layer [usually silver (Ag)] can reflect the sunlight
to reduce the solar heat gain while the top thin film inter-
ference is designed to enhance the thermal emittance over
the atmospheric window. Bilayer metasurfaces with patterned
structures were also reported for tailoring the spectral emit-
tance of the surface over the atmospheric window. These
structures are transparent over solar wavelengths to allow
sunlight to be reflected by the bottom metal layer [105].
Additionally, porous structures with light-scattering air voids
generated by hierarchically ordered pores or fibers can in-
crease the optical performance for a better cooling effect
[64,65]. The strong backscattering of sunlight happens at the
interface between air voids. Those porous walls or fibers in-
crease the solar reflectance. A randomly distributed structure
is another approach to achieving such spectral selectivity.
Generally, the bottom reflective metal layer provides high
solar reflectance, while the randomly distributed layer with
inorganic particles, such as SiO,, TiO,, CaCOs, BaSQOy, or
Al O3, is responsible for high thermal emittance due to the
overlap between their infrared molecular vibrations and the
atmospheric window. The polymer is usually employed as the
matrix to bind these particles for scalable deployment, which
can be found in many commercially available paints and pig-

ments. In the following subsections, we will summarize major
types of materials to realize this required spectral selectivity
for radiative cooling.

B. Constructive or destructive interference

Thin film interferometers have been studied extensively for
manipulating light absorption or reflection [80]. By arrang-
ing thin film materials with proper thickness and sequence,
constructive or destructive interference conditions can be met
within a wide wavelength range, resulting in different optical
responses [Fig. 3(a)] [81,82]. In recent years, the research
interests of multilayered thin film interference have merged
with thermal applications, whereby a carefully designed struc-
ture can meet the stringent spectral selectivity requirements
for radiative cooling [13,31,87-102]. An alternating layered
structure was reported to realize subambient cooling under di-
rect sunlight exposure [Fig. 3(b)] [13]. The layered structure is
composed of two parts: the top thermal radiation layer consists
of three thick, alternating layers of SiO, and hafnium dioxide
(HfO,), while the bottom solar reflection layer consists of
four alternating layers of HfO, and SiO,. This multilayered
film exhibited a solar reflectivity of up to 97% [Fig. 3(c)].
Additionally, the phonon polariton resonance of SiO, and
the interference introduced by the layered structure lead to a
strong emissivity within the 8—13 um range. Remarkably, the
emitter achieves an average temperature reduction of 4.9 °C
under a solar irradiance of 850 W /m?. Another example of an
interference structure uses alternated SiO, and silicon nitride
(Si3Ny) [Fig. 3(d)] [87]. By stacking these two materials in a
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specific order with an optimized thickness, the layered struc-
ture exhibits ultrahigh reflection in a broad range of the solar
spectrum, while emitting thermal radiation within the LWIR
range only [Fig. 3(e)]. As a result, a temperature reduction
of 8 °C under a solar irradiance of ~900W /m? was realized.
Optimization of interference effects for radiative cooling is
still under investigation using numerical modeling to reveal
the theoretical potential for layered structures constructed by
different material selections [96,97].

Intriguingly, multilayered thin film structures have also
attracted interest in structural color due to their distinctive
tunability [84]. However, colored surfaces will introduce an
inevitable solar heating effect for building envelopes and
automobile coatings [99-101]. Although researchers have de-
veloped cool paints that can reduce the solar absorption in
the NIR range [106], its cooling effect may be further im-
proved by incorporating radiative cooling. For example, two
structures with the same color (pink) but different thermal
responses were reported [107]: The cold structure consists of
multiple alternating layers of SiO, and Si, topped by a TiO,
layer [Fig. 3(f)]. Compared with the hot structure, the cold
one exhibits not only lower absorption in the NIR range but
also higher thermal emittance in the MIR range for radiative
cooling [Fig. 3(g)]. As a result, under a solar irradiance of
1000 W/m?, the cold structure can achieve a temperature that
is 35.5 °C cooler than the hot structure. It should be noted that
many commercial coating and paint materials already have in-
trinsic thermal emission features [36]. Therefore, researchers

are encouraged to compare the performance of recently inves-
tigated materials with commercial products to claim the actual
enhancement.

C. Photonic crystals

Photonic crystals (PhCs) or photonic bandgap (PBG) ma-
terials refer to materials that consist of periodically changed
refractive indices introduced by micro/nanostructures in either
one dimension (1D), two dimensions (2D), or three dimen-
sions [108]. Most of these materials show complete PBGs,
therefore allowing selective reflection or transmission of pho-
tons at discrete frequencies [Fig. 4(a)] [109]. By scaling this
frequency selection to the thermal wavelength regime, PhC
structures have attracted renewed interest in radiative cooling
[14,105-124]. For example, Zhu et al. [105] experimentally
demonstrated a periodic silica square lattice, as shown in
Fig. 4(b). Due to the intrinsic transparency of silica in the
VIS range and strong thermal emission in the MIR range,
the obtained PhC structure not only allowed sunlight to travel
through without introducing a heating effect but also enabled
an efficient radiative cooling effect. Following this strategy,
this same group reported another 2D PhC using a combined
structure of periodic quartz/SizN,4 squares integrated on top of
a multilayered reflector [Fig. 4(c)] [110]. Different from the
structure shown in Fig. 4(b), this structure exhibited broad-
band reflection through the entire solar spectrum range and
narrowband thermal emission only within the atmospheric
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FIG. 5. (a) Separate areas in the wings of butterflies show different surface morphology and optical spectra. Copyright 2020 Springer
Nature (Ref. [103]). (b) The hair on silver ants shows triangular microstructures, resulting in a silvery appearance and high thermal emissions.
Copyright 2015 American Association for the Advancement of Science (Ref. [104]). (c) The skin of the Neocerambyx gigas beetle is composed
of multiple micro/nanostructures, which shows high reflectivity in the visible (VIS)-near infrared (NIR) range and high emissivity in the
midinfrared (MIR) range. Copyright 2020 National Academy of Sciences (Ref. [130]).

transparency windows of 8-13 yum and 17-25 pum, which
was optimized for subambient radiative cooling. As a result,
this proposed structure achieved a net cooling power of >
100 W/m? even under direct solar illumination.

PhCs have also been fabricated using self-assembled opals,
as shown in Fig. 4(d). Unlike most rigid photonic structures, a
self-assembled opal emitter is flexible and scalable [125,126],
which is attractive for many radiative cooling applications.
For example, Lin et al. [76] reported a monolayer of closely
packed silica microspheres coated on a silicon oxynitride
(SiO;Ny) layer and Ag substrate [Fig. 4(e)]. This structure
shows a high solar reflectance of 96.4%, while achieving a
narrowband emissivity only within the 8-13 pm range. Kim
et al. [111] also proposed a close-packed silica opal structure
with uniform diameters on a silicon wafer [Fig. 4(f)]. The
obtained structure shows minimized solar absorption, while
the intrinsic thermal emission of SiO; enables a strong cooling
effect. Intriguingly, the Bragg diffraction generated by the
periodic SiO, array produces a variety of colors depending on
the diameter of the opal. Compared with traditional dyes and
pigments, these structural color strategies are particularly ap-
pealing to integrating radiative cooling with colorful coatings
due to their minimized solar absorption.

D. Biomimetic structures

Micro/nanostructures for thermal regulation have been
used by animals, plants, and insects for millions of years
[103,104,127—-134]. For instance, polar bears have evolved
to have fur hairs with hollow cores in a multitude of sizes
[127]. Not only will the hierarchical hollow structure provide
effective thermal insulation to minimize heat loss, but it also
suppresses thermal emission losses from the skin. Another
example of biological structures for thermal management are

the wings of butterflies [103,129], which are covered with
nanopillars or nanorods and result in vivid colorful appear-
ances (having been reported over a decade ago [129]). Recent
measured results show that the wings of butterflies exhibit
various emissivity in different areas due to the varied surface
morphologies, which allow butterflies to regulate their body
temperature via thermal radiation [Fig. 5(a)] [103]. By study-
ing these natural species, researchers developed biomimetic
structures to enable efficient thermal management. For exam-
ple, Shi et al. [104] analyzed the skin structures of silver ants
in the African desert [Fig. 5(b)]. The modeling results show
that the triangular hair arrays with flat bottoms and corru-
gated facets exhibit high reflection in the VIS and NIR ranges
while retaining high emissivity in the MIR range. Addition-
ally, Zhang et al. [130] developed a micropyramid-arrayed
polymer matrix with random ceramic particles inspired by the
Neocerambyx gigas beetle [Fig. 5(c)]. Due to both the internal
reflection from the pyramid structure and Mie scattering from
the alumina particles, the obtained structure shows a high solar
reflection of 95%. As a result, this structure enables an effec-
tive cooling power of ~90.8 W/m? and a passive temperature
reduction of up to 5.1 °C under direct sunlight. Additionally,
natural materials were engineered to realize daytime radiative
cooling. For example, Li et al. [71] reported a delignified
natural wood for daytime radiative cooling. In their study,
multiscale cellulose nanofibers were engineered to be highly
scattering in the VIS range, with a low solar absorption of
only 4%, but strongly emissive in the 8—13 pum window over
a broad angular range. Similarly, Zhou et al. [135] demon-
strated a transparent bamboo, which consisted of a densely
packed structure filled with pores of varying size, fabricated
via the delignification of natural bamboo and subsequent
epoxy infiltration. Compared with its opaque natural bamboo
counterpart, transparent bamboo has high transmittance in the
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FIG. 6. (a) A square-lattice metasurface with five differently sized copper patterns. Copyright 2021 American Chemical Society
(Ref. [140]). (b) A metasurface consisting of Ag-loaded, n-doped silicon resonators. Copyright 2017 Wiley (Ref. [141]). (c) A tungsten-doped
VO, metasurface that realizes contrary midinfrared (MIR) emissivity at different modes. Copyright 2021 American Association for the

Advancement of Science (Ref. [65]).

VIS range and near unity emission in the MIR range, enabling
a strong radiative cooling effect.

E. Metasurfaces

Typical metasurfaces are planar surfaces with morpholog-
ical structures that produce strong light-matter interactions at
subwavelength scales [136]. Due to the magnetic resonances
produced by nano/microstructures, the absorption or emission
peaks can be tuned from VIS to MIR [137]. By engineering
the geometries of nano/microstructures, metasurfaces have
been widely used for applications such as metalenses [138]
and holography [139]. In recent years, metasurfaces also have
been engineered to perform the task of radiative cooling
[33,118,140-149]. The structures developed in these studies
are normally composed of two parts: (1) a top dielectric res-
onator or cavity, which is normally transparent within solar
wavelengths, and emissive in the infrared range, and (2) a
metal reflector [e.g., Ag or aluminum (Al)], which minimizes
the solar heat gain. For example, Cho et al. [140] reported a
square-lattice array with five differently sized copper patterns
[Fig. 6(a)]. Due to the resonance derived from the gap plas-
mon cavity, the structure exhibits tunable absorption peaks in
the MIR range. Additionally, by fabricating many different
sized patterns on the surface, they demonstrated broadband
thermal radiation within the 8—13 pm range, which was es-
sential for subambient radiative cooling. Another example of
a metasurface-based radiative cooler consisted of Ag-loaded,
n-doped silicon resonators, as shown in Fig. 6(b) [141]. Due
to the strong magnetic dipole resonance supported by the
dielectric resonator, the structure exhibits strong, wide-angle

emissivity that matches the main atmospheric transparency
window of 8-13 um. Their modeling results show that this
proposed metasurface can achieve a temperature reduction of
11.14 °C during the nighttime and 8.25 °C during the daytime.
Furthermore, tunable thermal regulation can be realized by in-
troducing phase transition materials. For example, vanadium
dioxide (VO,) experiences a phase change from the metal to
the semiconductor phase when its transition temperature of
67 °C is reached, followed by a significant change in its refrac-
tive index [65,146—-149]. However, VO, thin films normally
have small differences in MIR emissivity between the two
phases, which constrains its feasibility in radiative cooling.
Recently, this challenge was addressed by incorporating thin
films of VO, with a metasurface. As shown in Fig. 6(c),
Tang et al. [65] developed a mesh structure composed of
thin tungsten-doped VO, nanopatterns on a barium fluoride
substrate. Their results demonstrated that the MIR thermal
emissivity of the structure increased from 0.2 to 0.9 when the
surface temperature reached 22 °C. As a result, it showed a
suppressed thermal emission in cold environments and strong
thermal emission in warm environments, enabling distinct
thermal regulating modes under different weather conditions.

F. Porous polymers

As previously discussed in Sec. II, many polymer mate-
rials exhibit strong thermal emission within the atmospheric
window range, which is desirable for radiative cooling appli-
cations. However, the intrinsic absorption of polymers in the
UV and NIR ranges reduces the cooling power under solar
illumination, which requires further structural optimization.
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FIG. 7. (a) Schematic of Mie scattering introduced by micro/nanoparticles, fibers, and air voids. (b) Photo and scanning electron
microscopy (SEM) image of SiO, microsphere embedded TPX thin film. The scale bar is 40 ;m in the right image. Copyright 2016 American
Association for the Advancement of Science (Ref. [42]). (¢) Photo and SEM image of hierarchical porous PVDF thin film. Scale bar is 10 um
in the right image and 2 um in the inset. Copyright 2018 American Association for the Advancement of Science (Ref. [64]). (d) Photo and
SEM image of hierarchical polymer thin film. Scale bar is 20 cm in the left photo and 5 um in the right image. Copyright 2021 American

Association for the Advancement of Science (Ref. [72]).

To address this challenge, researchers have combined poly-
mer thin films with disordered particles, fibers, or air voids
[Fig. 7(a)] [38,134,150-173]. These randomly distributed
light scatterers are within the range of nanometers to microm-
eters in size, which enables a strong Mie scattering effect
or diffusive reflection effect. Interestingly, some of these hy-
brid materials also exhibit stronger IR emissions due to the
phonon-enhanced Frohlich resonance [42]. For example, Zhai
et al. [42] demonstrated a high-performance cooling sheet
by embedding polymethylpentene (TPX) thin film with SiO,
microspheres [Fig. 7(b)]. The obtained thin film shows an av-
erage thermal emission of 0.93 in the LWIR range. Moreover,
due to the Mie scattering introduced by the microsized SiO,
particles and high reflection from the Ag back reflector, the
solar absorption of this thin film emitter is <4%, resulting
in a cooling power of 93 W/m? under direct sunlight. This
strong scattering effect can also be achieved by replacing
the nano/microparticles with air voids. For instance, Man-
dal et al. [64] reported a hierarchical porous poly(vinylidene
fluoride-co-hexafluoropropene) (PVDF) thin film using a sim-
ple phase-separation process [Fig. 7(c)]. Due to the abundant
air voids with sizes ranging from nanometers to micrometers,
the obtained coating exhibits a strong solar reflectance of 0.96
and a strong thermal emission of 0.97. One can also obtain
a broader solar reflection by combining dielectric nanopar-
ticles with air voids. For instance, a multilayer metafabric
was reported with ultrabroadband reflection that covers the
entire UV-VIS-NIR range, which consists of polylactic (PLA)
embedded with TiO, particles and porous polytetrafluoroethy-

lene (PTFE) [Fig. 7(d)] [72]. Moreover, due to the intrinsic
thermal emission from both the PTFE and PLA, the white
sheet exhibits a broadband thermal emissivity from 4 to 24
pm. This excellent spectral selectivity renders high cooling
performance and can be developed into a wearable fabric, as
will be discussed in Sec. V B.

It should be noted that porous structures can also be utilized
as thermally insulating materials [171-173]. For example,
the aforementioned cooling wood is a typical thermally in-
sulating material [71]. This combination of radiative cooling
with high thermal resistance can minimize the heat exchange
with the warmer environment while simultaneously dissipat-
ing latent heat via thermal radiation. In cold seasons when
cooling is undesired, a thermally insulating material also min-
imizes the heat loss from the interior space. This is highly
desired for building thermal management applications, as il-
lustrated in Fig. 8(a) [173]. Authors of many other studies
also developed cooling materials with low thermal conduc-
tivity [Figs. 8(b) and 8(c)] [71,171-173]. For example, Zhou
etal. [172] fabricated a porous polydimethylsiloxane (PDMS)
using a sugar template and realized a thermal conductivity
of 0.06Wm~'K~!. Zhong et al. [171] developed a hollow
PVDF microfiber material with an even lower thermal con-
ductivity of 0.014 W m~!' K~!. More recently, Yue et al. [173]
fabricated an aerogel using wastepaper and reported ther-
mal conductivity of 0.028 W m~! K~!. Their modeling results
show that a thermally insulating radiative cooler outperforms
both radiative cooling-only materials and thermal insulation-
only materials in cooling energy saving, which is particularly
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FIG. 8. (a) Schematic of the heat exchange on a traditional radiative cooler and thermally insulating radiative cooler. Copyright 2021
American Association for the Advancement of Science (Ref. [173]). (b) Photos and scanning electron microscopy (SEM) images of thermally
insulating radiative coolers in recent studies. From left to right, the photos show cooling wood [71], porous PDMS [172], hollow microfiber
cloth [171], and cooling aerogel [173]. (c) Summarized thermal conductivity of different radiative cooling materials in recent studies. (b) and
(c) are reproduced with permission from 2019 American Association for the Advancement of Science (Ref. [71]), 2021 Wiley (Ref. [172]),
2021 American Chemical Society (Ref. [171]), and 2022 Elsevier (Ref. [173]).

attractive for building thermal regulation. Nevertheless, when
compared with the state-of-the-art radiative coolers, the actual
merit of thermally insulated radiative cooling remains unclear
with respect to energy savings and requires further research
and investigation.

G. Paints and pigments

Painting materials are also promising candidates for large-
scale radiative cooling due to the strong Mie scattering
introduced by dielectric particles [174-178]. By introduc-
ing micro/nanospheres with wavelength-scale dimensions into
polymer binders, the obtained structure can strongly scatter
the incident sunlight and realize a minimized solar absorption.
It was reported that dielectric particles with high refractive
indices, such as hexagonal boron nitride, are preferred, as the
large dielectric contrast permits a stronger scattering effect
[112]. More importantly, unlike previously discussed polymer
thin films, paints can be directly applied on complex textured
surfaces [36], which is particularly attractive for applications
like building envelopes. However, the solar reflectance of
conventional white paints (mainly composed of SiO, and
TiO, particles) is normally not strong enough for subambient
radiative cooling [39,40], especially in UV and NIR range.
Motivated by this challenge, recent researchers have devel-
oped cooling paints for more efficient thermal regulation.
For example, Li et al. [39,40] reported cooling paints with
ultrahigh solar reflectance, as shown in Figs. 9(a) and 9(b).
Compared with the TiO,-based white paints, these proposed
cooling paints showed higher reflection in the UV and NIR
ranges due to the large bandgap pigments (e.g., BaSO,4 and
CaCO3) mixed in the acrylic slurry. Similarly, Xue et al. [75]
also proposed cooling paint by introducing extra fluorescent

microparticles in conventional paints [Fig. 9(c)]. Not only
did the SiO, and TiO; particles induce strong Mie scattering
within the solar wavelength range, the Purcell effect intro-
duced by the fluorescent particles also converted part of the
absorbed solar irradiance to visible light emission. Conse-
quently, the obtained paint showed a reduced solar heating
effect, which was beneficial for daytime radiative cooling.
Importantly, these white paints can be combined with colorful
dyes or pigments to meet aesthetic purposes. Although the
pigments in conventional colored paintings inevitably intro-
duce a strong solar heating effect, the overall solar absorbance
can be minimized by controlling the thickness of the colored
layer. As shown in Fig. 9(d), by coating a thin colored layer
on a white PVDF painting, the obtained structure not only
showed identical pink color to a commercial paint but also
showed improved NIR reflection (from 0.1 to 0.51) [174]. As
a result, the proposed bilayer coatings showed a reduced tem-
perature that is 3 to 15.6 °C lower than commercial paintings
with identical colors.

IV. SYSTEM DESIGN

In a pioneering work, Raman et al. [13] characterized
the cooling power of their proposed radiative cooler using
an electric heater. By measuring the heating power that was
required to maintain the cooler at ambient temperature, they
could obtain the actual cooling power of the emitter. This
design was further improved by adding a feedback-controlled
electric heater to monitor the cooling power in real time [42].
However, according to Sec. I, the net cooling power of an
emitter P, will be affected by the weather conditions, such
as solar irradiance, wind, cloud, and relative humidity. To
suppress these weather effects, a thermally insulated container
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FIG. 9. (a) Photo and scanning electron microscopy (SEM) image of BaSO, cooling paint. Copyright 2021 American Chemical Society
(Ref. [40]). (b) Photo and SEM image of CaCOj; cooling paint. Copyright 2020 Cell Press (Ref. [39]). (c) Photo and SEM image of ecofriendly
cooling paint with fluorescent microparticles. Copyright 2020 Wiley (Ref. [75]). (d) Photo and SEM image of PVDF bilayer colored paint.
Copyright 2020 American Association for the Advancement of Science (Ref. [174]).

sealed by PE film is normally implemented, as shown in
Fig. 10(a). Based on this design, many other cooling sys-
tems were designed to realize improved cooling performance
by maximizing P,,q and/or minimizing Psyn, Pamm, and Puonrad
[31,44,66,68,179-181]. Here, we will summarize these con-
siderations in system design.

A. Minimized absorbed solar absorption (Py,)

Considering the solar incident power of 1000 W/m?2, the
optical absorption of a thermal emitter should be <10% to ob-
tain subambient cooling effect during the daytime. Therefore,
most radiative emitters are white in color (e.g., Refs. [64,65]).
On the other hand, the incident solar heating effect can also be
reduced using planar sunshades, which are normally made of
broadband reflective metals such as Ag or Al [31,44,66,80].
However, a vertical planar sunshade is usually insufficient
due to the changing solar incident angles [44]. To address
this issue, Zhou et al. [44] reported a V-shaped solar shelter
and realized all-day radiative cooling, as shown in Fig. 10(b).
The solar shelter was made of a spectrally selective material,
which was highly absorptive in the VIS-NIR range and reflec-
tive in the MIR range. When placed on top of a sky-facing
emitter, the solar shelter absorbed the incoming solar irradi-
ance while directing the thermal radiation from the thermal
emitter to the sky. Another example is a solar tracking system
that can actively adjust the position of an Al reflector to block
direct solar illumination to the emitter [Fig. 10(c)] [66]. In
this system, a double-layered nanoporous PE was also used to
further reduce Py,,. Despite the complexity, this solar-tracking
system was also useful for thermal regulation in concentrated
PV systems [184].

B. Minimized absorbed atmospheric radiation (Pyy,)

As discussed in Sec. II, the atmospheric transmission is
dependent on both humidity and zenith angle. As a result, the
absorbed atmospheric radiation Py, is significantly higher in
humid areas than arid areas, especially at large zenith angle.
By considering the angular-dependent atmospheric transmis-
sion shown in Sec. II B, one can reduce the Py, by coupling
thermal radiation into a smaller zenith angle range where the
atmosphere has higher transmittance. For example, the Al
corn mirror shown in Fig. 10(d) realized an improved cooling
performance in a humid environment and resulted in an elon-
gated dewing period by 2.5 h [85]. Intriguingly, such tapered
guides also improve the cooling performance in a complex en-
vironment. As revealed by Zhou et al. [44], a radiative emitter
reduced the temperature by ~11 °C when tested in a parking
lot, whereas it only achieved a temperature reduction of 2 °C
when tested in crowded urban settings. By implementing a
spectral selective V-shaped solar shelter (a typical Al-based
ceramic solar absorber [84]) shown in Fig. 10(b) (also known
as a tapered guide), not only was the sunlight blocked, but also
the thermal emission was coupled to a narrower zenith angular
range. This approach is particularly attractive to address the
cooling demand in urban areas [184].

C. Minimized parasitic heat (P,onraq)

Nonradiative heat transfer (Phonraq) is one of the major
factors that affects temperature reduction, especially when the
temperature difference between the emitter and ambient air
is large [31]. Although a low-density PE is normally used to
suppress the air convection, it is vulnerable and will degrade
over time [179]. Additionally, a single PE film is too thin to
provide sufficient thermal insulation, limiting the net cooling
capability [179]. Therefore, researchers developed advanced
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FIG. 10. Schematic of the system designs in recent radiative cooling research. (a) The rooftop measurement apparatus reported in the
first subambient daytime radiative cooling research. Copyright Springer Nature 2014 (Ref. [13]). (b) The tapered guide for optimized daytime
cooling in urban settings. Copyright 2019 Springer Nature (Ref. [44]). (c) A radiative cooling design with a solar-tracked shelter for minimized
solar absorption. Copyright 2018 Springer Nature (Ref. [66]). (d) A radiative cooling design with a radiation shield for reduced atmospheric
radiation. Copyright 2021 American Association for the Advancement of Science (Ref. [85]). (¢) A vacuum chamber that enables an ultralow
temperature reduction under solar illumination. Copyright 2016 Springer Nature (Ref. [31]). (f) The PE aerogel for minimized nonradiative
heat transfer and solar absorption. Copyright 2019 American Association for the Advancement of Science (Ref. [68]). (g) The concentrated
radiative cooling system that realized the enhanced localized cooling power on the cooling pipe. Copyright 2022 Elsevier (Ref. [181]). (h) The
double-sided radiative cooling system with spectrally selective mirrors, realizing radiative cooling and solar heating simultaneously. Copyright

2021 Cell press (Ref. [180]).

materials or systems to replace transparent PE films and re-
alized minimized Pyonrag [31,67,68]. For example, Chen et al.
[31] designed a vacuum system and explored the limit of tem-
perature reduction [Fig. 10(e)]. In this system, a zinc selenide
window was employed to replace the thin PE film due to its
high MIR transmittance and strong mechanical strength. As
a result, a superior temperature reduction of 42 °C below am-
bient was realized when the vacuum of the thermal isolating
container reached 107> Torr. A more practical method is to
use an opaque porous PE aerogel, which showed extremely
low thermal conductivity (e.g., 0.028 Wm~! K~!) as reported
by Ref. [68]) and realized minimized Pyonrag and Py, simul-
taneously [Fig. 10(f)]. Moreover, the intrinsic transparency
of PE in the MIR range ensured efficient transfer of thermal
radiation to the sky. With this PE aerogel, a temperature re-
duction of 13 °C was demonstrated, representing one of the
best cooling results under standard atmospheric conditions.

D. Maximized localized cooling power density

In most of the aforementioned radiative cooling systems,
the thermal emitter is placed horizontally to ensure full access
to the sky. In such a case, only the top surface has access
to the sky, while the bottom surface contributes little to the

radiative heat transfer. Therefore, the cooling power limit is
~160W/ m? at 300 K [14-21]. In addition, most planar radia-
tive cooling systems do not harvest solar energy to minimize
Py On the other hand, with a carefully designed system, one
can enhance the cooling power further by coupling the thermal
radiation from both surfaces of the cooler to the sky. Simulta-
neously, the incident solar energy can also be collected rather
than scattered. For example, Zhou et al. [180] designed a
double-sided system that incorporated thermal radiation from
both surfaces of a vertically aligned thermal emitter to the sky
[Fig. 10(h)]. To minimize the absorbed solar power while en-
suring efficient radiation heat transfer between the emitter and
the sky, two spectrally selective mirrors (a graded nanocom-
posite material fabricated using a cosputtering technique)
were employed. Their results showed that this double-sided
system enabled a localized cooling power of ~270 W/m? and
a temperature reduction of 14 °C, which was a significant
improvement compared with regular single-sided sky facing
systems. Furthermore, since the mirrors are also absorptive
in the solar wavelength range, this double-sided system can
harvest solar energy simultaneously. On a regular sunny day,
the two-mirror temperature reached 55 °C, representing a hy-
brid radiative cooling and solar heating system. Similarly,
Peoples et al. [181] nested a cooling pipe with BaSOy4 cooling

090201-12



REVIEW ARTICLES

PHYSICAL REVIEW MATERIALS 6, 090201 (2022)

[T -

Solar transmission/RC
regulation

VO, layer

PMMA spacer

Compressor

Solar heating

S

Radiation cooling

Gy

\.1‘ *f b ¥\ 23

Air-cooled
condenser

Low-E coatin

Heat

exchanger Low-E coating

Roof_ Back side

N
i ol
Summerh&ﬁw

Heat

M‘ ™

O Hemt
i E

Evaporator

!

- .
Winter M%

FIG. 11. (a) A photo illustrating radiative cooling panels being implemented on buildings. Copyright 2019 Cell Press (Ref. [73]). (b) A
schematic of radiative cooling panels integrated with traditional condensers. Copyright 2017 Springer Nature (Ref. [183]). (c) A schematic of
a switchable passive cooling/heating system for interior space thermal management. Copyright 2020 Springer Nature (Ref. [195]). (d) A VO,
based smart window that can dynamically regulate the interior temperature depending on the weather conditions. Copyright 2021 American

Association for the Advancement of Science (Ref. [72]).

coating in an Al trough, as shown in Fig. 10(g). Owing to
the high MIR reflection of the trough, thermal radiation from
both the top and bottom of the pipe were coupled to the sky
and contributed to the radiative cooling. Compared with a
pipe without a trough, the temperature reduction obtained by
this concentrated cooling design was improved by a factor
of two. These versatile systems are particularly attractive for
sustainable applications and energy harvesting, as discussed
in the next section.

V. APPLICATIONS

Building upon the spectral selective features of radia-
tive cooling materials, various applications can be developed
by considering specific requirements, such as compatibility,
durability, wearability, etc. In this section, we will summarize
major applications by integrating radiative cooling features.

A. Building

It is believed that radiative cooling can save electricity
consumption from cooling the building due to its passive
nature [84,167,182-203]. The polymers and paints discussed
in Sec. III are ideal because they can be directly ap-
plied to the exterior surface of building envelops and roofs
[39,40,64,75,174]. For example, cooling paints shown in
Fig. 9 can strongly adhere to metal and concrete substrates
[39,40,75,174]. The PVDF coating shown in Fig. 7(c) also

has excellent compatibility with copper, plastic, and wood
substrates [64]. Of course, these cooling paints can be coated
using simple and inexpensive processes like dip coating and
spray coating over large scales. Additionally, by consider-
ing thermal properties such as thermal conductivity and heat
capacity, these cooling paints can also be integrated with con-
ventional heating, ventilation, and air conditioning (HVAC)
components [73,183] or as thermal storage materials [203].
For example, a cooling panel consisting of a thin radiative
cooling film laminated on the water container was used to
cool the condenser in an air conditioner unit [Fig. 11(a)] [73].
With a size of 13.5 m?, the proposed system could provide a
maximum cooling power of 1296 W at night and an average
cooling power of 607 W at noon. Another work was also re-
ported for building thermal management, where the produced
cold water was utilized to remove heat from the condenser
[Fig. 11(b)] [183]. By running the coolant at a flow rate of
0.2L min~! m~2, the proposed radiative cooling panel could
reduce the condenser temperature below the air temperature
by 5°C. It was estimated that 21% of the electricity used
for building cooling in an arid climate could be saved by
implementing this system.

However, one major challenge for these building envelope
applications is the fouling issue [36], e.g., the accumula-
tion of dust on exterior surfaces. To address this practical
challenge, superhydrophobic surfaces have been reported
to realize self-cleaning functionality for long-term radiative
cooling [155,167,196-202]. Another challenge is the stability
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FIG. 12. (a) A photo of the field test for planar PDMS coating on encapsulated PV modules. Copyright 2021 Wiley (Ref. [70]). (b)
Schematic of a multilayer dielectric photonic structure for solar cell radiative cooling. Copyright 2017 American Chemical Society (Ref.
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Copyright 2019 Cell Press (Ref. [83]).

of the materials under harsh environments, such as long-term
UV exposure, high temperature, and high humidity. Addition-
ally, considering the seasonally dependent cooling demand,
dynamic thermal regulation is also desired. Researchers de-
signed switchable radiative cooling systems that can provide
either cooling or heating depending on the weather conditions
[72,74,165,180,189—-195]. For example, a switchable system
equipped with rotary actuators [Fig. 11(c)] could selectively
expose its solar heating surface (zinc film with copper par-
ticle) or radiative cooling surface (PDMS thin film on Ag
reflector) [195]. These switchable modes can also be realized
by a smart window composed of VO, thin films. As shown
in Fig. 11(d), when the VO, is coated on indium tin oxide
multilayers, the smart window can selectively transmit the
sunlight in cold weather while blocking sunlight in warm
weather, especially within the NIR range [72]. Remarkably,
this smart window also showed switchable thermal trans-
missivity, enabling season-dependent thermal regulation: (1)
over the summertime, the high MIR emissivity (0.61) realized
cooling by releasing the heat from interior space to the sky,
whereas (2) in winter, the low MIR emissivity (0.21) corre-
sponds to the heating mode by suppressing the radiation heat
transfer. These designs are particularly attractive to address
the energy crisis raised by the thermoregulation [194].

B. Semiconductor devices

Thermal management is one of the major challenges
for semiconductor devices. Efficiency and lifetime of semi-
conductor devices (e.g., PV cells [204], LEDs [205], and
laser diodes [206]) are most sensitive to their operat-
ing temperature. For example, it was estimated that every
1°C temperature increase in crystalline silicon PV mod-
ules would lead to a relative efficiency decline of 0.45%
[105]. Mainstream cooling strategies include forced-air cool-
ing, thermoelectric cooling, and water cooling, all of which
tend to be energy hungry. In contrast, radiative cooling shows
great potential to cool semiconductor devices with no addi-
tional electricity consumption Ref. [207-211]. For example,
the broadband photonic structure shown in Fig. 4(b) has been
implemented to reduce the operating temperature of silicon

solar absorbers [105]. However, it should be noted that en-
capsulating layers of commercial solar cells, such as glass,
ethylene-vinyl acetate and Tedlar backsheets, already show
high thermal emissivity for radiative cooling [70]. According
to a recent combined theoretical and experimental analysis, a
broadband PDMS emitter can only reduce the temperature of a
commercial PV module [Fig. 12(a)] by <1 °C, corresponding
to a relative efficiency improvement of ~0.38% [70]. This
limitation of radiative cooling in commercial PV modules
can be partially addressed by applying a coating with opti-
mized spectra [133,212-218]. For example, Li ef al. [213]
designed a multilayer dielectric stack of Al,O3/SiN/TiO,/SiN
[Fig. 12(b)] to suppress the solar heating effect by realizing
strong reflectivity in both UV and 1.3-1.8 um wavelength
ranges. Simultaneously, this multilayer also exhibits high
emissivity over a broad wavelength range from 4-25 pm.
By applying this cooling coating to an encapsulated solar
cell module, the temperature of the module was lowered by
5.7 °C. Furthermore, radiative cooling performance can also
be improved by optimizing the angular emissivity. It was
revealed that the thermal emission of the encapsulation layer
of commercial PV modules (e.g., glass) will be significantly
at an emission angle over 60 °, hence limiting the cooling
power [28]. To address this issue, Wang et al. [215] developed
a pyramid PDMS PhC coating that showed over 90% trans-
mittance in the VIS range and near unity emissivity in MIR
range across a large angle range [Fig. 12(c)]. As a result, the
operating temperature of the PV module was reduced by 2 °C
compared with a commercial module.

Interestingly, radiative cooling strategies are also appli-
cable to other PV devices [69,219-222]. For example, Lee
et al. [221] developed a flexible and visibly transparent meta-
material for PV cells cooling, as shown in Fig. 12(d). The
proposed material was made of silica aerogel microparticles
in a silicone elastomer, showing 91% transmission in the VIS
range and 98% emission in the atmospheric window range.
This promising spectrum selectivity enables strong cooling
effect and sunlight transmission, while the mechanical flex-
ibility also allows it to be coated on flexible organic PV
cells. Another example is for concentrated PV (CPV) module
cooling [69]. By incorporating the thermal radiation from both
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the front and back sides of the panel to the sky [Fig. 12(e)],
the operational temperature of a CPV was reduced by 10 °C
with an open circuit voltage improved by 5.7%. More
interestingly, a radiative cooling strategy was even integrated
with the thermoelectric power generator (TEG) to demon-
strate the concept of antisolar cell [83,223-230]. Opposite to
regular solar cells harvesting solar energy during the daytime,
a TEG device driven by radiative cooling can operate during
both daytime and nighttime by emitting thermal energy to
outer space. For example, a simple design composing of a
black emitter coupled with a commercial TEG achieved a
power generation of 25mW/m? and drove a white LED at
night [83] [Fig. 12(f)]. By modifying the system with spec-
trally selective emitters (i.e., emissive in 8—13 pm only) and
considering state-of-the-art TEG devices, the power genera-
tion potential was estimated to be > 2 W/ m2, much closer to
the power generation limit of a Carnot engine (i.e., 6.4 W/m?)
[223]. This all-day operation is particularly attractive to off-
grid applications, such as sensors and lighting in a dark
environment.

C. Personal thermal management

Cloth is an essential tool to protect us from a variable
environment. They are mostly made of fabrics that have ex-
cellent sweat permeability, which supports heat dissipation
mostly via sweat evaporation [26]. However, due to colorful
appearance, most fabric materials are absorptive in the solar
wavelength range, which will inevitably introduce solar heat-
ing under direct sunlight illumination. Recently, researchers

developed advanced textiles for personal thermal management
[67,77,78,167,192,231-243]. In general, these studies can be
classified into two categories. The first one is developing
thermally transparent materials for cloth fabric. In this sit-
uation, the thermal emitter is the human skin. Its thermal
radiation transmits through the cloth and can be dissipated via
a radiative cooling channel. Typical examples of this type of
research are based on nanoporous PE, which was featured as
a promising cooling fabric due to its high solar reflectivity
and MIR transmissivity [67]. Placed on top of human skin,
a nanoporous PE film can scatter sunlight while allowing
thermal radiation to be emitted. Such nanoporous PE films
can be further optimized by embedding ZnO nanoparticles in
the polymer fabric [Fig. 13(a)] [78]. Compared with normal
textiles like cotton, these textiles realized a cooling effect of
5-13°C on simulated skin. Peng et al. [231] also developed
a large-scale knitted nanoPE fabric with cottonlike softness
[Fig. 13(b)], showing a cooling effect of 2.3 °C on simulated
skin. In addition to the thermally transparent material, the
second category is a thermally emissive fabric [Fig. 13(c)].
In this category, the fabric functions as the emitter, where
the heat is conductively transferred from the skin to the
fabric [72,232,233]. For example, a nanoprocessed silk was
reported for efficient personal thermal management. Owing to
the embedded Al,O3 nanoparticles, the obtained cooling silk
exhibited 90% emissivity in the 8—13 pum and 95% reflectivity
within the solar spectrum range [233]. Under direct sunlight
illumination, this cooling silk achieved a strong radiative cool-
ing effect of 3.5 °C below ambient.
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The cooling textiles can be further combined with col-
orants for aesthetic purposes. As shown in Fig. 13(d), by
mixing Prussian blue, iron oxide, or silicon particles in PE
fibers, the proposed cooling textiles realized three different
colors with minimized solar absorption in the NIR range [77].
Additionally, due to the MIR transparency of both the
pigments and PE textile, the colored cooling textiles also
exhibited ~80% transmissivity in the MIR range. When ex-
posed to direct sunlight, the colored cooling textiles realized
cooling effects of 1.6-1.8 °C lower than cotton. More inter-
estingly, one can even realize dynamic thermal regulation
using specially designed fabric to adapt to ambient tempera-
ture changes or seasonal meteorological variation [240-243].
As shown in Fig. 13(e), Hsu et al. [242] demonstrated a
dual mode textile composed of nanoPE/carbon on the cooling
side and nanoPE/copper on the heating side. By reversing
the fabric, the textile either showed an emissivity of 0.8-1
on the cooling side or emissivity of 0.3 on the heating side,
resulting in a cooling effect of 3.1 °C and a heating effect of
3.4 °C, respectively. This approach can be further optimized to
be self-responsive using a nylon/metal heterostructure [243].
Depending on the environmental humidity, the flaps on the
textile could open and close [Fig. 13(f)]. As a result, the closed
textile realized heating mode by suppressing the radiative heat
transfer between the skin and the environment, whereas the
opened textile realized a cooling mode otherwise, revealing
an application for personal thermal management [240].

D. Moisture harvesting

To address the severe challenge of water scarcity, an
emerging topic is to develop materials and systems for
atmospheric water harvesting [63,85,86,157,244-249]. How-
ever, the state-of-the-art water purification technology is
constrained by the energy consumption required for heat dis-
sipation [245]. It is also challenging to collect water in an

environment with low relative humidity (for example, <60%)
[86]. On the other hand, radiative cooling can achieve subam-
bient cooling during both day and night, which is particularly
attractive to facilitate moisture condensation. For example,
Xu et al. [249] designed an all-day freshwater harvesting
system [Fig. 14(a)] using natural nonradiative cooling during
the daytime and radiative cooling at nighttime. This system
achieved a water collection rate of 0.1Lm~2d~! at night
when most commercial solar systems still cannot work. Sim-
ilar results were also realized on solar panels [Fig. 14(b)],
as most solar panels have a strong cooling effect at night
that is not fully exploited [63]. Li et al. [63] demonstrated
an average weekly water harvesting rate of 261 mL/m? in
Dubai. More interestingly, this water harvesting rate can be
further improved by optimizing the optical properties of the
radiative cooler. For example, Zhou et al. [246] demonstrated
an all-day atmospheric water collector using a PDMS/metal
emitter [Fig. 14(c)]. When placed under direct solar illumi-
nation, the collector strongly reflected sunlight and emitted
thermal radiation, thus realizing a subambient cooling effect
and enabling a water production rate that was twice that of
a commercial condenser (e.g., model CRSQ-0.25 from the
International Organization for Dew Ultilization).
Furthermore, radiative cooling strategies can be utilized to
enhance the water collection rate of other adsorption materials
or surfaces [86,157,247,248]. As shown in Fig. 14(d), the
radiative cooling film reduced the temperature of a metal-
organic-framework (MOF)-based water collector by ~3 K,
resulting in a 5-7% increase in the RH of the closed chamber
[86]. As a result, a MOF-based atmospheric water collector
was demonstrated that can operate in an exceptionally arid
climate with RH of 10-40%. Additionally, by engineering
the hydrophobicity of a radiative cooling surface, one can
enhance the water harvesting rate. As shown in Fig. 14(e),
star-shaped wettable patterns were fabricated on the backside
of a PVDF radiative cooler [247]. Owing to the enhanced heat
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dissipation enabled by radiative cooling, the obtained water
collection rate was increased by 43-52% compared with a
similar condenser without radiative cooling. Another example
is a PDMS selective emitter combined with a superhydropho-
bic carbon nanofiber surface, as shown in Fig. 14(f) [85]. This
structure enabled a dew harvesting rate of 28.6gm=2h~'ina
controlled environment at RH of 65% and continuous water
harvesting under solar illumination. Although the reported
water yields are still relatively low, the potential of these tech-
nologies in addressing the global water and energy crisis is
particularly appealing. More importantly, the condensed water
can be reused for evaporative cooling in the daytime, resulting
in a boosted cooling power [157]. As shown in Fig. 14(g),
Feng et al. [157] proposed a bilayer polymer that consists
of a lithium-polyacrylamide hydrogel and a PVDF radiative
cooler. In the daytime, due to the synergetic effect of radia-
tive and evaporative cooling, the bilayer polymer realized a
remarkable cooling power of 150 W/m?, including 67 W /m?
contributed by evaporation and 84 W/m? contributed by ther-
mal radiation. During the night, the hydrogel regenerated
itself by capturing moisture from the air. This bilayer polymer
realized a sustainable cooling power that is less dependent on
the weather condition, i.e., it can continuously provide cooling
in cloudy weather, which is one of the major setbacks for
conventional radiative cooling.

VI. OUTLOOKS AND OPPORTUNITIES

In this review, we discussed the fundamental principles
of radiative cooling and recent progress in material selec-
tions, system designs, and application developments. Four
major components of radiative cooling heat flux, i.e., emit-
ted thermal radiation (P.q), absorbed atmospheric radiation
(Pam), absorbed solar irradiation (Py,,), and nonradiative heat
exchange (P,onrad), Were analyzed based on their implementa-
tions in recent research works. In general, to obtain an efficient
cooling effect, the optical absorption of the emitter needs to be
minimized, while its thermal emission (especially within the
atmospheric window) needs to be maximized. Different ma-
terials and structures have been demonstrated to achieve this
critical spectral selectivity using photonic structures, meta-
surfaces, porous polymers, paints, etc. On the other hand,
one can also achieve a high-performance cooling effect using
rational system designs, such as solar shelters and tapered
beaming and/or waveguide architectures. Building upon these
works, practical applications has been summarized, ranging
from sustainable building envelopes, thermal management
for semiconductor devices, and fabrics for personal thermal
management to atmospheric water extraction. However, some
major challenges and unresolved issues still require further
investigation, as summarized below:

(1) Most reported materials for radiative cooling (es-
pecially the scalable polymer materials and paints) are
broadband emitters, which are desired in above-ambient tem-
perature conditions such as solar cells. However, engineered
narrowband emitters over large scales remain challenging due

to the stringent spectral selectivity requirements within the
atmospheric window (i.e., 8—14 um). Future research in large
scale and narrowband emitter is strongly encouraged for effi-
cient subambient daytime cooling applications.

(2) Radiative cooling materials are mostly applied under
outdoor environments. However, the lifetime and durability
of these materials have not been fully examined. For example,
authors of only a few studies performed aging tests to reveal
the lifetime of their proposed materials under high humidity
and hot weather conditions [64,250]. UV stability is also one
of the most important features that may affect the durability of
materials [172]. It is of great importance for future research
to focus on the degradation of the materials under practical
environmental conditions.

(3) For atmospheric water harvesting, radiative cooling
strategies can be integrated with solar vapor generation sys-
tems to accelerate moisture condensation rate [244-249].
However, the overall water productivity needs extensive
efforts by engineering surface features. For example, hy-
drophilic surfaces are normally favorable for dew condensa-
tion. However, a hydrophobic surface with a small sliding
angle can quickly remove the water droplets, which will also
accelerate the water collection rate and condensation process.
Introducing micro/nanomorphologies for water clustering and
collection is also a promising strategy to facilitate the water
harvesting process. How to develop combined hydrophilic and
hydrophobic surfaces without sacrificing the radiative cooling
performance will be the key in creating atmospheric water
harvesting technologies.

(4) Future sustainable building materials require improved
energy efficiency and internal environment management
[182], depending on the actual weather conditions. Integration
of radiative cooling strategies with future building architec-
tures and utilities will require collaborative research efforts
related to materials science, thermal management, mechan-
ical engineering, sustainable architecture engineering, etc.
[251,252]. For example, the thermal conductivity and thermal
capacity of the materials are crucial in insuring high heat
transfer efficiency. As a building material, fire resistance is
also one of the most important properties to consider. On
the other hand, combining thermal storage materials with
radiative cooling surfaces also exhibits promising potentials
in sustaining a comfortable interior temperature, which can
further reduce energy consumption by conventional HVAC
utilities [203]. Further development of radiative cooling ma-
terials to meet practical building application requirements
demands significant research efforts.

In summary, under the emerging pressure of global warm-
ing, electricity-free radiative cooling provides a sustainable
strategy to reduce energy consumption with minimized carbon
emissions to our future daily life.
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