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Radiative cooling, which is based on radiative heat exchange between the universe and Earth, can
provide a passive and renewable route to reducing energy consumption. Radiative cooling was
historically limited to nighttime applications owing to a lack of solar reflectivity. However, recent
advances in photonics have facilitated the realization of multi-spectral features, such as near-unity solar
spectrum reflection and atmospheric transparent window thermal emission for daytime radiative
cooling. This review highlights recent progress and continued efforts in photonic radiators for daytime
radiative cooling. First, we provide an overview of the fundamentals of passive radiative cooling, using
the universe as a heat sink. Then, we assess advances in radiators, from traditional applications of
buildings and textiles, to newly pioneered fields such as vehicles, wearables, solar cells, thermoelectric
generators, and radiative condensers. Each application includes the requirements in terms of materials
and optical/mechanical/thermal designs. Next, we discuss self-adaptive radiative thermostats for
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radiative cooling and emerging issues with technical evolution are discussed, along with potential
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1. Introduction

In thermodynamics, the universe acts as a blackbody at a
temperature of a few absolute degrees. If shielded from
sunlight, an object with a finite temperature outside the atmo-
sphere will spontaneously cool by emitting thermal radiation,
while the thermal energy received from outer space is
negligible." However, if the object is placed on the Earth, the
phenomenon is significantly influenced by the atmosphere.’
The atmosphere transfers heat energy to the object in three
ways. First, solar radiation scatters towards the object at a
wavelength smaller than 4 pm. Second, heat is provided
through air as a medium via conduction and convection
(non-radiative heat exchange). Third, the atmosphere itself
emits thermal radiation to the object.”* The net energy flux
of the object is a combination of the incoming heat absorption
from the sun and atmosphere, outgoing thermal radiation, and
heat lost through conduction and convection (Fig. 1a).

The phenomenon, labeled passive radiative cooling, has
been recognized since ancient times;* to the knowledge of the
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authors, the first scientific discussion was made in 1828 by
Arago® who wrote: “If we place in the open air, in a calm and
serene night, small masses of grass, cotton, sodas, or any other
filamentous substance, we find, after a certain time, that their
temperature is 6, 7 and even 8 Celsius below the ambient
temperature.” The key to radiative cooling is to understand
the spectral emission of the atmosphere. The thermal radiation
of the atmosphere is weak in the wavelength range of 8-13 um.
Therefore, the blackbody radiation emitted by a surface
exposed to the sky is not balanced by an equal amount of
counter-radiation. Moreover, it can be cooled to a temperature
below the ambient temperature.?

The early development of radiative coolers took inspiration
from nature, such as the formation of frost and dew on plants.
In addition, animals such as the Saharan silver ants® and white
beetles” passively cool themselves to survive under extreme
temperatures. However, until recently, radiative cooling was
restricted to nighttime from a relatively limited selection of
bulk materials. Although solar-reflecting materials have been
reported, daytime cooling to below ambient temperature has
not been achieved with natural materials because solar absor-
bance exceeds the energy emitted from the object.® With
advancement in nano- and micro-photonic technologies, nat-
ural materials were gradually replaced by synthetic compounds
or polymers that enabled achieving a surface temperature
below ambient temperature under direct sunlight. Following
the first report of a daytime radiative cooler with a photonic
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Fig. 1 Summary of the mechanism, material, and application of radiative cooling in history. (a) Radiative heat transfer between a passive radiative cooler
and the universe. (b) Timeline of radiative cooling materials and structures, from natural radiators such as leaves (reproduced with permission. Copyright
© Create Commons Zero. MaxPixel.) and the Sahara silver ant (reproduced with permission.® Copyright © 2015. AAAS), to artificial radiative cooling
structures, including multi-layer structure (reproduced with permission.’® Copyright © 2014. Springer Nature), metamaterial (reproduced with
permission.10 Copyright © 2015. John Wiley & Sons, Inc.), fabric (reproduced with permission.11 Copyright © 2016. AAAS), polymer (reproduced with
permission.’> Copyright © 2017. AAAS), and natural wood (reproduced with permission.®> Copyright © 2019. AAAS). (c) Timeline of targets and
applications of radiative cooling. The initial demonstration of the application is indicated along with additional functions. For instance, the radiative cooler
which is used for both cooling and decoration is indicated next to the building figure. Applications include day (reproduced with permission.* Copyright
© 2021. National Academy of Sciences) and night dew harvesting, decorative (reproduced with permission. Copyright © Create Commons Zero.
NegativeSpace), exterior building cooling (reproduced with permission.!® Copyright © 2018. John Wiley & Sons, Inc.), thermoregulating cooler
(reproduced with permission.”> Copyright © 2021. AAAS), enclosure cooling (reproduced with permission.’” Copyright © 2020. AAAS) and thermo-
regulation window (reproduced with permission.”* Copyright © 2021. AAAS), solar cell cooling (reproduced with permission.2® Copyright © 2017.
American Chemical Society) and light trapping radiative cooler (reproduced with permission.**® Copyright © 2017. John Wiley & Sons, Inc.), cloth
(reproduced with permission.!®” Copyright © 2019. AAAS), colored textile (reproduced with permission.’® Copyright © 2019. Cell Press), thermo-
regulating textile (reproduced with permission.’®® Copyright © 2019. AAAS), thermoelectric generation (reproduced with permission.?* Copyright ©
2019. Cell Press), and wearable device cooling (reproduced with permission.>” Copyright © 2020. National Academy of Sciences).

design in 2014,” scientists and engineers have endeavored
to develop more robust materials for effective cooling during
day- and nighttime. The progression of suitable radiative cooler
materials is illustrated in Fig. 1b; in 2015, an array of shaped
conical metamaterial pillars achieved near-ideal emission within
the 8-13 um wavelength range;'® in 2016, a wearable textile that
promotes effective radiative cooling was demonstrated;'" in 2017,
polymer-based radiators with large scalability was achieved;'* in
2019, engineered cooling wood that endows the natural structure
with stronger mechanical strength was realized."® At present,
passive radiative cooling materials with an optimized structure
type and design serve in a variety of strategic fields.

Radiative cooling technology can be integrated with building,
transportation, energy harvesting, and wearables for outdoor
activities (Fig. 1c). From the moment that humanity ceased to
depend on nighttime radiative cooling, the range of applications
has continuously expanded. Daytime dew harvesting was achieved
only a few years ago. Distinct from darkling beetles that use
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nighttime radiative cooling to collect water in the Namib desert,
radiative condensers that operate for 24 h have been demonstrated
for passive water extraction and purification technologies.'*
Applications in building cooling has significant potential for
next-generation renewable energy-efficient temperature
regulation.'® Radiative cooling technology continues to evolve as
the demand for further functionality grows. For example, a material
that is both cooling and decorative has been demonstrated.'®
Beyond building cooling, a bi-directional radiative cooler that
targets thermally enclosed spaces has also been reported."” Cloth-
ing, food, and housing are essential elements of human life."®
Radiative textiles are directly related to comfort and have been
demonstrated to effectively regulate temperature.'* Flexible radia-
tive cooling materials that possess enhanced mechanical properties
allow for the development of wearable devices.'” Furthermore,
radiative coolers can lower the temperature of solar panels, pre-
venting thermal degradation,” and contribute to direct energy
production in thermoelectric devices.*!

This journal is © The Royal Society of Chemistry 2022
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Passive radiative cooling has been discovered, observed,
used, and examined over a long period of time. Various reports
have offered thoughtful reviews of historic radiative
coolers.®1>?272> However, few comprehensively highlight the
challenges, potential solutions, and prospects of radiative cool-
ers from a combined commercial and academic point of view.
Moreover, the abundant applications of this innovative field
warrant an updated survey. Therefore, by compiling the knowl-
edge and experience gained from pioneering studies, the
authors of this review wish to contribute to the further advance-
ment of the field. Herein, we summarize the state-of-the-art of
radiative coolers, encompassing advanced materials, struc-
tures, applications, and underlying mechanisms. The review
begins with a basic overview of the fundamental principles of
radiative cooling. Specifically, we compare the power balance
equation and two classic types of radiative coolers. The third
section introduces salient applications, including a detailed
discussion of the key design principles for each. Photonic
approaches, including film-, microstructure-, and particle-
based thermal emitters, are also discussed. In addition, ther-
moregulatory materials that adjust the spectral performance
under visible and infrared radiation are presented. Although
innovative concepts have arisen from the research laboratory,
radiative cooling technology is only now beginning to be
commercialized,”®**° and there is remaining uncertainty
regarding their practical application. In the final section, the
challenges and perspectives for the real-world deployment of
these systems are summarized.

2. Fundamental and physical model

The heat emitted from a radiative cooler escapes to outer space
through the highly transparent wavelength range between ~ 8
and ~13 pm of Earth’s atmosphere (i.e., the atmospheric
transparent window, ATW). For an emitter at temperature T
with a spectral and angular emissivity &(4, 6), the net radiative
cooling power P, (7) is composed of four power terms and
defined as:

Pcool(T) = Prad(T)

- Patm(Tamb) - Psun - Pcond+conv (1)

where P.,q4 denotes the radiated power of the radiator, Py, is
the radiated power from the atmosphere absorbed by the
radiator, Py, refers to the absorbed solar energy, and Peond+conv
denotes convective and conductive heat exchange between the
radiator and the surroundings. T.mp is the temperature of
ambient air. The radiator is in a steady-state when P, is zero.
While in a steady-state, if the temperature of the radiator is
lower than that of ambient air (i.e., T < Tamp), the radiator is in
cooling mode, and, if T > Tup, the radiator is in heating
mode. The four power terms are calculated as follows:

I
2

Pra(T) = JZHJ rCIBB(T7 2)e(4,0) cos(0) sin(0)dAdOd¢  (2)
0 JoJo
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_he_
Here, Igp = (2hcz//15)/ {ei’»’BT — 1} is the spectral radiance of

a blackbody at temperature T, where A, ¢, kg, 4, and h. are
the Planck constant, velocity of light, Boltzmann constant,
wavelength, and non-radiative heat exchange coefficient,
respectively. The atmospheric emissivity is given by e,mp(4, 0) =
1 — t(A)*®) where ¢ is the transmittance of the atmosphere in
the zenith direction.

A radiative cooling device can be classified as either a
selective or broadband emitter depending on its spectral emis-
sivity profiles. A selective emitter has unity emissivity only in
the ATW (8-13 um) and zero elsewhere. The emissivity profile
of a broadband emitter resembles that of a blackbody, except
for the solar spectral range from 0 to 2.5 um. Below-ambient
radiative cooling materials aim to have low steady-state
temperatures, where a selective emitter is superior. This is
because the low selective emission profile outside the 8-13
pm range ensures minimal radiative heat exchange with the
atmosphere via other infrared wavelengths. In comparison,
above-ambient cooling aims to provide maximal cooling power,
where a broadband emitter is superior. Different types of radiative
cooling can be used depending on the working temperature of the
system. A broadband emitter emits more radiative power at an
operating temperature higher than ambient than what it receives
at ambient temperature.® For example, below-ambient cooling is
widely used for the thermal management of buildings, while the
broadband emitter is more suitable for dissipating heat in solar
cell cooling, because the elevated working temperature and high
atmospheric transmittance are ideal conditions for maximizing
the cooling power.*" Therefore, it is essential to choose a cooling
strategy that is appropriate to target applications.

The electromagnetic spectrum can roughly be divided into
six regions concerning spectral engineering in radiative cooling,
as shown in Fig. 2 The solar spectrum (0.28-4 um) has wave-
length ranges between 0.28-0.4 pm (ultra-violet, UV), 0.4-0.8 pm
(visible, Vis.), 0.8-1.1 pm (near-infrared, NIR), and 1.1-4 um
(mid-infrared, MIR), which dominates incoming solar radiation.
The wavelength ranges between 8-13 um is called the ATW of the
long-wave infrared region (4-13 um, LWIR), for which the atmo-
sphere is highly transparent and radiation from the cooler
can transfer heat to the outer space. Wavelengths in the ranges
4-8 pm (mid-wave infrared, MWIR) and beyond 13 pm (far-
infrared, FIR) dominate the incoming atmospheric thermal
radiation. By adjusting light-matter interaction characteristics
in a specific range (i.e., reflection, R; transmission, 7; or
absorption, A), the material with optimized radiative cooling
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Fig. 2 Desired reflectivity (R), transmission (T), and absorptivity (A) char-
acteristics for radiative cooling applications. The spectrum is divided into
six ranges: the ultra-violet (UV, 0.01-0.4 pum), visible (Vis., 0.4-0.8 um),
near-infrared (NIR, 0.8—-1.1 pm), mid-infrared (MIR, 1.1-4 pm), long-wave-
infrared (LWIR, 4-8 pm), atmospheric window (ATW, 8-13 um), and
far-infrared (FIR, 13-25 um). TEG = thermoelectric generator.

effects can be selected for each application (Fig. 2). For instance,
the materials for solar cell applications should exhibit strong
absorption from LWIR and FIR radiation, whereas high trans-
parency is required in the Vis-NIR range.*> On the other hand, a
radiative cooler appropriate for wearable devices should exhibit
high reflectance in the entire solar spectrum and strong thermal
emission from LWIR and FIR radiation."

The following sections summarize radiative cooling materials/
structures and their design principles in key applications, such as
building, car, fabric, wearable device, solar cell, thermoelectric
generation, and dew harvesting technology. It also includes
devices with thermostat properties that can regulate dynamic IR
radiation.

3. Applications
3.1 Large-scale facilities: buildings and enclosures

3.1.1 Radiative cooling on building exteriors. Cooling
accounts for approximately 12% primary energy consumption
of a building and radiative cooling has been considered to
improve energy-efficiency.">**~*” For building applications, the
radiative cooler needs to have high reflectance in the solar
spectrum and strong thermal emission in the ATW range
(Fig. 3a). The material can be used to cover the building
exteriors such as roof**?*° and wall***° in types of tiles, paints,
or coatings. It has been reported that a radiative cooling roof
doubles the energy savings provided by typical white roofs."®
According to the operation model of the cooling process, the
integration of radiative cooling with the building can be largely
divided into air-based, water-based, and hybrid radiative cooling
systems (Fig. 3a). The following sections present overviews of the
three typical systems for radiative cooling of buildings.

Air-based radiative cooling systems. Air-based systems utilize
air as the heat-exchange medium. The air is flown beneath the
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Fig. 3 Radiative cooling for building exterior. (a) A schematic for a passive
radiative cooling system in buildings. (b) Model of air-based radiative
cooling system on roofs and external walls of buildings. Reproduced with
permission.** Copyright © 2019. AAAS (c) Water-based radiative cooling
system. Reproduced with permission.®” Copyright © 2019. Cell Press
(d) Schematic of hybrid radiative cooling system (air-cooled vapor-
compression) integrated for buildings. Reproduced with permission.®
Copyright © 2017. Springer Nature (e) Schematics of temperature-
adaptive radiative coating for temperature management when used as a
household roof coating. Reproduced with permission.”> Copyright ©
2021. AAAS (f) Simulation for potential space conditioning energy savings
per unit roof area attainable by using temperature-adaptive radiative
coatings. Reproduced with permission.”®> Copyright © 2021. AAAS.

surface of the exterior-mounted radiator to provide instantaneous
cooling. Driven by a fan or natural processes due to the buoyancy
effect, continuous air flow maintains the heat transfer process
between the environment and the radiator.** Air-based radiative
cooling systems are relatively inexpensive and straightforward to
install.*> Due to its special advantages and spectral requirements
(i.e., high solar reflection and strong IR-emission), most daytime
radiative coolers can be applied for this system. Several studies
have demonstrated effective radiative cooling and energy saving
in buildings.**™*® Raman et al fabricated cooling material con-
sisting of seven layers of HfO, and SiO,, which reflects 97% of
incident solar radiation while strongly emitting heat in the ATW

This journal is © The Royal Society of Chemistry 2022
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range.’ Li et al. engineered structural cooling wood composed of
cellulose nanofibers."® The fibers functioned as randomized
scattering elements for intense broadband reflection and an
average of 96% solar reflectance was achieved. Simultaneously,
molecular vibration and stretching of cellulose in the cooling
wood result in a LWIR-FIR emissivity that is close to unity.
The emissivity characteristics also showed negligible angle
dependency from 0° to 60°, which is over 90% in the ATW. The
structural cooling wood was reported to contribute 20-60%
of energy-savings when applied to the building exterior
(Fig. 3b)."* In 2017, Zhai et al. compared a glass-polymer hybrid
metamaterial roof'> and a regular gray-colored shingle roof in
Laramie, Wyoming, USA."” The maximum temperature differ-
ences at the roof surface and indoors were 28.6 and 11.2 °C for
the metamaterial and shingle roofs, respectively, which could save
as much as 91 kW h (m? year) " of cooling electricity. A radiative
air-cooling system installed at an Indian multinational company
achieved 40% higher energy efficiency than conventional building
insulation.”” However, there are some challenges in air-based
systems associated with the relatively weak air circulation induced
by natural forces. Therefore, a narrow air channel with a large
surface area is required for the radiator to maximize thermal
contact with the air, limiting further applications.*®

Water-based radiative cooling systems. The water-based radia-
tive cooling system utilizes water as a heat-transfer medium.
These systems can be applied more effectively than an air-based
system because of easier flow regulation and the higher heat
capacity of water. The average net cooling power of water-based
systems is 40-80 W m™2,>**% which is 10-60 W m~? higher
than that of the air-based systems.”®®' Water-based cooling
systems are further categorized into two operating modes,
namely open or close systems.”"*” In the open system, water
serves as an in situ coolant that dissipates heat to the surroundings
via radiation and evaporation.> A roof pond is one of the prevailing
examples of the open water-based system.>*>® Close water-
based systems, on the other hand, consists of pipes filled with
water. Zhao et al. developed the so-called RadiCold water-
cooling module, as shown in Fig. 3¢.>” The module achieved
10.6 °C cooling and kW-scale heat dissipation power under
direct sunlight. The suggested system is composed of multiple
cooling modules and pipes. By replacing warm water from the
mainstream with cold water, the system achieves continuous
cooling from each unit of the cooling module. There are
also key issues associated with the performance of a close
water-based system that was used in recent projects at Bangkok
airport in Thailand and Xi’an airport in China. It was reported
that water-based radiative cooling was insufficient to cool large-
space buildings during high exposure to the sun.’® Therefore,
the water-based systems can be further improved by integration
with other energy systems.

Hybrid radiative cooling systems. Air- and water-based systems
are single units whose cooling relies only on the spectral radiance
of the medium. These systems are completely passive, achieving a
relatively low cooling power compared to that of an active cooler.
A hybrid system, which combines a radiative cooling system with

This journal is © The Royal Society of Chemistry 2022
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other energy units, offers more energy-efficient cooling. Previous
studies have explored various types of hybrid systems, such as
integration of the radiative cooling with a fan or pump to solve the
problem of thermal accumulation,*>® with desiccant systems to
enhance the cooling performance,®”®" with an active cooling unit
to improve efficiency,’>®® with a solar collector to realize daytime
solar heating and nighttime radiative cooling,’>®*®® with
photovoltaic (PV)-thermal panels to harvest both electricity and
cooling energy and heating in day, and cooling at night,**”> and
with a phase-change material (PCM) for real-world thermal
management.”>”> Ventilation plays a key role in maintaining
indoor air quality and thermal comfort.”® With the support of a
radiative cooler, the temperature of ventilated air can be further
reduced.”” Recent advances in daytime passive radiative cooling
offers overall efficiency improvements. Goldstein et al. integrated a
radiative water-cooling system with the air conditioning unit of an
office building.®* The cooling panel was able to cool water up to
5 °C below the ambient air temperature, corresponding to a heat
rejection flux of up to 70 W m ™2 The cooled water from the panel
was then used to precool the refrigerant of the air conditioning unit
through a heat exchanger, as shown in Fig. 3d. The system reduced
the cooling energy consumption of the building by 21%.

At present, in light of rapid seasonal climate variation, there
is an enhanced need for new thermal management methods.
To address this challenge, PV conversion, photothermal con-
version, and radiative cooling systems were integrated. In this
new hybrid system, photons with energies exceeding the band-
gap of the PV material were partially converted to electricity.
The remaining energy is used as heating power, while the
radiative cooler offers space cooling of the building.”®”®
Contemporary material characterization and modeling tools
allow the realization of completely passive all-season house-
hold thermal regulation. Tang et al. experimentally demon-
strated a self-adaptive radiative coating by combining a daytime
radiative cooler and the metal-insulator PCM WVO, (Fig. 3e).””
The fabricated layer automatically switched the emittance from
0.20 for ambient temperatures lower than 15 °C to 0.90 for
temperatures above 30 °C, which should achieve energy savings
in most climate conditions (Fig. 3f). Additional applications of
radiative self-adaptation are discussed in more detail in
Section 3.5.

3.1.2 Thermally enclosed spaces: automobiles and green-
houses. Although the radiative cooling structure has been
thoroughly explored, inner space cooling remains challenging.
There is a high demand for a cooling solution for enclosed
spaces where very high temperatures can develop. For instance,
the temperature of an automobile parked under direct sunlight
can rise to 60-82 °C when the ambient temperature is only
21 °C.”° This is because car windows are transparent to incoming
solar radiation while opaque to outgoing long-wave thermal
radiation, which is well-known as the greenhouse effect. As a
result, heat accumulates in a car, which can cause heat stroke
and hyperthermia in the occupants, especially children.®’ The
integration of passive radiative cooling with active cooling can
potentially alleviate these problems. However, as discussed in
Section 3.1.1 (Hybrid radiative cooling systems), this might incur
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additional energy requirements and raise costs. Accordingly,
there are ongoing efforts to increase the performance of radiative
cooling in a completely energy-free manner. One successfully
method employed the bi-directional emissivity of a cooling
material. Its effectiveness is ascribed to the unique target situa-
tion, ie., an enclosed space at a very high temperature. There
are three principles underpinning this. First, convection and
conduction are generally the main heat transfer mechanism and
dominates radiation. However, if the walls of an enclosed space
are emissive, radiation can be maximized. Second, because the
temperature increase of an enclosure space is mainly caused by
the greenhouse effect, increasing IR-transmittance effectively
prevents heat accumulation. Third, given that radiative heat
dissipation is proportional to the fourth power of the tempera-
ture, sufficient radiative cooling power can be generated in the
high-temperature enclosure. Thus, combined emissive and
transmissive enclosure walls effectively allow the trapped heat
to escape by enhancing the thermal radiation and preventing
heat accumulation, respectively.

Radiative cooling material can be used as the walls or
windows of the enclosed structure to enable space cooling
(Fig. 4a). The materials used for enclosure walls reflect radiation
in the solar range and emit IR radiation, which is similar to the
requirements for building cooling. In terms of IR-emissivity,
radiative cooling walls can be categorized as selective (emission
in the ATW range and transmission at other IR wavelengths) or
broadband emitters (emission at MIR-FIR). Previous studies
focused on uni-directional radiative coolers that exhibit emissivity
towards the outside and zero-emission on the inside of the
enclosure, reflecting the inner radiation (Fig. 4b-i). Additional
studies investigated radiative cooling with bi-directional
emissivity, which can be divided into coolers having broadband
absorption on the inside and selective emission on the outside
(Fig. 4b-ii), and those exhibiting the same absorption or
transmittance in both sides (Fig. 4b-iii). For instance, radiative
cooling materials can be used as windows. Kim et al. proposed
a transparent radiative cooler that transmits in the Vis. range,
reflect NIR, and emits ATW radiation, thereby lowering the
inside temperature during daytime (Fig. 4c).*" As shown in
Fig. 4d, the fabricated sample exhibited Vis.-transparency.
A rooftop experiment was conducted with the absorbing
chamber mimicking a car or a building that trapped sunlight
transmitted through a transparent object. It was demonstrated
that the transparent cooler could lower inside temperatures by
up to 14.4 °C (Fig. 4e).

Heo et al. reported a Janus emitter that can absorb thermal
input (above ambient temperatures, e.g., 60 °C) in a broad
spectral range, while the top side selectively emits heat to space
without being disturbed by ambient radiation (Fig. 4f)."” The
cooling material consisted of, from top to bottom, a 4 pm
polydimethylsiloxane (PDMS) layer, 100 nm silver layer, and a
500 pm-thick micro-patterned quartz layer coated with 10 pm
PDMS (Fig. 4g). As shown in Fig. 4h, the proposed design has
broadband emission on the bottom side to ensure broad
absorption of inner thermal radiation, and selective emission
on the top side that matched the ATW to minimize the

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

disturbance from atmospheric radiation. Fig. 4i depicts an
outdoor experimental setup molded in the shape of a car to
demonstrate the space cooling with heating from solar radiation.
The top of the setup is a perforated cover with the sample with a
uni-directional cooler (composed of an Al plate coated with
~100 pm PDMS) and the Janus emitter. The setup with the
Janus emitter achieved ~4 °C lower inner temperature com-
pared to the uni-directional cooler (Fig. 4j). Similarly, Kim et al.
fabricated a large-scale Janus emitter (20 cm) and confirmed that
the thermal-managing properties were maintained regardless of
chamber volumes.®? Furthermore, it was demonstrated that the
Janus emitter possessed thermostat properties by suppressing its
cooling capability in lower temperature conditions (i.e., night
and winter). Liu et al. designed a biomimetic photonic multi-
form composite that exhibit 97.6% solar reflection and 95.5% IR
heat emission (Fig. 4k).®®> A demonstration test was conducted
considering potential scenarios for enclosure walls composed of
porous thermoplastic polyurethane (TPU)-AlL,O; nanoparticles
(NPs) composite slabs and commercial white acrylic plates (with
broadband reflection in the Vis. range and emissivity of ~88%
in the MIR range). As shown by thermal images in the Fig. 41, the
sample was maintained at a temperature 10 °C lower than that of
acrylic plates (25 °C). Films consisted of randomly embedded
alumina NPs in a porous matrix of TPU (Fig. 4m).

Research into greenhouse cooling has also been performed.
The greenhouse is a building designed for cultivation sheltered
from excessive cold or warm weather conditions and predators,
allowing year-round production.®* Methods for cooling a green-
house during warm weather include providing cool air (e.g,
ventilators/vents), evaporated water, mechanical air conditioning,
and reducing the intensity of incident light.*> Fundamental optics
are another simple solution; when a material is emissive, the
majority of the internally generated photons are trapped inside
the material.*® In other words, the greenhouse can lower its inside
temperature by the judicious choice of the material composing its
wall. Cho et al studied emissivity-dependent radiative heating
phenomena.®” They fabricated greenhouses covered with low-
(0.34) and high-emissivity (0.86) polyethylene (PE) films and
monitored the temperature on the inside of the greenhouses.
Fig. 4n shows optical and thermal camera images of greenhouses
covered with each film. The daytime temperature of the high-¢
greenhouse was higher (maximally ~ 8 °C) than that of the low-¢
greenhouse. In addition, the low-¢ greenhouse cooled more
during the nighttime than the high-¢ greenhouse because of its
higher transmittance of 5-8 and 13-17 pm wavelength radiation.

3.2 Personal thermal management: fabrics and wearable
devices

3.2.1 Radiative cooling textiles. Radiative cooling fabrics/
textiles for personal thermal management are discussed in this
section. In the heat balance of the human body, convection/
conduction heat transfer contributes ~40 W m > while radiative
heat transfer accounts for ~25 W m™ 258 Although traditional
textiles are good thermal emitters, their IR opacity inevitably
functions as a radiation shield, hindering radiation from the
skin. Therefore, IR-transparent textiles should be manufactured
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Fig. 4 Radiative cooling for enclosures. (a) Schematic illustration of a radiative cooler applied to an automobile under direct sunlight, where heat is
trapped by the greenhouse effect. (b) Characteristics of suggested radiation properties in automobiles from recent studies. (c—e) Vis.-transparent
radiative cooler applicable for car windows. Reproduced with permission.8! Copyright © 2021. John Wiley & Sons, Inc. (c) Schematic of an ideal
transparent radiative cooler that transmits Vis., reflects UV and NIR, and emits thermal energy via blackbody radiation in the ATW range. (d) Photograph of
the cooler, confirming its transparency. (e) Photographs and thermal camera images of the rooftop measurement setup. (f-j) A Janus bi-directional
emitter applied to a space cooling experiment. Reproduced with permission.’” Copyright © 2020. AAAS (f) Schematic illustration of a radiative cooler
under direct sunlight. (g) Magnified structural view of the cooler. (h) Desired radiation characteristics in automobiles. Emission spectra of the cooler with
broadband emission (BE) on the bottom and selective emission (SE) on the top. (i) Rooftop measurement setup with heating by solar radiation molded in
the shape of a car. (j) Temperature measurements of the radiative object. (k-m) A biomimetic multiform radiative cooler with transitive emissivity
properties applied to a space cooling experiment. Reproduced with permission.8® Copyright © 2020. John Wiley & Sons, Inc. (k) Temperature test
simulating the potential scenario for cabins composed of a porous radiative cooler. (l) Temperature of the human-shaped sponge recorded by a thermal
camera. (m) Photographs and scanning electron microscopy (SEM, oblique view) images of a large uniform film of a porous radiative cooler. Reproduced
with permission. Copyright 2021. (n) Application of thermal radiation films with either low- or high-emissivity to a thermally insulating space where heat is
trapped by the greenhouse effect. Optical (upper) and thermal (lower) camera images of the low- and high-emissivity greenhouses. Reproduced with
permission.87 Copyright © 2020. Elsevier B.V.

for achieving thermal comfort. Fig. 5a shows a scheme of
radiative cooling textiles for personal thermal management.
To achieve cooling, the textile should strongly reflect the solar
spectrum and permit the transmission of thermal radiation from

This journal is © The Royal Society of Chemistry 2022

the skin. PE is considered as a key material for such textiles,
because it exhibits transparency in the ranges from visible over
the thermal wavelength region. Although IR transparency is
inherent to PE, the solar spectrum should be reflected.
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Fig. 5 Radiative thermal managing textiles for comfort. (a) Schematic illustration of the operating principles of cooling textiles. (b) SEM images for the
cooling and heating mode of textiles. Reproduced with permission.* Copyright © 2016. AAAS. (c) Weighted average transmittance of thermal
wavelength as a function of pore size. Reproduced with permission.t* Copyright © 2016. AAAS. (d) Transmittance spectrum of cotton, normal PE, and
nanoPE. Reproduced with permission.*! Copyright © 2016. AAAS. (e) Visible opacity of cotton, normal PE, and nanoPE. Reproduced with permission.*
Copyright © 2016. AAAS. (f) Photograph of the pigment nanoparticle-mixed PE composite films. Reproduced with permission.96 Copyright © 2019. Cell
Press. (g) Photograph of knitted textiles of PB-PE. Reproduced with permission.®® Copyright © 2019. Cell Press. (h) Infrared images of human skin
covered with PB-PE textiles. The inset shows the infrared image of human skin covered with cotton. Reproduced with permission.96 Copyright © 2019.
Cell Press. (i) Photograph of a large woven nanoPE fabric. Reproduced with permission.°®> Copyright © 2018. Nature Springer. (j) Infrared images of a
water-immersed woven PE fabric sample showing advancement of the transition line between the wet and dry regions at different time points.
Reproduced with permission.’°® Copyright © 2021. Nature Springer. (k) Schematic of a hierarchical metafabric for daytime radiative cooling. The blue,
green, and red annotations highlight the three-level hierarchical structure corresponding to UV, VIS-NIR, and MIR bands, respectively. Reproduced with

permission.'®” Copyright © 2021. AAAS.

To address this, Hsu et al. pioneered the nanoporous PE
(nanoPE) textiles (Fig. 5b)."" The nanopores induce strong Mie
scattering in the visible range, which is the dominant range in
the solar spectrum, and abundant pores in nanoPE remarkably
increase solar reflectivity. The optimum-sized nanopores show
high transparency in the thermal wavelength region because
the nanopores function as sub-wavelength structures within the
thermal wavelength region (Fig. 5¢). The nanoPE textiles exhibit
a high solar opacity, whereas it maintains a high transmittance
in the LWIR region (Fig. 5d and e). In addition to cooling
behavior, nanoPE offers excellent mechanical flexibility and
softness.'’ Instead of nano-scaled air voids, ZnO NPs, an
IR-transparent material, could be used to attain both high solar
reflectivity and IR-transparency.?® Furthermore, nanomesh tex-
tiles based on polyvinylidene fluoride (PVDF) fibers have been
proposed using electrospinning for radiative cooling textiles.”
However, the PVDF-based textiles exhibit IR-opacity and are
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thus useful to cool an object with low thermal emissivity.
Other approaches have been reported to implement high
solar-reflective and IR-emissivity textiles using 3d printable
high-thermal conductive fibers,”" electrospining,”> wet
spinning,”® and nanoprocessed silk.’* Moreover, biodegradable
radiative cooling fibers were recently proposed to prevent ice
from melting under sunlight.”

These radiative cooling textiles have a white surface color for
maximizing solar reflectance. However, there is a need for colored
textiles for aesthetic reasons. Cai et al studied colored cooling
textiles by doping inorganic NPs (i.e., Prussian blue (PB), FE,O3, and
Si) in PE fabrics (Fig. 5f).”® Because NPs barely emit LWIR radiation,
they can serve as color-pigment without IR absorption. Optical and
thermal images of the PB-PE textile are shown in Fig. 5g and h,
respectively. As a control, cotton textile with low IR-transparency
shows a low temperature (ie., thermal energy from the skin is
trapped; Fig. 5h, inset). In contrast, a high skin temperature is
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evident through the PB-PE textile (Fig. 5h). Coloration is inevitably
accompanied by solar absorption. As a result, colored radiative
heating textiles have been reported.”’*°* In addition to solar
absorption, IR opacity was introduced into the textiles using various
photonic configurations to hinder radiative heat loss from the body.
Examples include Ge/Au structures,”””'** polymer/oxide composite
fiber,”®'%* and metal-polymer composite textiles.”*'%**

Fig. 51 shows a large-scale woven nanoPE fabric and the
magnified image in Fig. 5i shows the detailed pattern of woven
nanoPE."®® This woven pattern enhances the spectral features
(Z.e., transmittance in the LWIR region) and mechanical properties
(i.e., wearability and durability) compared to those of conventional
film structures (i.e., without woven pattern). This woven
nanoPE fabric lowers skin temperature by 2.3 °C, corres-
ponding to a greater than 20% saving on indoor cooling energy
consumption. Moreover, PE fabrics can be fabricated into
multifilament yarns for excellent strain resistance, efficient
moisture-wicking, and fast-drying of textiles (Fig. 5j).'°° In
water-wicking tests, woven PE fabric excelled with the transi-
tion line receding a distance of ~10 cm in 10 min compared to
those of commercial natural (cotton ~9.5 cm, linen ~ 8 cm) and
synthetic (polyester ~7 cm) textiles. This excellent moisture
transportation feature results from the combination of fiber
surface properties, the average diameter of the fibers, and yarn
composition. This leads to passive evaporative cooling as well as
passive radiative cooling, which is helpful for heating, ventila-
tion, and air-conditioning (HVAC) energy savings as well as
personal thermal comfort. In addition to single-material PE
textiles, highly-emissive so-called metafabrics that combine
different materials, such as polylactic acid (PLA), TiO, NPs,
and PTFE, have also been reported (Fig. 5k).'”” The PTFE
nanofibers with TiO, NPs are responsible for reflecting sunlight,
including UV, Vis., and NIR radiation. The PLA microfibers
strongly emit thermal radiation in the LWIR range. Possessing
tailored optical hierarchical structures, this metafabric can cool
skin temperature by ~4.8 °C more than cotton fabric.

The materials, photonics, and mechanical efforts employed
to realize more efficient radiative cooling textiles provide
guidance to the commercialization of radiative cooling textiles.
However, heating and cooling needs vary depending on ambi-
ent temperatures. Therefore, mode-switchable smart textiles
are more practical. Recent progress on the development of
smart textiles was recently brought to fruition, as discussed
in Section 3.5.

3.2.2 Wearable devices. Advances in flexible/stretchable
electronics have enabled their implementation in wearable
form. Such body-worn electronic systems have been widely used
to monitor various biological signals in real-time (e.g., sweat,'®®
humidity,'*>*'® UV dosimeter,"** oximeter,""* electrocardiac,"**™"*
strain,"***** tactile,""® and stress sensors''’). To achieve these
multi-functionalities, diverse active elements are used, including
transistors, operational amplifiers, diodes, and field-programmable
gate arrays, and they can generate undesirable heat. Among them,
photoplethysmography (PPG) sensors (e.g, pulse and tissue
oximeters) include light sources, such as light-emitting diodes
(LEDs) and photodiodes. The light source can unintentionally act
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as a heating source as wel
sources, an external heat source exists in the outdoors, that is,
sunlight. Because ambient light is a source of noise for PPG
sensors, black encapsulations often cover these sensors to shield
them (Fig. 6a, left). In this situation, the black layer strongly
absorbs sunlight and the resultant increased temperature can
damage skin""*"*'"** or degrade the device performance."**"*°
Radiative cooler-integrated wearable devices were recently reported
to address this issue (Fig. 6a, right)."*”'*®

To integrate a radiative cooler with wearable devices, the
radiative cooler must be flexible/stretchable. In addition, for
wireless communications, a metal layer should not be included
in the radiative cooler. Xu et al. reported a suitable radiative
cooler that satisfies these requirements (Fig. 6b).">” The
proposed radiative cooler has multiple functionalities, such
as high stretchability, breathability, softness, and waterproof
features. The multifunctional radiative cooler was fabricated
using a phase-inversion process of polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene (SEBS), isopropyl
alcohol (non-solvent), and chloroform (solvent), which is a
simple, inexpensive, and scalable method. The inset of
Fig. 6b displays the porous structure of the radiative cooler.
The abundant micropores offer high solar reflectivity while
maintaining low reflectivity in the LWIR region (Fig. 6c).
Owing to the scale difference between micropores and wave-
lengths, sunlight is strongly reflected. In contrast, these micro-
pore structures function as a sub-wavelength structure within
the LWIR region.

As a practical application of radiative coolers for wearable
devices, Kang et al. demonstrated a thermally stable patch-type
tissue oximeter with radiative coolers (Fig. 6d).**® The radiative
coolers hierarchically consisted of SEBS and poly(methyl-
methacrylate) (PMMA) with nano-/micro-voids polymers
(NMVPs). The hierarchical layout of the NMVP increases solar
reflection and LWIR emissivity owing to multiple Mie scattering
and the anti-reflection effect, respectively. Fig. 6e shows the
appearances and temperatures of black elastomer (BE), white
elastomer (WE), and NMVP on skin. After 8 min exposure to
sunlight, the temperatures of BE and WE raised to ~40 and
~35 °C, respectively, while NMVP maintains a near-indoor
skin. Fig. 6f compares the temperatures and muscle oxygen
saturation (StO,) values measured by the BE- and NMVP-
integrated patch-type tissue oximeters. The exposure of devices
to sunlight during 4 min without any exercising (i.e., the subject
is idle) increases the temperature of the BE-integrated device to
38.1 °C. As a result, the measured StO, value shows an erro-
neously low value, ~68%. However, the NMVP-integrated
device maintains the temperature as 33.1 °C and an accurate
idle StO, value is measured, ~80%. While other studies
attempted to deal with the self-heating issue of the device for
example using a PCM'*® and thin-metallic heat sink,**° this
work is the first demonstration to address this issue in an
outdoor environment and shows the potential solution for
cooling wearable devices. Using convection and conduction to
cool the wearables may have limitations because progress in
wearable devices has focused on developing small- and ultra-
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Fig. 6 Thermal management of radiative coolers for wearable devices. (a) Schematic illustration of operating principles of conventional and radiative
cooler-integrated wearable devices. (b) Schematic illustration of the non-metallic flexible/stretchable radiative cooler based on a porous polymer. The

inset shows a SEM image of the radiative cooler. Reproduced with perm

ission.*?” Copyright © 2020. National Academy of Sciences. (c) Reflectance

spectrum of the porous SEBS substrate between 0.3 and 17 pm. Reproduced with permission.*?” Copyright © 2020. National Academy of Sciences.
(d) Schematic illustration of a radiative cooler-integrated wearable optoelectronic device. Reproduced with permission 28 Copyright © 2021. Wiley-VCH.

(e) Photograph (left) and thermal image (right) of samples such as black e

lastomer (BE), white elastomer (WE), and nano/micro-voids polymer (NMVP).

Reproduced with permission.*?® Copyright © 2021. Wiley-VCH. (f) Comparison of measurements pre-exposure and post-exposure with a BE-integrated
device and NMVP-integrated device attached to the forearm. Blueish regions represent the period (4 min) of direct sunlight exposure. Reproduced with

permission.*?® Copyright © 2021. Wiley-VCH.

thin forms. Therefore, thermal management is becoming
increasingly essential in advanced wearable devices with high
device integration and operating speeds, and the importance of
heat transfer through radiation may increase.

3.3 Energy harvesting: solar cells and thermoelectric
generators

The coldness of the universe can enable radiative cooling, but it
can also provide a new class of energy harvesting."*'"** The
radiative heat exchange between a radiative cooler and the
universe can generate electrical power, which results from a
negative illumination effect.">> This effect is in contrast with
the positive illumination for energy harvesting, which is the
operating mode of solar cells. Several studies have theoretically
demonstrated the thermodynamic limits of harvesting power
from thermal radiation from the ambient environment to the
universe. In particular, a system with a number of circulators
showed a theoretical power generation of over ~140 W m~>.'*
Ono et al experimentally demonstrated electrical power

J. Mater. Chem. C

generation from coldness harvesting using the negative illumi-
nation effect.'** However, radiative coolers can maximize the
efficiency of energy harvesting when the cooler is applied
to other energy harvesting devices via the synergetic effect.
The following sections discuss radiative cooler-integrated
energy harvesting devices.

3.3.1 Solar cells. Solar cells most benefit from the introduction
of radiative coolers. Solar cells convert solar energy into electricity
through the PV effect. For silicon-based single-junction solar cells,
the maximum efficiency is approximately 33.7% based on the
analysis by Shockley and Queisser.'*® Therefore, only a fraction of
the absorbed solar energy is converted into electricity with the
remainder eventually becoming heat, increasing the operating
temperature. It is well known that the efficiency and lifetime of
solar cells are degraded by high temperature. The relative efficiency
of crystalline silicon solar cells is estimated to drop 0.4-0.5%
for every 1 °C temperature increase."*® Thus, maintaining a low
temperature is a major concern to ensure the optimum energy
output of solar cells.

This journal is © The Royal Society of Chemistry 2022
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Earlier works on cooling technologies for solar cells include
heat pipe,**” airflow,"*®"'* water flow,"*° PCM,"*" passive heat
sink,**?> and micro-channel.’** However, radiative cooling of
solar cells is relatively straightforward because it is cheap,
passive, and lightweight. Furthermore, it has been shown that
radiative cooling is more resilient to high temperatures than
other cooling methods (i.e., relying on convection and conduction)
because the radiative cooling power scales much faster (propor-
tional to the fourth power of the temperature difference) as
temperature increases. From a materials viewpoint, bare silicon
has low IR-emissivity, i.e., silicon solar cells do not have a
radiative self-cooling feature. Since the silicon solar cell is still
the mainstream product in the current PV industry, integrated
solar cell-radiative cooler units are practical. Thus, the solar cell
can potentially work stably under strong sunlight in conjunc-
tion with radiative cooling.

A common approach for radiative atmosphere cooling of
solar cells is to place a material on top of the solar cell which is
designed to have two main radiative properties (Fig. 7a). First, it
has high transmittance in the solar spectrum (0.3-4 pm) to
enable the solar cell to generate maximum electricity. Second,
the cooling material should be highly emissive over the IR
spectrum (4-30 pm) to maximize cooling power. Note that a
blackbody emission at a longer wavelength is more suitable for
dissipating low-grade heat from a solar cell, because it has an
elevated working temperature. Based on previous studies, there
are two structural groups proposed for radiative solar cell
cooling, i.e., multilayer- and metamaterial-based radiators, as
illustrated in Fig. 7b and c.

Multilayer-based radiators are one-dimensional photonic
structures that consist of alternating dielectric layers of high
and low refractive indices. These structures reflect sub-bandgap
solar radiation (i.e., in the MIR range) to reduce parasitic heat
generation and also have high emissivity in the IR range."** Li
et al. devised a multilayer dielectric cooler on top of a crystal-
line silicon solar panel (Fig. 7b).*° They encapsulated a typical
solar cell with two 0.46 mm-thick ethylene-vinyl acetate
(EVA) joint interlayers and a 3.2 mm-thick glass front cover.
The photonic cooler was designed to have maximal reflection in
the NIR range and strong thermal emission in the MIR-FIR
range by alternating Al,O3/SiN/TiO,/SiN with a single top layer
of SiO,.

Metamaterial structures have also been explored as a
radiative cooler design for solar cells. Because they have a
higher degree of freedom (i.e., width, period, depth, etc.) than
one-dimensional multilayer structures, metamaterial radiators
have broader boundaries for tailored optical characteristics.
Zhu et al. experimentally demonstrated that a SiO, metamater-
ial achieved strong heat radiation of silicon solar cells.** The
structure also assures Vis-transparency. The SiO, photonic
crystal was fabricated to have a square lattice with a periodicity
of 6 pm with an etching depth of 10 pm, as shown in the
scanning electron microscopy (SEM) image in Fig. 7c.

It has been established that strong resonance takes place
between electromagnetic radiation and materials possessing
structures on a scale corresponding to the wavelength of the

This journal is © The Royal Society of Chemistry 2022
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incident light."*®> Therefore, structures with multiple dimen-
sions offer more possibilities to realize an optimized optical
performance. Perrakis et al. reported a nano- and micro-scaled
patterned cooler that improved radiative cooling and the
efficiency of the solar cell."*® The microstructure was designed
to enhance LWIR heat emission, whereas the nanostructures
acted as an anti-reflective coating in the solar range. The result
showed a ~3.1% increase of silicon solar-cell efficiency and
~5.8 °C of cooling, on the bases of their simulation model.
Several recent studies demonstrated passive cooling coupled
with solar radiation management. Heo et al. reported a two-
dimensional SiO, metasurface radiative cooler that served both
cooling and light trapping (Fig. 7d)."*” The power distribution
of radiative cooler-integrated solar cell is illustrated in Fig. 7e,
where the cooler was designed to have an emissivity that
encompasses the entire LWIR-FIR range. The experimental
results were a ~1.3% increase in efficiency and ~ 6 °C cooling
of the InGaP/GaAs/Ge multi-junction solar cell. The optical
image supported the light trapping effect through diffraction
at the visible spectrum (Fig. 7f). The thermal image in Fig. 7g
implied that the sample also has a high thermal emission. They
also studied the parasitic heating from the absorption of sub-
bandgap photons and theoretically demonstrated that a multi-
junction solar cell is immune to heating by sub-bandgap
photons. Lu et al. suggested versatile ultra-broadband textures
via a modified sol-gel imprinting method that interacted with
Vis.-FIR radiation."”® As shown in Fig. 7h, the geometric
diffraction in the solar spectrum led to light trapping, which
resulted in 5.12% and 3.13% relative enhancements of the
short-circuit current and solar-cell efficiency, respectively.
Furthermore, the pyramidal textures supplied gradient-index
sub-wavelength structures to suppress IR-reflection. As a result,
near-unity emissivity over 96% was obtained in the MIR-FIR
ranges. The solar-managing design was also targeted to obtain
high transmittance in the Vis.-NIR range. Lin et al. reported
flexible photonic architectures (FPA) on PDMS by mimicking
the hierarchically photonic architectures of silver ant hairs."*®
The FPA-PDMS device not only has a large emittance in the
MIR-FIR range, but also a high transmittance in the Vis.-NIR
range in comparison with those of glass, which could poten-
tially improve the entry of sunlight and the dissipation of heat
in solar cells.

Apart from single solar cell cooling devices, cooling of
system-units, such as the extraterrestrial PV system,"*° thermal
PV system,"”! and concentrated photovoltaic (CPV) system,""
has also been demonstrated. Wang et al. studied the light-
weight radiative cooling performance of CPV.>' The experi-
mental setup is illustrated schematically in Fig. 7i. Electrodes
and thermocouples were mounted to the solar cells in chambers
1 and 2 to measure their open-circuit voltage (Fig. 7j). The
photograph in Fig. 7k shows the light beam focused on the
center of the solar cell. Multiple outdoor experiments revealed
that radiative cooling could contribute approximately 25% to
62% of the overall cooling power of a CPV system. Zhou et al.
further improved the concept for CPV cooling by studying a
low-bandgap PV, which is closely related to CPV and TPV
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Fig. 7 Radiative cooler-integrated solar cells. (a) Schematic illustration of a passive radiative cooling system integrated with a solar cell. The ideal
radiative cooler for a solar cell should absorb UV-Vis., reflect NIR, and emit MIR radiation. (b and c) Two representative structures for cooling the solar
cell: (b) multi-layered structure on silicon solar cell (reproduced with permission.2® Copyright © 2017. American Chemical Society), and (c) metamaterial
(reproduced with permission.>® Copyright © 2015. National Academy of Sciences). (d—g) A radiative cooler that cools as well as improves the efficiency of
the solar cell. Reproduced with permission.**” Copyright © 2021. John Wiley & Sons, Inc. (d) lllustration of a radiative cooler which simultaneously
radiates heat and traps light. (e) Power distribution in a solar cell integrated with a radiative cooler. (f) Photograph and (g) thermal images of the cooler.
(h) Transmission haze of the control and imprinted texture glass. The inset is the SEM image and photograph of texture glass shined on by a laser pointer.
Reproduced with permission.}*® Copyright © 2017. John Wiley & Sons, Inc. (i-k) Radiative cooler applied to a concentrated photovoltaic (CPV) solar cell.
(i) Schematic illustration of tracing solar rays with chambers. (j) Photograph of the electrodes and thermocouples connected to the solar cell.
(k) Photograph showing the focused beam falling on the center of the solar cell. (Reproduced with permission.®* Copyright © 2020. Cell Press).
() Photograph of the structure in a cooling assembly consisting of a PV diode (GaSb) and the soda-lime glass radiative cooler. Reproduced with
permission.>2 Copyright © 2019. Optica Publishing Group.

applications."> They demonstrated enhanced radiative cooling the experimental setup shown in Fig. 71, which corresponds to a

on low-bandgap GaSb PV cells under concentrated sunlight. 5.7% relative increase in the open-circuit voltage and an esti-
Radiative cooling reduced operating temperatures by 10 °C in mated 40% increase in lifetime at 13 suns.
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Electricity generation by radiatively cooled thermoelectric generator
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Fig. 8 Electricity generation by a radiatively cooled thermoelectric generator. (a) Schematic illustration of the operating principles of radiatively cooled
thermoelectric generators (TEGs). (b) Temperature values of the hot and cold sides of the TEG along with the ambient temperature. Reproduced with
permission.?t Copyright © 2019. Cell Press. (c) Picture of the LED operating at night, powered by the radiatively cooled TEG. Reproduced with

permission.?t

Copyright © 2019. Cell Press. (d) Optical (bottom) and thermal (top) images of a wearable TEG on an arm. Reproduced with permission.

159

Copyright © 2021. AAAS. (e) Schematic illustration of heat-transfer processes of TEGs with bare and wavelength-selective surfaces during the day- and
nighttime. Psqiar and Paim are the solar and atmospheric radiation power incident on the surface, respectively, P4 is the thermal radiation power from the

surface, and Pronrad is the non-radiative heat transfer. Reproduced with permission.>® Copyright ©

bare and wavelength-selective surfaces at the cold side. Reproduced with

3.3.2 Thermoelectric generators. With rapidly increasing
climate change, the world is eager to secure eco-friendly
and reusable energy sources to reduce carbon emissions. PV
technology is already mature and verified, however it cannot be
used at night, so there is an imbalance in power generation.
Radiative cooling can be a promising solution to address this
issue. A radiatively cooled surface can be exploited to generate
electricity by combining it with a thermoelectric generator
(TEG). By integrating a daytime radiative cooler with TEGs, a
prominent temperature difference can be achieved in day- and
nighttime (Fig. 8a).2"'%31%7

Raman et al. first demonstrated electricity generation in
nighttime using a low-cost TEG with a simple thermal emitter.
The thermal emitter was composed of a 200 mm aluminum
disk, covered with a black paint with an emissivity of ~0.95,
attached to a commercial TEG.>" Fig. 8b shows the temperature
of hot and cold sides of the device that were ~2 °C and 4-5 °C
cooler than ambient air, respectively. Although the hot side had
no radiative cooling effect and only experienced convective heat
transfer with ambient air, a conductive heat flow from it to the
cold side reduced the temperature difference between
the sides. However, notwithstanding the reduced temperature

This journal is © The Royal Society of Chemistry 2022

© 2021. AAAS. (f) Power generation of the TEGs with
permission.t>° Copyright © 2021. AAAS.

difference, the power generated was 25 mW m™ >, which was
enough to power a LED (Fig. 8c). In another study, the radiative
cooler/TEG could generate electricity not only during night-
time, but also the daytime, using a simple glass/Al structure.'®

There is ongoing effort to develop wearable forms of TEGs to
power wearable electronics and generate electricity from body
heat."”'>7'°! Fig. 8d displays a wearable TEG that uses body
heat to generate electricity."”® The thermal image exhibits a
notable temperature difference in wearable TEG. This TEG has
stretchability, self-healing ability, recyclability, and Lego-like
reconfigurability that can be merged with separated TEG
devices in series or parallel form. The authors demonstrated
outdoor usability by integrating the TEG with a wavelength-
selective metamaterial film (i.e., a radiative cooler; Fig. 8e). The
bare TEG surface has a strong solar absorption (>0.87) in the
0.3-2.5 um range. In contrast, the wavelength-selective film
minimizes solar absorption. Owing to these spectral features,
the TEG integrated with the wavelength-selective surface
enables all-day electricity generation (Fig. 8f).

From the findings discussed earlier, greater power generation
can be realized when the radiative cooling is applied to TEGs that
uses body heat. In addition, this functionality may be
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implemented in clothes comprising radiative cooling/heating
textiles. Moreover, in wearables, this approach can be used to
control the thermal management of the device while simulta-
neously supplying electricity to operate the device.

3.4 Dew harvesting

Humid air naturally condenses if the temperature of a surface
is lower than the dew point of air (Fig. 9a). Because the
collection of dew is cost-effective and minimally affected by
geographical constraints compared with other atmospheric
water harvesting technologies (e.g., artificial rain and fog water
collection), it is considered the most practical means of water
harvesting—particularly in arid and semi-arid regions."®> Some
plants and animals, such as beetles, lizards, Stipagrostis sabu-
licola, and Opuntia microdasys, show great tolerance to live in
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hot and arid regions by direct water harvesting from the air.*®*
Although dew is a frequent phenomenon, making it an abun-
dant water resource accessible everywhere on the earth, it has
long been overlooked due to its low yield.'** In 1957, Monteith
thoroughly outlined the energy and heat balance mechanisms
of dew formation.'®® Since then, continued efforts have now
enabled efficient dew collection.’®>'®® Current dew collectors
are classified as passive and active condensers. Among the
remaining challenges, high yield is a key issue for passive dew
harvesting."'®® Dew collection can be improved by lowering the
condensing temperature and optimizing weather conditions.
Fig. 9b summarizes weather and material parameters that
influence passive dew collections.*®” Dew forms more favorable
from clear skies, radiative surfaces with high IR (2 ~ 8-13 pum)-
emission, and low wind speeds (in the range of 0.15-0.7 m s~ %).
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Fig. 9 Radiative cooler for dew harvesting. (a) Schematic of net radiation flux enabling daytime dew formation. (b) Factors that affect dew harvesting.
(c) Cross-sectional view of a proposed design of a selective emitter. Reproduced with permission.r’® Copyright © 2020. Informa UK Limited (d)
Photographs of a black beetle. Reproduced with permission.** Copyright © 2015. National Academy of Sciences. (e) Photographs of a daytime-condensing
device that reflects most sunlight. Reproduced with permission.** Copyright © 2021. (f) Working principle of separated radiation and condensation sides.
The radiation shield improves the dew harvesting potential of the system by accounting for the surrounding radiative environment. Reproduced with
permission.’ Copyright © 2021. AAAS. (g) Qualitative photograph of a dew-harvesting experiment under direct solar radiation. Reproduced with
permission.*”* Copyright © 2021. AAAS. (h) Schematic of water harvesting with a radiative cooling coating on the back of the water collection surface.
Reproduced with permission.”? Copyright © 2020. Wiley-VCH. (i) SEM images of the electrochemically etched Al sheet for 11 min. Reproduced with
permission.”?> Copyright © 2020. Wiley-VCH. (j) Contact angle of the surfaces of the star-shaped patterns (top) and the rest area modified by hexadecyl
trimethoxysilane (bottom). Reproduced with permission”? Copyright © 2020. Wiley-VCH. (k) Schematic illustration of a solar panel for daytime power
generation (left) and nighttime water harvesting (right). Reproduced with permission.”®> Copyright © 2020. American Chemical Society.
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Because condensers with a higher mass have higher thermal
inertia, low-mass materials are more advantageous for dew
harvesting.'®” In addition, hydrophilic surfaces are needed to
lower the energy barrier for nucleation.'®® Another property
that affects dew harvesting is relative humidity (RH). Some
researchers have found that water mostly condensed when the
RH is between 74% and 92%.°® However, the heat emission of
radiative surfaces is hindered when a lot of water vapor is
present in the sky. Muselli et al.'®® concluded that net radiation
should be considered as well as the RH in dew yield."®’

Dong et al. reported performance limits of dew-harvesting
technology by carefully considering RH, spectral directional
atmospheric transmittance, ambient temperature, and the
convection coefficient.'”® They highlight that a selective emitter
that has high emissivity only at the ATW, has more condensing
potential for arid conditions than a blackbody emitter. In their
calculations, a near-ideal selective emitter could achieve a dew-
harvesting mass flux of 13 g (m* h)™" even at Tampient = 20 °C
with RH = 40%, whereas the broadband emitter could not
operate. They proposed a six-layered cooler to achieve opti-
mized dew harvesting properties by selective emission (Fig. 9c).
Since the importance of cooling power has emerged due to
latent heat, Zhou et al. highlighted the need for a broadband
emitter that has more than double the cooling power when
compared to selective emitters.'* They demonstrated a con-
denser that exhibits absorption in the Vis. and NIR regions
while maintaining most of its thermal radiation in the LWIR to
FIR ranges (i.e., a broadband emitter). Unlike a black beetle
that absorbed most of the sunlight (Fig. 9d), the devised
condenser can achieve a temperature lower than ambient and
can produce water for 24 h a day. As a result, they condensed
~8.5 mL day ' of water for 800 W m ™2 of peak solar intensity
(Fig. 9e). Haechler et al. optimized a system that can achieve the
advantages of both selective and broadband emitter designs."”"
They synergistically combined radiative shielding and cooling to
achieve sub-ambient cooling while sustaining a high cooling power
(for latent heat uptake). An engineered truncated cone-shaped
structure was placed around the radiative cooler that acted as a
radiation shield by directing thermal radiation from the selective
emitter towards the normal incidence and simultaneously strongly
truncates detrimental atmospheric radiation gains (Fig. 9f). For
solar irradiance of 200 W m~2 and at a mean RH of 96%, the
system achieved a dew-mass flux of 52 ¢ m~> h™" (Fig. 9g).

A multifunctional efficient water collection device had been
demonstrated by Chen et al.’” The fabricated sample consisted
of a wetting pattern on one side of an Al sheet for efficient water
harvesting, and a P(VDF-HFP) coating with embedded SiO,
and CaMoO, NPs on the other side for cooling (Fig. 9h). The
patterns were electrochemically etched on the Al sheet, as
shown in the SEM images of Fig. 9i. As a result, hydrophilic
patterns were obtained Fig. 9(j). They investigated the effect of
circle, triangle, and five-pointed star wetting patterns on the
water collection performance and found that the five-pointed
star pattern was the most efficient, achieving ~0.42 g cm > h™".
Li et al. proposed practical dew harvesting applications by
combining the concepts of daytime power generation and

This journal is © The Royal Society of Chemistry 2022
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nighttime water harvesting."”® Unlike typical solar panels that
only work in the daytime (Fig. 9Kk, left), the proposed solar panel
uses radiative cooling with high thermal emissivity for dew
harvesting at night (Fig. 9k, right).

3.5 Radiative self-adaption

In addition to cooling, temperature-regulation should be considered
to minimize the annual energy consumption. For example, in
the United States, ~39% of the total energy is consumed for
thermal regulations in buildings."”* Among them, the residential
housing energy accounts for ~51% of energy consumption for
maintaining a comfortable indoor temperature, ~22 °C.'”> In
this context, thermal management for buildings requires
not only cooling, but also heating depending on weather condi-
tions. However, the previously discussed radiative cooling meth-
ods have fundamental limitation for addressing this. Therefore,
self-adaptive radiative cooling/heating technologies should be
developed to tackle these challenges. This section discusses two
representative examples: (1) temperature-adaptive radiative coat-
ings/windows using PCMs and (2) dynamic tunable IR gating
textiles using hydrophilic-hydrophobic side-by-side metafibers.

Although PCM-based radiative structures to achieve self-
adaptive radiative thermostats have been regularly reported,
these are restricted to theoretical studies.’”®*”® In addition, the
high operating temperatures of PCMs hindered the development
of self-adaptive thermostats.””>'® In fact, PCMs are commonly
used in IR camouflage applications.'®" However, Tang et al.
recently experimentally reported a temperature-adaptive radiative
coating (TARC) for all-season household thermal regulation.”” The
TARC automatically switches the emissivity in the LWIR range
from 0.9 to 0.2 as the temperature of the TARC decreases below
the temperature of the metal-insulator transition (Tyyr; Fig. 10a).
To tailor Ty, the composition of the PCM W,V; _,0, was set to
x = 1.5%."®* In addition to the composition, two-dimensional
micro-arrays of thin W,V;_,O, blocks were embedded in BaF,
layers to optimize the spectral features and maximize the
emissivity difference between the insulator- (i.e., heating mode)
and metal-states (i.e., cooling mode). Fig. 10b shows thermal
images of the TARC at three different temperatures. Low- and
high-emissive samples (i.e.,, ¢ ~ 0.1 and 0.95, respectively) are
shown for comparison at the same temperatures. The emissivity
switching of the TARC above or below Ty is evident. A 24 hour
outdoor measurement further demonstrated the emissivity
switching of TARC (Fig. 10c). During the daytime, although the
white roof coating shows better cooling performance than TARC
under direct sunlight (i.e., fully exposed), the TARC manages the
temperature depending on the ambient temperature (i.e., with
direct solar radiation blocked). As a result, the TARC achieves
lower temperature than ambient air from 14:00 to 16:00 and a
temperature closer to ambient air from 16:00. Another approach
based on PCMs is radiative cooling regulating thermochromic
(RCRT) smart windows, which addresses one of the least energy
efficient parts of a building.”* The RCRT regulates indoor
temperatures by modulating both NIR-transmittance and FIR-
emissivity using VO,. More specifically, in summer, the NIR and
FIR radiation is blocked and strongly emitted by the RCRT due to
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Phase-change material-based temperature-adaptive radiative coating
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Fig. 10 Self-adaptive radiative coating, window, and textile. (a) Working mechanism of the TARC. When the temperature of TARC is above Ty, the FIR
emission occurs. Reproduced with permission.”® Copyright © 2021. AAAS. (b) Thermal images of TARC compared with those of two conventional
materials with low or high thermal emissivity such as ~0.1 and 0.95. Reproduced with permission.”® Copyright © 2021. AAAS. (c) Surface temperature of
TARC, a commercial dark roof coating, and a commercial white roof coating in an open-space outdoor environment recorded over a day-night cycle.
Measurements starting from 14:00 local time were performed with the direct solar radiation blocked. The temperatures observed after sunset show clear
signs of the TARC shutting off thermal radiative cooling as its surface ambient temperature falls below Ty . Reproduced with permission.”® Copyright ©
2021. AAAS. (d) Working principle of the RCRT window in hot (left) and cold (right) weathers requiring cooling and heating, respectively. (e) Spectral of
RTRC at 20 and 90 °C. Reproduced with permission.”* Copyright © 2021. AAAS. (f) Working principle of self-adaptive textile. Metafibers become tight
when the environment is hot or wet weathers and it works oppositely. (g) SEM image for the textile knitted by yarn composed of multiple metafibers. An
enlarged TEM image shows the cross-sectional view of single-metafiber. Reproduced with permission.’®8 Copyright © 2021. AAAS. (h) Confocal
fluorescent microscopy images showing the knitted fabric in the closed state (i.e., low humidity) and the open state (i.e., high humidity). The hydrophilic
cellulose component was dyed with an aqueous solution of rhodamine B (red), and the hydrophobic triacetate component was dyed using coumarin
6 (green). Reproduced with permission.’®8 Copyright © 2021. AAAS. (i) Spectrum variation of IR gating textiles (black line) at different humidity profiles.
The IR transmittance was averaged over 8 to 14 pm. Reproduced with permission.88 Copyright © 2021. AAAS.

183-186

its low NIR-transmittance in and high FIR-emissivity (Fig. 10d, capability, and (ii) strain-based adaptive textiles inspired

left). In contrast, the NIR and FIR are transmitted and barely
emitted by RCRT in winter to trap heat inside (Fig. 10d, right).
Such spectral tunability can be implemented by using differently
emissive sides (Fig. 10e). The cold and hot states correspond to
the temperatures of 20 and 90 °C, respectively.

For personal thermal management using textiles,
mechanically-induced adaptive textiles have been reported as
(i) dual-mode textiles with passive radiative heating/cooling

J. Mater. Chem. C

To control IR emission/transmission,

by cephalopod-skin.'®”
both types of textiles function with mechanical actions such as
flipping the textile or applying/releasing strain. Zhang et al.
demonstrated a self-adaptive radiative cooling/heating textile
that reacts to humidity (or ambient temperature).'®® The
authors used hydrophilic-hydrophobic side-by-side metafibers,
leading to differential expansion in different RH conditions.
This causes mechanical actuation of the metafibers within the

This journal is © The Royal Society of Chemistry 2022
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knitted fabric, achieving dynamic tunable IR gating in clothing
(Fig. 10f). This side-by-side structure is composed of carbon
nanotube-coated triacetate-cellulose (Fig. 10g). The inter-fiber dis-
tances in the textiles instantaneously varies in response to humidity
changes (Fig. 10h). In higher humidity conditions, more water is
absorbed by the hydrophilic cellulose, which swell more than the
hydrophobic triacetate side. This is a key mechanism to actuate the
spacing between metafibers in response to changes in humidity. At
high humidity levels, the interfiber distance increases by ~100 pm,
leading to an ‘open’ state, while the opposite takes place at a low
humidity level (ie., ‘close’ state). In the ‘open’ state, not only
radiative cooling is enhanced, but convective and evaporative cool-
ing are also synergically increased through the open area. This IR
gating effect was quantified using IR transmittance variation as a
function of humidity. As shown in Fig. 10i, the IR transmittance
changes with the same tendency as RH.

4. Perspectives

Following decades of research, the field of radiative cooling is
quickly approaching performance limits. For instance, reflec-
tivity in the solar spectral range and thermal emissivity in the
NIR-FIR region has already reached unity."* Furthermore, deep-
subfreezing by as much as 60 °C from ambient temperatures
have been reported in an earlier stage of the research.'®® While
these achievements hold potential, obstacles remain in the
field of radiative cooling: (1) over-cooling at night or winter,
(2) feasibility for real-world applications, and (3) fundamental
challenges pertaining to passive radiative cooling.

For year-round thermoregulation, automatically switchable
radiative thermostats should be developed. Continued effort
has recently resulted in self-adaptive radiative thermostats for
clothing and buildings using PCMs with photonic approaches
and humidity-sensitive metafibers. W-doped VO, operates at
the practical transition temperature of ~25 °C. The TARC with
W-doped VO, demonstrates temperature-adaptive radiative
cooling depending on the ambient temperature. In addition
to such a self-adaptive film, VO, has also been implemented in a
smart window which features thermoregulation by modulating
emissivity in the LWIR region at ambient temperatures. In
addition to buildings, dynamically tunable IR gating textiles
can thermally regulate personal temperature for comfort. These
novel textiles are composed of metafibers with hydrophilic-
hydrophobic features in a single fiber. These contradicting
properties cause the variable swelling of the fiber depending
on humidity or air temperature, resulting in self-adaptive IR
gating clothing. Although the effectiveness of these self-adaptive
radiative thermostats was demonstrated, they are proof-of-
concept and not fully optimized in terms of spectral features,
operating temperatures, and production-cost. Therefore, future
research should endeavor to develop advanced photonic
strategies with PCMs that minimize solar absorption and can
transition at lower temperatures. In addition, developing smart
textiles that not only modulate IR-transmittance, but regulate
absorption/reflection in the solar spectrum should be prioritized.

This journal is © The Royal Society of Chemistry 2022
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The second challenge primarily concerns fabrication and
industry-level application. The fabrication process must be
cost-effective, large-scaled, and not time consuming. Cooling
paint'®® and fabric'! that reached the 100 m? scale have been
reported and a bilayer design has been suggested to effectively
obtain high reflectivity in both the Vis. and UV regions.""
However, materials that achieve sufficient durability and rea-
sonable cost are yet to be demonstrated. Available integration
area and visible appeal are remaining challenges from an
economic perspective. Because the radiative cooler can only
be adopted in a detached manner, such as the top floor of a
building, complicated solar cell systems, and small sized wear-
able devices, the installation area is always limited. Because the
radiative cooling power is proportional to the exposed surface
area,'’ a sufficiently large installation site must be secured to
obtain the desired cooling performance. Therefore, the tradeoff
between cooling capacity resulting from installation area and
downsizing the cooling system should carefully be considered.
Visual discomfort caused by highly reflective surfaces is an
important issue for the widespread adoption of radiative cooling
technologies. As a vital area of research efforts, many studies on
colored radiative coolers have been performed by considering
aesthetic aspects of building exteriors."®>'*"'*> However, more
advanced photonic approaches are required to overcome the
hurdle of fully reflecting most solar irradiation except for
minimal absorption that is necessary for coloration.'®**%*

There are fundamental limitations in the field of passive
radiative cooling, including inherit performance limit and
dependency on season and region. Passive cooling potential
has been evaluated to be maximally ~150 W m~2,*°° which is
only ~35% of the average total cooling power in buildings."?
Thus, the performance of active cooling cannot be achieved
even with optimal radiative cooling capacity. It is, therefore,
proposed to combine existing active cooling systems with
passive radiative cooling as efficient hybrid systems, not to
completely replace them. Minimizing non-radiative heat loss
(i.e., convection and conduction) is also one of the ways to
maximize radiative cooling capacity. Furthermore, because the
performance of radiative cooling is highly dependent on local
atmospheric constituents (primarily water), it is crucial to take
this into account to design radiative coolers that are appro-
priate for different climates. From a modeling perspective, the
design of a radiative cooling material typically involves various
programs employing optical problem solvers including Maxwell
equations and finite-difference time-domain method (FDTD),"*
customized codes for iterative processes,'®> as well as programs
for simulating varying weather conditions.'®® However, there
are major drawbacks in using various software packages. To
maximize the cooling effect, it is necessary to precisely tailor the
emission spectrum of the radiative cooler. Some researchers
have tried to solve this problem using machine learning.?”:**8
However, the demand for huge data sets and high initial costs
are a barrier to entry.

Therefore, there remain exceedingly complicated challenges
to the field of radiative cooling. To address these, yet-to-be
developed materials might offer unprecedented mechanical
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strength and resistance to soiling while being scalable and low
cost. Multidisciplinary studies are highly recommended, not only
to take advantage of the existing knowledge bases, but also to
stimulate the imagination to solve these uncertain challenges.

5. Summary

Only ten years ago, radiative cooling was a limited technology that
could only operate at night due to undesired solar absorption.
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However, the rapid development of photonic metamaterials
completely reversed this situation,’®*2° realizing daytime
radiative cooling. The advanced photonic strategies offered
routes to simultaneously achieve near-unity solar reflection
and selective or broadband thermal emission. Following the
early stage of this technology, which pursued the development
of daytime radiative coolers, interest shifted to scalable and
affordable radiative coolers for building-exterior materials,
which is the domain that could benefit the most from radiative
cooling. These efforts have resulted in radiative coolers in the

Table 1 A brief summary the material, structure, cooling performance, and application of experimentally demonstrated daytime radiative cooler

Material and structure

Cooling performance (other performance)

Experiment condition Application Year Ref.

Seven layers of HfO, and SiO, 4.9 °C below ambient air temperature and cooling 850 W m™~> average solar

power of 40.1 W m 2

50 mm-thick polymer-glass

Cool water to 10.6 °C below ambient and an average 952 W m ™2 average solar

Building exterior 2014 Raman
irradiance et al.’
Water-based 2019 Zhao

bead hybrid organic-inorganic cooling power of 607 W m~> at noon (12-2 p.m.) itradiance at radiative cooling et al.”’
film and a 200 nm-thick Ag 26.5 L (h m?)~" volumetric for building
thin film layers flow rate
Five alternating layers of Average 5.2 °C temperature reduction of an inner 550 W m™2 of peak solar  Enclosure 2021 Kim
a-Si:H and SiO, multilayers ~ temperature compares to the transparent selective irradiance et al.®!
coated with 50 pm-thick poly- emitter that transmits most of the incoming solar
dimethylsiloxane (PDMS) layer irradiance under direct sunlight
4 um of PDMS layer, 100 nm of Lowered the temperature of a radiative object 810 W m ™2 average solar  Enclosure 2020 Heo
Ag layer, and 500 pm-thick inside an enclosure by an average 4 °C compared to power and average et al."’
micro-patterned quartz layer a conventional radiative cooler, which is composed humidity of ~44%.
coated with 10 pm of PDMS  of an aluminum plate coated with ~100 um thick
from top to bottom PDMS
Nano polyethylene (PE) 2.7 and 2 °C lower skin temperature when covered Skin simulator Textile 2016 Hsu
with nanoPE cloth and with processed nanoPE et al'
cloth than when covered with cotton
PTFE/TiO, embedded PLA 5, 6.8, 7, 5.8, and 10.2 °C lower than that of the =~ ~620 W m™2 of peak solar Textile 2021 Zeng
fibers cotton, spandex, chiffon, linen, and bare skin irradiance et al.*"’
simulator
Porous SEBS ~7 °C cooling than non-porous SEBS covered skin ~840 W m™? of peak solar Wearable 2020 Xu
irradiance devices et al.'*
Porous PMMA/SEBS bi-layer ~ ~7 °C cooling than black elastomer covered skin ~820 W m™> of average = Wearable 2021 Kang
after 7 min exposure to sunlight solar intensity and 18 °C of devices et al.'*®
ambient temperature
Two dimensional SIO, micro Average 6 °C cooling, leading to absolute increase 989 W m™? of peak solar ~ Solar cell 2021 Heo
grating of 2% in open-circuit voltage for InGaP/GaAs/Ge intensity and a clear sky et al.™
multi-junction solar cell
Soda-lime glass wafer Achieving 5 °C to 36 °C temperature drop and an 5 to 6 W of average heat  Solar cell 2020 Wang
8% to 27% relative increase of open-circuit voltage load on the solar cell et al”?
for a GaSb solar cell
A glass-polymer hybrid film  Output voltage of ~40 mV em™ > and an output ~ ~500 W m ™ of solar TEG 2021 Ren
power of ~10 nW cm > irradiance and ~25 °C of et al. ™™
ambient temperature
Black paint coated aluminum Cooling 4-5 °C under ambient air (cold side), Nighttime outdoor TEG 2019 Raman
disk experimentally 25 mW m™> of power generation  condition et al”*
The structure consists of layers (Condensation rate) below 10 °C of ambient tem- 800 W m™ 2 of peak solar ~Dew harvesting 2021 Zhou
of PDMS and Ag on an alumi- perature and condensing ~ 8.5 mL per day intensity and all the et al.™

num (Al) substrate, with a
thickness of 100 um, 150 nm,
and 1 mm

A multi-layer of PDMS 100 pm (Condensation rate) 52 g m~> h™" of dew mass flux 200 W m™2 of solar

on 500 pm of glass substrate. is obtained over a period of nearly 3 h
The backside of the substrate

is coated with 140 nm of Ag

and 1 nm of chromium

W, V;_,0,/BaF, 2D grating on Emissivity from 0.2 for ambient temperatures lower Under direct solar
Ag than 15 °C to 0.90 for temperature above 30 °C

VO,/PMMA/Low E coated glass Emissivity from 0.21 to 0.61 at transition tempera- Indoor experiment

ture of 60 °C

J. Mater. Chem. C

devices were tilted ~15°
toward the west to reduce
absorption of solar

radiation
Dew harvesting 2021 Haechler
irradiance and at a mean et al.'”*
RH of 96% in August
Self-adaptive 2021 Tang
irradiance radiative et al.”®
thermostat
Self-adaptive 2021 Wang
radiative et al.”*
thermostat

This journal is © The Royal Society of Chemistry 2022
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form of, eg, rigid plates,>*>*®” flexible films****°°/poly-
mers,>' %211 p'aints,212‘213 and woods."®

In this paper, we reviewed the fundamental principles,
materials, and structures of the radiative coolers. The various
applications in these studies are divided into three main
classes according to the targeted situation: large-scale facilities,
personal thermal management, energy harvesting, dew harvesting,
and radiative self-adaptation as summarized in Table 1. Buildings,
stationary vehicles, and greenhouses are large-scale enclosures that
account for a large portion of global energy consumptions, making
passive radiative cooling a promising complement to traditional
cooling systems. Great progress has also been made in personal
thermal management. Clothing that utilizes radiative cooling is
very effective for personal thermal management and can further
contribute to indoor cooling energy-savings. Because human skin is
a near-blackbody in the LWIR region, radiative cooling clothes are
adapted for IR-transparency and solar opacity. NanoPE textiles
serve as a core material to achieve this objective. The size and
weight of wearable devices have continuously become smaller and
lighter. However, using convection and conduction to cool them
have limitations. Furthermore, because these devices incorporate
wireless communication technologies, a metallic heat sink cannot
be used to dissipate the heat from the device. Therefore, non-
metallic/flexible radiative coolers are promising avenues for the
heat management of wearable devices. In particular, advanced
wearable devices, which pursue multi-functionality and high oper-
ating speed, may suffer from self-heating issues. Several studies
have also demonstrated the integration of radiative cooling with
energy generation devices, such as solar cells and TEGs. Elevated
temperature reduces the efficiency and lifetime of solar cells.
Passive radiative cooling is a cost-effective cooling technology owing
to its simple and lightweight nature. The combination of TEGs
and radiative coolers facilitates the all-day electricity generation.
A radiatively cooled surface increases the temperature difference
between hot and cold sides in TEG, therefore enhancing the
Seebeck effect underpinning TEG. The electricity generation by
radiative cooler-combined TEG can fulfill the nighttime imbalance
of PV cells. Moreover, power generation and personal thermal
management can be simultaneously achieved by integrating TEG
with radiative cooling textiles, enabling control of device thermal
management and supplying energy to operate it. Water scarcity is
increasingly considered as an unavoidable global risk. With the
emergence of a new class of thermal emitter, the radiative cooler
can provide daytime passive water harvesting. A radiative cooler has
its optimal condition in terms of shape, hydrophilic properties, and
infrared emittance. Recent innovations have offered effective
designs to maximize dew yield.

In summary, pioneering studies on photonic metamaterials
have laid the foundation for the realization of daytime radiative
cooling. Material engineering approaches enables implementation
of radiative coolers in various forms with affordability and
scalability. In addition, self-adaptive radiative thermostats have
also recently been developed owing to technical/academic
progress. There are remaining challenges in terms of spectral
features and cost, however, the overall progress in radiative
cooling/heating technologies can alleviate energy consumption,

This journal is © The Royal Society of Chemistry 2022
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which is a significant contribution to the global effort for
achieving ‘Net-zero emissions’. Although this review is by no
means exhaustive, we hope that it provides a stimulating
introduction to novices and experts alike.
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