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ABSTRACT

This paper gives a review of the present scenarios of research related to super-cool heat radiative
materials with a detailed summary of the four most common materials with interesting findings.
Scientists and researchers have come forward to find ways to tackle climate change due to global
warming. One of the approaches that researchers are taking is uncovering and experimenting with
passive heat radiating materials that radiate most of its heat in the spectrum of atmospheric
transparency window (8-13 um). In general, every heated object radiates heat in the form of
electromagnetic radiation. But due to the greenhouse gases in the atmosphere, the earth acts just
like a giant greenhouse. As a result, most of the radiated heat from the earth gets trapped in its
atmosphere, except for the longwave infrared radiation (IR) one. The atmosphere is transparent to
this kind of radiation and hence scientists hope that using the cold outer space (3K) as a heat sink,
the earth might still be able to radiate back the excess heat. The objectives, structures, and the
results of these different emitters have been discussed in this review paper. These materials do
have significant potential if used in a planned way.
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1. INTRODUCTION

The global warming of the planet puts all life in danger in upcoming years. Scientists and
researchers have been working tirelessly to find a solution to save the world for the past few
decades. There have been multiple approaches proposed and carefully thought about. For example,
capturing and storing greenhouse gases and/or reducing solar absorption by the earth. The former
is impossible due to our fossil fuel-driven economy. The latter has options such as spraying
reflective aerosols into the atmosphere which has serious potential for side effects, increasing
reflectivity of the roofs of buildings with white paints which are not very efficient, and deploy
giant reflective surfaces into space which is costly and non-realistic [1]. Several geoengineering
schemes are shown in Figure 1 below. All the schemes, while seem to have potential but also have
either serious aftereffect (chemicals/aerosols) or time-consuming to be on the effective side
(greening deserts), exceptionally costly (giant reflectors), or might hamper the existing ecosystem
(pumping liquid to deep-sea).
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Figure 1. Several geoengineering schemes to tackle climate change [2].

The earth needs sunlight so the scholars came up with ideas that instead of trying to block the
sunlight, what if we could radiate the captured heat back into space (3K) to let the earth cool down.
That is where these passive heat radiating materials come into play. These materials radiate heat
via infrared emission through the atmospheric transparency window (8-13 pum). Several
approaches and different materials are investigated to find ways to implement this property of
certain materials in the most efficient ways despite many challenges [3]. This study gives a review
of those materials, their formulation process, their application strategy, and finally, their findings
from the experiments.

2. BACKGROUND

In general, the passive heat radiator has two main conditions to fulfill to be able to perform
efficiently. First, the material must have high infrared radiation property. Because only this range
of radiation can develop a bridge to the outer space via which heat can be transmitted from the
earth. Secondly, the atmospheric transparency window, which is a clear sky free of clouds, should
be present to let the infrared radiation pass through.

2.1 Infrared Radiation (IR)

Infrared radiation (IR) is a type of electromagnetic radiation that extends from the end of the
visible-light range to the microwave range [4]. It creates a warm sensation on the skin and not
visible. The infrared wavelengths range from 0.78 micrometers up to 1,000 micrometers. All the
heated surfaces radiate heat, mostly in the IR region forming a continuous spectrum. Discrete IR
radiation spectrum is also generated by molecular excitation. Figure 2 shows the electromagnetic
spectrum with different kinds of radiation, Infrared being the third one from the left.

Earth receives heat from the sun during the daytime via incoming radiation and radiates it back to
space during the nighttime. Global warming results when there is an imbalance between the
received heat and the reradiated heat back to space. As shown in Figure 3, if the outgoing reflective
flux of IR radiation from earth to space can be increased, it will be able to decrease the effect of
global warming [5].
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Figure 3. Incoming solar flux from the sun causes a temperature increase in the Earth. The
outgoing radiative flux from the Earth cools it down [1].

2.2 Atmospheric Transparency Window (ATW)

The atmospheric transparency window (ATW) is a hypothetically opening through which IR
radiation (8—13mm) can escape directly to space. Polymers have different functional groups that
are responsible for infrared absorption and emission [6]. O-H, C=0O, and C-CI- these are some
different functional groups that have specific and different vibrational frequencies depending on
the host polymers, such as stretching and bending vibrations. Vibration regions include X-H (X
represents C, O, N, and so on) stretching region, the triple-bond region (C=C, C=N, and so on),
the fingerprint region, and the skeletal vibration region. A close observation shows that the
fingerprint region that consists of 6.7-16.7um of the electromagnetic spectrum, covers almost the
entire ATW (8-13um). Hence, many polymers show the property of radiative cooling via IR
emission into the deep, while our atmosphere emits very less amount IR radiation in this region.
Apart from polymers, another significant material is Silicon compounds (such as Silica, SiO2)
which emits strong IR radiation through the ATW as shown below.
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Figure 4. Measured emissivity/absorptivity of the silica particles over the atmospheric emittance
for different wavelengths [7].



3. RECENT SCENARIO OF RESEARCH

Among various materials used for passive heat radiation, many of them are composed of Silicon.
Si and many other compounds like ZrO; are paired or coated with other materials (e.g., TiOz) to
enhance optical and often mechanical properties [8][9]. A significant number of works have been
done by B. Zhao et al. with SiO> with the different experimental setup. He developed a hybrid
system that combines photovoltaic (PV) and nighttime radiative cooling (RC) [10]. On a sunny
day, the daily average electricity output for this hybrid system is measured as 94 W/m? with the
daily average electrical efficiency reaching about 15%.

Another work of B. Zhao et al. is- developing and comparing between two coolers- one is the
specular surface with ultra-white glass-plated Silver and the other is the diffuse surface of polished
Al substrate with NaZnPOg4 spray coatings on. The spectral properties show under some conditions,
both surfaces can achieve consecutive 24 h radiative cooling. Although the cooling performance
of the Silver is better than that of Aluminium [11]. Another comparison is done between a
polydimethylsiloxane (PDMS) film-based cooler (cooler A) and a commercial reflective mirror
(cooler B) to determine passive radiative cooling based on a strategy to change the comparative
standpoint between the coolers and the sun that decreases solar emission [12].

A different strategy is discussed for a building-integrated daylight PV and all-day RC system
(BIPVRC) in a different study in Riyadh and Karachi [13]. While comparing the cooling
performance, dry Riyadh shows better results than that in humid Karachi during summer. The PV
modules are placed on the sunny side and the RC modules are on the opposite side of a rooftop
which proves to be a feasible method. A similar study of radiative air-cooling system related to
roof-integrating is done to couple radiative cooling with the ventilation from the attic which is
capable to reduce the attic temperature resulting in cooling of the house [14].

A reflector with a dual-layer polytetrafluoroethylene (PTFE) structure sheet on top of an Ag film
results in a total of 0.99 in solar reflectance which is the highest solar reflectance reported to date
[15]. Another study investigates a cost-effective solution of double-layer coating implanted with
nanoparticles with the top and bottom layers being acrylic resin incorporated with TiO2 and C
particles, respectively [16]. The resulting emitter reflects solar irradiation of more than 90% with
a predicted daytime net cooling power over 100 W/m?.

A TiO; nanoparticle-acrylic system is tested to improve the IR radiation cooling features using the
hierarchy of particle sizes [17]. Another double-layer film consisting of polyvinyl fluoride (PVF)
layer with silver coating acts efficiently as a daytime radiative cooler [18]. It has a lower solar
absorption as well as a higher broadband infrared emission with better durability and performance
to protect staining and corrosion than other polymers. A photonic crystal-structured UV-curable
adhesive (PCSUVA) on a polyethylene terephthalate (PET) substrate shows a near-ideal solar
emission while exposing or not exposing it to the sunlight [19]. A self-cleaning material
(Si02@Ti102/Zn0O laminated coating) with high luminous transmittance is used for energy-saving
windows in buildings [20]. Using the body feature of Saharan silver ants (Figure 5) of unique
triangular shaped hairs, a prismatic structure to polydimethylsiloxane (PDMS) is developed with
an estimated radiative cooling power of 144 W/m? [21].
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Figure 5: (a) Photograph of a Saharan Silver ant (Cataglyphis bombycine), (b) Schematic
diagram showing the thermoregulatory effect on the ant [21].

Metamaterials are also very popular for this kind of application. Metamaterials are artificially
designed photonic structures that have the advantage of controlling electromagnetic radiation over
the aiming wavelength range. M. M. Hossain et al. designed and fabricated a tapered metamaterial,
which shows an average emissivity of around 0.8 at the wavelengths of 8—13 pm and low
emissivity elsewhere [22]. D. Wu et al. also proposed a near-ideal daytime radiative cooler with a
pyramidal structure [23]. It is worth noting that the tapered metamaterial emitters have exhibited
the advantages of realizing high emissivity and satisfactory wavelength selectivity. A study
regarding potential nighttime and daytime passive cooling for air conditioning in solo-family
residences has been developed [24]. A polymer-based fusion metamaterial with a casually
dispersed polarizable SiO> microsphere has been developed successfully for large-scale radiative
cooling [25].

4. REVIEW OF SELECTED MATERIALS

In this section of the paper, four seemingly interesting and significant works from different
scholars are summarized (material fabrication, apparatus structure, and results) based on the main
materials they used.

4.1 Silicon Dioxide (SiO2) with the silver (Ag) layer

The performance of daytime radiative cooling (DRC) under various clear sky conditions is
explored in a study conducted by B. Zhao et al. and published in 2019 [26]. A SiO; mirror emitter
is designed and fabricated by depositing Ag (150-nm) and SiO; (50-nm) on a SiO2 (500-um)
substrate (Figure 6). Experiments are conducted outdoor in Beijing and Hefei from 09:00 AM to
12:00 PM and are analyzed to find its cooling performance and the effect of solar emission and
the precipitable water vapor on its performance.
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Figure 6: Photograph (left) and the schematic (right) of the SiO> mirror emitter [26].



A sectional view of the experimental setup with its photograph is shown in Figure 7. The emitter
is placed on an expandable polyethylene (EPE) plate and under a thin low-density polyethylene
(LDPE) inside enclosure space that is attached to a support. The LDPE is used as a convection
shield. It also ensures that the IR radiation of the emitter could escape to space having a high
transmittance in the mid-infrared wavelength band. The EPE plate is used to reduce the heat flux
between the emitter and the bottom of the enclosure.

/ PE film

Silica mirror
emitter

Figure 7: Sectional View (left) and a photo (right) of the experimental setup [26].

The results of the cooling effect of this experiment reveal two scenarios in Beijing and Hefei
(Figure 8), relative humidity and moisture content. In dry Beijing, the SiO> mirror emitter shows

an average temperature of 5.9 °C below ambient temperature while in humid Hefei, the emitter
barely achieves DRC.
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Figure 8: Results showing ambient air temperature, solar radiation, and the temperature of SiO2
mirror emitter in Beijing (left) and Hefei (right) [26].

The study concludes that solar radiation and precipitable water vapor play a negative effect on the
cooling performance of the emitter. This will potentially decrease or even destroy the cooling
phenomenon of DRC even under the clear sky.

4.2 Silicon Nitride (Si3N4)

Z. Chen et al. (2016) has conducted this important experiment that gives an impressive sub-
freezing cooling even when the apparatus is subjected to direct sunlight [27]. The selective emitter
used here comprises layers of silicon nitride, Si3N4 (70 nm), amorphous silicon, Si (700 nm), and



Aluminium, Al (150 nm) on a Si substrate as shown in Error! Reference source not found.c 9
(left).
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Figure 9: Electron microscopic image of the structure of the selective emitter (left); A schematic
of the experimental set-up for selective emitter with ZnSe window [27].

The experimental apparatus is shown in Figure 9 (right) is shielded by a vertical sunshade. The
selective emitter is placed into a vacuum chamber to decouple it thermally from the ambient air
and the sun but couple it to outer space at the same time through the atmospheric transparency
window. The chamber has a window made of ZnSe that is coated with double-side anti-reflecting
material to ensures radiative access to outer space. The mirror-cone is wrapped around the window
to ensure the exposure of the selective only to the diffuse sunlight during the experiment period.
The experimental result (Figure 10) shows a record-setting performance in radiative cooling
related research regardless of the time of the day or night. The exhibited steady-state temperature
curve (blue) is far below the freezing point under the peak sunlight.
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Figure 10: Experimental results showing large temperature reduction for sub-ambient radiative
cooling in a 24-h day-night cycle [27].

4.3 Thin Film PDMS

Research about the development of a Janus emitter (JET) is made of a Silver-polydimethylsiloxane
(PDMS) layer on a micropatterned quartz substrate is investigated by S. Y. Heo et al. (2020) [28].
This emitter exhibits a greater ability to passively cool surfaces underneath and spaces that are



enclosed under it. Stationary automobiles are one of the many examples of applications where this
emitter can be used successfully (Figure 11A). The fabricated sample is shown in Figure 11B
consist of a PDMS layer (4 um), silver layer (100 nm), and a micro-patterned quartz layer (500
um) that is again coated with PDMS (10 pm) on the bottom. The top side possesses the optical
property of selective emission matching the atmospheric and the bottom side possesses the optical
property of absorbing broadband inner thermal radiation. The Ag layer works as a reflector of the
solar spectrum that isolates the top and bottom sides in the far-IR (FIR) region. Thus, this Janus
emitter can absorb IR waves from an enclosure or surface and radiate heat to the ultracold space.
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Figure 11: JET emitter. (A) Schematic of JET application to a stationary automobile under direct
sunlight. (Inset) photograph of JET exhibiting strong reflection in the visible range. Photo credit:
Yeong Jae Kim, GIST. (B) Magnified structural view of JET [28].

The emissivity spectrum of the JET emitter is simulated and measured for sides of the selective
emitter (SE) and broadband emitter (BE) that is shown in Figure 12. The measured data shows that
the emitter has near-ideal features in both SE and BE sides.
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Figure 12: Measured and simulated data of emissivity spectra for the (left) SE and (right) BE of
fabricated JET [28].

4.4 Metamaterials

The scaling of tapered metamaterials due to their geometric shapes is still challenging and that is
why Q. Liu et al. proposed a non-tapered metamaterial emitter with vertical sidewalls that has
potentials for radiative cooling applications [29].



The structure of the emitter is shown in Figure 13. The term W denotes the width of pairs (3um),
P denotes the periodicity of the unit cell (5 um). The array is positioned on Aluminium substrates
(150 nm) and each array has eight metal and dielectric composite pairs with a filling ratio of Ge to
MgF: (increased from 0 to 0.7 while gradually approaching the substrate). In the tapered emitters,
the thermal radiation bandwidth is governed by the ratio of top to bottom width of the structure
unit cells. In this non-tapered emitter, it is only governed by the width of unit cells and the
thicknesses of dielectric building blocks.
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Figure 13: Schematic of the non-tapered metamaterial emitter with the multi-layer filling of Ge
to MgF» [29].

The experimental results of non-tapered metamaterial emitter show a highly selective emission at
the ATW with an average emissivity of 0.8 (Figure 14).
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Figure 14: Absorptivity/emissivity spectra of the non-tapered metamaterial structure (red line)
with the blue curve being the atmospheric transmittance [29].

This performance is believed to have the potential to reach a low-temperature limit of 55 K below
the atmospheric temperature (close to the theoretical limit of the ideal emitter, 60K) if any parasitic
heat can be eliminated.



S. PLAN OF ACTION

According to J. N. Munday (2020), at present, the Earth is absorbing nearly 1 W/m? which is more
than it is emitting, leading to an overall warming of our climate because the heat is getting trapped
by the greenhouse effect [1]. The temperature of the earth is already 1 degree higher than the pre-
industrial era, mainly due to this greenhouse gas (GHG) emission destroying the ozone layer in
the atmosphere. Munday hopes that if the recently developed heat radiating supercool materials
that can radiate at least 100 W/m? heat (in the form of IR radiation) to the cold space are used
properly, it is possible to mitigate global warming before it is too late. These materials can be
manufactured roll-to-roll or sometimes can be deposited as paint onto surfaces.

An arbitrary calculation is proposed- to offset 1 W/m? globally, approximately 5%10'> m? of
surface needs to be covered with 100 W/m? radiative emitter materials. These surfaces can be
either constructed in the desert areas or can be distributed evenly throughout the earth into 20 equal
squares (Figure 15).

Figure 15: White rectangles represent 4 desert regions with population densities < 1 person/km?
and a total area of 5%10'? m? (left); the Same area is divided into 20 equal white squares around
the world for simplicity [1].

6. CHALLENGES

While the idea of a passive heat radiation system seems to be very convenient and works
impressively, some challenges need to be addressed.

First and foremost, it does not work very well under a cloudy sky or in a humid area [33] and thus
can be assumed that it will not work during rainfall or if there is fog surrounding the set up [34].
The parasitic cooling loss and relative humidity have significant impacts on the nighttime RC
performance [10]. Water blocks the IR radiation and thus prevents it to function properly.

Secondly, researchers have been able to prove the functionality of the material with different
structures, in most cases, they are done under lab set up and with some expensive materials [27].
Materials needed to be surface treated to develop grating or other specific characteristics. The
material is susceptible to abrasion and mechanical damage which makes it hard and expensive to
go for mass production. There have been few successes to manufacture these inflexible sheets that
are available in a roll [35] or to choose the process and the materials in such a way that mass
production is possible [11].



Finally, although the application of these materials claims to eliminate the energy required for
cooling and contribute to saving the earth from global warming, it is not clear that how much
greenhouse gas would be generated while going into the mass production of these materials and
associate structures to bring the ideas into life.

7. OTHER SCOPES

The passive heat radiating materials might cause unwanted heat loss during winter. Therefore, an
approach to self-adaptation to shut-off the cooling system during winter is needed. The
temperature-controlled phase change structure (TCPCS) study illustrated a design of a V-shaped
structure that works as a heater during winter using the coating of black chromium (solar
absorption coefficient 92.27%), and blue titanium (solar absorption coefficient 95.58%) [7]. With
a similar design installed and working successfully, it would be possible to save energy throughout
the year regardless of seasons.

Another research work proved that it is possible to generate electricity from the negative
illumination effect at night with the potential of passive radiative materials which is a simple, low-
cost way (Figure 16). A thermoelectric module has been designed that can generate enough
electricity to passively power a light-emitting diode (LED) at night, enabling battery-free off-grid
lighting [30]. The ambient air surrounding Earth’s surface works as the heat source and the outer
space works as the cold sink for this novel night-time heat engine. Similar work is done with an
infrared sky-facing semiconductor diode to experimentally establish the generation of electric
power directly from the coldness of the universe [31]. Application of radiative sky cooling is also
used for building a RadiCold module to cool down water to 10.6°C below ambient conditions at
midday under fixed circumstances [32]. Apart from these, the cooling methods and materials can
be useful for worldwide energy-saving applications such as in large and tall buildings- residency
and industry, outdoor water reservoirs, and in automotive vehicles [7].

LED

m

Radiative cooler

Thermoelectric
Generator

Figure 16: Power generation device based on thermoelectric generators where heat is radiated to
the cold of space by facing the night sky. (Inset) photograph of the LED in power [30].

If engineered properly, these materials have the potential to be used in atmospheric water
generators to aid the generation process from moist air at lower or no energy cost.



8. SUMMARY

A table is given below to summarize the finding of four types of materials that are discussed in

this paper.

Table 1: Summary table to illustrate each type of super-cool materials, their objectives, and

notable results.

Types of Materials

Objective

Results

A | Silicon Dioxide with
the silver layer

The performance of daytime
radiative cooling (DRC) under
various clear sky conditions
was explored.

The negative effect of solar
radiation and the water vapor on
the cooling performance,
location: Beijing and Hefei.

B Silicon Nitride

An apparatus was
demonstrated to achieve sub-
freezing cooling under direct
sunlight.

An impressive sub-freezing
cooling regardless of the time of
the day or night under the peak
sunlight. The fabrication details
of the emitter are not clear.

C Thin Film PDMS

A Janus emitter (JET) is
developed that can passively
cool open or enclosed surfaces
under it.

Exhibition of near-ideal features
in both its selective emitter and
broadband emitter side. Suitable
for stationary automobiles
application.

D Metamaterials

A non-tapered metamaterial
emitter was with vertical
sidewalls was fabricated with
potentials for radiative cooling
applications.

A high average emissivity of
0.8 with the potential to reach a
temperature limit of 55 K below
the atmospheric temperature.

9. CONCLUSIONS

It is well known that a huge amount of energy is consumed during summer and winter for cooling
and heating load respectively in buildings. Abundant material like silicon and its compound has
the unique characteristics of IR radiating capacity by nature, whereas the other materials like
metamaterials need to be engineered carefully to achieve the desired optical and electromagnetic
characteristics. Hence, the summary of this review paper can be stated as follows:

1. The fingerprint region which falls under the IR spectrum is like a human fingerprint because
it is distinctive for any given compound. All the polymers have their unique fingerprint
regions which make these materials potentially eligible to use in the application of radiative
cooling.



2. With the right apparatus set up and right selective emitter of silicon compound (Si3N4), it is

even possible to reduce the temperature to sub-zero enabling it a potential option for an off-
grid refrigeration system even in a deserted area.

The PV-RC integrated module can be a great fit for electricity generation with a facility of
having an effective cooling system. Since PV is already a well-developed technology,
pairing the RC module with this might reduce some complexity and attract user interest.

Metamaterials can be designed and mass-manufactured without much surface treatment with
limited alteration of their surface geometry and still, can be a good candidate for RC
application. There is also a wide range of materials and their combination to work with.

The heat radiative materials, if used and applied smartly throughout the world, theoretically,
it seems possible enough to cope with the global warming problem.

But again, some terms of sustainability behind the fabrication process such as carbon footprint and
life cycle analysis should be addressed while considering the applicability of these materials. The
longevity of all the materials along with their structure is also an issue that should be taken into
consideration because mostly they would be exposed to the open atmosphere. Finally, no approach
is good enough until or unless combined effort of reducing greenhouse gas emission is taken side
by side.

[1]

[2]

[3]

[4]
[5]
[6]

[7]
[8]

[9]

10. REFERENCES

J. N. Munday, “Tackling Climate Change through Radiative Cooling,” Joule, vol. 3, no. 9.
Cell Press, pp. 2057-2060, 18-Sep-2019.

T. Ming, R. De Richter, W. Liu, and S. Caillol, “Fighting global warming by climate
engineering: Is the Earth radiation management and the solar radiation management any
option for fighting climate change,” Renewable and Sustainable Energy Reviews, vol. 31.
Elsevier Ltd, pp. 792-834, 2014.

J. Liu, Z. Zhou, J. Zhang, W. Feng, and J. Zuo, “Advances and challenges in
commercializing radiative cooling,” Materials Today Physics, vol. 11. Elsevier Ltd, 01-
Dec-2019.

“infrared radiation | Definition, Wavelengths, & Facts | Britannica.” [Online]. Available:
https://www .britannica.com/science/infrared-radiation. [Accessed: 06-Nov-2020].
“electromagnetic spectrum | Definition, Diagram, & Uses | Britannica.” [Online]. Available:
https://www .britannica.com/science/electromagnetic-spectrum. [Accessed: 06-Nov-2020].
A. Aili, Z. Y. Wei, Y. Z. Chen, D. L. Zhao, R. G. Yang, and X. B. Yin, “Selection of
polymers with functional groups for daytime radiative cooling,” Mater. Today Phys., vol.
10, p. 100127, Aug. 2019.

Z. Xia, Z. Fang, Z. Zhang, K. Shi, and Z. Meng, “Easy Way to Achieve Self-Adaptive
Cooling of Passive Radiative Materials,” ACS Appl. Mater. Interfaces, vol. 12, p. 11, 2020.
Z. Cheng, F. Wang, H. Wang, H. Liang, and L. Ma, “Effect of embedded polydisperse glass
microspheres on radiative cooling of a coating,” Int. J. Therm. Sci., vol. 140, pp. 358-367,
Jun. 2019.

X. Gan, D. Xu, and Y. Lv, “Fabrication of TiO 2-coated ZrO 2 fibers for heat radiative
applications,” Mater. Chem. Phys., vol. 251, p. 123111, 2020.



[10]

[11]

[12]
[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]
[27]

[28]

B. Zhao et al., “Performance analysis of a hybrid system combining photovoltaic and
nighttime radiative cooling,” Appl. Energy, vol. 252, Oct. 2019.

X. Ao, M. Hu, B. Zhao, N. Chen, G. Pei, and C. Zou, “Preliminary experimental study of a
specular and a diffuse surface for daytime radiative cooling,” Sol. Energy Mater. Sol. Cells,
vol. 191, pp. 290-296, Mar. 2019.

B. Zhao, X. Ao, N. Chen, Q. Xuan, M. Hu, and G. Pei, “General strategy of passive sub-
ambient daytime radiative cooling,” 2019.

B. Zhao et al., “A novel strategy for a building-integrated diurnal photovoltaic and all-day
radiative cooling system,” Energy, vol. 183, pp. 892-900, Sep. 2019.

D. Zhao, A. Aili, X. Yin, G. Tan, and R. Yang, “Roof-integrated radiative air-cooling
system to achieve cooler attic for building energy saving,” Energy Build., vol. 203, Nov.
2019.

P. Yang, C. Chen, and Z. M. Zhang, “A dual-layer structure with record-high solar
reflectance for daytime radiative cooling,” Sol. Energy, vol. 169, pp. 316-324, Jul. 2018.
Z. Huang and X. Ruan, “Nanoparticle embedded double-layer coating for daytime radiative
cooling,” Int. J. Heat Mass Transf., vol. 104, pp. 890-896, Jan. 2017.

J. Peoples, X. Li, Y. Lv, J. Qiu, Z. Huang, and X. Ruan, “A strategy of hierarchical particle
sizes in nanoparticle composite for enhancing solar reflection,” Int. J. Heat Mass Transf-,
vol. 131, pp. 487—494, Mar. 2019.

S. Meng et al., “Scalable dual-layer film with broadband infrared emission for sub-ambient
daytime radiative cooling,” Sol. Energy Mater. Sol. Cells, vol. 208, May 2020.

M. Gao et al., “Approach to fabricating high-performance cooler with near-ideal emissive
spectrum for above-ambient air temperature radiative cooling,” Sol. Energy Mater. Sol.
Cells, vol. 200, Sep. 2019.

G. Wei, D. Yang, T. Zhang, X. Yue, and F. Qiu, “Fabrication of multifunctional coating
with high luminous transmittance, self-cleaning and radiative cooling performances for
energy-efficient windows,” Sol. Energy Mater. Sol. Cells, vol. 202, Nov. 2019.

S. Y. Jeong, C. Y. Tso, Y. M. Wong, C. Y. H. Chao, and B. Huang, “Daytime passive
radiative cooling by ultra emissive bio-inspired polymeric surface,” Sol. Energy Mater. Sol.
Cells, vol. 206, Mar. 2020.

M. M. Hossain, B. Jia, and M. Gu, “A Metamaterial Emitter for Highly Efficient Radiative
Cooling,” Adv. Opt. Mater., vol. 3, no. 8, pp. 1047-1051, Aug. 2015.

D. Wu et al., “The design of ultra-broadband selective near-perfect absorber based on
photonic structures to achieve near-ideal daytime radiative cooling,” Mater. Des., vol. 139,
pp. 104-111, Feb. 2018.

K. Zhang, D. Zhao, X. Yin, R. Yang, and G. Tan, “Energy saving and economic analysis of
a new hybrid radiative cooling system for single-family houses in the USA,” 2018.

Yao Zhai et al., “Scalable-manufactured randomized glass-polymer hybrid metamaterial for
daytime radiative cooling,” Science (80-. )., vol. 355, no. 6329, pp. 1058-1062, Mar. 2017.
B. Zhao, M. Hu, X. Ao, and G. Pei, “Performance evaluation of daytime radiative cooling
under different clear sky conditions,” Appl. Therm. Eng., vol. 155, pp. 660—666, Jun. 2019.
Z. Chen, L. Zhu, A. Raman, and S. Fan, “Radiative cooling to deep sub-freezing
temperatures through a 24-h day-night cycle,” Nat. Commun., vol. 7, Dec. 2016.

S. Y. Heo et al., “A Janus emitter for passive heat release from enclosures,” 2020.



[29]

[30]

[31]

[32]

[33]

[34]

[35]

Q. Liu, W. Wu, S. Lin, H. Xu, Y. Lu, and W. Song, “Non-tapered metamaterial emitters for
radiative cooling to low temperature limit,” Opt. Commun., vol. 450, pp. 246-251, Nov.
2019.

A. P. Raman, W. Li, and S. Fan, “Generating Light from Darkness,” Joule, vol. 3, no. 11,
pp- 2679-2686, Nov. 2019.

M. Ono, P. Santhanam, W. Li, B. Zhao, and S. Fan, “Experimental demonstration of energy
harvesting from the sky using the negative illumination effect of a semiconductor
photodiode,” Appl. Phys. Lett., vol. 114, no. 16, Apr. 2019.

D. Zhao et al., “Subambient Cooling of Water: Toward Real-World Applications of
Daytime Radiative Cooling,” Joule, vol. 3, no. 1, pp. 111-123, Jan. 2019.

C. Liu, Y. Wu, B. Wang, C. Y. Zhao, and H. Bao, “Effect of atmospheric water vapor on
radiative cooling performance of different surfaces,” Sol. Energy, vol. 183, pp. 218-225,
May 2019.

M. Li and C. F. M. Coimbra, “On the effective spectral emissivity of clear skies and the
radiative cooling potential of selectively designed materials,” Int. J. Heat Mass Transf., vol.
135, pp. 1053-1062, Jun. 2019.

“New metamaterial enhances natural cooling without power input — Physics World.”
[Online].  Available:  https://physicsworld.com/a/new-metamaterial-enhances-natural-
cooling-without-power-input/. [Accessed: 07-Nov-2020].



	A Review of Super-cool Passive Heat Radiating Materials
	1. INTRODUCTION
	2. Background
	2.1 Infrared Radiation (IR)
	2.2 Atmospheric Transparency Window (ATW)

	3. Recent scenario of research
	4. Review of selected materials
	4.1 Silicon Dioxide (SiO2) with the silver (Ag) layer
	4.2 Silicon Nitride (Si3N4)
	4.3 Thin Film PDMS
	4.4 Metamaterials

	5. Plan of action
	6. Challenges
	7. other scopes
	8. Summary
	9. Conclusions
	10.  References

