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a b s t r a c t

Radiative cooling (RC) dissipates terrestrial heat to outer space through the atmospheric window,
without external energy input and production of environmental pollutants. More and more efforts have
been devoted to this clean promising cooling technology; thus diverse radiative coolers have emerged.
However, the performance, cost, and effectiveness of various radiative coolers are not exactly the same.
In addition, the large-scale application of RC technology is impeded by the low energy density, uncon-
trollable cooling power, and limited sky-facing area. Here, we critically review the recent progress of RC
technology, evaluate the cooling performance of various radiative coolers, and discuss the challenges and
feasible solutions to commercialize RC technology. Furthermore, valuable insights are provided to make
new breakthroughs in this field.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Radiative cooling (RC) can eliminate heat to outer space at 3K
through the atmospheric window, not only reducing the fossil
energy consumption through refrigeration but also mitigating the
global warming effect. As a promising next-generation cooling
technology, RC has been extensively investigated in the past de-
cades [1e5]. However, daytime RC has not been demonstrated until
recently [6]. Different from nocturnal RC, solar absorption is the
critical factor for daytime RC, instead of mid-infrared emission.
Therefore, it is imperative to simultaneously achieve high mid-
infrared emission and low solar absorption to break through the
day and night restriction and achieve all-day RC.

With the development of nanophotonics, there emerge more
and more opportunities to design the radiative coolers for different
applications. To achieve daytime RC, it is essential to minimize the
solar absorption and maximize mid-infrared emission. Specifically,
radiative coolers can achieve high solar reflectivity via exploiting
high reflective metal or porous structure. For mid-infrared emis-
sion, when the photonic structure feature size is close to the
wavelength, through the interference effect, one can tailor different
spectral resonances to design the desired photonic radiative
weifeng@lbl.gov (W. Feng).
coolers, including planar multilayer one dimensional (1D) struc-
ture, multilayer two dimensional (2D) structure, metamaterial and
metasurface.

Although scalable radiative coolers enable this technology to
manufacture on a large scale [7,8], the high cost still hinders the
progress significantly. Here, we review state-of-the-art advances in
RC and highlight the efforts to improve the infrared emission and
reduce the solar absorption of radiative coolers. We then discuss
the promising applications, including building cooling (BC),
photovoltaic cooling (PC), cryogenic cooling (CC), and energy har-
vesting (EH), each of which requires different spectral emission
profiles. Subsequently, we presented an overview of main chal-
lenges to commercialize this promising technology, including the
low energy density, uncontrollable cooling power, and limited sky-
facing area. In addition, we provided the valuable insights to
facilitate the large-scale application and make new breakthroughs
in the RC field.
2. Principles of RC

We start with a discussion of net cooling power in this review.
From the thermodynamic point of view, the cooling performance of
radiative coolers under direct sunlight is explored. Considering a
radiative cooler with the spectral and angular emissivity εðl;qÞ at a
temperature of Tr , exposed to the direct sunlight, the net RC power
can be expressed as follows:
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PcoolðTrÞ¼ PrðTrÞ� PaðTaÞ� Psun � Pcondþconv (1)

The radiation intensity of the radiative cooler with area A is
defined as follows:

PrðTrÞ¼2pA
ðp2

0

dq sin q cos q
ð∞

0

dlIBðTr; lÞεðl; qÞ (2)

And the atmospheric radiation intensity absorbed by the radi-
ative cooler is defined as follows:

PaðTaÞ¼2pA
ðp2

0

dq sin q cos q
ð∞

0

dlIBðTa; lÞεðl; qÞεatmðl; qÞ (3)

where IBðT ; lÞ is the spectral radiation of a black body at the tem-
perature of Tr or Ta (ambient temperature) at any wavelength l by
Plank's law.

The spectral and angular emissivity of the atmosphere is given
as follows:

εatmðl; qÞ ¼ 1� tðlÞ1=cosðqÞ (4)

where, tðlÞ is the atmospheric infrared transmittance in the zenith
direction and can be available from MODTRAN (2018).

To explore the RC performance in different regions under
different atmospheric environment, some atmospheric emission
models are used in some studies. The model used most is proposed
by Berdahl et al. [4].

εa ¼0:711þ0:56
�
Tdp
100

�
þ 0:73

�
Tdp
100

�2

(5)

where, Tdp is the dew point temperature. Li et al. [9] corrected the
model with the atmospheric emissivity in different regions of the
United States, and the relative error of the model is less than 5%.
Thus, the model can accurately depict the atmospheric infrared
emissivity in different regions.

For cloudy days, the aforementioned model needs to be modi-
fied according to the cloud amount in the sky using Equation (6)
[10].

εatm ¼ð1þ0:026CÞεa (6)

where, C is the amount of clouds, which can be estimated by the
area of clouds in the sky, from 0 to 10, indicating cloudless to cloudy
days.

The solar radiation absorbed by the radiative cooler must be
considered for daytime RC. And the solar intensity absorbed by the
radiative cooler is expressed as follows:

Psun ¼A
ð∞

0

dlεsðl;0ÞIsolarðlÞ (7)

where, εsðl;0Þ is the solar absorptivity of the radiative cooler at a
fixed angle 0. For the opaque radiative coolers, the solar absorp-
tivity is given by εsðl; 0Þ ¼ 1� rsðl; 0Þ, where rsðl;0Þ is the solar
reflectivity, which can be measured by UV-Vis-NIR spectropho-
tometer equipped with integrating sphere.

Non-radiative heat exchange (NRHE) includes convection and
conduction between the radiative cooler and the surrounding. For
above-ambient cooling, for example, photovoltaic cooling, NRHE is
conducive to heat dissipation, whereas for subambient cooling,
NRHE is adverse to the reduction of radiative cooler temperature.
And thewind cover with highmid-infrared transmittance is used to
reduce the NRHE. The NRHE intensity can be expressed as follows:

PcondþconvðTr ; TaÞ¼AhcðTa � TrÞ (8)

where, hc is the combined NRHE coefficient stemming from the
conductive and convective heat exchange. Early experimental
studies on solar flat panel reveal that the effect of wind speed on
NRHE can be quantified by linear correlation [11,12].

hc ¼ aþ bv (9)
3. Advances in RC

3.1. Suppression of solar absorption

The key to achieve daytime RC is to suppress the solar absorp-
tion of the radiative coolers. Decades ago, a high-infrared trans-
parent polymer embedded with nanoparticles (e.g. ZnS, ZnO, or
TiO2) was used as a solar reflector, that is, spatially above the
radiative coolers. Nevertheless, the radiative coolers cannot be
cooled below ambient because of its incapability to effectively
reflect sunlight (less than 85%) (Fig. 1a) [13,14]. However, with the
high reflective metal coating (e.g. Ag, Al), the solar reflectivity of
radiative coolers can be improved to achieve daytime RC. However,
it is worth noting that the solar transmissivity of emission layers
must be high enough to reduce the solar absorption (Fig.1b) [15,16].
Similarly, it is viable to reduce the solar absorption by integrating
the emitters with alternating high-index and low-index multilayer
structure, which can further improve the solar reflectivity (Fig. 1c)
[6,17,18].

It is well established that Mie scattering can be used to reduce
the solar absorption of radiative coolers, with benefits of avoiding
the use of precious metals and reducing the overall cost of RC
technology. By optimizing the TiO2 coating [19,20], the SiO2 coating
[21], the porous polymer [8], cooling wood [22], and aluminum
phosphate [23], the scattering mean free path can be minimized,
thus the solar absorption can be effectively reduced. Meanwhile,
the impedance matching between the radiative coolers and the
surrounding medium (air) is effectively improved, leading to a
slight increase of the mid-infrared emission (Fig. 1f). In addition,
one can also take advantage of the angular confinement of the solar
flux and use sunshade to prevent radiative coolers from absorbing
the direct sunlight, and the absorption of diffuse sunlight can be
suppressed by nanoporous polyethylene film [24,25]. Thus, radia-
tive coolers can achieve less than 5% solar absorptivity (Fig. 1d and
e). Moreover, with the development of nanophotonics, near-unity
of solar reflectivity can be achieved with the infrared transparent
solar spectral grating (Fig. 1g) [26] and all-dielectric metasurfaces,
consisting of nanoscale high-index resonators [27,28]. Further-
more, another method to suppress the solar absorption is to use
solar absorption materials (e.g. photothermal, photoelectric, or
filter layer) to harness solar energy, not only reducing the corre-
sponding solar absorption but also making effective use of solar
energy (Fig. 1h). However, it is worth noting that the solar ab-
sorption materials must have a high-infrared transmissivity to
implement RC.
3.2. Improvement of mid-infrared emission

There are enormous approaches to improve mid-infrared
emission of radiative coolers. This review only covers the recent
proposed photonic radiative coolers. With the development of



Fig. 1. Suppression of solar absorption. (a) A wind cover consisting of the high-infrared transmission polymer (e.g. polyethylene) and nanoparticles (ZnS, ZnO, or TiO2) is spatially
above the radiative cooler. (b) High reflective metal layers (e.g. Ag, Al) are coated under the emitters, which have high solar transmissivity. (c) Alternating high-index and low-index
multilayer structure is integrated with the emitter to suppress the solar absorption. (d) High reflective shade is used to prevent emitter from absorbing direct solar radiation and
nanoporous polyethylene film is used to suppress the absorption of diffuse sunlight. (e) Experimental device of the directional daytime RC with a polished aluminum reflector to
reflect the direct sunlight [25]. Reproduced with permission from Bhatia et al., Nat. Commun. 9 (2018) 5001. Copyright 2018 Nature Publishing Group. (f) The SiO2 coating can
effectively reduce the solar absorption and increase the mid-infrared emission. (g) An infrared transparent solar spectral grating can suppress the solar absorption. (h) The materials
absorbing solar radiation (photothermal, photoelectric, or filter layer) can reduce the solar absorption of the emitters. RC ¼ radiative cooling.
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nanophotonics, the spectral profiles of radiative coolers can be
tailored according to actual applications.
3.2.1. One dimensional and 2D photonic structure
When the feature size of photonic structure is close to the

wavelength, the interference effect can tailor different spectral
resonances to design the desired photonic radiative coolers. Planar
multilayer 1D structure [6,24,29], multilayer 2D structure [18,30],
metamaterial [31], and metasurface [32] can all achieve low sun-
light absorption and high mid-infrared emission. By optimizing the
planar 1D structure of materials (e.g. SiO2, TiO2, Al2O3, and HfO2),
which is loss in the mid-infrared wavelength range and not lossless
in the solar wavelength range, one can achieve less than 5% solar
absorption and high mid-infrared emission (Fig. 2a).

For instance, owing to phonon polariton resonance, SiO2 has a
very high absorption peak near 9.3 mm. By tailoring the emission
profile of HfO2 and SiO2 in infrared wavelength range and coating
with the reflective layer, consisting of the alternating HfO2 (high-
index) and SiO2 (low-index) layer and silver coating, daytime RC is
achieved for the first time, but the radiative cooler has an infrared
emissivity of less than 0.7 in the atmospheric window [6]. In
addition, the proposed photonic structure achieved the selective
emission in the atmospheric window (8e13 mm), mainly due to the
special phonon polariton resonance of the materials in the atmo-
spheric window and the special number and thickness of layers.
Conversely, some researchers optimize the photonic structure
proposed by Raman et al. [6] to achieve higher emissivity in the
atmospheric window. And Al2O3 [16] or TiO2 [29] was used to
replace the HfO2 layer, indeed with the reasonable optimization,
they achieved the emissivity of 0.8 and 0.96 in the atmospheric
window with the similar structure, respectively. However, the
photonic structure loses the characteristic of selective emission.
The main reason behind is that Al2O3 and TiO2 have the strong
phonon resonance absorption (as revealed by the imaginary part of
permittivity) beyond the atmospheric window (e.g. in the wave-
length range of 20e25 mm). Even with the reasonable design and
optimization, for example, needle optimization, simulated
annealing, and jump method, one must make a trade in spectral
selectivity and high emissivity owing to the lack of suitable mate-
rials and overall cost. To date, most researchers incline to use the
radiative coolers with high emissivity, owing to the low available
energy density of the RC technology.

Compared with the planar multilayer 1D structures, multilayer
2D structures have a higher degree of freedom, which is beneficial
to tailor the spectral emission (Fig. 2b). By introducing 2D periodic
array of square air holes in SiO2 and SiC layers, as well as multilayer
TiO2 (high-index) and MgF2 (low-index) 1D structure with silver
coating as the bottom, the 2D radiative cooler achieves a solar ab-
sorption of 97% and near-unity mid-infrared emission in the at-
mospheric window and the second atmospheric window
(16e25 mm) [13]. By analogy with moth-eye effect, near-unity mid-
infrared emission can be achieved in the wavelength range of
8e27 mm using multilayer Al2O3 and SiO2 micropyramid arrays
[30]. It is worth noting that the two 2D structures can exploit a high
emissivity in the second atmospheric window, helping to improve
the overall cooling power.
3.2.2. Metamaterial and metasurface
In addition, metamaterials have the advantage of supporting

both local and lattice resonance modes, which also increase the
flexibility of design. Owing to the slow light modes, the special 2D
metamaterial structure, consisting of a symmetrical conical



Fig. 2. Improvement of mid-infrared emission. (a, b) Schematics of a planar multilayer 1D structure and multilayer 2D structure, consisting of different index dielectric. (c) Image of
conical cylindrical metamaterial, comprising of alternate metal and dielectric. (d, e) Schematics of NPMs, including two complementary nanoparticles and a single nanoparticle,
respectively. (f) Image of hierarchically porous polymer coating [33]. Adapted with permission from Mandal et al., Science 362 (2018) 315e319. Copyright 2018 the American
Association for the Advancement of Science. (g) The infrared spectral complementarity of SiO2 and SiC in the atmospheric window. Reproduced with permission from Gentle et al.
Nano Lett. 10 (2010) 373e379. Copyright 2010 American Chemical Society. (h) The imaginary part of refractive index for the glass-polymer hybrid metamaterial (top) and the
corresponding infrared emissivity (below) [7]. Reproduced with permission from Zhai et al., Science 355 (2017) 1062e1066. Copyright 2017 the American Association for the
Advancement of Science. (i) Classification of the recently proposed radiative coolers according to the infrared emissivity inside and outside the atmospheric window, which are
applicable to different directions. From left to right, EH, CC, BC and PC are represented with different shades of color. Reference list: NPM (2010) [33], 2D emitter (2013) [18], 1D
emitter (2014) [6], metamaterial (MM) (2015) [31], polymer (2015) [17], 1D emitter (2016) [24], metasurface (2017) [32], MM (2017) [7], NPM (2017) [20], polymer (2017) [35], 2D
emitter (2018) [30], polymer (2018) [8], NPM (2018) [21], metasurface (2018) [103], 1D emitter (2018) [29], Al2O3 (2019) [36]. EH ¼ energy harvesting, CC ¼ cryogenic cooling, BC ¼
building cooling, PC ¼ photovoltaic cooling, NPM ¼ nanoparticle mixture material.
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cylindrical arrays of multilayer metal aluminum and dielectric
germanium, achieves near-unity infrared emissions in the wave-
length range of 8e13 mm (Fig. 2c) [32]. Owing to the introduction of
metal with the low solar transmissivity, the daytime RC cannot be
achieved with the silver coating. However, the 2D metamaterial
structure can achieve daytime RCwith a high reflective sunshade or
an infrared transparent solar spectral grating in Fig. 1g and h.
Moreover, the dielectric resonance metasurface can support many
resonancemodes and tailor the spectral profiles of radiative coolers
efficiently. The phosphorous-doped n-type silicon is combined
with the Ag coating (reflecting non-resonant band) to form a
metasurface to realize broadband plasma resonance, thereby
achieving high-infrared emission in the wavelength range of
4e13 mm [32].

Although photonic structures can effectively tailor the emission
of radiative coolers, multilayer 2D structures, metamaterials, and
metasurfaces all use complex manufacture procedures (e.g. elec-
tron beam lithography, nanoimprint lithography, and reactive ion
etching). Thus, the immaturity and high cost of micro-
nanofabrication technology have limited their potential applica-
tions on a large scale. For planar multilayer 1D structure, the
process of gel precipitation and magnetron sputtering can be used,
but the high cost of the processing technology and materials still
impede the large-scale application of the structure.
3.2.3. Scalable RC materials
In recent years, more and more efforts have been devoted to the

scalable RC materials. Nanoparticle mixture materials [7,33] and
polymer materials [8,17,34,35] are the first choice for large-area
applications, because of low cost and mature manufacture tech-
nology. It is well established that SiO2 nanoparticles stand out with
a surface phonon resonance (electric dipolar) for the wavelength
range of 8e10 mm, which cannot cover the whole atmospheric
window. For the wavelength range of 10e13 mm, some other
nanoparticles can be used to achieve the higher emissivity in the
whole atmospheric window, for example, SiC [33] and CaMoO4 [36]
(Fig. 2d and g).

In addition, taking advantage of phonon-enhanced high-order
resonances (both electric and magnetic modes), the polar dielectric
SiO2 nanoparticles (particle size of 8 mm) are randomly embedded
in the polymer polymethyl-pentene (TPX) to enhance the infrared
emission. The imaginary part of refractive index for the dielectric
SiO2 nanoparticles with different particle sizes was plotted in
Fig. 2h, and it can be clearly seen that the nanoparticles with the
particle size of 8 mm have the resonance absorption peak covering
the atmospheric window. However, owing to the infrared absorp-
tion of the polymer (TPX) beyond the atmospheric window, the
metamaterial film lost the spectral selectivity in the atmospheric
window (Fig. 2e). Perhaps, low density polyethylene can be the
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suitable substrate for the metamaterial to achieve the better
spectral selectivity because of low absorption of the thin poly-
ethylene film in the mid-infrared band. But the poor weather
resistance of the polyethylene film may place some restrictions on
the application of metamaterial film. In addition, it is worth noting
that the metamaterial can be fabricated roll to roll with advantages
of low cost and scalable fabrication [7]. Similarly, one can further
tune the particle size of SiO2 microspheres (e.g. 2 mm), optimize the
filling rate and scattering mean free path, and choose spraying or
colloidal precipitation to fabricate the radiative coolers, not only
effectively scattering solar radiation but also enhancing the mid-
infrared emission [21].

Moreover, similar to nanoparticles embedded in polymer, one
can use the materials with the high-infrared emission to form the
porous structure to achieve the low solar absorption and high mid-
infrared emission. In this way, near-unity emission in the wave-
length range of 7e18 mmcan be achieved by porous polymer coating
with the hierarchical pore near 0.2 mmand 5 mm to effectively scatter
the visible and near-infrared light, respectively. Meanwhile, the hi-
erarchically porous polymer has the higher mid-infrared emissivity
than the bulk polymer because of the better impedancematching of
the porous polymer and the air (Fig. 2f) [8]. It is worth noting that
the phase inversion method used in the porous polymer is simple,
inexpensive, and scalable to reduce the overall cost of RC technology.
However, owing to the vibration absorption of the polymer beyond
the atmospheric window, the hierarchically porous polymer loses
the spectral selectivity, and it is still a challenge to seek out suitable
materials to achieve the spectral selective radiative coolers, using
the phase inversion method. Similarly, the effective medium theory
is used to optimize the porosity of Al2O3, produced by chemical
anodization. As a result, the impedance matching between the
radiative cooler and surrounding medium (air) is improved, and the
emissivity of Al2O3 in mid-infrared wavelength range is improved
significantly without affecting the solar transmissivity [37].

3.2.4. Classification of RC materials
The solar absorptivity can be used to evaluate the performance of

various approaches to suppress the solar absorption. In general, less
than 10% solar absorptivity can meet the need of daytime RC in the
arid mid latitudes. However, it is more complex to evaluate the
infrared emission performance of radiative coolers. Generally, the
net cooling power at ambient temperature and stagnation temper-
ature has been the common indicators to evaluate the infrared
emission performance. However, the standard of ambient tempera-
ture and the cooling power used in previous studies varied signifi-
cantly (e.g. some use the maximumvalue [35], whereas others adopt
the average value [8,13]). Moreover, the NRHE has a significant
impact on stagnation temperature. For instance, the average stag-
nation temperature of 37 K below ambient can be achieved in vac-
uum [24], whereas the radiative cooler temperature below ambient
cannot be achieved without cover shield [20]. It is difficult to
compare the infrared emission performance of different radiative
coolers with these two indicators. However, it is recognized that the
above two indicators are the concretion of the radiative coolers'
infrared emission profiles. Thus, the performance of different radi-
ative coolers can be evaluated by comparing the average infrared
emissivity inside and outside the atmospheric window. To that end,
we summarized the infrared emission profiles of radiative coolers in
recent years and classified the radiative coolers into four main ap-
plications, that is, BC, PC, CC, and EH (Fig. 2i).

3.3. Promising RC applications

There are extensive applications of RC including BC, PC, CC,
and EH. Especially for remote areas, RC can be used to refrigerate,
even to cool below the dew point temperature, and harvest fresh
water [38].

3.3.1. Building cooling
BC is similar to the aforementioned cooling devices. In general,

wind cover is required to suppress the non-radiation heat ex-
change. To date, polyethylene with about the thickness of 10 mm is
mainly used for subambient RC. However, due to low strength, thin
polyethylene does not support the cooling devices making into a
vacuum chamber or filled with rare gases to further reduce the heat
coefficient. In addition, with the effect of ultraviolet radiation, the
thin polyethylene ages in a fast speed. Despite the high strength,
the utilization of ZnS and ZnSe sheets in BC is limited because of
their low solar transmissivity and high cost.

Furthermore, unlike the subambient cooling devices, it is
essential to have a large cooling power for the radiative coolers, due
to the large thermal mass of buildings. Thus, aside from enabling a
high emissivity in the atmospheric window, it is also essential to
have a certain emissivity in other infrared wavelength range, which
is crucial to improve the cooling power and quickly cool down the
large thermal mass. Owing to the large thermal resistance of the
building roof, the high reflective cooling material directly laid on
the roof can only partially reduce the cooling load of the buildings
and cooperate with air conditioning system (e.g. cool roof). It is not
an effective approach to cool buildings below the ambient. For low-
energy buildings (e.g. passive buildings), the peak heat load [39] in
summer is less than 30/W/m2, which is lower than the daytime RC
power under clear and cloudless sky (100/W/m2). In other words,
with appropriate roof heat exchange, the cooling demand in sum-
mer can bemet with less than 1/3 of the roof area or even no longer
relying on the air conditioning system.

However, for multistorey buildings, RC cannot meet the whole
cooling demand of buildings because of limited roof area. To date,
the application of RC in buildings mainly uses the indirect way,
cooling the working fluids and coupling with the air conditioning
system through the plate heat exchanger (Fig. 3a). Theoretically,
21% of the electricity can be saved during the entire summer season
[40]. Similarly, the integration of radiative coolers with multi-
channel instead of metal coil can preprocess the working fluids of
air conditioning system and achieve the maximum energy
efficiency by coupling with the cold storage system (Fig. 3b) [41].
The flow rate of working fluid in those two systems is relatively
slow (0.29 L/min/m2 and 0.44 L/min/m2, respectively) because of
the low energy density of RC. As a result, it is not easy to couple
with the air conditioning system in actual operation and have
significant cooling performance at the same time. However, this RC
system can flexibly control the cooling input to the building and is
suitable for areas where the temperature varies greatly during the
day and night. Therefore, the indirect way, coupling with air con-
ditioning system has a better prospect for existing multistorey
buildings. On the contrary, for new buildings or factories with large
roof area, especially in remote areas, it is more appropriate to adopt
direct cooling method, that is, coupling with buildings.

3.3.2. Photovoltaic cooling
PC includes solar cell cooling, concentrated photovoltaic system

cooling, and thermal photovoltaic system cooling. Crystalline sili-
con solar cells are the most widely used solar cells, which have
intrinsic limitation on the theoretical conversion efficiency (33.7%
based on Shockley and Queisser's analysis) [42], and the actual
conversion efficiency of crystalline silicon solar cells is as low as
20%. Previous studies have shown that every 1 �C temperature rise
results in a relative efficiency decline of about 0.45% for crystalline
silicon solar cells [43], and the aging rate of solar cells doubles for
every 10 �C increase. Therefore, the conversion efficiency and



Fig. 3. Main application of radiative cooling. (a) Schematic of the combination of radiative cooling module and air conditioning system through the heat exchange. (b) Schematic of
the composite system with radiative cooling module, air conditioning system, and cold storage system. (c) Schematic of the cryogenic cooling setup including sunshade, radiative
cooler, infrared transmittance window etc., (d) Schematic of photovoltaic cooling with a selective emitter to reflect the ineffective solar radiation (above 1.1 mm). (e) Reflective
spectrum of the selective photonic cooler and the AM 1.5 solar spectrum (orange) is provided for reference [48]. Fig. 3d and e are reproduced with permission from Li et al., ACS
Photonics 4 (2017) 774e782. Copyright 2017 American Chemical Society. (f) The instantaneous Carnot-limited power for each of the four seasons. The inset image depicts the
schematic of EH [52]. Reproduced with permission from Byrnes et al., Proc. Natl. Acad. Sci. 111 (2014) 3927e3932. Copyright 2014 National Academy of Sciences. EH ¼ energy
harvesting.
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service life of solar cells can be improved by reducing the actual
operating temperature of solar cells.

Different from BC, the operating temperature of solar cells is
above the ambient, and there exists no need for a highly trans-
parent wind cover. Meanwhile, due to the high operating temper-
ature, NRHE is beneficial to the heat dissipation for solar cells. If
emitters are directly combined with bare photovoltaic panels, the
improvement of the actual the conversion efficiency is limited
[44,45] and even the service life of solar cells may be reduced due to
the poor packaging. Previous studies have revealed that the quartz
used for encapsulating solar cells has high-infrared emissivity, thus
it is seemingly not essential to use RC to reduce the solar cell
temperature [46]. However, quartz has a large absorption dip near
the wavelength of 9 mm, thus the emissivity in the atmospheric
window is only about 85%. By coating the polydimethylsiloxane
(PDMS) film, the quartz has an ideal emissivity in the atmospheric
window without affecting the solar transmissivity, therefore, the
temperature of solar cells can be further reduced [47].

Further research studies reveal that the actual effective spectral
range of crystalline silicon solar cells is within 0.3e1.1 mm, and the
rest solar energy is converted into heat, further reducing the overall
solar cell conversion efficiency. If the ineffective solar absorption
can be effectively suppressed, the operating temperature of solar
cells will be enormously reduced (Fig. 3d). The absolute conversion
efficiency can be improved by about 1% by introducing 1D [48] and
2D [49] photonic structures to make into the selective emitters
with high solar reflectivity more than the wavelength of 1.1 mm and
high mid-infrared emission (Fig. 3e). For concentrated photovoltaic
system and thermal photovoltaic systems, the cooling effect of the
photonic emitter is more significant [50,51]. Owing to the cost and
immature processing technology of photonic structures, it is, to
date, difficult to commercialize the photonic structures, selectively
reflecting solar radiation. However, inspired by hierarchically
porous polymer coating [8], the efficient cooling of solar cells can be
achieved by tailoring the pore size distribution of radiative mate-
rials to scatter the solar radiation more than the wavelength of
1.1 mm.

3.3.3. CC and EH
CC can be used in many fields, for example, in freezers and

biomedical devices. By combining with a hard, high-transparent
wind cover to reduce NRHE (in vacuum), the selective radiative
cooler can achieve a temperature drop of up to 42 �C, and theo-
retically the maximum temperature drop can reach 60 �C (Fig. 3c)
[24]. However, the selective radiative cooler has fairly low cooling
power and needs long time to achieve the large temperature drop.
The reason behind is that as the radiative cooler temperature de-
clines, the net cooling power is increasingly lower.

In addition, one can use the radiative cooler as a cold
reservoir and the ambient as a hot reservoir, thus, renewable en-
ergy can be achieved from this heat flow, namely EH.When coupled
with Carnot cycle, the maximum output power is PCool(THot/
TCold�1), where THot, TCold, and PCool are hot reservoir temperature,
cold reservoir temperature, and net RC power, respectively. For the
real radiative coolers, net RC power decreases with the decrease of
radiative cooler temperature. Therefore, it is imperative to consider
both cooling power and TCold to choose the suitable radiative
coolers. Even after optimization, the maximum average output
power is still about 2.7/W/m2, when the ambient is used as the hot
reservoir. Nevertheless, when the hot reservoir with high temper-
ature (e.g. solar absorbing material) was used, the maximum
output power may be five times higher (Fig. 3f) [52]. Further using
the hot reservoir with higher temperature (e.g. industrial waste
heat), the power output can be more significant. Moreover, relative
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to solar energy affected by time and other factors, RC is always
running. It is worth noting that the Earth continuously emits about
1017 W thermal radiation, which is theoretically enough to meet
human beings’ energy needs. Therefore, harvesting the emissive
energy is highly promising with the development of RC technology.
Similarly, semiconductors can be used to implement EH, such as
rectifier antennas [53,54]. But the auger recombination may
impede the practical application of EH [55]. Nevertheless, the
massive energy potential of EH warrants further investigation.
4. Challenges and feasible solutions to commercialize RC
technology

4.1. Cooling power improvement

Low energy density of RC technology requires large areas to
meet the cooling load, but the excessive RC areas not only increase
the cost of system but also affect the operation of other devices on
the roof. Therefore, improving the net cooling power plays a crucial
role in the application of RC technology, especially for CC and EH.
Here, we investigate critical factors of the net cooling power and
discuss feasible solutions to improve the net cooling power.

We consider the dominant heat exchange pathways for the
radiative cooler, including the radiation intensityPrðTrÞ, the ab-
sorption atmospheric radiation PaðTaÞ, the absorption solar radi-
ation Psun, and the heat exchange intensity via NRHE
Pcondþconv [Equation (1)]. To date, researchers have improved the
mid-infrared emissivity to more than 95% in the atmospheric
window [29,37], and further improvement of the infrared emis-
sivity has less impact on the net cooling power, due to low energy
density of RC. Recently proposed thermal extraction [56,57] using
near-field radiation to extract evanescent waves may be applied in
the RC field. However, it is still a challenge to implement the near-
field technology in RC owing to the immaturity and high cost. In
addition, researchers have designed the near vacuum RC device to
reduce the Pcondþconv as far as possible [24].

Although the solar reflectivity has reached 97% [6,17], further
improvement of the solar reflectivity is still urgent because of the
high energy density of the sunlight (up to 1000W/m2), that is, there
still exists great potential to improve the net cooling power
(approximately 30 W/m2). In addition, atmospheric radiation is
another significant factor, affecting the net cooling power. How-
ever, extremely few efforts have been devoted to the reduction of
atmospheric radiation absorption. Thus, it is highly promising to
improve the net cooling power through reducing the atmospheric
radiation absorption.
4.1.1. Further reduction of solar absorption
To achieve the daytime RC, it is essential for radiative coolers to

have a solar reflectivity of more than 90% in arid middle latitudes.
With the high reflective metal coating (e.g. Ag), radiative coolers
can achieve a solar reflectivity high enough to achieve the cooling
effect under the direct solar radiation. Nevertheless, with the
abundant absorption of ultraviolet light in the solar wavelength
range, it is still a challenge for silver coating alone to further
improve the solar reflectivity of the radiative coolers.

As discussed in Section 3.1, radiative coolers using Mie scat-
tering to reduce the solar absorption can also achieve the cooling
effect under the direct solar radiation. However, it is essential for
the radiative coolers to have a thickness of at least 300 mm to
achieve the solar reflectivity of more than 95%, for example, hier-
archically porous polymer [8] and SiO2 coating [21]. To further
improve the solar reflectivity up to 99% or higher, the radiative
coolers must have the thickness of more than 800 mm. It is well
established that the thicker the radiative coolers, the higher the
corresponding cost. Such a high cost will seriously hinder the
practical application of RC technology.

To simultaneously achieve the near-unity solar reflectivity and
low cost, one can combine the high reflective metal coating and the
Mie scattering layers. Sintered polytetrafluoroethylene (PTFE) is
generally used as the inner coating of integrating spheres because
of the exceedingly high diffuse reflectance from ultraviolet to near-
infrared. Yang et al. [34] propose that the combination of high
diffuse PTFE film and high reflective silver coating can address the
tough problems. With the reasonable optimization, the 240 mm
PTFE film was placed on the 300 nm silver coating, and the struc-
ture achieved a solar reflectivity of 99.1%, a record solar reflectivity
in the RC field (Fig. 4a). However, because of the rough surface of
the PTFE film, it is infeasible to simultaneously coat the silver film
on the PTFE surface and achieve enough reflectivity. Thus, it may be
hard for the proposed structure to put into practical application
because of the poor heat exchange between the silver coating and
the PTFE film.

Generally, the radiative coolers using Mie scattering, all having
the rough surface, that is, the silver film cannot be directly coated
on it. Thus, the combination of the emitters using Mie scattering
and high reflective films may lead to a failure in practical applica-
tion. Nevertheless, as we all know, the RC devices generally use
wind covers to reduce the NRHE. And the combination of porous
wind covers and the silver films may be a feasible solution to
address the aforementioned problem. In addition, nano poly-
ethylene (PE) films have been used to reduce the absorption of the
diffuse sunlight by the radiative coolers [25]. We suppose that with
the smaller pores, nano PE films may be used to scatter the ultra-
violet in the solar wavelength range. Therefore, we do the corre-
sponding research and find that nano PE films with the pore of
30e50 nm can scatter 80% of the ultraviolet in the solar wavelength
range and simultaneously have an average transmittance of more
than 96.6% (87% for the ordinary PE film with the same thickness).
With the combination of nano PE film and the silver film, the RC
devices achieve a solar reflectivity of 99% [58]. More importantly,
the proposed structure can be applied in practice.
4.1.2. Reduction of atmospheric radiation absorption
Radiative coolers are generally reciprocal structures, following

Kirchhoff's law, that is, the angular spectral absorption and emis-
sion are equal. If the atmospheric radiation absorption is reduced or
even suppressed, not only the net cooling power can be effectively
improved but also the RC application scope will be extended to
areas with high humidity [59]. Even the limitation of the atmo-
spheric window can be broken through, which means that the
whole mid-infrared wavelength range can be used as the trans-
mission channel.

It is well established that real radiative coolers generally have a
directional distribution that the surfaces have high emissivity
below a zenith angle of 60�. And the real radiative coolers have also
directional dependence that the atmospheric radiation absorptivity
increases with the increase of zenith angle. Thus, the inverted cone
structure with the high reflectivity can simultaneously block the
atmospheric radiation from the large zenith angle and enable the
high emissivity of the radiative coolers. With the inverted pyramid
structure plotted in the left of Fig. 4b, Jacobs et al. [60] have
improved the RC power by 20%. And Chen et al. [24] used the
inverted mirror cone to block the high atmospheric radiation and
achieved the record temperature drop of 42 �C in the daytime. For
the ordinary daytime RC (DRC) devices, it is not feasible to form a



Fig. 4. Improvement and control of cooling power. (a) Schematic of the record solar reflexive structure high with the diffuse PTFE film and high reflective silver coating. (b)
Schematics of inverted pyramid and cone for blocking the atmospheric radiation. (c) Forward and backward transmission with the infrared asymmetric transmission device in the
6e15 mm band [73]. The inset image is the schematic of non-reciprocal transmission. Reproduced with permission from Wong et al., Sol. Energy Mater. Sol. Cells 186 (2018)
330e339. Copyright 2018 Elsevier. (d) The image depicts schematic of the VO2 controllable radiative cooler with high-reflection substrate and low-index dielectrics. (e) The change
of emissivity with the temperature from insulating to metal and from metal to insulating [91]. Fig. 4d and e are reproduced with permission from Sun et al., ACS Photonics 5 (2018)
2280e2286. Copyright 2018 American Chemical Society. (f) The emissivity of the dynamic radiative cooler in the metal and insulating state of VO2 and the inset image presents the
schematic of the solar filter and the VO2 radiative cooler (Top) [89]. Reproduced with permission from Ono et al., Opt. Express 26 (2018) A777eA787. Copyright 2018 the Optical
Society. The bottom is the emissivity of VO2 radiative thermostat in the metal and insulating state and the inset image depicts the schematic of the phase-change photonic
structures for RC or solar absorption [90]. Reproduced with permission from Kort-kamp et al., ACS Photonics 5 (2018) 4554e4560. Copyright 2018 American Chemical Society. (g)
Temperature dependence of infrared emissivity of La0.7Ca0.3-xSrxMnO3 with different doping level (x) [92]. Reproduced with permission from Fan et al., Appl. Therm. Eng. 51 (2013)
255e261. Copyright 2013 Elsevier. PTFE ¼ polytetrafluoroethylene.
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vacuum chamber between radiative coolers and the surroundings,
owing to lack of suitable wind cover materials. Thus, the inverted
cone structures can also block the wind from the large zenith angle
and reduce the NRHE for the ordinary RC devices.

Recent advances in non-reciprocal transmission have presented
great opportunities for RC technology. Non-reciprocal transmission
generally needs to break the Lorentz reciprocity, which can be
achieved in many ways, that is, magneto-optical media [61e63],
non-linear materials [64], photonic crystals [65], chiral structures
[66,67], and metamaterials [68,69]. Most of these non-reciprocal
transmission structures need additional energy input for spatial
time modulation, and the modeling spectral range is narrow.
Moreover, the forward-backward transmission ratio of the struc-
tures is relatively low, and most structures focus on the shortwave
range and microwave range.

However, the composite gratings with a relatively simple
structure and no need of additional energy input for modulation
[70e72] can be used for RC non-reciprocal transmission. By analogy
with visible light and microwave non-reciprocal transmission
structures, the mid-infrared non-reciprocal transmission with
broadband and high forward-backward transmission ratio can be
realized theoretically. The periodic microstructures of inverted
trapezoidal cross section made of silver can achieve forward-
backward non-reciprocal transmission with a ratio of 2:1 in the
wavelength range of 8e13 mmand recover 57% of the cooling power
in high humidity areas (Fig. 4c) [73]. If the non-reciprocal trans-
mission within a wider infrared wavelength range can be achieved,
the atmospheric radiation absorption can be effectively reduced
and the cooling power will be greatly improved.
4.2. Controllable cooling power

All radiative coolers discussed previously are static, whereas in
practice, the ambient is always changing. Especially for BC, if
radiative coolers always run with the static power, indoor super-
cooling may occur at night or in transition season and winter,
leading to worse indoor comfort. A feasible solution is to integrate
radiative coolers with air conditioning system, which can actively
control the access or disconnection of RC modules, at the cost of
high energy consumption. Another feasible solution is to use dy-
namic radiative coolers, which can be realized in many methods,
for example, electrically tunable materials (semiconductor quan-
tumwells [74,75], graphene [76]), thermal tunable materials (SiNx)
[77] and phase-changing materials (Ge2Sb2Te5 [78,79], VO2 [80,81],
La0.7Ca0.3-xSrxMnO3 [82,83]). Electrically tunable materials and
thermal tunable materials require not only additional energy input
to convert dynamic radiation intensity but also complex structure
and high preparation cost. For Ge2Sb2Te5, the preparation condi-
tions can be regulated to control the two phases that is, the
amorphous and crystalline phases. And the formation of two kinds
of mixed phases can also be controlled. However, it is worth noting
that the infrared emission profiles of Ge2Sb2Te5 with specific
morphology do not vary with the temperature [78], thus the ma-
terial cannot meet the needs of dynamic RC in practice.

VO2 has a semiconductor-to-metal phase transition at a critical
temperature of around 68 �C [84]. Moreover, the phase transition
temperature of VO2 can be adjusted to room temperature by doping
W or Mo [85,86] and interfacial strain [87]. However, VO2 is the
negative emittance switching material (i.e. emissivity decreases
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with increasing the temperature). High-reflection substrates
(e.g. Al) can be introduced to solve the problem by interference. The
tunability of VO2 deposited directly on aluminum plate is only
0.21e0.34 [88]. By introducing insulators such as SiO2, MgF2, or
TiO2 into VO2 and aluminum layers, a destructive interference can
be formed to increase the tunability of VO2 (Fig. 4d and e)
[86,89,90]. In addition, it is also viable to increase the infrared ab-
sorptivity of VO2 in high temperature metal state based on the
plasma resonance [91]. However, for DRC, this structure will absorb
abundant sunlight and cannot achieve effective cooling under the
direct sunlight. It is crucial to attach a filter layer, which can not
only suppress the solar absorption but also tailor the infrared
emission (Fig. 4f) [89].

The aforementioned dynamic RC structures are only suitable to
work at night or in transitional season, while for winter, the
structures fail to control temperature effectively. Through reason-
able design, the VO2 emitter has low solar absorptivity in high
temperature metal state and high solar absorptivity in low tem-
perature semiconductor state. Thus, the VO2 emitter can not only
achieve RC in summer but also provide heating in winter and
reduce the negative impact of RC through solar absorption at the
same time (Fig. 4f) [90]. Similarly, lanthanum manganese perov-
skite La0.7Ca0.3-xSrxMnO3 also undergoes phase transition with the
change of ambient temperature, and the amount of doping can be
controlled to adjust the phase transition temperature. Different
from VO2, La0.7Ca0.3-xSrxMnO3 has a metal-insulator transition,
which means that the material can work directly without addi-
tional materials. However, the relatively low emissivity at high
temperature affects its actual performance, and further research is
essential to improve its emissivity (Fig. 4g) [92].

4.3. Limited sky-facing area

The surface of the radiative coolers is generally facing the sky,
which means that the competition of the limited sky-facing area
with the mature solar energy systems is inevitable, especially for
multistorey or high-rise buildings in cities. There are three feasible
solutions: (1) to maximize the net cooling power and reduce the RC
Fig. 5. Comprehensive utilization of limited sky-facing area. (a) Schematic of the PT-RC. (b
Schematic of the experimental setup for the combination of PT/PV and DRC [99]. Reproduced
The idealized spectral emissivity of the selective PT-RC in the 0.3e22 mm band. [For both (
(blue) are provided for reference]. PT-RC ¼ photothermal and radiative cooling, PV-RC ¼ p
areas; (2) to use the sidewall for RC technology; and (3) to integrate
with solar energy systems (e.g. photovoltaic and photothermic) to
make full use of the limited sky-facing area. The development of
non-reciprocal transmission may promote radiative coolers to
absorb less radiation from the surroundings, that is, radiative
coolers can be placed on the larger side wall (although net cooling
power could be reduced relative to radiative coolers on the roof)T.

Reducing the RC area cannot fundamentally address the prob-
lem, especially for high-rise buildings. And there still require more
efforts to investigate the application of non-reciprocal transmission
in the mid-infrared wavelength range. Thus, on the premise of less
impact on the respective operating efficiency of solar energy sys-
tems and RC devices, comprehensive utilization of limited roof area
is the effective solution to solve this challenge. The differences of
operating time and effective wavelength range in solar energy
systems and RC devices provide the basis for integrating these two
clean energy technology, that is, the comprehensive utilization of
photovoltaic and RC (PV-RC), photothermal and RC (PT-RC), and
photovoltaic, photothermal, and RC (PV-PT-RC).

PV-RC is similar to PC, and it is conducive to the improvement of
photoelectric conversion efficiency. At the same time, RC can be
achieved at night (Fig. 5b) [93,94]. Nevertheless, RC during the day
increases the heat dissipation and reduces the efficiency of pho-
tothermal devices to a certain extent (Fig. 5a and d) [95,96]. In
addition, it is worth noting that the widely used silicon-based
photovoltaic devices only use 0.3e1.1 mm wavelength range of
sunlight, and the rest near-infrared wavelength range is effective
for photothermal devices. Different effective wavelength range
provides the basis for the PV-PT-RC system, which can not only
improve photovoltaic efficiency but also effectively use solar en-
ergy in the daytime and provide cooling at night [97,98]. However,
the peak of cooling load appears during the daytime, and it is hard
to realize daytime RC with the three aforementioned comprehen-
sive utilization methods.

To achieve both PV/PT and RC during the daytime, the solar
absorption materials should have a high transmissivity in the mid-
infrared wavelength range. Germanium and silicon can meet this
requirement, but reasonable design is essential in practical
) The idealized spectral emissivity of the selective PV-RC in the 0.3e22 mm band. (c)
with permission from Chen et al., Joule 3 (2019) 101e110. Copyright 2019 Elsevier. (d)

b) and (d), the AM 1.5 solar spectrum (orange) and typical atmospheric transmittance
hotovoltaic and radiative cooling, PT/PV ¼ photothermic/photovoltaic.
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application (Fig. 5c) [99]. Nevertheless, the comprehensive utili-
zation of solar energy and RC technology is inseparable from the
thermal and cold storage device [100,101], and the combination
with phase-change materials can effectively promote the com-
mercial application of the integrated systems [102].

5. Outlook

Most RC applications require wind cover to improve the net
cooling power, to protect radiative coolers, and to improve the
stability of RC devices. However, there exist no desirable materials
except thin polyethylene. Therefore, the first step of large-scale
application is to develop a suitable wind cover for the sub-
ambient RC technology. In addition, radiative coolersmainly consist
of the emissive layer and the reflective layer, impeding the appli-
cation of some emitters. With the development of photonics, the
combination of the reflective layer and the emissive layer can be
more flexible. For instance, the reflective layer above the emitters
can not only suppress the sunlight absorption but also act as a cover
shield.

In brief, the net cooling power can be improved and controlled
according to the ambient temperature with the development of
nanophotonics, non-reciprocal transmission, and phase-change
optical materials. In the near future, RC will be comparable with the
traditional vapor-compression refrigeration because of its advan-
tages, for example, low cooling cost, energy saving, and no envi-
ronmental pollution.
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