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Subambient daytime radiative cooling enables temperatures to passively reach below ambient
temperature, even under direct sunlight, by emitting thermal radiation toward outer space. This
technology holds promise for numerous exciting applications. However, previous demonstrations of
subambient daytime radiative cooling require surfaces that directly face the sky, and these cannot be
applied to vertical surfaces that are ubiquitous in real-world scenarios such as buildings and vehicles. Here,
we demonstrate subambient daytime radiative cooling of vertical surfaces under peak sunlight using a
hierarchically designed, angularly asymmetric, spectrally selective thermal emitter. Under peak sunlight
of about 920 watts per square meter, our emitter reaches a temperature that is about 2.5°C below ambient
temperature, corresponding to a temperature reduction of about 4.3° and 8.9°C compared with a
silica-polymer hybrid radiative cooler and commercial white paint, respectively.

W
ith global warming and rising peak
daytime temperatures, the demand for
cooling has been soaring (1). However,
most conventional cooling strategies
require energy input, which further

increases greenhouse gas emissions and global
warming (2). Enabling passive cooling strat-
egies that do not require energy consumption
is of great importance to address rising cooling
demands and result in energy savings (3). Ra-
diative cooling is a process that can dissipate
heat in the form of thermal radiation into outer
space through the atmospheric transparency
window, offering an interesting passive cool-
ing strategy (4–8). In its development, an im-
portant milestone was the demonstration of
subambient daytime radiative cooling (9, 10),
which was realized through a nanophotonic
structure engineered to strongly reflect sun-
light while emitting infrared (IR) thermal ra-
diation. Such a device can reach a temperature

below the surrounding ambient temperature
even when directly illuminated by peak sun-
light and does not require energy input. Achiev-
ing subambient radiative cooling opens up a
wide range of exciting applications in the con-
text of cooling of buildings (11–13), vehicles
(14), textiles (15–18), and water and energy
harvesting (19–23), for which reaching sub-
ambient temperature is either essential or highly
beneficial. To date, subambient daytime ra-
diative coolers have been demonstrated in a
variety of systems including nanophotonic
structures (9, 10), hybrid metamaterials (24),
porous and nanofiber materials (25–29), and
polymer films (30).
Most previous reports of daytime radiative

cooling consider a surface that directly faces
the sky and is typically implemented on a roof-
top. This geometry facilitates the IR thermal
emission toward the outer space, which is at
the core of this approach to cooling. However,
inmany scenarios that require cooling, such as
buildings, vehicles, and textiles, most exterior
surfaces are in fact vertical (fig. S1) and thus do
not directly face outer space, making it diffi-
cult to efficiently cool through IR thermal em-
ission. Despite several efforts to do so (31–33),
demonstrating subambient daytime radiative
cooling for a vertical surface has been chal-
lenging. To understand the challenge of such a
demonstration, we consider the net cooling
power Pnet(T) of a vertical surface (Fig. 1A):

Pnet Tð Þ ¼ Prad Tð Þ � PSun � Patm Tambð Þ �
Pground Tgð Þ � Pcondþconv

Based on Pnet(T), the surface thermally emits
Prad(T) and absorbs solar power PSun, down-
ward atmospheric thermal radiation Patm(Tamb),
upward ground thermal radiation Pground(Tg),
and the convection and conduction thermal
power Pcond+conv from the surrounding envi-

ronment [see the supplementary text, sec-
tion 1, in (34)] (fig. S2). We stress that the
term Pground(Tg) is unique to a vertical surface
and is usually not relevant in a rooftop-cooling
scenario (10).
To achieve subambient daytime radiative

cooling of a vertical surface, the emitter must
satisfy a very stringent set of constraints, in-
cluding a strong reflectivity in the solar wave-
length range, as well as a strong angular and
spectral selectivity in its thermal emissivity
in the mid-IR wavelength range. Compared
with a horizontal surface, a vertical surface has
substantially reduced cooling power because
of the far more limited sky access, which trans-
lates into a far more stringent requirement on
solar reflectance. Our theoretical analysis and
experimental results indicate that a vertical
surface needs to limit PSun to <40 W m−2 to
achieve subambient cooling [see the supple-
mentary text, section 2, in (34)] (figs. S3 to S5).
In addition, a vertical surface is subject to up-
ward ground radiation. In the daytime, the
ground temperature Tg can be much higher
than the ambient temperatureTamb due to solar
heating (fig. S6) (35). As a result, conventional
thermal emitters optimized for deployment
on a horizontal surface, which are typically
omnidirectional, cannot reach subambient tem-
perature when placed on a vertical surface as-
suming peak daytime sunlight conditions [see
the supplementary text, section 3, in (34)] (figs.
S7 to S9). Rather, the emitter needs to sup-
port a strong angularly asymmetric thermal
emission to minimize the absorption from the
upward ground radiation Pground(Tg) and at
the same time maximize emission toward the
sky. Finally, the emissivity also needs to be spec-
trally selective in the atmospheric transpar-
ency window (i.e., 8 to 13 mm) to minimize the
absorption of downward atmospheric ther-
mal radiation Patm(Tamb) and solar absorp-
tion PSun.
The above constraints pose challenges in real-

izing subambient daytime radiative cooling of
vertical surfaces. Over the past decades, engi-
neered structures have allowed thermal radia-
tion to be tailored (36, 37), with demonstrations
of both spectral and angular control of ther-
mal emission (9, 10, 24, 27, 31–33, 38–43) (see
fig. S10 for an overview). However, these emit-
ters do not meet the angular and spectral re-
quirements to achieve subambient daytime
radiative cooling of vertical surfaces.
We have proposed, designed, and demon-

strated an angularly asymmetric, spectrally
selective (AS) thermal emitter for achieving
subambient daytime radiative cooling of ver-
tical surfaces under peak sunlight. Our emitter
consists of a sawtooth grating with periodicity
substantially larger than the thermal wave-
length, coveredby anultraviolet-visible (UV-VIS)
reflective IR transparent nanoporous poly-
ethylene (nanoPE) film. Under a peak solar
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irradiance of over 920 W m−2, our emitter
reaches a temperature of 2.5° ± 0.7°C below
the ambient temperature, as well as a temper-
ature reduction of 4.3° ± 0.2°C and 8.9° ± 0.2°C

compared with the silica-polymer hybrid radia-
tive cooler with a state-of-the-art performance
and commercial white paint, respectively. Our
results achieve angular and spectral control of

thermal radiation anddemonstrate subambient
daytime radiative cooling of vertical surfaces
even under peak sunlight. This demonstration
suggests untapped opportunities in radiative
cooling and point toward new directions in
manipulating radiative heat flow.

Analysis and design of the AS
thermal emitter

We showcase the full potential of an ideal AS
thermal emitter and compare it with an omni-
directional broadband thermal emitter. We
assume that both of them have ideal zero ab-
sorption in the solar spectrum. In the mid-IR
wavelength range, the AS thermal emitter has
unity and zero emissivity for the top and bot-
tom halves of the hemispherical space, respec-
tively, with spectrally selective emission from
8 to 13 mm (Fig. 1B). When vertically oriented,
an AS thermal emitter can theoretically achieve
a 7.9°C subambient cooling and a temperature
reduction of 14.9°C compared with an omni-
directional broadband thermal emitter (Fig. 1C)
under typical daytime conditions with appro-
priate thermal insulation (hc = 3.5 W m−2 K−1)
(7, 44). By contrast, even with complete sup-
pression of solar absorption, the omnidirec-
tional broadband thermal emitter cannot reach
subambient temperature when deployed on a
vertical surface because of the absorption of
ground radiation.
Our thermal emitter design consists of a saw-

tooth grating covered by ananoPE film (Fig. 2A).
The sawtooth grating is made of a horizontal
and a slanted surface (the description of the
surfaces refers to the case where the emitter
is deployed vertically). The slanted surface is
covered by two layers of silver (Ag) sandwich-
ing a layer of silicon nitride (SiN). The hori-
zontal surface is covered by one layer of Ag
with another layer of SiN on top. In this de-
sign, the Ag layers provide strong reflection
in the VIS and near-IR range (Fig. 2B). Be-
cause the Ag layers are absorptive in the UV
wavelength range, we used nanoPE film, which
has air pores of different sizes ranging from
0.3 to 1 mm, supporting multiple Mie reso-
nances (45) (Fig. 2C), to strongly reflect solar
irradiation in the UV and VIS wavelength
range. The combination of the Ag layers and
the nanoPE film thus results in strong reflec-
tion over the entire solar wavelength range,
satisfying the solar reflectivity requirement.
The spectrally selective thermal emission

of our structure arises primarily from the SiN
layer. SiN is chosen for its low loss across the
entire solarwavelength rangeand for its phonon
polariton resonance around 11 mm (fig. S11).
We chose an optimized thickness of 4 mm for
the SiN layer to enable spectrally selective ther-
mal emission in the 8- to 13-mmrange. The SiN
layer is separated from the sawtooth grating
by an Ag layer on both the horizontal and the
slanted surfaces, ensuring that the emission
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Fig. 1. Design considerations for subambient daytime radiative cooling of vertical surfaces. (A) In the
daytime, a vertically oriented, omnidirectional broadband thermal emitter fails to cool because of the absorption
of ground radiation and reduced sky access. By contrast, we tailored both the angular and spectral properties
of our emitter to minimize the absorption of upward ground radiation, downward atmospheric thermal radiation
and sunlight. (B) Angular and spectral emissivity of an omnidirectional broadband thermal emitter (with zero
absorption in the solar spectrum) and of an AS thermal emitter (with selective emission from 8 to 13 mm and zero
solar absorption). The q (zenith) and f (azimuth) angles in (A) and (B) define the direction of thermal emission.
(C) Net cooling power Pnet as a function of emitter temperature T for the omnidirectional broadband thermal emitter
and the AS emitter when vertically oriented. In thermal equilibrium, where Pnet(T) = 0, the AS emitter (blue solid line)
achieves ~7.9°C subambient cooling and a temperature reduction of 14.9°C compared with the omnidirectional
broadband thermal emitter (red solid line) under a typical summer daytime condition with appropriate thermal insulation
(hc = 3.5Wm−2 K−1) (7, 44). With perfect thermal insulation (hc = 0Wm−2 K−1), the AS emitter (blue dashed line) can reach
a temperature of >40°C lower than the omnidirectional broadband thermal emitter (red dashed line). We assumed an
ambient temperature Tamb of 30°C and a ground temperature Tg of 60°C in summer daytime (fig. S6) (35).
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comes only from the SiN layer, not from the
grating substrate.
The angularly asymmetric emission stems

from the sawtooth grating with broken in-plane
mirror symmetry (42). On the slanted surfaces,
the outermost Ag layer ensures that down-
ward emission to the ground is suppressed.
The upward emission to the sky has a primary
contribution from the SiN layer on the hori-
zontal surfaces. The grating period wmust be
larger than the wavelength to enable angular-
asymmetric emissionbecause of the constraints
stemming from thermodynamics and reciproc-
ity (46, 47) (fig. S12), as well as to support a
quasicontinuous frequency coverage of light
coupling (48) [see the supplementary text, sec-
tion 4, in (34)] (fig. S13). In addition, the angu-
lar coverage of thermal emission can be easily
tuned by changing the aspect ratio h/w (or,
equivalently, the tilt angle b) of the sawtooth
grating (fig. S14), a useful feature for designing
radiative coolers of inclined surfaces with dif-
ferent orientations (fig. S5A).
The sawtooth grating exhibits spectrally se-

lective and angularly asymmetric emissivity
(Fig. 2D).We can visualize these angularly asym-

metric features with a direct calculation of
thermal emission based on the fluctuation-
dissipation theorem (Fig. 2E) (34). The tailored
nanoPE film’s pores size enables a negligible
scattering efficiency in the mid-IR range to
ensure the high mid-IR transmission and AS
features of our designed emitter.
The angularly asymmetric response of a saw-

tooth grating has been described in the lit-
erature (42, 49, 50), and very recently there
has been a report of radiative cooling of a
vertical surface using an angularly selective
emitter made of periodically placed tilted
wedges partially coated with aluminum (32).
However, that study (32) did not report sub-
ambient cooling. Our design achieves simulta-
neous angular and spectral selectivities, which
is essential to reaching subambient temper-
atures for daytime radiative cooling of a ver-
tical surface.

Fabrication and characterization

We experimentally realized the optimized saw-
tooth grating using a template molding techni-
que for scalable manufacturing, followed by a
standard thin film–coating process (fig. S15)

(34). The solar reflectivity of the sawtooth grat-
ing can be enhanced by covering a nanoPE film
(Fig. 3A and fig. S16). The combined structure
formed by the sawtooth grating and nanoPE film
shows an omnidirectional reflectivity of 0.978
averaged over the solar spectrum (Fig. 3B). In the
mid-IR wavelength range, the nanoPE film
providesnot only high total transmittance (Ttotal)
but also high direct transmittance (Tdirect) (Fig.
3C), since the pores in the film are deeply sub-
wavelength. The IR properties of the sawtooth
grating (Fig. 3D) were characterized using a
customized angle-resolved thermal emission
spectrum measurement (ATESM) system (Fig.
3E and fig. S17). We observe a clear angularly
asymmetric, spectrally averaged emissivity
e8–13mm(q,f), with strong emissivity only in
the top half of the hemispherical space (Fig.
3D, right) and spectral-selectivity from 8 to
13 mm with angularly asymmetric feature (Fig.
3D, left), showing reasonable agreement with
theoretical predictions (Fig. 2D). Therefore,
the combination of the sawtooth grating and
the nanoPE film with high IR transmittance
results in the creation of an AS thermal emitter
(fig. S18).We can further visualize this through
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Fig. 2. Design of the AS emitter. (A) Schematic of the AS emitter consisting of a
sawtooth grating covered by a UV-VIS–reflective, IR-transparent nanoPE film. The
sawtooth grating (with period w, height h, and tilt angle b) is covered by two
heterostructures, Ag–SiN–Ag and Ag–SiN on the slanted and horizontal surfaces,
respectively, to enable both angularly asymmetric and spectrally selective emission.
(B) Simulated spectral solar reflection of our designed sawtooth grating under
different incident angles. (C) Scattering efficiency of air pores in polyethylene with
different diameters over the wavelength range of 0.3 to 20 mm. Air pore size between
0.3 and 1 mm is optimal for simultaneous strong UV-VIS scattering and negligible

mid-IR scattering. Insets show the calculated scattering fields of a 1-mm air pore at the
wavelength of 0.3 and 8 mm, respectively. Scale bar, 0.5 mm. E, electric field of the
incident light; k, wave vector of the incident light. (D) Spectral angular emissivity
e(l,q) (left) and 8- to 13-mm averaged emissivity e8–13mm(q,f) (right) varying with
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an IR camera, highlighting that a clear contrast
in the output radiation or apparent tempera-
ture fromopposing sides of the AS thermal emit-
ter can be observed (Fig. 3F).

Demonstration of directional and subambient
daytime radiative cooling

To demonstrate the efficacy of our approach to
radiative cooling, we consider two scenarios.
The first is implemented in vacuum to mini-
mize heat convection and conduction to high-
light the effect of directional radiative cooling.
We used a customized vacuum chamber radia-
tive cooling setup (34) with its inner surface
maintained at –13°C as a cold background
through a feedback control. Inside the cham-
ber, a heater (1.2 by 0.75 m) is placed on the
ground. Our AS thermal emitter (10 by 10 cm)
and an omnidirectional broadband thermal
emitter of the same size are placed vertically
40 cm above the edge of the heater (Fig. 4A),
forming a view factor Femitter→heater of 0.19. As
we increase the heater temperature to 48.9°,
73.3°, and 96.9°C, the omnidirectional broad-
band thermal emitter is radiatively heated up
by the ground radiation from the heater (Fig.
4B). By contrast, our AS thermal emitter is ra-
diatively cooled by the cold background and
shows temperature drops of 14.1°, 19.8°, and

25.6°C compared with the omnidirectional
broadband thermal emitter, demonstrating ef-
fective directional radiative cooling.
Next, we demonstrate subambient daytime

radiative cooling of our AS thermal emitter in
realistic outdoor conditions (34).Weperformed
the experiments with continuous outdoor tem-
peraturemeasurements on clear summer days
in Beijing, China. For comparison, we used a
silica-polymer hybrid radiative cooler and a
commercial solar-reflectivewhite paint as con-
trol groups. The silica-polymer hybrid radiative
cooler was prepared by randomlymixing dielec-
tric microspheres in a polymeric matrix with a
state-of-the-art performance (solar reflectivity
0.97, IR emissivity >0.9; can achieve 6.5°C sub-
ambient daytime radiative cooling if horizon-
tally placed, as shown in fig. S9). The chosen
white paint is a typical benchmark considered
in previous literature (34). Both control groups
exhibit omnidirectional thermal emission fea-
tures (fig. S19).We verticallymounted all three
samples in the experimental setup shown in
Fig. 4, C and D. To consider themost stringent
conditions, we faced the setup to the south
with the strongest solar irradiance. As shown
in Fig. 4, E and F, over the entire day, the AS
thermal emittermaintained a steady-state tem-
perature substantially below the ambient

temperature, 2.5° ± 0.7°C below the ambient
temperature during 11:30AM to 12:30 PM (local
time), when the ambient temperature is in the
range of 36° to 41°C, the ground temperature
is in the range of 54° to 58°C, and the solar ir-
radiance is in the range of 864 to 922Wm−2.
By contrast, the silica-polymer hybrid radiative
cooler and commercial white paint fail to reach
subambient temperature during the time pe-
riods 9:30 AM to 3:30 PM (local time) and
9:00 AM to 5:00 PM (local time), respectively,
when peak cooling demand usually occurs.
Therefore, under peak sunlight (11:30 AM to
12:30 PM, local time), the AS thermal emitter
enables subambient radiative cooling with a
temperature reduction of 4.3° ± 0.2°C and
8.9° ± 0.2°C compared with the silica-polymer
hybrid radiative cooler and commercial white
paint, respectively, both of which are at a tem-
perature above ambient. We stress that in a
less demanding scenario in which all sam-
ples face to the north with minimized direct
solar irradiance on the vertical surface, the
silica-polymer hybrid radiative cooler and
commercial white paint still cannot reach
subambient temperature (fig. S20), but our
AS thermal emitter can, highlighting the role
of ground radiation. To further explore the
radiative cooling performance of emitters with
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Fig. 3. Experimental characterization of the AS emitter. (A) Photograph of
the 35 × 35 cm AS emitter. Insets show scanning electron microscope images
of the sawtooth grating and nanoPE film. (B) Measured solar reflectivity spectrum of
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directional solar reflectivity of 0.978. (C) The nanoPE film has strong direct
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Fig. 4. Demonstration of angularly asymmetric directional radiative
cooling. (A) Schematic of a customized vacuum chamber radiative cooling setup
with an inner surface maintained at –13°C as a cold background and a heater
placed on the ground. An AS thermal emitter and an omnidirectional broadband
thermal emitter of the same size are placed vertically above the edge of
the heater with a view factor Femitter→heater of 0.19. (B) As the heater temperature
(yellow line) increases to 48.9°, 73.3°, and 96.9°C, the omnidirectional broadband
thermal emitter (red line) is radiatively heated up. By contrast, the AS
thermal emitter (blue line) shows a temperature reduction of 14.1°, 19.8°,
and 25.6°C compared with the omnidirectional broadband thermal emitter.

(C and D) Photograph and thermography images of the outdoor daytime
radiative cooling setup. Top insets in (C) show schematics of the setup. Bottom
insets in (C) and (D) show a magnified view of the white paint, silica-polymer
hybrid radiative cooler and the AS emitter. (E and F) Full-day solar irradiance,
temperature data, and temperature difference from ambient. Under a peak
solar irradiance of >920 W m−2 (during 11:30 AM to 12:30 PM, local time),
only the AS emitter achieves subambient radiative cooling and shows a temperature
of 2.5° ± 0.7°C below the ambient temperature, as well as a temperature
reduction of 4.3° ± 0.2°C and 8.9° ± 0.2°C compared with the silica-polymer
hybrid radiative cooler and commercial white paint, respectively.
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different orientations (facing north, east, and
west), we calculated the steady-state tempera-
ture of emitters over a full day [see the sup-
plementary text, section 5, in (34)] (figs. S21
and S22), which highlights the wide applica-
bility of our proposed approach.
Similar to many standard radiative cooling

experiments, in our experiments, the cooling
structure formed by the sawtooth grating
and the nanoPE film is placed in an enclo-
sure covered by a wind shield made of con-
ventional uniformPE film.We also performed
additional experiments by removing the PE
film cover and using the designed nanoPE
film itself as the wind shield (fig. S23). We

observed similar subambient daytime radiative
cooling performance, indicating the efficacy of
nanoPE film for reducing convection. Therefore,
such a hierarchically designed AS thermal emi-
tter can be readily applied as an exterior cooling
surface without additional complexity.
To further investigate the cooling perform-

ance of the AS thermal emitter in practical
scenarios and to consider the most stringent
conditions, we conducted additional outdoor
experiments with all emitters aimed toward
a south-facing wall that is the hottest at noon
(Fig. 5A). To effectively reject the radiation from
the ground and wall, we redesigned and fab-
ricated an AS emitter with the tilt angle b of

11°. The AS emitter maintains a steady-state
temperature below the ambient temperature
during 11:00 AM to 1:00 PM (local time), when
the ground temperature is in the range of 44°
to 53°C, the wall temperature is in the range of
38° to 45°C, and the solar irradiance is in the
range of 700 to 900 W m−2 (Fig. 5B). By con-
trast, the silica-polymer hybrid radiative cooler
and solar reflective white paint failed to cool.
The AS emitter showed a temperature reduc-
tion of 3.5° and 4.6°C compared with the silica-
polymer hybrid radiative cooler and commercial
white paint.
Building upon our experimental demonstra-

tion, we theoretically analyzed the ultimate
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Fig. 5. Experimental and theoretical analysis for building wall applications.
(A) Photograph and schematic of the outdoor setup facing the building wall.
(B) Measured solar irradiance, temperature of all emitters, ambient temperature,
ground temperature, and building wall temperature. During 11:00 AM to
1:00 PM (local time), only the AS emitter achieves subambient radiative
cooling when facing the building wall. (C) Schematic of the impact of adjacent
buildings on the gradient AS emitter and omnidirectional broadband emitter.

(D) Net cooling power at different locations on a building wall covered with a
gradient AS emitter or omnidirectional broadband emitter. The average
cooling power of a gradient AS emitter is ~114 W m−2 higher than that of
an omnidirectional broadband emitter. Here, we assume that the ambient
temperature is 30°C, the ground temperature is 60°C, and the wall temperature
is 50°C. We considered two buildings with the same height of 60 m and a
spacing of 50 m between them.
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theoretical cooling potential considering the
interbuilding thermal radiation (Fig. 5C). To
maximize the cooling power, an ideal building
wall should have a gradient in its angular dis-
tribution of emissivity. The ideal gradient AS
emitter can maintain a net cooling power cov-
ering the entire wall (Fig. 5D). The lower end
wall was still able tomaintain net cooling, even
with a large view factor facing the hotter sur-
roundings (~78% of the field of view). By con-
trast, the omnidirectional broadband emitter
is heated by the ground and adjacent build-
ings and fails to cool. The average cooling
power of a gradient AS emitter is ~114 W m−2

higher than that of an omnidirectional broad-
band emitter.

Conclusions

Wedeveloped a hierarchically designed AS ther-
mal emitter that achieves daytime subambient
radiative cooling from vertical surfaces. This
emitter outperforms any flat emitters, which
have a symmetric angular response due to
the constraint of reciprocity and therefore will
always absorb emission from the ground. The
daytime subambient radiative cooling from
vertical surfaces shown here enables passive
cooling from two-dimensional horizontal sur-
faces to three-dimensional realistic settings
(such as buildings, vehicles, and textiles) with
a large expansion of effective cooling areas,
opening up a different degree of freedom in
radiative cooling. Leveraging the rapid advances
in radiative cooling over the past decade (7, 8),
a plethora of previous research on photonic
design (9, 10), materials (24–26), scalableman-
ufacturing techniques (12, 18, 24, 30), and a
wide range of applications (15, 19, 21, 51, 52)
for radiative cooling may be expected to be
readily deployed to explore this opportunity
and enable emerging directions for radiative
cooling. More broadly, the capability of AS
thermal emission may challenge the current
design methodology in existing radiative heat–
and energy-transfer systems, with potential
impacts of reduced heating and global energy
consumption. Our results also point to funda-

mentally new opportunities in manipulating
meaningful heat and information flow in
which new, highly efficient cooling, heating,
energy-transfer, and harvesting capabilities
can emerge.
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