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RADIATIVE COOLING

Temperature-adaptive radiative coating for
all-season household thermal regulation
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The sky is a natural heat sink that has been extensively used for passive radiative cooling of households. A lot of
focus has been on maximizing the radiative cooling power of roof coating in the hot daytime using static,
cooling-optimized material properties. However, the resultant overcooling in cold night or winter times
exacerbates the heating cost, especially in climates where heating dominates energy consumption. We
approached thermal regulation from an all-season perspective by developing a mechanically flexible coating
that adapts its thermal emittance to different ambient temperatures. The fabricated temperature-adaptive
radiative coating (TARC) optimally absorbs the solar energy and automatically switches thermal emittance
from 0.20 for ambient temperatures lower than 15°C to 0.90 for temperatures above 30°C, driven by a
photonically amplified metal-insulator transition. Simulations show that this system outperforms existing roof
coatings for energy saving in most climates, especially those with substantial seasonal variations.

n countries such as the United States, ~39%

of the total energy consumption is in build-

ings (7). For the residential housing energy

portion, ~51% is consumed for heating

and cooling to maintain a desirable indoor
temperature (~22°C) (2). In contrast to most
temperature regulation systems, which re-
quire external power input, the mid-infrared
(IR) atmospheric transparency window (“sky
window”) allows thermal radiation exchange
between terrestrial surfaces and the 3 K outer
space, thus opening a passive avenue for
thermal radiative cooling of buildings. This
method to cool an outdoor surface such as
a roof has been extensively studied in the
past (3-6). It is now advanced by the de-
velopment of daytime radiative cooling (7-13)
using materials with low solar absorptance
and high thermal emittance in the form of
thin films (8), organic paints (10, 14), or struc-
tural materials (11).

Past research on daytime radiative cooling,
while successful in reducing cooling energy
consumption, typically used materials with
fixed, cooling-optimized properties, which ef-
ficiently emit thermal radiation even when the
temperature of the surface is lower than de-
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sired, such as during the night or in the winter.
This unwanted thermal radiative cooling will
increase the energy consumption for heating
and may offset the cooling energy saved in hot
hours or seasons. This issue is well acknowl-
edged by the research community, and mitiga-
tion of the overcooling has become a timely
demand (75). To cut the heating penalty from
overcooling, a few techniques were recently
attempted for switching off thermal radiative
cooling at low temperatures (below 22°C).
Although effective in switching, these tech-
niques typically require either additional en-
ergy input (16, 17) or external activation (18),
and in some cases, switching is achieved by
mechanical moving parts (19, 20). Develop-
ing dynamic structures that automatically
cease radiative cooling at low temperatures
is therefore highly desirable. Existing efforts
in self-switching radiative cooling, however,
are either purely theoretical (21-24) or limited
to materials characterization with little re-
levance to practical household thermal regula-
tion (25-28). Very recently, a smart subambient
coating was developed (29), focusing on the
reduction of solar absorption by fluorescence
rather than modulation of thermal emittance
by temperature.

We took a different, holistic approach by de-
signing and fabricating a mechanically flex-
ible coating structure to minimize total energy
consumption through the entire year. This
temperature-adaptive radiative coating (TARC)
automatically switches its sky-window emit-
tance to 0.90 from 0.20 when the surface tem-
perature rises above ~22°C, a practical threshold
not previously available. Our TARC delivers
high radiative cooling power exclusively for
the high-temperature condition (Fig. 1A). We
also optimized the solar absorptance at ~0.25
(solar reflectance = 0.75) for all-season en-
ergy saving in major US cities (fig. S7). Our
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TARC demonstrates effective surface tem-
perature modulation in an outdoor test
environment. We performed extensive sim-
ulations based on the device properties and
the climate database, which show advantages
of TARC over existing roof coating mate-
rials in energy savings for most US cities in
different climate zones (Fig. 1C). The energy
savings by TARC not only bring economic
benefits but also contribute to environmental
preservation by reducing greenhouse gas
emissions.

We developed the TARC based on the well-
known metal-insulator transition (MIT) of the
strongly correlated electron materials W, V.0,
(80-32), and the transition temperature (Tyrr)
is tailored to ~22°C by setting the composi-
tion x at 1.5% (33). We embedded a lithograph-
ically patterned two-dimensional array of thin
W, V1,0, blocks in a BaF, dielectric layer that
sits on top of an Ag film (Fig. 2A). In the in-
sulating (I) state of W,V,.,0, at T < Ty, the
material is largely transparent to the infrared
(IR) radiation in the 8- to 13-um sky spectral
window, so this sky-window IR radiation is
reflected by the Ag mirror with little absorp-
tion (34). By contrast, the W, V,.,0, becomes
highly absorptive in the sky window when it
switches to the metallic (M) state at 7' > Tyt
(34). The absorption is further amplified by
the designed photonic resonance with adja-
cent W, V,.,O, blocks as well as with the bot-
tom Ag layer through the 14-wavelength cavity.
The %-wavelength cavity structure induces
Fabry-Perot resonance and was used in prev-
ious work to enhance thermal emission (21, 23).
According to Kirchhoff’s law of radiation (35),
the sky-window emittance equals the sky-
window absorptance and switches from low
to high when the temperature exceeds Tyt
Consequently, strong sky-window radiative
cooling is turned on in operation exclusively
at high temperatures, leaving the system in
the solar-heating or keep-warm mode at
low temperatures. Details on the fabrica-
tion process and structural parameters are
found in the supplementary materials (36)
(fig. S1).

Our fabricated TARC has high flexibility for
versatile surface adaption, as well as a micro-
scale structure consistent with the design (Fig.
2B). We examined the emittance switching
over the entire sample using a thermal infra-
red (TIR) camera (Fig. 2C). We imaged the
TARC surface together with two reference sam-
ples having similar thicknesses but constant
low thermal emittance (0.10, copper plate) or
constant high thermal emittance (0.95, black
tape), respectively. Although the thermal em-
ission of the reference samples appeared to
not be strongly temperature sensitive from 20
to 30°C, the TARC showed a marked change,
corresponding to the switch in sky-window
emittance at the MIT around 22°C.
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‘We measured the spectral properties of the
TARC by a UV-visible-NIR spectrometer and
Fourier transform infrared spectroscopy
(FTIR) for the solar and TIR wavelength re-
gimes, respectively (Fig. 2D). The solar ab-
sorptance (4, 0.3 to 2.5 um) is ~0.25, and the
sky-window emittance (g, 8 to 13 um) is ~0.20
in the I state and ~0.90 in the M state, con-
sistent with theoretical simulations and other
characterization results (fig. S2 and fig. S3).

The emittance switching of the TARC en-
ables deep modulation of radiative cooling
power in response to ambient temperature,
which we first measured in vacuum (Fig. 3A).
We suspended a heater membrane by thin
strings in a vacaum chamber, which was cooled
with dry ice to ~-78°C to minimize radiation
from the chamber walls. We attached a piece
of Al foil with €4, = 0.03 or a TARC of the
same size to the top of the heater in two sepa-
rate measurements. At each stabilized sample
temperature 7, the heating powers needed for
the two coating scenarios are denoted as Py
(T) and Prarc(T), respectively. The cooling
flux (power per area .A) contributed by the
TARC was calculated asP,, (') = [Prarc(T)—
Py(T)]/A. We used the Al foil reference to
calibrate background heat loss from thermal
conduction through the strings. We plotted
the calibrated cooling power (Fig. 3B), which
shows an abrupt increase in P, (T) when T
rises above the MIT temperature. P, ., (T)
measurements in the I state and M state are
well fitted by the Stefan-Boltzmann radia-
tion law, with values of sky-window &,, ext-
racted to be ~0.20 and ~0.90, respectively,
consistent with the spectrally characterized
results (Fig. 2D). We considered and corrected
the effect of radiation from the chamber
wall (~-78°C) for the calibration. We intro-
duced a constant factor of y (= 0.7) to ac-
count for the difference between the vacuum
and ambient measurement conditions (details
in fig. S4) (36).

We demonstrated the actual outdoor per-
formance of the TARC (Fig. 4). We recorded
the surface temperatures (7s) of the TARC,
together with a dark roof coating product
(Behr no. N520, asphalt gray) and a cool (white)
roof coating product (GAF RoofShield white
acrylic), over 24 hours on a sunny summer
day on a rooftop in Berkeley, California, with a
careful design of the measurement system to
minimize the effects of artifacts (fig. S5).

From 00:00 to 09:00 local daylight time
(LDT), when the ambient temperature was
below Ty, the TARC was 2°C warmer than
the two reference roof coatings, arising from
the low sky-window emittance (g, = 0.20) of the
TARC in the I state and thus a lower radiative
cooling power than the references (g, = 0.90).
The 2°C temperature elevation is consistent
with adiabatic simulation results based on
these nominal emittance values and the local
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weather database [see the supplementary mate-
rials (36), note A, section I]. From 09:00 to
13:00 LDT, when the samples were in direct
sunlight, 7, was dominated by the solar ab-
sorption in balance with radiative cooling and
air convection, and the differences between
the samples agree with the simulated results
assuming the solar absorptance A4 to be 0.15,
0.25, and 0.70 for the white roof coating,
TARC, and the dark roof coating, respectively.
After 13:00 LDT, we erected a shield to inten-
tionally block direct solar radiation to the sur-
face of the samples. This imitates the scenario
of a cloud blocking the sun but with the rest
of the sky mostly clear. We quickly observed
a convergence of the T curves for all three
samples, an indication that the thermal emit-
tance of the TARC in the M state is close to
that of the two references (0.90). This condi-
tion persisted for a few hours until 7} started to
drop below Ty = 22°C. After this point, TARC
grew warmer than the two references, with a

final temperature difference of ~2°C, similar to
the 00:00 to 09:00 LDT period. This indicates
that the TARC switched to the low-emittance I
state. The 24-hour outdoor experiments dem-
onstrate the emittance switching and resultant
temperature regulation by TARC. Although the
white roof coating shows an advantage over
TARC in thermal management in summer
daytime and under solar radiation (Fig. 4A),
the TARC regulates the roof temperature
closer to the heating and cooling setpoints
(22 and 24°C) than the white roof coating for
almost all of the other conditions, includ-
ing daytime in other seasons and all of the
nighttime (fig. S6). From an all-year-round
perspective, the TARC demonstrates superi-
ority compared with regular roof coatings in
terms of source energy saving.

To directly compare their ambient condi-
tion cooling fluxes (P, .mp)s We heated the
TARC and the white roof coating to the air
temperature with the direct solar radiation
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Fig. 1. TARC and its benefits for household thermal regulation. (A) Basic property of TARC in sky-window

(8 to 13 um) emittance modulation and schematics for temperature management when used as a household roof
coating. The data points are the measured sky-window emittances of a TARC. The two color bands represent
the temperature-independent thermal emittance of metals and radiative coolers. (B) TARC compared with other
thermal regulation systems, highlighting the unique benefit of TARC of being simultaneously energy-free and
temperature adaptive (details in table S1). (C) SCSES, of TARC compared with other existing roof-coating
materials for different cities representing the 15 climate zones in the United States. Red and blue circles indicate
positive and negative SCSES,,i, values, respectively. The values are scaled to the area of the circles. Representation
of the triangle and circle icons is explained in the materials and methods (subsection, “Projection of energy savings”) (36).
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Fig. 2. Basic properties of TARC with experimental characterization.

(A) Schematics of the structure (i), materials composition and working mechanism
(ii and iii) of the TARC. Subpanels (iv) and (v) show the simulated distribution of
electric field intensity below and above the transition temperature, respectively, when
electromagnetic waves with a wavelength of 7.8 um were normally incident

on the TARC structure. (B) Photograph (2 cm x 2 cm) and false-color scanning
electron microscope image of TARC showing high flexibility and structural consistency
with the design. (C) TIR images of TARC compared with those of two conventional

6 8 10 12 14 16
Wavelength (um)

materials (references) with constantly low or high thermal emittance showing the
temperature-adaptive switching in thermal emittance of TARC. (D) Solar spectral
absorptance and part of the thermal spectral emittance of TARC at a low temperature
and a high temperature, measured by a UV-visible-NIR spectrometer with an
integrating sphere and an FTIR spectrometer, respectively. Measurements (solid
curves) show consistency with theoretical predictions (dashed curves). The arrow at
7.8 um denotes the wavelength where the distribution of electric field intensity
shown in subpanels (iv) and (v) of (A) are simulated.

blocked. P, . Tefers to the net cooling flux
from the surface—namely, the thermal radi-
ative heat loss flux minus the absorbed dif-
fuse solar irradiance. We plotted the P, ; ,.»
values that we obtained at a low and a high
air temperature (Fig. 4B). The TARC exhibits
a clear switching of P, ; ,.,, by a factor over
five across the MIT. This behavior is in stark
contrast to the nearly constant P, .., around
120 W/m? for the shaded white roof coat-
ing, which is consistent with values (90 to
130 W/m?) reported in literature for roofs
surfaced with daytime radiative cooling mate-
rials (5, 9, 10).

We performed extensive numerical simula-
tions to analyze the performance of TARC in
household energy saving for the US cities from
an all-season perspective (36). We show the
simulated results (Fig. 4C) for Berkeley where
the measurements (Fig. 4, A and B) were
performed. We calculated an hour-month map
of T, using a local weather file (37), laying the
basis for estimation of energy saving. We as-
sumed heating and cooling setpoints Tyetneat =
22°C and Teetcoo = 24°C (38), and approx-
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imated that the building will need heating
when T < Tget neat and require cooling when
Ts > Tset,coo1- We used past simulations of cool-
roof energy savings to predict potential space-
conditioning source energy savings (SCSES)
per unit roof area attainable by using TARC
in place of roofing materials that have static
values of solar absorptance and thermal emit-
tance (36). The figure of merit of TARC is re-
presented by SCSES,,;,, the minimum value
of SCSES found over all existing conventional
roofing materials, which have constant values
of Arer and e..¢ (Fig. 4C, dashed boxes). We
mapped SCSES,,;, for cities representing
the 15 US climate zones (Fig. 1C). This figure-
of-merit map shows that TARC provides clear,
positive annual space-conditioning source en-
ergy savings relative to existing roof coating
materials in most major cities, except for cli-
mates that are constantly cold (such as Fair-
banks) or hot (such as Miami) throughout the
year. It highlights the advantage of TARC, es-
pecially in climate zones with wide temper-
ature variations, day to night or summer to
winter. For example, we estimate that for a

17 December 2021

single-family home in Baltimore, Maryland,
built before 1980, modeled with roof assembly
thermal insulance 4.3 m?/(K-W), gas furnace
annual fuel utilization efficiency 80%, and
air conditioner coefficient of performance
2.64 (38), SCSES iy, is 22.4 MJ/(m>-y), saving
2.64 GJ/y based on a roof area of 118 m>. We also
calculated the source energy saving of TARC
as a function of its solar absorptance (fig. S7),
showing that the actual solar absorptance of
TARC is close to the optimal value for major
US cities.

The TARC could be readily upgraded for
heavy-duty outdoor applications by coating it
with a thin polyethylene (PE) membrane, which
is nontoxic, hydrophobic, and transparent
both in the visible and thermal IR regions.
While protecting the TARC from contacting
the dust and moisture in complex environ-
ments, the PE coating has little impact on the
thermal modulation performance (fig. S9).
Polymer imprinting instead of photolitho-
graphy could also be used to more easily
produce the material for large scale applica-
tion. By embedding VO, particles in layered PE
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Fig. 4. Characterization of TARC in an outdoor environment. (A) Surface
temperature of TARC, a commercial dark roof coating (A = 0.70, ¢,, = 0.90), and
a commercial white roof coating (A = 0.15, &,, = 0.90) in an open-space outdoor
environment recorded over a day-night cycle. The measurement was taken on

5 July 2020, in Berkeley, California (37.91°N, 122.28°W). The solid and dashed curves
are experimental data and simulation results based on a local weather database
(37), respectively. Measurements starting from 14:00 LDT were performed with the
direct solar radiation blocked. Temperature observed after sunset show clear signs

membranes, we estimated the multilayered
metamaterial to achieve comparable modu-
lation performance (Ae,, > 0.8) as the TARC
we presented and would be producible in a
roll-to-roll fashion (figs. S10 and S11). Roll-to-

Tang et al., Science 374, 1504-1509 (2021) 17 December 2021

roll manufacturing of PE-based TARC would
be beneficial because of its high scalability,
low cost (9), and the fact that it is free from
the liquid evaporation process in fabrica-
tion (39). The PE layer can be also replaced

of the TARC shutting off thermal radiative cooling as its surface ambient temperature
falls below Tyr. (B) Measured ambient cooling power of TARC and white roof
coating with direct solar radiation blocked in the outdoor environment. (C) T and
the corresponding €,, mapping of TARC over 24 hours and the full year for Berkeley.
Also shown are the SCSES of TARC compared with all other materials with fixed solar
absorptance (Aref) and fixed thermal emittance (g¢). The icons in the SCSES map
correspond to those used in Fig. 1C, denoting the radiative parameters (A, ) of
the strongest rival to TARC in source energy savings for the local climate (36).

by other organic or inorganic materials with
negligible optical loss in the wavelength
ranges of both solar irradiation and IR at-
mospheric transparency window, so that the
TARC technology can be designed specifically
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to be endurable in different environmental
conditions.

We developed a mechanically flexible, energy-
free TARC for intelligent regulation of house-
hold temperature. Our system features a
thermally driven metal-insulator transition in
cooperation with photonic resonance, and de-
monstrates self-switching in sky-window ther-
mal emittance from 0.20 to 0.90 at a desired
temperature of ~22°C. These attractive prop-
erties enable switching of the system from the
radiative cooling mode at high temperatures
to the solar-heating or keep-warm mode at
low temperatures in an outdoor setting. For
most cities in the United States, our simula-
tions indicate the TARC may outperform all
conventional roof materials in terms of cutting
energy consumption for households.
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