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Summary

Radiative cooling uses high-emissivity materials to passively cool the surface of outdoor objects
such as building roofs on hot days. The issue of overcooling with this technology on cold days
can be addressed by structures with thermal emissivity that is adaptive to temperature. Despite
recent advances in temperature-adaptive structures, great challenges remain in their fabrication
feasibility, and their unoptimized solar heating that may override the radiative cooling benefit. In
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this work, we develop a printable, emissivity-adaptive and albedo-optimized covering (PEAC)
based on recyclable materials with roll-to-roll fabrication. PEAC automatically switches its sky-
window emissivity from 0.25 to 0.85 when the surface temperature exceeds a preset transition
temperature, whereas delivering an albedo that is optimized for maximal year-round energy
saving or thermal comfort in a given climate.
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Introduction

The global demand for energy-efficient and sustainable temperature regulation solutions has been
rapidly rising, driven by factors such as the energy crisis, climate change, and urbanization. As
an attractive alternative or add-on to conventional heating, ventilation and air conditioning
(HVAC) systems, radiative cooling has been extensively studied over the past few decades with
wide application and commercialization'"". It is based on the radiative emission of heat from
terrestrial objects to outer space through the mid-IR atmospheric transparency window, which is
known as the "sky window" ranging from 8 to 13 pm. Therefore, radiative cooling can efficiently
reduce the temperature of, e.g., buildings', vehicles**, human bodies*, and other objects without
the need for external power sources or refrigerants. To radiate heat efficiently, passive radiative
cooling materials are typically designed to have minimum absorptance in the solar wavelength
range (0.3 to 2.5 ym) and maximum emissivity in the sky window. Such property has been
realized in various materials such as wood®, paints®?, fabrics®'’, and dielectrics'"'2. However, due
to their static optical properties, most passive radiative cooling materials continue to radiate heat
off objects even at ambient temperatures below the desired temperature, resulting in the
unwanted overcooling of the objects in areas with large seasonal or daily temperature
variations". Since overcooling leads to discomfort as well as the need of additional energy for
space heating, circumventing or alleviating the overcooling problem remains a significant
challenge for the widespread implementation of radiative cooling technologies.

A range of temperature-adaptive technologies have been developed to mitigate the overcooling at
low temperatures, including electrical dynamic glazing'*'?, mechanical-driven structures'®!” , and
temperature-activated bimorph-based structures'®. The requirements of external energy input or
moving parts severely limit their energy efficiency and lifetime. Very recently, vanadium dioxide
(VO,) based Fabry-Perot (FP) resonators were realized to achieve self-switching in thermal
radiation while avoiding those drawbacks'*?'. However, the scalability and performance of these
VO,-based FP resonators are still restricted due to several factors. First, bounded by the FP
resonance mechanism, the emissivity of these devices depends sensitively on the uniformity of
the dielectric spacer thickness, leading to limited upgradability and increased difficulty for mass
production. Second, the VO,-based FP resonators are produced with expensive materials or
fabrication methods which restrict their size and cost-effectiveness for scale applications. Last,
the albedo of the structure is an equally important factor for the energy balance, which needs to
be independently optimized for maximum energy saving in a given climate.

Here we present a printable, emissivity-adaptive, albedo-optimized covering (PEAC) as the
solution (Table S1). This flexible covering is made through a roll-to-roll fabrication process
using tungsten-doped VO, particles and inexpensive recyclable materials. As a temperature-
adaptive radiative cooling structure, PEAC automatically switches the sky-window emissivity (
€4y) from ~0.25 to ~0.85 when the surface temperature rises across a preset transition
temperature (Figure 1A). The emissivity switching is enabled by in-plane inter-block photonic
resonance, instead of cross-plane FP resonance, hence the performance of PEAC is independent
of the thickness of the dielectric layer in the structure, enabling roll-to-roll fabrication (Figure
1B). Moreover, to maximize annual energy savings in different climates, PEAC can be
customized with mid-IR transparent pigments to achieve optimal albedo as well as different
visual colors (Figure 1C). Both rooftop and indoor temperature regulation of PEAC were
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demonstrated in field experiments. Numerical simulations with climate database further
demonstrate the energy-saving potential of PEAC across various climate zones in the US (Figure
1E).

Results and Discussion
PEAC design and fabrication

The PEAC functions as a radiative cooler only when the surface temperature (7';) is high (Figure
1A). Such temperature-adaptive thermal emission is based on a unique photonic structure and the
metal insulator transition (MIT) of vanadium dioxide (VO,)****. As shown in Figure 2A and
Figure S5, the PEAC consists of a polyester (PET) substrate, an aluminum (Al) layer, a periodic
array of tungsten-doped vanadium dioxide (W,V,,0,) blocks, and a polyethylene (PE) overlayer.
The W,V ,.,O, block array is carefully designed with guidance of numerical electromagnetic
simulations while considering the fabrication feasibility and cost. The phase transition
temperature (T yr) of VO, is approximately 68 °C, which can be reduced by doping with
tungsten to fit multiple applications (Figure S8). For instance, with 2% of W doping in VO,, the
corresponding T y7 is about 20°C, suitable for household thermal regulation®?, It is worth
noting that PEAC is highly durable since W, V.0, is protected from air and water with the PE
sealing (Figure S4, S9). Furthermore, the materials used, such as PE, PET, and Al, are all
sustainable and recyclable”, resulting a low lab cost of ~$1/sqft (Table S2).

We have developed a roll-to-roll printing process for mass production of PEAC, as illustrated in
Figure 2A and Figure S1. Initially, the PE film is thermally micro-imprinted by a reusable metal
template through a heated roller system. The reusable template is a metal sheet with a periodic
array of micron-sized pillars constructed on the surface (Figure S2, S3). When the surface of the
PE film is heated above 110°C, an array of pockets with identical dimensions are imprinted on
the surface of PE. Considering the heat capacity of the PE film, the temperature setpoint (7 s;) of
the rollers should increase with imprinting speed. We have achieved an imprinting speed that is
approximately 100 meters per hour at 7', =¢ 150°C. Subsequently, commercial W, V.0,
nanoparticles are dispersed onto the patterned PE film surface by spraying a mixture of W,V,,0,
particles suspended in isopropyl alcohol. After mechanical pressing and surface cleaning, a PE
film embedded with a planar array of W,V O, blocks is produced. Finally, the PEAC is formed
by laminating the patterned side of the PE/W,V, O, film onto a pre-metallized PET substrate via
running through another heated roller system. The entire fabrication process does not involve
lithography or vacuum techniques, hence is scalable for mass production.

Mechanism of PEAC

The spectral thermal emissivity and solar absorptance of PEAC were accurately determined
through spectroscopy measurements. The spectral reflectance of PEAC, r (1, T ), was measured
by a UV-vis-NIR spectrometer equipped with an integrating sphere, and a Fourier transform
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infrared (FTIR) spectrometer. Since PEAC has zero transmittance to light, the spectral thermal
emissivity £(1, T) and spectral solar absorptance @(4,T | were calculated by 1—r (4, T) in the
mid-IR and UV-vis-NIR range, respectively. As depicted in Figure 2B, the thermal emissivity of
PEAC exhibits a significant boost from low to high values when the temperature increases
beyond the T yir of W, V,,O,, whereas the solar absorptance (A) of PEAC remains unchanged.
To quantify the emissivity switching, €x, of PEAC is calculated from

[e(4,T|B(A,T)d 2

[ B4, T)d2
and B( 4, T) is the spectral intensity of blackbody radiation at temperature 7. As shown in Figure
2C, €4, of PEAC switches from 0.25 to 0.85 over a typical roof temperature range.

E gty , where the integration range is from 8 um to 13 pym (sky-window),

The emissivity switching was investigated via finite element simulation. When the 7" is below

T vur, the W, VO, blocks are in the insulating state and thus largely transparent to IR radiation
in the sky window?. As a result, most of the IR radiation is reflected by the Al layer underneath
the W, VO, blocks, resulting in a low absorptance/emissivity. However, at higher temperatures
(T>T vur), W,V O, switches to the metallic state with a large imaginary part of permittivity in
the mid-IR. The mid-IR electromagnetic fields will be “funneled” into the gaps between
neighboring W,V .0, blocks due to a large impedance mismatch between the W, V0, blocks
and the surrounding PE matrix. Hence, two neighboring W,V O, blocks will form an optical
antenna®’, and the electric field intensity at their surface is drastically enhanced, generating
strong evanescent waves to be absorbed in the metallic W, V0, blocks (Figure 3B).
Consequently, the PEAC structure consisting of periodic W, V.0, blocks becomes an array of
high-loss optical antennas, giving rise to high absorptance in the mid-IR (Figure 3C). According
to Kirchhoft’s law of radiation®, the emissivity also switches from low to high values when the
temperature rises across I yr. The high emissivity of PEAC at 7>T yr relies solely on the
periodic array of the W,V ,,0, blocks and is independent of the thickness of the PE layer that
merely acts as a protective encapsulation instead of a FP cavity spacer. This is further proved by
both experiments and simulations, in which the general line-shape of the absorptance spectrum
remains the same with the change in PE layer thickness, as shown in Figure S10, S11. Note that
since the antenna absorptance does not depend on optical resonance at specific wavelengths, this
switch in emissivity still exists even outside the sky window spectral range, benefiting
applications in outer space® (Figure S6). Simulations prove the emissivity switching even at
infinite PE thickness, hence the performance does not rely on a cross-plane FP resonance (Figure
3C). Such tolerance to layer thickness variation greatly eases the fabrication process, and opens
the possibility of stacking or adding new functionality along the cross-plane direction, as shown
below.

Pigment-aided albedo optimization

For real-world applications to fit different climates, albedo is an important factor since the
heating from solar radiation, if not managed well, would easily offset the effect of radiative
cooling (Figure 5D, Figure S19). With optimization of albedo, the year-round energy saving of
PEAC in various climates can be greatly improved*'**. The albedo-optimization of PEAC is
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enabled by adding a layer of pigments that are selectively absorptive in the solar range yet
transparent in the mid-IR range. As shown in Figure 4A, the pigments can be dispersed onto the
PEAC surface and then sealed with another layer of PE film. Due to the dominance of inter-
block photonic resonance, the addition of pigments and the sealing PE layer affects only the
position of the FP peaks, not the broadband trend in emissivity switching. This allows us to
modify the solar reflectance (hence solar heating and visual color) without sacrificing the thermal
emission switching in the sky window. By using BaF, (white), ZnSe (yellow), Fe,O; (red),
Prussian Blue (blue) and their combinations, we are able to broadly tune the color and solar
absorptance of PEAC (Figure 4B,1C). The colored PEACs also raise commercialization potential
for aesthetic reasons.

The solar absorption spectra of the colored PEACs are shown in Figure 4C. The pigments tune
the absorption of PEACs primarily in the visible range. Note that although different pigments
have absorption peaks at different wavelengths, it is possible to have broadband absorption in the
visible range with combinations of different pigments. The mid-IR spectral emissivity of the
colored PEACs at both low and high temperatures was measured by FTIR spectroscopy (Figure
S12), showing an evident insensitivity to the pigments added. €4, was calculated and shown in
Figure 4D.

Thermal regulation and energy saving performance of PEAC

Outdoor temperature regulation experiments were conducted to test the performance of PEAC as
a roof coating. A PEAC, a commercial dark roof coating product (BEHR #N520 Asphalt Gray),
and a cool roof coating product (Henry Enviro-White Extreme Elastomeric Roof Coating) were
used as roofs on three mock-up model houses (Figure S15). The model houses were 3D-printed
with ABS filaments and were painted with white (walls) and dark (windows and doors)
commercial paints*. To best simulate the heat exchange in real houses, the thermal resistance per
area of the model house was carefully tuned to be close to that of real houses by adjusting the
3D-printing filling ratio and thickness of the walls and roofs***’. The experiments were
performed on cloudless summer days on a residential house roof in Berkeley, California (Figure
5A), and the real-time weather data were retrieved from a weather station near the experiment
site.

The 24-hour record of the indoor temperature is shown in the middle panel of Figure 5B,
whereas the left and right panels are zoom-in plots at cold night and hot noon, respectively. The
temperature-time series show that during the night, the PEAC roof keeps the indoor temperature
~2°C higher than the other two roof materials, indicating that PEAC has switched to a low-
emissivity, heat-retaining mode. In contrast, at noon under direct sunlight, PEAC performs as a
cool roof delivering a cooler indoor temperature than that under the commercial dark roof,
although with a slightly higher temperature than that under the commercial cool roof. It is known
that the coefficient of performance (COP) of space heaters are generally much lower than those
of air conditioners, and space heaters consume more energy annually*®*°. Therefore, in this one-
spot summer experiment, the better nighttime performance of PEAC over conventional cool
roofs would indeed outweighs, in terms of overall energy saving, its worse cooling power at
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daytime. From simulations considering typical house structure and COPs, the experimental
temperature difference between PEAC and commercial white cool roof would lead to 78.61 kJ/
m? energy saving over 24 hours (Details in Experimental Procedures). Other seasons have lower
average temperatures compared to the summer, hence space heating takes larger portion in
energy consumption, and PEAC would deliver better energy performance in other seasons than
conventional cool roofs under the same HVAC system strategy. As a result, PEAC is expected to
outperform the commercial cool roofs in terms of year-round energy saving due to its around-
the-clock, all-season thermal regulation. Moreover, the roof temperature records (Figure S17)
show that the temperature of PEAC remains above the dew point over the 24-hour period, while
the other roofing materials are all cooled to the dew point temperature at night. Thus, PEAC is
also effective in mitigating the well-known condensation problem of cool roofs***. In energy-
poverty areas or scenarios where heating and air-conditioning are not available (e.g., tents, or
power outrage times), PEAC would also reduce occupants’ thermal discomfort because it cuts
down the daily or seasonal temperature swing toward the pre-set, constant 7' y;r during free-
floating seasons, or in energy poverty areas (Figure S20).

We further analyzed the general performance of PEAC in household energy saving with
numerical simulations. To estimate the energy saving of a roof material, we first calculated the
hour-month map of equilibrium roof surface temperature 7, with TMY3 weather files included
in the EnergyPlus climate database®. The result of using PEAC roof in Seattle, WA is shown in
Figure 5C. We assumed that the building requires heating when 7', is lower than a heating
setpoint T . (22°C) and needs cooling when 7', is higher than a cooling setpoint 7. .. (24°C)".
The heating/cooling efficiency of houses in different cities in the U.S. was extracted from past
simulation results of cool roof energy savings to determine the total thermal regulation energy (
E,) required to keep the building temperature between 7', .. and T .,'"*. We define the energy
saving 4E,, as the difference between E,. of PEAC and E, of a representative cool roof material
(fixed solar absorptance A = 0.05 and fixed €4,=0.95), where a positive value of 4E,, indicates
that PEAC is more energy efficient. Therefore, 4 E,, serves as a figure of merit of the energy-
saving potential for a roof material. Figure 5D shows the dependence of E,, on solar absorption
for the colored PEACs, which proves again the importance of optimizing the albedo of a
radiative cooling roof. As shown in Figure S19, the maximum total energy saving originates
from the balance between solar heating and daytime radiative cooling with the optimal A that
varies with different climate zones (Table S3). The simulated 4 E,, for houses built before 1980
in cities representing the 15 US climate zones were illustrated in Figure 1E, showing that PEAC
is more energy-efficient than conventional cool roofs in household temperature regulation in 12
of the 15 climate zones. For example, a PEAC roof with an area of 1700 sqft (158m?) will save
12.63 GJ of energy each year for a typical single-family house built before 1980 in San
Francisco, CA. This is equivalent to the elimination of 2,486 kg of carbon dioxide emission*.
Further simulations predict that PEAC would outperform the conventional cool roof in all 15
climate zones if its albedo can be tuned to a wider range of values (Figure S18).

Conclusions
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We have developed a printable, emissivity-adaptive, albedo-optimized covering (PEAC) that is
roll-to-roll fabricated using recyclable materials. The roll-to-roll fabrication is enabled by the
unique, cavity-free structure of PEAC, which eliminates the sensitive thickness dependence in
previous temperature-adaptive radiative structures. Outdoor experiments and numerical
simulations demonstrate PEAC’s excellent temperature regulation and energy-saving potentials
that are enabled by the automatic switching between the radiative-cooling mode and the heat-
retaining mode. PEAC opens the possibility for large-scale applications of temperature-adaptive
radiative coatings with aesthetic benefits. Buildings with PEAC applied to the envelope will be
more thermal resilient during extreme hot or cold days coincident with power outages.
Additionally, our simulation analysis on albedo-optimized temperature-adaptive radiative coolers
can also serve as a guidance to future research on dynamic radiative coolers.

In the future, the emissivity switching would be made sharper if W, V.0, particle with higher
quality could be used4546. Machine-learning guided electromagnetic simulations on more
complex photonic structures would further boost the performance of PEAC with reduced low-
temperature emissivity and wider solar absorption range. Extension from roof application to wall
application could be enabled by directional-emission photonic structures, which would bring
further prospects in building energy saving®’.

PEAC can also be applied to objects beyond building roofs and walls, such as space objects,
tents, and vehicles. Since PEAC switches emissivity in broadband thanks to the optical antenna
design, it is ideal for outer space applications where the sky window is absent*. For heavy-duty
applications such as tents and vehicle wraps, the mechanical strength of PEAC could be further
enhanced by adding more supporting layers such as polyimide and Kevlar. The durability of
PEAC can also be improved with the typical stitching method used in space multi-layer
insulations™*°. As PEAC is free of a cavity layer and operates based only on in-plane photonic
resonance, the pattern of PEAC can be imprinted onto a wide variety of polymer products
including plastic shingles and containers. Moreover, by replacing the Al layer with transparent
conducting oxides, an optically transparent PEAC could also be fabricated, which may find
applications in window coating or greenhouse covering.
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Experimental procedures

Resource availability

Lead Contact
Further information and requests for resources and materials should be directed to and will be
fulfilled by the lead contact, Jungiao Wu (wuj@berkeley.edu)

Materials Availability
This study did not generate new unique materials.

Data and materials availability

All data required to evaluate the conclusions in the manuscript are available in the main text or
the supplemental information.

Preparation of PEAC

Commercial PE food wrap (Saran Premium Wrap, S. C. Johnson & Son) was first imprinted by
passing through a laminator (ProLam Ultra-X Series Akiles Model X10) equipped with a nickel
(Ni) template which has micron-sized pillar patterns on it. The laminator consists of four pairs of
rollers, three of them are heated to a preset temperature and the last pair of rollers are at room
temperature. After the imprinting process, a mixture of isopropanol and sub-micron W,V,.0O,
particles (Hongwu International Group Ltd., size further reduced by three hours of high-energy
ball milling) were spread onto the patterned PE film with an airbrush. The surface of the film was
cleaned by Texwipe, resulting in an array of W,V O, blocks in the PE film. The PE film with
W,V..0, block array was laminated to an Al foil (Rhino Aluminum) or an AI/PET film
(McMaster-Carr) at the same temperature as that of the imprinting step to form the plain (non-
colored) PEAC. The colored PEAC was prepared with two more steps: infrared-transparent
pigments were first sprayed onto the non-colored PEAC surface. Subsequently, another layer of
PE film was laminated on top to seal the pigments (Figure S1). When PEAC is placed under a
light source, both specular reflection and diffraction grating colors are visible due to the
dominant reflection by the Al surface as well as scattering by the W, VO, periodic structure.

The nickel template used in the imprinting process was fabricated as follows: The predesigned
inverse pattern, i.e. an array of holes, was created on a 675 um thick Si wafer by standard
photolithography and ICP etching. A thin layer of Cr was subsequently sputtered onto the
patterned Si wafer as the seed layer. Then 20 um-thick Ni was deposited onto the metallized Si
wafer by electroplating. After soaking in 20% KOH solution, the Ni layer will be separated from
the Si surface, forming a freestanding template (Figure S2). In order to integrate the Ni template
with the laminator, the Ni template was attached to a polyimide film (McMaster-Carr) and then
wrapped onto the rollers during mass production.

Spectrally resolved measurements

Thermal spectral reflectance at normal incidence, denoted as r(4,T), was characterized by a
Nicolet iS50 FTIR spectrometer and Nicolet Continuum microscope over the 8-14 um
wavelength range. A blade aperture of 100 um X 100 um was used to select the area of interest.
All reflection spectra were normalized to the reflection spectrum of a 400 nm-thick aluminum
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film. The temperature of the samples, ranging from 3 to 60 °C, was controlled by a dry ice
cooled closed-loop thermal stage, connected to a Lakeshore 321 temperature controller.
According to Kirchhoff's law of radiation, in a state of thermodynamic equilibrium, the spectral
emissivity €(4,7T] is equal to the spectral absorptance a(4,T|. Considering that the PEAC
comprises a thick aluminum layer, its transmittance in both the solar and thermal infrared
wavelength ranges was considered to be zero. Thus, its thermal spectral emissivity in this range
was computed as &(4,T|=a(A,T)=1—r(A,T)|. Near normal-hemispherical solar spectral
reflectance, 7 (4|, was measured from 300 nm to 2,500 nm with an Agilent Cary 5000 UV-vis-
NIR spectrometer equipped with an Internal Diffuse Reflectance Accessory (DRA-2500), which
captures both specular and diffuse reflections. Solar spectral absorptance was also computed as
a|A)=1—r|A)since the PEAC is essentially opaque to sunlight.

The solar absorptance A and sky-window thermal emissivity €g4, can be calculated from the
corresponding spectral data using the following formulas:

2.5um 2.5um
A= [ niajaadilll [ 1,4)di (1)
0.3 um 0.3um
14 um 14 um
e (T)=| [ Blaje(a, T\aa|l| [ B(A)da (2)
8um 8um

where I,(4] is the spectral solar radiance, and B(\) is the spectral intensity of blackbody
emission.

Thermal infrared imaging and analysis

Thermal infrared images were acquired using a FLIR ONE infrared camera operating within the
sky window wavelength range. To mitigate reflections from the camera and the surroundings, the
default viewing angle was set as 20° instead of the normal incident direction. Additionally, a
cryogen-cooled high emissivity plate was employed as the background.

During the capture of thermal infrared images, the camera measures the incident thermal infrared
radiation and provides temperature readouts (7' ) assuming a constant thermal emissivity (0.90)
for the target. For a surface with a constant thermal emissivity, the Tz vs. T, relationship should
exhibit approximately linear behavior. Consequently, the presence of a step feature in the 7 vs.
T curve signifies a transition in the emissivity of PEAC (Figure S8).

To justify that the emissivity-switching performance of PEAC is insensitive to angles, the
angular dependence of the emissivity of PEAC at both high and low temperature (Figure S7) was
experimentally measured. An IR camera was used to read Tz of the same spot on PEAC from
different angles, which directly related to the power of thermal radiation®. Note that the
measurement starts from 6 = 20 ° to avoid unwanted reflectance of IR power radiated from the
IR camera itself. As shown in Figure S7B, the T x of PEAC remains almost unchanged at angles
from 20° to 70° in both low-temperature and high-temperature states, indicating that the
emissivity of PEAC is angle-insensitive, which is ideal for thermal regulation applications52
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Durability test

To evaluate the durability of PEAC toward the day-to-night temperature cycles, we use a
customized durability test system, which consists of an Arduino board (Mega 2560), a switch
module (XY-GMOS), a DC power supply (Agilent 6645A) and a heating stage. The temperature
of the heating stage is set to switch across the phase transition temperature (from 21°C to 70°C)
of W, V0, for a given number of cycles. A piece of PEAC sample was attached to the heating
stage and the thermal emissivity was measured after 1, 10, 100 and 1000 cycles, respectively
(Figure S9). We did not observe any delamination of the PEAC sample during this experiment,
proving good mechanical stability during thermal cycling tests.

Simulation of device properties

The spectral absorptance of PEAC is numerically calculated using COMSOL Multiphysics, with
all the geometric parameters matching the original design. The electromagnetic power loss
density was calculated by:

1
plri=50E|r|’ (3)

Where o is the electrical conductivity and E(r) is the local electric field. For the antenna-only
case simulation, the thickness of PE is set to be infinite to eliminate the FP resonance peaks.
Note that the imaginary part of PE permittivity is slightly increased by fitting to better simulate
the real case. Material properties are from published research articles™>°. We used an atomic
force microscope (AFM) to measure the surface roughness of the W,V 0, side of a pressed
W,V O,/PE film, which was peeled from an as-fabricated PEAC sample. The surface roughness
R, is only 11nm, which is roughly 1/1000 of the working wavelength. With such low surface
roughness, we can conclude that the particles are tightly compressed and the optical properties of
W, V0, blocks are close to a solid block at wavelengths around ~10 um.

The design of the dimensions of the W,V 0O, block array was optimized in two stages: First, the
optimization was carried out using numerical electromagnetic simulation with COMSOL
Multiphysics; Second, the design was further optimized with experimental tests. At the
numerical electromagnetic simulation stage, the fabrication feasibility of the metal template was
considered and the following dimensions of W,V 0O, blocks were chosen as the starting point:
height 2=1.5 um, width w=2.6 um. Next, a parameter scan of & was performed with results
shown in Figure S14A, showing that when h increases beyond 1.5 um, the high-temperature state
emissivity of PEAC decreases while the low-temperature state emissivity still increases. Thus, &
=1.5 um yields the highest emissivity tuning range. After the optimized value of h, a parameter
scan of w was performed (Figure S14B), leading to the finding that the emissivity tuning range
reaches maximum when w=3.6 um. During the experimental tests of PEAC, w was slighted
adjusted to w=3 pm due to the following four issues: (1) Although the simulated optimal w=3.6
um promises the largest emissivity tuning range, it also leads to a high value of low-temperature
emissivity (€4,=0.35), which works against the keeping-warm state at cold weather. (2) The
holes on the imprinted polyethylene (PE) are too large when w=3.6 um, causing structural
instability during the W,V 0O, particle deposition process as the walls between holes are too
thin. (3) Larger w leads to higher solar absorptance as the W,V,,O, particles cover too much



10

15

20

25

30

35

40

area on PEAC. (4) W,V,,0O, contributes to the majority of the cost, meaning that the cost of
PEAC scales with w? The final nominal values of dimensions are shown in Figure S5.

To demonstrate the optical enhancement by the optical antenna formed by W,V, O, blocks, we
also compared the high temperature spectral emissivity with other three other geometries of
W,V..0, arrays: cylinder shape, pyramid shape and hemisphere shape. The cylinder shape of
structure units is commonly used for emissivity regulation. The pyramid and the hemisphere
shapes were achieved using KOH etching and isotropic etching, respectively, instead of ICP
etching on Si surface during step 3 of template fabrication (Figure S2). The bottom width of all
shapes is set to be identical as that of the W, V0, blocks since the same lithography pattern is
used. Figure S13 shows that the blocks array, which has parallel faces of neighboring blocks, has
the best optical enhancement in terms of emissivity, proving the mechanism of antenna
resonance and importance of the “optical funneling” effect.

Outdoor experiment setup

The model houses were 3D-printed with white ABS filament by a 3D-printer (Ultimaker 2+).
With the reported thermal resistance of ABS 3D printing structure®®, we adjusted the thickness of
walls and roofs, as well as the 3D printing filling ratio to achieve a thermal resistance per unit
area similar to that of real houses’’. To simulate the solar absorption characteristics of real
houses, the walls of the model houses were painted white, while the windows were painted
black. Two temperature sensors are embedded in each model house structure to measure the roof
temperature and indoor temperature, respectively.

The model houses were placed on a roof of a residential house in Berkeley, CA. To mitigate the
influence of uneven ground surfaces, a foam board was utilized. Throughout the experiment,
temperature readings were recorded by a Raspberry Pi, while detailed weather data were
obtained from a nearby weather station.

Thermal regulation simulation

We employed the energy-saving simulation method described in the published paper by Tang et
al". The stable surface temperature for a given material was calculated based on adiabatic
approximation, assuming minimal heat transfer between the surface and the underlying structure.
The climate parameters, such as air temperature (7',), dew point temperature (7',), wind speed (v
), solar irradiance (/) and cloud coverage factor (CF) are obtained from TMY3 weather files
available from the EnergyPlus database*’. The sky-window emissivity of PEAC used in the
simulation was calculated from the experimental spectra of FTIR measurements, and the solar
absorptance was determined by the UV-vis-IR spectrometer measurements. With this setup, the
all-year-around temperature maps (Figure 4C) of PEAC as well as all conventional materials
with various static combinations of A and ¢ were calculated and compared.

We assumed that houses require heating when T, falls below a heating setpoint 7', (22 °C) and
need cooling when T, exceeds a cooling setpoint T . (24 °C). Subsequently, the energy
consumption on space heating, ventilation, and air conditioning (HVAC) was calculated with the

12
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temperature difference between 1’5 and setpoints. Regressed coefficients relating our surface
temperature results to reported EnergyPlus simulation® specific to each climate zone and house
type were reported in previous work'. Note that the building thermal inertia were considered in
the EnergyPlus simulation reported by Rosado et al*"-*,

To demonstrate the energy efficiency advantage of PEAC over conventional cool-roof materials,
the difference in source energy consumption for thermal regulation (4E,) between PEAC (with
best performing A in the experimental range, Figure 4D) and a representative cool roof material (
A=(0.05 and &4,=4 0.95) was calculated in all 15 U.S. climate zones. The results in the energy
saving calculations (Figure 1E, 5D, S17 and S18) are based on the pre-1980 single-family home,
which is the dominant resident building type in the U.S.”. The heating, cooling, and total energy
saving of PEAC over a representative cool roof are plotted in Figure S19. As the solar
absorptance increases, heating energy saving rises, indicating that the building benefits more
from passive solar heating in cold weather and requires less energy in space heating to maintain a
desirable temperature. However, higher solar absorption also offsets the cooling energy saving of
PEAC. As a result, an optimal solar absorptance that leads to maximum total energy saving
exists and varies with different climate zones. The 4 E,, results and corresponding optimal A for
all types of single-family homes are presented in Table S2. The energy saving performance in
hot climates are mainly limited by the lower limit of A. When A is sufficiently low, the
difference in cooling energy saving between PEAC and the cool-roof material is as low as near-
zero (Figure S19). Therefore, PEAC may outperform conventional radiative coolers in all the
climate zones in the U.S. if an ideal solar absorptance range could be achieved (Figure S18).

The energy efficiency of PEAC over commercial cool roofs in the outdoor temperature
regulation experiment has been demonstrated following the same method. The temperature
difference between PEAC and commercial cool roof was extracted from the 24-hour
experimental data, and the corresponding E, was calculated with reported regressed
coefficients'®. The resulting 4 E,. between PEAC and the commercial cool roof material is 78.61
kJ/(m*-day). Note that this summer daily 4 E,, is lower than 1/365 of numerically simulated year-
round 4E,, in Berkeley, CA, predicting that the PEAC should be more energy efficient in other
seasons.

To evaluate the temperature regulation (thermal comfort) advantage of PEAC in energy-poverty
areas where heating and air conditioning are not used, a detailed numerical simulation was
carried out with EnergyPlus. The simulation utilized a pre-1980 single-family house model,
consisting of a living core zone, a garage, and an attic. The house model was generated from
CBES® and San Francisco TMY3 weather data was used*. To simulate the condition in energy
poverty area, the house is set to be un-conditioned. The emissivity of PEAC was set to be
temperature-invariant outside of the atmospheric window, which leads to an underestimation of
the thermal regulation performance of PEAC, as the emissivity switching also exists outside of
the sky window (Figure S6). After the calculation of the hour-by-hour indoor temperature
throughout a year, the temperature regulation ability, or comfort potential, of the roof material is
characterized by the dimensionless figure of merit (FOM) defined as

L

FOM=
jl ‘T(l)_Tset,avg

“4)

dt
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Here 1 is time and 7'y« is the average value of T ., and T, ... Higher FOM indicates that the
temperature 7' [?| is more stable over time and temperature swing is narrower. We calculated the
hourly temperature over a year for a house coated with non-colored PEAC and a house coated
with a common commercial roof (A=¢ 0.9 and €4, =¢ 0.9), respectively. Figure S20 shows that
the house under PEAC has higher FOM in all areas, which demonstrates PEAC’s temperature
regulation ability for the free-floating cases.
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Figure 1. PEAC and its energy saving potential.

(A) schematic of household thermal regulation with a PEAC roof.

(B) A photo of a 30 cm by 40 cm roll-to-roll manufactured PEAC. Inset: an optical microscopic
image of the PEAC structure. Scale bar: 20 pm.

(C) PEAC colorized with infrared transparent pigments. Scale bar: 1 cm.

(D) Simulated thermal regulation energy consumption (E,) to keep the indoor temperature of a
single house between 22°C and 24°C in Seattle, WA. 4, is the tuning range of emissivity (the
emissivity difference between the high-temperature state and low-temperature state) of a
covering, and A is solar absorptance. The ideal point and the work published in Tang er al ' are
also noted.

(E) Map of the energy saving (4 E,) across the 15 climate zones in the U.S. by using PEAC in
place of a conventional cool roof (A = 0.05 and €., = 0.95).
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Figure 2. Fabrication process and spectral properties of PEAC.

(A) Roll-to-roll printing process to manufacture PEAC. Orange and blue rollers are at 110°C and

room temperature, respectively.

(B) Spectrally resolved solar absorption and thermal emissivity of PEAC.
(C) Sky-window emissivity by integrating the measured spectral emissivity in the sky window.

Inset: thermal images of PEAC taken at three different actual temperatures. Tz is the temperature

readout of the thermal camera.
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Figure 3. The working mechanism of PEAC.
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(A) A schematic showing the in-plane photonic resonance mechanism of PEAC.

(B) Whole unit cell view (left) and zoom-in view (right) of mid-IR absorption profile in PEAC at
both low and high temperatures. The wavelength of incident light is 12 ym.

(C) Numerically calculated mid-IR absorption/emissivity, showing that the emissivity switch of
PEAC is dominated by the antenna mechanism. The dashed curves show the antenna-only
scenario, in which the PE thickness is made infinite to eliminate the Fabry-Perot cavity.
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Figure 4. Albedo optimization and colorization of PEAC.

(A) Cross-section schematic of colored PEAC.

(B) Photos of pigments and corresponding images of colored PEAC.

(C) Spectrally resolved solar absorptance of colored PEACs.

(D) Integral solar absorptance and sky-window emissivity of colored PEACs. The color bars
show the range of temperature-adaptive sky-window emissivity (right axis) for the corresponding
colored PEAC. The diamond markers show the solar absorptance (left axis) of each, and the

dotted lines show the ranges of solar absorptance that can be tuned with the coverage of
pigments.
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Figure 5. Outdoor performance of PEAC.

(A) Setup of the outdoor experiments.

(B) 24-hour recorded indoor temperature of the model houses covered with different roof
materials. Left and right panels are scaled view of night and near noon, respectively. See also
Figure S16

(C) Equilibrium surface temperature 7'; and designed sky-window emissivity €, of PEAC over
the year.

(D) Extra energy saving (4 E,) plot for a house equipped with colored PEACs in place of a cool
roof material (A = 0.05 and €4,=0.95) in Seattle, WA.
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