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Radiative cooling is a passive cooling technology that can lower cooling costs and
mitigate global warming. Recent studies usually use multilayers with a reflective
metallic layer. This work by Li et al. demonstrates full daytime sub-ambient cooling
in commercial-like single-layer particle-matrix paint with low cost.
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Full Daytime Sub-ambient Radiative Cooling
in Commercial-like Paints with High Figure of Merit

Xiangyu Li,"? Joseph Peoples,’? Zhifeng Huang,'-* Zixuan Zhao," Jun Qiu,"** and Xiulin Ruan'-#¢*

SUMMARY

Radiative cooling is a passive cooling technology that acts by reflect-
ing sunlight and emitting radiation in the sky window. Although
highly desirable, full daytime sub-ambient radiative cooling in
commercial-like single-layer particle-matrix paints has not been
achieved. Here, we demonstrate full daytime sub-ambient radiative
cooling in CaCOs-acrylic paint by using large band gap CaCOs; fillers,
a high particle concentration of 60%, and a broad size distribution.
Our paint shows a high solar reflectance of 95.5% and a high normal
emissivity of 0.94 in the sky window. Field tests show cooling power
exceeding 37 W/m? and a surface temperature of >1.7°C below
ambient at noon. A figure of merit RC is proposed to compare the
cooling performance independent of weather conditions. The stan-
dard RC of our paint is 0.49, among the best radiative cooling
performances, while offering the benefits of convenient paint
form, low cost, and compatibility with commercial paint fabrication
processes.

INTRODUCTION

Cooling represents a significant sector of energy consumption in both residential
and commercial applications.” Passive radiative cooling can cool surfaces without
any energy consumption by directly emitting heat through a transparent spectral
window of the atmosphere, from 8 to 13 um (the “sky window"), to the deep sky,
which functions as an infinite heat sink, with a temperature of 3 K. By “sky window,"”
we particularly mean 8 to 13 um, which is also the widely used convention. Other sky
windows could be specified such as the second sky window, and so forth. If the ther-
mal emission of the surface through the sky window exceeds its absorption of the
sunlight, then the surface can be cooled below the ambient temperature under
direct sunlight. Compared to conventional air conditioners that consume electricity
and only move heat from the inside of the space to the outdoors, passive radiative
cooling not only saves power but it also combats global warming since the heat is
directly lost to the deep space.

The use of passive radiative cooling dates back centuries,” and scientific studies on
radiative cooling started as early as the 1960s.%>"7 Paints with sub-ambient daytime
radiative cooling capability have long been pursued,’” " and TiO, particles, the
common pigments in commercial paints, were used in most of these studies. The
particle size was usually selected to be on the order of hundreds of nanometers to
several microns, since light can be strongly scattered and reflected by particles
with a size comparable to the wavelength.'®'® A thin layer of TiO, white paint
coated on aluminum demonstrated daytime below-ambient cooling during a winter
day, and the high solar reflectance was attributed to the aluminum substrate.'®
Recently, full daytime sub-ambient cooling has been demonstrated in photonic
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structures and multilayers,’??°

which renewed interest in the development of
various radiative cooling materials. A subset of the authors theoretically predicted
full daytime sub-ambient cooling using a dual-layer structure with TiO-acrylic paint
layer on top of a carbon black layer,"” or using a broad particle size distribution
instead of a single size to enable efficient broadband scattering of sunlight.?' How-
ever, these theoretical proposals have not been experimentally confirmed. In fact,
the performance of TiOz-acrylic paints is limited by solar absorption in the ultraviolet
(UV) band due to the moderate 3.2 eV electron band gap of TiO, and the near-
infrared (NIR) 0.7- to 3-um band due to acrylic absorp’cion.21 Theoretical studies
have indicated that the solar reflectance of TiO,-acrylic paint is unlikely to exceed
92%."*?" Other materials with higher band gaps, such as SiO,,'® ZnS,?? and
BaSO,,”” have been studied to reduce the UV absorption, while a drawback is their
lower refractive indices compared to that of TiO,, which hurts scattering. Among
these, a single-layer SiO; particle bed was developed and partial daytime sub-
ambient cooling was demonstrated, except for the noon hours.”® A recent review
paper on existing commercial heat-reflective paints notes that their solar reflectance
is moderately high, ~80% to 90%, and none of the paints has achieved full daytime
sub-ambient cooling.'” However, porous structures have also been explored to

enhance solar reflectance,?* ¢

and a recent study based on porous polymers
accomplished daytime cooling and they are paint-like.?” Other non-paint daytime
radiative cooling solutions include a polymer-metal dual layer,?®??

posite-metal dual layer,” a silica-metal dual layer,?" and delignified wood.?? Taking

a silica nanocom-

these existing studies into consideration, it is clear that it is still a pertinent and chal-
lenging task to create single-layer commercial-like nanoparticle-matrix paint for day-
time radiative cooling that can gain wide commercial application.

In this work, we experimentally demonstrate high solar reflectance, high normal
emissivity in the sky window, and full daytime sub-ambient radiative cooling in sin-
gle-layer particle-matrix paints with strong performance. The results are also
included in a provisional patent filed on October 3, 2018 and a non-provisional in-
ternational patent application (PCT/US2019/054566) filed on October 3, 2019 and
published on April 9, 2020.%% Our work is enabled by the use of several different ap-
proaches from commercial paints: the large band gap CaCOj fillers, a high particle
concentration of 60%, and a broad size distribution. Our paint shows a high solar
reflectance of 95.5% and a high normal emissivity of 0.94 in the sky window. Field
tests demonstrate cooling power exceeding 37 W/m? and a surface temperature
>1.7°C below ambient at noon. A figure of merit RC is proposed to compare the
cooling performance independent of weather conditions. The standard RC of our
cooling paintis 0.49, among the best radiative cooling performance reported, while
offering unprecedented benefits of the convenient paint form, low cost, and
compatibility with commercial paint fabrication processes.

RESULTS AND DISCUSSION

Fabrication and Optical Properties of the Cooling Paint

We design our paint with a systematic approach by considering multiple factors.
To minimize the solar absorption in the UV band, we consider and investigate
many alternative materials with higher electron band gaps, and achieve strong per-
formance with CaCOgs-acrylic paint, in which CaCO3 has an electronic band gap
>5 eV. CaCO;3; has also been shown as a compatible and stable material used in
paints as spacers,” but here it is used for a different purpose. To compensate
for its low refractive index®® and enable strong scattering, we adopt a particle vol-
ume concentration of 60%, which is considerably higher than those in commercial
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Figure 1. CaCOj3-Acrylic Paint
(A) Our freestanding radiative cooling paint sample along with commercial white paint.
(B) An SEM image of the CaCOs-acrylic paint. The particle size distribution is measured from SEM

images.

paints. It is known for TiO, paints that the optical reflectance increases with the
particle concentration up until ~30%, when the optical crowding effect often oc-
curs, and a further increase of particle concentration would lead to an overall
decrease in the reflectance.’ However, as the particle concentration continues
to increase and pass the critical particle volume concentration (CPVC), the reflec-
tance will increase again.34 Hence, we select the 60% concentration, which is well
above the CPVC. It also reduces the volume of acrylic and its absorption in the NIR
band. Furthermore, a broad particle size distribution instead of a single size is used
to efficiently scatter all of the wavelengths in the solar spectrum, and hence
enhance the solar reflectance, as predicted in our previous simulations.”’ Finally,
the acrylic matrix introduces vibrational resonance peaks in the IR band, thus
ensuring a high sky window emissivity.

CaCOgz-acrylic paint with 60% volume concentration was made using a commercially
compatible process. A mixture of dimethylformamide (DMF), acrylic, and particle
fillers was left fully dried. The thickness of the sample was ~400 pm to make the
properties substrate-independent. The details are presented in the Experimental
Procedures. The freestanding CaCOj3 nanoparticle-acrylic paint sample is shown in
Figure 1A, along with commercial white paint (Dutch Boy Maxbond UltraWhite Exte-
rior Acrylic Paint, 400 um thick). The scanning electron microscopy (SEM) image of
the sample surface is shown in Figure 1B, in which CaCOjs fillers are rod shaped,
~1.9 um long, and~500 nm in diameter. Some air voids were introduced when
the concentration went beyond the CPVC, and they could have a significant role
in increasing the solar reflectance.

The solar reflectance and sky window emissivity were then characterized. To achieve
full daytime below-ambient cooling, it is critical to have both high solar reflectance
and high sky window emissivity. The solar reflectance is mainly contributed by fillers,
and the sky window emission can come from the matrix and/or fillers, as shown in
Figure 2A. The high solar reflectance results from a combination of several factors,
including filler refractive index, volume concentration, particle size, and size distribu-
tion. To compensate for the low refractive index of CaCO3; compared to TiO,, we set
the filler concentration at 60%, which is above the CPVC, to enhance the solar reflec-
tance. Through experimental trials, the 60% filler concentration provided sufficient
solar reflectance while maintaining good reliability. For operating temperatures
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Figure 2. Radiative Cooling Schematic alongside Spectral Characterization and Monte Carlo
Simulations

(A) For cooling paints exposed to direct solar irradiation, the fillers reflect sunlight between 0 and
3 um, and the particles and/or polymer matrix emit in the sky window between 8 and 13 pm.

(B) The normal emissivity of our radiative cooling paint characterized from 0.25 to 20 pum, compared
with commercial white paint.

(C) Monte Carlo simulations of the solar reflectance of the CaCOs-acrylic paint at 60%
concentration compared with experimental results. Broad size distribution enhances the solar
reflectance, and the results are in good agreement with the experimental measurement (black line).

close to 300 K, the dominant spectral range of the sky window is between 8 and
13 pm, and phonon (from the filler) or vibrational (from the polymer matrix) reso-
nance peaks are essential for passive radiative cooling. At those peaks, photons
are absorbed while interacting with phonons or vibrons, leading to high absorptivity
and emissivity. Since CaCOj3 alone has a low emissivity in the 8- to 13-um spectral
range, the high sky window emissivity is mainly contributed by the acrylic matrix.
The normal emissivity from 250 nm to 20 um is shown in Figure 2B. While maintaining
a high normal emissivity of 0.94 in the sky window, our CaCO3-acrylic paint reaches
95.5% reflectance in the solar spectrum due to low absorption in the UV and NIR re-
gions, compared to the 87.2% reflectance of the commercial white paint (Dutch Boy
Maxbond UltraWhite Exterior Acrylic Paint). Although Dutch Boy paint is not a heat-
reflective commercial paint, the solar reflectance of the CaCQO3 paint is still substan-
tially higher than those of the commercial heat-reflective paints that show a solar
reflectance of ~80%-90%."%>® Further comparison between our paint with a wide
range of commercial paints is under way.

To help illustrate the physics behind the strong radiative properties, we performed
photon Monte Carlo simulations of the nanoparticle composites with a thickness of
400 pm. Due to the ellipsoidal shape of the CaCOj particles, an effective particle
size®” was used with a diameter ug of 517.3 nm with a o4 of 95.9 nm and a length
w;of 1744 nm with a ¢, of 408.4 nm. The uncertainty of the measurements was found
to be £15.1 nm. The dielectric function of CaCO3; was obtained from the litera-
ture.®® A modified Lorentz-Mie theory?' was used to obtain the scattering coefficient
s, the absorption coefficient 5, and the asymmetric parameter of the nanoparticles
in the matrix. A simple correction was then used to capture the dependent scattering
effect due to the high concentration,*®

4 Cell Reports Physical Science 1, 100221, October 21, 2020

Cell Rer_)orts )
Physical Science



Cell Rer_)orts .
Physical Science

N = n(1 + 1.5f —0.75f2) (Equation 1)

Mg = m.(1 + 1.5f —0.75f?) (Equation 2)

where fis the particle volume fraction and 154 and 1,4 are the scattering and absorp-
tion coefficients, respectively, after considering dependent scattering. These modi-
fied coefficients were then applied to a homogeneous effective medium, where we
used the Monte Carlo method to solve the radiative transfer equation by releasing
500,000 photons into the effective medium to predict reflectivity, absorptivity,
and emissivity. We covered 226 wavelengths from 250 nm to 2.5 um. The results
are shown in Figure 2C. We observed that using the single average particle size re-
sults in a solar reflectance of 90.9%, which is considerably lower than the experi-
mental value. Including the size distribution increases the solar reflectance to
97.3% and agrees with the experimental value much better. Although one single
particle size is able to strongly scatter one narrow spectral band, a broad distribution
of particle sizes can effectively scatter a larger spectral range, leading to a higher
overall solar reflectance. The results support our previous theoretical proposal
that multiple particle sizes can effectively scatter the broadband wavelength.”’
The uncertainty from the Monte Carlo simulations is +0.3%. In addition, the effect
of paint thickness is discussed in Note S1 and Figure S1. Thinner films with thick-
nesses of 98, 131, and 177 um still provide high solar reflectances of 88.9%,
93.4%, and 95.1%, respectively.

Field Test of the Cooling Performance

Afield test of surface temperatures demonstrated full daytime cooling in West Lafay-
ette, Indiana on March 21-23, 2018, as seen in Figure 3A. The sample stayed 10°C
below the ambient temperature at night, and at least 1.7°C below the ambient tem-
perature at a peak solar irradiation ~963 W/m?. The relative humidity at 12 p.m. was
~40% with total precipitable water of 1,613.5 atm-cm. In another demonstration, a
"P" pattern was painted with the CaCOg3-acrylic paint and the rest was painted with
commercial white paint of the same thickness. It was then placed under direct sun-
light. As shown in Figure 3B, the pattern was nearly invisible to a regular camera
since both paints share high reflectances in the visible spectrum (0.4-0.7 pm). How-
ever, it became much more distinctive to an IR camera, clearly showing that the
CaCOgz-acrylic paint was able to maintain a lower temperature under direct sunlight
compared to the commercial white paint. The cooling power measurement using a
feedback heater in Figure 3C showed an average cooling power of 56 W/m? during
nights and 37 W/m? at ~12 p.m. (between 10 a.m. and 2 p.m.) in Reno, Nevada on
August 1-2, 2018, when the relative humidity was 10% at 12 p.m. with total precip-
itable water of 1,755.7 atm-cm. A detailed analysis of the cooling power and com-
parison to experimental data are provided in Note S2 and Figures S2 and S3.

Figure of Merit

In the literature,””?”?%2%3" and thus far in this work, cooling powers were reported
for different locations and weather conditions. In fact, the weather conditions can
critically affect the cooling power. For instance, humid weather can significantly
reduce the cooling power compared to dry climates.’” Although considering these
various factors is very important when a radiative cooling material moves down to
the application stage, it makes it hard to fairly assess different radiative cooling sys-
tems under similar conditions. Hence, it is beneficial to introduce a metric that can
provide an initial assessment of the radiative cooling of a material. Here, we define
a simple figure of merit, RC, to help unify the radiative cooling performance by using
the same ideal weather condition:
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Figure 3. Field Tests of the Cooling Paint

(A) Field temperature measurement for the CaCOs-acrylic paint over a period of >1 day.

(B) A "P" pattern painted with the CaCOs-acrylic paint and the rest with the commercial white paint
was placed under direct sunlight. The pattern was nearly invisible to a regular camera but became
much more distinctive to an infrared (IR) camera due to the lower temperature of the CaCOj3-acrylic
paint.

(C) Cooling power directly measured for the CaCOgz-acrylic paint using a feedback heater.

The orange regions stand for the solar irradiation intensity in (A) and (C).

RC = €5y — r(1 — Rsolar) (Equation 3)

where g is the emissivity in the sky window, Rsoja-is the total reflectance in the solar
spectrum, and ris the ratio of the solar irradiation power over the blackbody surface
emissive power transmitted through the sky window. Multiplying RC by the black-
body surface emissive power transmitted through the sky window would yield the
net cooling power when the surface temperature is synced to the ambient. RC can
be calculated to fairly evaluate different radiative cooling systems at the same solar
irradiation and weather conditions. We recommend defining a “standard RC" by us-
ing a standard surface temperature of 300 K to calculate €gi, and using a standard r
value of 10 (assuming a typical peak solar irradiation of 1,000 W/m? and typical
blackbody surface emissive power transmitted through the sky window of
100 W/m?). An ideal surface with 100% solar reflectance and an emissivity of 1 in
the sky window has an RC of 1. Here, we can also see that due to the higher solar
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intensity compared to the sky window emissive power, achieving higher solar reflec-
tance is the key to enhancing the overall cooling power and RC. The standard figures
of merit for the commercial white paint used in this study and our CaCOgz-acrylic
paint are —0.33 and 0.49, compared to other state-of-the-art non-paint approaches
as 0.32,7°0.53,%°0.35," and 0.57.?” The RC of our CaCOj3-acrylic paint is compara-
ble to or better than these reported radiative cooling systems. If the figure of meritis
positive, the surface should be able to provide a sub-ambient cooling effect. Itis rec-
ommended that our standard figure of merit is used for an initial assessment of the
potential of the material for radiative cooling, especially when the ideal dry and sum-
mer days are not accessible for researchers to perform field tests. We should note
that our standard figure of merit is defined at a surface temperature of 300 K and
a set of representative conditions. It will not differentiate between hemispherical
versus near-normal emittance or selective versus broadband emitters. For example,
the solar adsorption will have a more significant role, and hence a higher rvalue un-
der more humid conditions, when the blackbody surface emissive power transmitted
through the sky window can be significantly reduced below 100 W/m?. However, in a
very dry and hot climate, the rvalue can be quite lower than 10 due to the blackbody
surface emissive power transmitted through the sky window significantly exceeding
100 W/m?. Furthermore, a broadband emitter will perform better than a selective
surface under high operating temperatures even with the same figure of merit.
Therefore, once the material is moved down to the application stage, field tests
should be performed, and modified figure of merits can be defined based on the
specific application, location, weather, cost, and so forth. We note that a solar reflec-
tance index (SRI) is widely used for paints.*” Our RC is not intended to replace the
SRI, but instead to offer a complementary figure of merit specifically for assessing
the radiative cooling performance of different systems.

Reliability Tests, Viscosity Characterization, and Cost Analysis

Abrasion tests were performed with the Taber Abraser Research Model according to
ASTM D4060."" A pair of abrasive wheels (CS-10) were placed on the surface with a
250-g load per wheel. The mass loss was measured every 250 cycles and the refacing
was done every 500 cycles as required. The wear index (l) is defined as the weight
loss in the unit of milligrams per 1,000 cycles as

I=Am x 1000/C (Equation 4)

where Am is the weight loss and C is the cycle number. Using a linear fit to the mass
loss, Figure 4A shows that the wear indexes of the commercial exterior paint and
CaCOj3 paint are 104 and 84, respectively. Overall, our cooling paint showed similar
abrasion resistance compared to the commercial exterior paints. In a weathering
test, the CaCO3 paint was exposed to outdoor weathering, including rain and
snow, for ~3 weeks. Figure 4B shows that the solar reflectance remained within
the uncertainty level during the testing period. The sky window normal emissivity re-
mained at 0.94 at the beginning and the end of the test. Video S1 of a running water
test is provided to illustrate that our paint is water resistant. The acrylic matrix
strongly bonds the CaCOj fillers together, which helps to reduce the damage
from exterior abrasion and outdoor weathering. Nevertheless, a long-term reliability
test is under way, including UV exposure, dust, surface adhesion, and water/deter-
gent resistance. Due to the air voids introduced in the paint, it is also important to
conduct reliability tests with regard to possible penetration by acidic water in future
studies.”” The viscosity of the CaCO3 paint was measured and compared with water-
and oil-based commercial paints in Figure 4C. The viscosity of the commercial paints
was retrieved from Whittingstall’s work.**
indicating that it can be brushed and dried similarly to commercial paints, as

Our CaCOj; paint showed lower viscosity,
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Figure 4. Abrasion and Viscosity Characterizations of the Cooling Paint

(A) The mass loss as a function of the cycle number in abrasion tests. The slope retrieved was used
to calculate the wear index.

(B) The solar reflectance remained the same during the 3-week outdoor weathering test.

(C) The viscosity of the cooling paint was compared to that of commercial paints.**

demonstrated by Video S1. The viscosity can be further adjusted by changing the
type and amount of solvent used.

Due to the wide availability of CaCOj3 in natural minerals, the cost of our radiative
cooling paints is anticipated to be comparable to or even lower than that of commer-
cial white paints. The cost of the particle fillers for covering a 100-m? area is <$1.50
for CaCOj3 paint, making them among the most cost-effective radiative cooling so-
lutions with full daytime below-ambient cooling capability. Since our CaCOj5 paint is
compatible with commercial paint, the fabrication, labor, and safety cost of the paint
will be similar to current commercial paints as well. The Heat Island group at the Law-
rence Berkeley National Laboratory has performed comprehensive tests with 85%
solar reflectance roofing materials and concluded their energy savings to be 40-
75 Wh/m?/day on different buildings during a 1-month period in the summer.**
Our cooling paints showed a better performance, with >95% solar reflectance.
With the total solar irradiation ~5,000 Wh/m?/day, our paint can produce an energy
savings of 70-105 Wh/m?/day, assuming the alternating current (AC) stock average
efficiency to be 15. If the electricity cost is set at $0.1/kWh, then the savings on the
cooling costs will be $0.7/day for a moderate 100-m? apartment.

In summary, we have demonstrated that CaCOs-acrylic paint, with a high particle
concentration and a broad size distribution, is able to achieve full daytime below-
ambient cooling with a high standard figure of merit of 0.49. The intrinsic large
band gap, appropriate particle size, broad particle size distribution, and high parti-
cle concentration are essential to strongly reflect the sunlight. The vibrational reso-
nance peaks of the acrylic matrix provide strong emission in the sky window. Our
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radiative cooling paint showed a cooling performance that was among the best of
the reported state-of-the-art approaches, while offering unprecedented combined
benefits, including convenient paint form, low cost, and compatibility with commer-
cial paint fabrication processes. Future studies can aim at achieving greater perfor-
mance with thinner films by exploring materials and structures. During the review
process of our paper, we were made aware that results similar to part of our work
(i.e., high solar reflectance in paints embedded with high concentration-wide
band gap particles) were also reported in another article”> published while our paper
was under review.

EXPERIMENTAL PROCEDURES
Resource Availability

Lead Contact

Dr. Xiulin Ruan: ruan@purdue.edu.

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

All of the data associated with the study are included in the article and the Supple-
mental Information. Original data have been deposited to Mendeley Data: https://
doi.org/10.17632/gvxxr8j62w.1. Additional information is available from the Lead
Contact upon reasonable request.

Sample Fabrication

The CaCOj; particles were mixed with DMF first, followed by a 10-min sonication to
reduce particle agglomerations. We used Elvacite 2028 from Lucite International as
the acrylic matrix because of its low viscosity. The acrylic was then slowly added to
the mixture to dissolve. The mixture was later degassed in a vacuum chamber to re-
move air bubbles introduced during mixing and ultrasonication. The mixture was
then poured in a mold and dried overnight until all of the solvent was gone. The
dried paint was released from the mold as a freestanding layer with a thickness of
~400 pum.

Optical Measurement

The solar reflectance was measured on a PerkinElmer Lambda 950 UV-VIS-NIR spec-
trometer with an integrating sphere, using a certified Spectralon diffuse reflectance
standard. The effective solar reflectance was calculated based on the reference AM
1.5 solar spectra.”® The uncertainty was +0.5% based on the results of 5 different
samples made in separate batches. Additional calibrations were done with a silicon
wafer, and the solar reflectance of the CaCOs-acrylic paint was 94.9%, which is
consistent with that from the diffuse reflectance standard. The IR measurements
were done on a Nicolet iS50 Fourier transform IR (FTIR) spectrometer with a PIKE
Technologies integrating sphere for a near-normal incidence. The true hemispheri-
cal emittance can be 2%-3% lower for rough surfaces when estimating the heat loss.
The uncertainty of the PIKE Technologies diffuse reflectance standard was +0.02.
The atmospheric transmittance is under the condition of air mass 1.5 and water va-
por column 1.0 mm (IR Transmission Spectra, Gemini Observatory).

Field Test Setups

Two field test setups were made to characterize the cooling performance of the
paints on the roof of a high-rise building, as shown in Figure 5. Figure 5A is a tem-
perature test setup to demonstrate the below-ambient cooling capability. A cavity
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Figure 5. Field Test Setups for Cooling Performance Characterization

(A) A temperature test setup in which the temperatures of the sample and the ambient were
recorded. A lower sample temperature than the ambient indicated below-ambient cooling.

(B) A cooling power test setup in which the sample was heated to the same temperature as the
ambient using a feedback heater. The power consumption of the heater was equal to the cooling
power.

(C) The setups were further placed on a high-rise table to eliminate the heating effect from the
ground. A shaded thermocouple was located at a similar height to the cooling samples to avoid
overheating from the ground.

(D) Pictures of actual setups. On the left and right are temperature and cooling power test setups,
respectively.

was made from a block of white Styrofoam, which provided excellent insulation from
heat conduction. The 5-cm? sample was suspended above the Styrofoam base. A
thin layer of low-density polyethylene (LDPE) film was used as a shield against forced
convection. T-type thermocouples were attached to the bottom of the samples to
measure temperatures. An additional shaded thermocouple outside the setup was
used to monitor the ambient temperature. A pyranometer was placed to measure
the solar irradiation, including both direct and diffuse components. According to
the manufacturer, the accuracy depends on the angle of the irradiation, with direc-
tional errors <20 W/m? at an 80 solar zenith angle. Figure 5B shows the cooling po-
wer test setup. A feedback heater was attached to the back of the sample to synchro-
nize the sample and ambient temperatures. As the sample was heated to the
ambient temperature, the power consumption of the heater was recorded as equal
to the cooling power. The uncertainty, +5W/m?, was calculated as the standard de-
viation of measured nighttime cooling power at a stable surface temperature. The
conduction and convection losses were insignificant (see details in Note S2). In addi-
tion, the setups were located on a wood board, which was further insulated on a
metal table above the ground to avoid the heating effect from the ground (Fig-
ure 5C). Both setups were covered by silver Mylar to reflect solar irradiation. The
actual pictures of the two onsite cooling setups were shown in Figure 5D. The side-
walls and the bottoms of the Styrofoam setups were enclosed by silver Mylar to pre-
vent additional radiation heat transfer.

Monte Carlo Simulations

The Monte Carlo simulations were performed in a manner similar to our previous
work,?" but a correction for dependent scattering was added. The photon packet
is released at the top of the interface between the air and the nanocomposite.
The photon starts with a weight of unity and a normal direction to the air-composite
interface. As the photon propagates across the air-composite interface and through
the medium, it will lose weight scaling with the absorbing coefficient and will change
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direction affected by the scattering coefficient and asymmetric parameter. If the
photon propagates to the bottom interface and makes it through, then that weight
is considered transmitted. If the photon propagates back up to the top surface and
goes through the interface, then it is considered reflected.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
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