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Passive radiative cooling below ambient air
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Cooling is a significant end-use of energy globally and a major driver
of peak electricity demand. Air conditioning, for example, accounts
for nearly fifteen per cent of the primary energy used by buildings in
the United States’. A passive cooling strategy that cools without any
electricity input could therefore have a significant impact on global
energy consumption. To achieve cooling one needs to be able to reach
and maintain a temperature below that of the ambient air. At night,
passive cooling below ambient air temperature has been demonstrated
using a technique known as radiative cooling, in which a device ex-
posed to the sky is used to radiate heat to outer space through a trans-
parency window in the atmosphere between 8 and 13 micrometres®"'.
Peak cooling demand, however, occurs during the daytime. Daytime
radiative cooling to a temperature below ambient of a surface under
direct sunlight has not been achieved™*'>'* because sky access dur-
ing the day results in heating of the radiative cooler by the Sun. Here,
we experimentally demonstrate radiative cooling to nearly 5 degrees
Celsius below the ambient air temperature under direct sunlight.
Using a thermal photonic approach'?*, we introduce an integrated
photonic solar reflector and thermal emitter consisting of seven layers
of HfO, and SiO, that reflects 97 per cent of incident sunlight while
emitting strongly and selectively in the atmospheric transparency
window. When exposed to direct sunlight exceeding 850 watts per
square metre on a rooftop, the photonic radiative cooler cools to
4.9 degrees Celsius below ambient air temperature, and has a cool-
ing power of 40.1 watts per square metre at ambient air temper-
ature. These results demonstrate that a tailored, photonic approach
can fundamentally enable new technological possibilities for energy
efficiency. Further, the cold darkness of the Universe can be used as
arenewable thermodynamic resource, even during the hottest hours
of the day.

Consider a radiative cooler of area A at temperature T, whose spec-
tral and angular emissivity is €(/,6). When the radiative cooler is exposed
to a daylight sky, it is subject to both solar irradiance and atmospheric
thermal radiation (corresponding to ambient air temperature Ty,p,).
The net cooling power P, of such a radiative cooler is given by:

Pcool(T) :Prad(T) _Patm(Tamb) _PSun _Pcond+conv (1)

In equation (1) the power radiated out by the structure is:
Pra(T)=A JdQ cosQJ  diles(T,A)e(2,0) 2)
0
/2
Here J dQ=2rn J d0 sin 0 is the angular integral over a hemisphere.
0

2h? 1
Ip(T,2) = /1—5 ST 1 is the spectral radiance of a blackbody at

temperature T, where h is Planck’s constant, kg is the Boltzmann
constant, c is the speed of light and / is the wavelength.
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is the absorbed power due to incident atmospheric thermal radiation,
and:
o0

PSun =A J d/lE(/l’Hsun) IAMLS(;') (4)

0
is the incident solar power absorbed by the structure. We arrive at
equation (3) and equation (4) by using Kirchhoff’s radiation law to
replace the structure’s absorptivity with its emissivity €(4,0). The angle-
dependent emissivity of the atmosphere is given by®: €, (4,0) =1—

£(1)"/°% where (%) is the atmospheric transmittance in the zenith
direction®. In equation (4), the solar illumination is represented by
Iami 5(4), the AML.5 spectrum. We assume the structure is facing the
Sun at a fixed angle Og,,,. Thus the term Pg,,, does not have an angular
integral, and the structure’s emissivity is represented by its value at
GSun-

Pcond-l—conv(Ts Tamb) :Ahc(Tamb - T) (5)

is the power lost due to convection and conduction. 4. = Fcong + Aeony
is a combined non-radiative heat coefficient that captures the collective
effect of conductive and convective heating owing to the contact of the
radiative cooler with external surfaces and air adjacent to the radiative
cooler.

Equation (1) in general relates the cooling power P, (T) of the sur-
face, that is, the net power outflow of the surface, as a function of its
temperature. Such a surface becomes a daytime cooling device if there
is a net positive power outflow when T = T,,,;, under direct sunlight,
that is, if it radiates more heat out to space than it gains by absorbing
sunlight and atmospheric thermal radiation. The power outflow Pooo (T =
Tamp) then defines its cooling power at ambient air temperature. In the
absence of net outflow, a radiative cooler’s temperature should reach a
steady-state temperature below ambient. The solution of equation (1)
with Pe,0i(T) = 0 defines the steady-state temperature T;. The goal of
our experiment is to demonstrate a daytime radiative cooling device
with T < T,mp, and to measure its cooling power as a function of T
under direct sunlight, corresponding to peak daytime conditions.

To achieve daytime radiative cooling, the device must satisfy a very
stringent set of constraints as dictated by the power balance equation
of equation (1). First, it must reflect sunlight strongly to minimize Pg,.
Therefore, it must be strongly reflecting over visible and near-infrared
wavelength ranges. Second, it must strongly emit thermal radiation P4
while minimizing incident atmospheric thermal radiation P, by min-
imizing its emission at wavelengths where the atmosphere is opaque.
Thus, the device must emit selectively and strongly only between 8 um
and 13 um, where the atmosphere is transparent, and reflect at all other
wavelengths. These constraints are formidable and fundamentally ther-
modynamic in nature. Radiative power scales as T%, and the Sun, at
5,777 K, far outstrips the radiation of room-temperature objects on Earth,
which are typically around 300 K. Even with an ideally selective emitter
that emits only in the atmospheric transparency window, over 90% of
incident sunlight must be reflected to remain at ambient temperature.
In practice, to achieve meaningful daytime radiative cooling more than
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94% of sunlight must be reflected, especially given variation in atmo-
spheric conditions across different geographic regions”. This is parti-
cularly challenging when combined with the goal of emitting strongly
and selectively in the atmospheric window. Previous approaches using
metallic reflectors and conventional thermal emitters with reflective cover
foils have thus proved to be insufficient to achieve cooling under direct
sunlight. Finally, the radiative cooler must be well sealed from its en-
vironment to minimize /. and in turn P+ cony- T his constraint pres-
ents an experimental design challenge during the daytime given that
most surfaces that might be in contact with the radiative cooler will
themselves heat up when exposed to sunlight and transfer this added
heat to the cooler.

A previous paper presented a theoretical design of a photonic struc-
ture capable of satisfying the emission and reflection requirements for
cooling™. The design there involved the use of a complex two-dimensional
photonic crystal that would require photolithography. Here we intro-
duce and numerically optimize an alternative theoretical design based
on one-dimensional photonic films that is more amenable to large-scale
fabrication, and experimentally realize it. Furthermore, we design and
build an apparatus that minimizes heat load on the radiative cooler,
allowing us to observe below-ambient cooling in the daytime for the
first time.

The rooftop measurement apparatus that minimizes 4, and is used
to experimentally demonstrate radiative cooling under direct sunlight,
is shown in Fig. 1a. The design of the apparatus, shown schematically
in Fig. 1band ¢, reduces both convection and conduction to the radiative
cooler under peak solar irradiance. The radiative cooling surface, depos-
ited on a 200-mm silicon wafer, is placed on a polystyrene pedestal which
is supported by a clear acrylic box (see Methods for details). A clear 12.5-pm
polyethylene film lies above the sample as an infrared-transparent wind

c Low-density polyethylene

Aluminized Mylar Photonic radiative cooler

Polystyrene
Wood Aluminized Mylar
frame

Figure 1 | Rooftop apparatus and photonic radiative cooler. a, Photo of the
apparatus and radiative cooler on the test rooftop in Stanford, California.

b, Three-dimensional schematic of the apparatus and radiative cooler,
showing the general mode of operation of the radiative cooler. The apparatus is
designed to minimize conductive and convective heat exchange to the

cooler. ¢, Cut-out schematic of the apparatus through the middle, showing
how an air pocket is created around the radiative cooler. Surfaces adjacent to
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shield. As can be seen in the two-dimensional schematic of the apparatus
in Fig. 1c, the radiative cooler is thus suspended in a relatively well-
sealed air pocket. Such an air pocket design represents a key innova-
tion in the experimental demonstration of daytime radiative cooling:
note that our sample is far smaller than the surrounding roof. This design
aims to ensure that any surface in immediate contact with the air pocket
or the sample will heat up minimally due to solar irradiance. Finally, to
ensure peak sunlight irradiance of up to 890 W m ™ on the radiative
cooler during the winter months in which testing was conducted, the
entire apparatus is tilted 30° towards the south. This experimental con-
straint reduces sky access for the purposes of thermal radiation, so for
the same setup, better cooling performance would be expected if one were
to operate the cooler without the tilt.

We use a photonic approach to meet these stringent demands of se-
lective thermal emission in the mid-infrared, and strong solar reflec-
tion. An extensive numerical optimization scheme (see Methods) is used
to achieve the photonic design schematically shown in Fig. 1d with a
scanning electron microscope cross-section. The photonic radiative
cooler consists of seven alternating layers of hafnium dioxide (HfO,)
and silicon dioxide (SiO,) of varying thicknesses, on top of 200 nm of
silver (Ag), which are all deposited on top of a 200-mm silicon wafer.
The bottom four layers of HfO, and SiO, have thicknesses that are less
than 100 nm and assist in optimizing solar reflection in a manner akin
to that achievable using periodic one-dimensional photonic crystals.
HfO, serves as a high-index material that also presents low ultraviolet
absorption, a useful feature when optimizing for solar reflectance, while
SiO, is optically transparent and is the low-index layer. The use of HfO,
is, however, not essential, and can be replaced with titanium dioxide
(TiO,), which is less expensive. The top three layers are much thicker
and are primarily responsible for thermal radiation from the cooler,

Reflect
sunlight

this air pocket heat up minimally due to incident solar irradiance and therefore
minimize the heat load on the air inside the pocket. Mylar is polyethylene
terephthalate. d, Scanning electron microscope image of the photonic radiative
cooler that is designed, implemented and tested in our experiments. It consists
of seven layers of HfO, and SiO,, whose thicknesses are defined by extensive
numerical optimization (see Methods), on top of 200 nm of Ag, a 20-nm-thick
Ti adhesion layer, and a 750-pm-thick, 200-mm-diameter Si wafer substrate.
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through a combination of material properties and interference effects.
SiO, has a strong peak in its absorptivity near 9 jim due to its phonon-
polariton resonance. HfO, also presents non-zero absorption and hence
emission in the 8-13 um wavelength range®®. The combination of all these
layers results in a macroscopically planar and integrated structure that
collectively achieves high solar reflectance and strong thermal emission.

The photonic radiative cooler’s absorptivity/emissivity spectrum is
experimentally characterized and shown in Fig. 2. The cooler shows min-
imal absorption when integrated from 300 nm to 4 pm, where the solar
spectrum is present, in Fig. 2a, reflecting 97% of incident solar power
at near-normal incidence. In Fig. 2b we observe that the cooler has strong
and remarkably selective emissivity in the atmospheric window between
8 umand 13 pm. Moreover, the photonic radiative cooler’s thermal emis-
sivity persists to large angles (see Extended Data Fig. 1), a useful feature
to maximize radiated power P4, a hemispherically integrated quantity—
see equation (2)—and reminiscent of the behaviour of hyperbolic meta-
materials”®. Photonic design fundamentally enables these spectral prop-
erties, which in turn are essential to achieving below-ambient radiative
cooling. This spectral behaviour, and below-ambient cooling, is not
achievable using these materials individually with conventional metal-
lic reflectors.

We demonstrate the performance of the photonic radiative cooler on
a clear winter day in Stanford, California, by exposing it to the sky on a
building roof during daylight hours and comparing its steady-state tem-
perature to the ambient air temperature. As shown in the temperature
data of Fig. 3a, immediately after the sample is exposed to the environ-
ment (shortly before 10:00 local time in Fig. 3a), its temperature drops
to approximately 4° to 5° Celsius below the ambient air temperature,
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Figure 2 | Emissivity/absorptivity of the photonic radiative cooler from the
ultraviolet to the mid-infrared. a, Measured emissivity/absorptivity at 5°
angle of incidence of the photonic radiative cooler over optical and near-
infrared wavelengths using an unpolarized light source, with the AM1.5 solar
spectrum plotted for reference. The cooler reflects 97% of incident solar
radiation. b, Measured emissivity/absorptivity of the cooler at 5° angle of
incidence over mid-infrared wavelengths using an unpolarized light source,
with a realistic atmospheric transmittance model plotted for reference.

The photonic cooler achieves strong selective emission within the
atmospheric window.
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even though significant solar irradiance is already incident on the sam-
ple. This is a key signature of radiative cooling, and a counterintuitive
result during the day: we typically think of surfaces increasing their tem-
perature when removed from the shade and exposed to the Sun during
the day. We observe the photonic radiative cooler’s temperature for over
five hours under direct sunlight. Over 800 W m ™ of solar power is inci-
dent on the sample for three of the five hours. The cooler maintains a
steady-state temperature substantially below the air temperature over
the entire day, and is 4.9°C = 0.15°C below the air temperature bet-
ween 13:00 and 14:00 (local time) when the solar irradiance is in the
range 800-870 W m ™2 To illustrate the significance of this result, we
compare in Fig. 3b the photonic radiative cooler’s performance against
200-mm wafers in identical apparatuses coated with conventional ma-
terials: carbon black paint and aluminium. The black paint reaches near
80° C, which is more than 60 °C above the ambient air temperature,
while the aluminium reaches nearly 40° C, which is 20° C above the am-
bient air temperature. Typical roofing material has strong solar absorp-
tion and hence significantly heats up under direct sunlight, as emulated
by the black paint result here. Also, one still sees very strong heating
with an aluminium film, even though it provides relatively strong solar
reflection.

We next characterize the photonic radiative cooler’s cooling power.
We allow its temperature to reach the previously achieved steady-state
value under peak sunlight conditions of nearly 900 W m 2. We then in-
put heat to the cooler in steps over the course of one hour and observed
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Figure 3 | Steady-state temperature of photonic radiative cooler. a, Rooftop
measurement of the photonic radiative cooler’s performance (blue) against
ambient air temperature (black) on a clear winter day in Stanford, California.
The photonic radiative cooler immediately drops below ambient once
exposed to the sky, and achieves a steady-state temperature T of

4.9 °C £ 0.15 °C below ambient for over one hour where the solar irradiance
incident on it (green) ranges from 800 W m ™ to 870 W m ™ >. b, Comparing
the photonic radiative cooler’s performance against two reference roofing
materials: black paint and aluminium. The paint reaches a temperature up to
80 °C, or 60 °C above ambient, while the aluminium reaches nearly 40 °C,

or 20 °C above ambient. Only the photonic cooler stays well below ambient
under direct solar irradiance.
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the cooler’s temperature at each step, as shown in Fig. 4a. With each
increase of heat input, the temperature of the cooler rises to a new steady
state. We plot the temperature of the cooler as a function of heat power
in Fig. 4b. The temperature of the cooler reaches ambient temperature
with an input heat power 0f40.1 = 4.1 W m ™2, indicating that substan-
tial cooling power is available from this device. We next develop a theo-
retical model of our photonic cooler. This model is based on equation
(1), where we use the spectral data of Fig. 2, as well as a model of the
atmospheric transmittance (see Methods), and a model for the con-
ductive and convective losses of the apparatus, that together yield a value
of h.=6.9W m 2K ! (see Methods and Extended Data Fig. 2). The
theoretical model agrees excellently with the experimental data (Fig. 4b).
The model can also be used to predict the steady-state temperature and
power balance of the photonic radiative cooler as a function of time,
and as compared against the observed performance of the sample under
both daytime and night-time conditions (Extended Data Fig. 3). More-
over, the model indicates that lower steady-state temperatures can be
reached by the cooler by reducing convective losses (see Methods). Under
the same atmospheric and solar conditions, but with 4. — 0, our device
should achieve a steady-state temperature of 19.5 °C below ambient
(see Extended Data Fig. 2¢). Substantial gains in the photonic radiative
cooler’s performance are thus achievable by improved packaging alone.

The below-ambient cooling under peak daylight conditions shown
here presents the possibility for purely passive, water-free approaches
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Figure 4 | Cooling power of photonic radiative cooler. a, Rooftop
measurement of the photonic radiative cooler’s temperature (blue), relative to
ambient air temperature (black), in response to step-wise increasing inputs of
heat (quantity shown at top at the beginning of each time period). For an
input of 40.1 = 4.1 W m ™ the radiative cooler reaches ambient air
temperature, where solar irradiance of 860 W m ™2 is incident on the cooler.
b, The average temperature reached by the cooler over the last two minutes of
each time period in a relative to ambient air temperature (Tsymple minus
Tambient) for each associated value of input heat, with error bars defined by
instrument and measurement error (see Methods). The predictions of a
theoretical model for h. = 6.9 W m™ 2K ! are shown in the grey band, whose
bounds are set by uncertainty associated with atmospheric transmittance.
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to cooling buildings and vehicles at all hours of the day. A preliminary
analysis indicates that photonic radiative coolers could compete favour-
ably in economic terms against other rooftop renewable energy options
for cooling such as photovoltaic panels but may also work cooperatively
with them (see Methods and Extended Data Fig. 4). A key engineering
challenge will be to minimize parasitic heating of the radiative cooler
from the surroundings while delivering the desired heat load to it effi-
ciently. With the remarkable degree of spectral and thermal control made
possible by photonic approaches, cooling power performance in favour-
able atmospheric conditions could be improved to more than 100 W m >
(ref. 14). Improving building efficiency with a view towards reducing
the need for active cooling has taken on renewed urgency on our warm-
ing planet, where the increase in carbon emissions caused by air con-
ditioning is predicted to be faster than the decline in emissions from
reduced heating™. In off-grid areas of the developing world, achieving
radiative cooling during the daytime offers the opportunity to enable
electricity-free cooling for critical needs like long-term food and medical
supply storage. More broadly, our results point to the largely unexplored
opportunity of using the cold darkness of the Universe as a fundamen-
tal renewable thermodynamic resource for improving energy efficiency
here on Earth.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Photonic design optimization. The needle optimization method* is used to deter-
mine and optimize the number of layers and layer thicknesses of the photonic ra-
diative cooler. The target metrics chosen for optimization were ideal reflectivity over
the solar spectrum, weighted by the AM1.5 solar spectrum, and ideal emissivity in
the range 8-13 pm. A combination of simulated annealing and quasi-newton me-
thods are used to re-optimize layer thicknesses. Ag is defined to be the substrate
layer, and HfO, and SiO, the materials to be used as alternating inserted layers.
Refractive indices and extinction coefficients used in the optimization are derived
from the ellipsometry of the bulk deposited layers of the materials for SiO, and Ag
from 300 nm to 1,500 nm, with other values for other materials and wavelengths
ranges coming from tabulated references®.

Cooler fabrication and characterization. The photonic radiative cooler was depos-
ited using electron beam evaporation on top of a 750-pm-thick, 200-mm-diameter
silicon wafer by LGA Thin Films. A 20-nm-thick adhesion layer of Ti was first de-
posited, followed by 200 nm of Ag, and the seven alternating dielectric layers of
HfO, and SiO, at the thicknesses shown in Fig. 1d. Thicknesses are monitored
using a quartz crystal monitor during deposition. Depositing a thick layer of HfO,
necessitates multiple cool-downs to prevent overheating due to the high tempera-
tures needed for its evaporation. The reflectance of the cooler was characterized in
the visible and near-infrared using a spectrophotometer (Jasco V-670) with an un-
polarized light source and a calibrated high specular reflectance standard (Ocean
Optics STAN-SSH), and is shown in Fig. 2a. In the infrared, a Fourier transform
infrared spectrometer (Thermo Scientific Nicolet 6700) with an unpolarized light
source is used to characterize the cooler’s reflectance with a gold film used as a re-
flectance standard, as shown in Fig. 2b. A variable-angle accessory (Harrick Seagull)
allows for reflectance measurements at varying angles of incidence from 5° to 85°
(see Extended Data Fig. 1 for data). A scanning electron microscope (FEI Nova
NanoSEM 450) is used to image the layers and is shown in Fig. 1d.

Rooftop measurement. The radiative cooler and reference materials were tested
on the flat roof of a three-storey building (Fig. 1a) in Stanford, California, in mid-
December 2013. The Sun’s peak altitude was 30° above the horizon on the days
testing occurred, while the apparatus containing the radiative coolers was placed
onaplatform tilted at 30° = 2°. Thus at maximum solar irradiance 0s,,, = 30° % 2°.

The apparatus containing the radiative cooler consists of a wood frame covered
by a layer of aluminized Mylar. The top surface of the frame has a circular 10-inch
aperture. A clear acrylic box with the top side open, and the bottom side containing
a200-mm aperture is joined and sealed to the underside of the wooden frame’s top
surface. An aluminized Mylar-coated polystyrene pedestal is then inserted through
the acrylic box’s 200-mm aperture, and the radiative cooler is placed on top of the
polystyrene. A 12.5-pm-thick low-density polyethylene film is then used to seal the
top aperture on the wooden frame, and serves as an infrared-transparent wind shield.
This design, schematically represented in Fig. 1c, creates a well-sealed air pocket
around the sample. Surfaces in contact with the air pocket absorb sunlight mini-
mally and thus minimize the heat load on the sample due to external solar heating
of adjacent surfaces and air.

The back-surface of the radiative cooler is instrumented with an adhesive res-
istance temperature detector sensor with +0.15 °C accuracy mounted at the centre
of the wafer, connected to a data logger (Omega OM-CP-OCTRTD). To determine
the steady-state temperature, the entire apparatus is placed on the angled platform
on the roof and shielded with an aluminium sheet, blocking access to the sky. The
radiative cooler and apparatus are then exposed to the sky, and left on the roof
through the course of the day. Next to the radiative cooler, we also expose reference
samples of aluminium and carbon black paint to the sky, also mounted in the same
apparatus design and platform. Direct and diffuse solar irradiance incident on the
sample is measured over the same time period using a pyranometer (Kipp & Zonen
CMP 6) and a data logger rated to a directional error of +20 W m™ 2. The pyran-
ometer is placed on the same tilted platform as the apparatus. Ambient air tempe-
rature is measured using an air-temperature resistance temperature detector probe
with £0.15° Caccuracy in a sun-shaded area with free air flow near the sample, but
outside the air pocket around the sample.

To determine the cooling power of the radiative cooler a circular 3.4-inch-
diameter polyimide resistive heater is attached adhesively to the underside of the
cooler. The heater delivers varying amounts of heat to varying input voltages from
a direct-current (d.c.) power source (with +1% readout accuracy), and has a re-
sistance tolerance of =10%. The temperature of the sample shown here represents
the average temperature over the whole sample. The temperature distribution un-
certainty is +0.4° C, as determined by measurement and simulation. The range is
represented as the uncertainty in Fig. 4b. In the experiment, the radiative cooler is
initially allowed to equilibrate with zero heat input. Increasing quantities of heat are
then applied constantly for time periods of 8-10 min, as shown in Fig. 4a. With each
increase in heat applied, denoted numerically at the top of Fig. 4a, the temperature
of the sample rises and plateaus. The average temperature over the last two minutes
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of each time block is used to define the radiative cooler’s temperature for the cor-
responding heat input shown in Fig. 4b. Uncertainty in the reported cooling power
is based on the propagation of instrument and resolution error. The solar irradiance
on the radiative cooler over the entire time period of the cooling power experiment
stays within a range of 850-880 W m ™2,

Theoretical model of cooler and apparatus. The theoretical model represented
by the grey line in Fig. 4b is arrived at by using equation (1). Specifically, we input
the experimentally derived absorption/emission data of the photonic cooler for the
relevant angles of incidence (0s,y, at optical wavelengths), the AM1.5 spectrum
weighted to the net irradiance measured, and a model of the atmospheric trans-
mittance. MODTRANS is used to model the atmosphere in the infrared for a clear
sky at mid-latitudes during the winter*®. The model accounts for the tilt of the ap-
paratus and the presence of the thin polyethylene cover. Given a range of potential
atmospheric conditions, we assign a 5% uncertainty to this atmospheric model,
which in turn defines the bounds of the grey line shown in Fig. 4b. h_ is derived by
numerical heat transfer modelling (see below and Extended Data Fig. 2).

The theoretical model is also used to calculate the steady-state temperature of the

photonic radiative cooler over the course of a day. Given the observed ambient air
temperatures (averaged using a moving 30-min window) and solar irradiance from
the day on which the Fig. 2 data was taken, in addition to the measured spectral
emissivity of the photonic radiative cooler and atmospheric transmission from
MODTRANS, we solve equation (1) for T, by a binary search and plot the result as
a grey band in Extended Data Fig. 3a. The bounds of the grey band are defined by a
range of values of hi.between 4 Wm >K ™ 'and 8 Wm ™ >K ™, since h. can vary over
the course of a day given varying environmental conditions. The model matches
the observed temperature of the photonic radiative cooler (blue line) quite well, in-
dicating the utility of the model in predicting and characterizing the performance
of aradiative cooler at any hour of the day and at any time of the year. In particular,
the data from Fig. 2 is extended to show the performance of the photonic radiative
cooler on the same day under night-time conditions in Extended Data Fig. 3a. Over
approximately an hour, the Sun dips and sets beyond nearby hills, and solar irra-
diance incident on the photonic radiative cooler falls to nearly 0. As Ps,, — 0, the
photonic radiative cooler’s performance improves, with a steady-state temperature
approximately 7° Cbelow ambient achieved (see Extended Data Fig. 3b). The model
can also be used to break down the power balance of equation (1) into its constituent
terms to better elucidate the contributions to the device’s performance (see Extended
Data Fig. 3c).
Heat-transfer modelling of experimental apparatus. Heat-transfer simulations
were performed in COMSOL in order to better understand convective and con-
ductive loss mechanisms in the experiment, and to quantify Peond-+conv and k. as
defined in equation (5). The numerical model simulates the experimental setup in
two dimensions with three objects: a thin radiator, surrounding air and the sup-
porting polystyrene block. We define the air temperature and the conductive pro-
perties of all objects and the value of the heat flux P, that is leaving the radiator,
allowing us to infer Peopd-+cony as @ function of the radiator’s temperature T. The
outside boundaries of the system (shown at the top of Extended Data Fig. 2a) are
set to the air temperature. The simulation handles the fluid mechanics in the air pocket
and the conduction in the polystyrene block and the radiator in order to determine
the steady-state temperature T of the sample for each value of P, At the steady-
state temperature, Pou, = Peond-+cone = Al Tam — T).

The result of this simulation is shown in Extended Data Fig. 2b as the blue line,
whose slope is the simulation’s prediction of the non-radiative heat transfer coef-
ficient .. By linear regression we find a value of . = 6.9 W m™> K™ which is sub-
sequently used with the theoretical model in Fig. 4b and fits the observed data very
well.

As a reference we also plot the net radiated power of the radiative cooler
Prei(T, Tamb) = Prad(T) — Pagm(Tamp) — Psun» in Extended Data Fig. 2b. Since P,
cannot be independently experimentally obtained, we use the theoretical model
previously discussed. As a check, the intersection of these curves is the prediction
of the theoretical model and numerical heat transfer simulation for the expected
steady-state temperature T of the photonic radiative cooler in the apparatus. We
find a value of 4.2 °C below ambient, agreeing quite well with our experimental
result of 4.3 °C below ambient in Fig. 4b for the data obtained during the day when
cooling power is measured (a different day from the day on which the steady-state
temperature was measured). The combination of a theoretical model based on ra-
diative properties, and a numerical heat transfer model for non-radiative behaviour,
can thus model the experimental behaviour of the photonic radiative cooler remark-
ably well.

Building-level energy saving analysis. We assess the energy savings enabled by
covering the roof of a typical commercial building with the photonic radiative cooler
in a rudimentary way, and project the levelized (accounting for the lifetime of an
installation and the discount rate) cost of cooling for a range of installed costs. To
highlight the fundamental arguments for energy savings with our radiative cooling
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strategy, we perform a basic analysis, in which we assume that the building has a
mechanism to transfer part of the heat load to the radiating surface on the roof,
while a standard heating, ventilation and air conditioning (HVAC) system handles
other cooling requirements. EnergyPlus simulations® are used to determine the cool-
ingload for a three-story medium-sized commercial benchmark building** with a
1,600 m? roof on an hourly basis over a year in Phoenix, Arizona, USA. The build-
ing’s interior is assumed to be maintained at Tiyterior = 24 °C at all hours. The
cooling power made available by the photonic radiative cooler is then calculated
onan hourly basis, Peooil(T = Tinteriors Tamb(£) £), from equation (1). Typical Meteo-
rological Year (TMY2) data®® for Phoenix is used to determine T,y,(#) and Py, (f)
onan hourly basis. The model of the photonic radiative cooler discussed in the main
paper is used to calculate P, on an hourly basis for each corresponding value of
Tamp and Ps,,;, at the specified T = Tjperior St point.

In our analysis, these hourly values of P, are then subtracted from the heat
load for the building as determined by the EnergyPlus simulations. The remaining
heat load is assumed to be dissipated with a standard cooling system with a coef-
ficient of performance of 2.8 (ref. 34). Therefore, the use of a photonic radiative
cooler translates into a savings in electric power of P, divided by the coefficient
of performance. Integration of this savings over a period of time then gives overall
electricity savings in kilowatt hours. Here we take into account that the cooler can
operate 24 h a day—the cooler in fact performs even better in the absence of sun-
light than in the daytime. If there is minimal cooling demand for the building, for
example during summer nights, the cooling power of the roof is pessimistically as-
sumed to be unused. The resulting saving in kilowatt hours is plotted in Extended
Data Fig. 4 on a monthly basis, and yields an annual projected electricity saving of
1.185 X 10° kWh. By being able to operate at all hours of the day, photonic radiative
coolers will have shorter payback periods for buildings and regions where there is
cooling demand at all hours. This can be seen in Extended Data Fig. 4, with more
kilowatt hours saved during summer months in Phoenix when, in addition to
higher demand during the day, there is cooling demand even at night.

To provide a rough estimate of the monetary value of the energy savings made
possible by the photonic radiative cooling we perform a standard project finance
analysis. We assume a twenty-year lifespan, grid electricity cost of $0.10kWh™",
fix operating costs at $0.8 m~~ (between 1% and 2% of the range of installed costs™),
a discount rate of 5% and consider a range of installed costs of between $20 m > and
$70 m ™% Such installed costs are in line with what is currently achieved at scale for
similar multilayer coatings for low-emissivity windows®” and other surfaces. This

analysis then yields unsubsidized levelized costs of cooling (for the energy saved)
between $0.03kWh™" and $0.09kWh ™', which are below aggressive levelized
cost projections for both rooftop and utility-scale photovoltaics over the coming
decade®. This indicates that photonic radiative coolers could potentially be an at-
tractive large-area renewable solution to reducing cooling costs for buildings. They
may also work cooperatively with rooftop photovoltaic systems based on a build-
ing’s needs and energy use profile.

This simple analysis is meant to provide a first-order estimation of the potential
of photonic radiative coolers that operate at all hours of the day. We have not
accounted for heat-transfer mechanisms to the radiative cooling panels themselves.
In practice, the specific implementation and integration of radiative cooler systems
may take different forms, including their direct integration with chillersand HVAC
systems. Finally, we note that we assume the sunlight, almost all of which is re-
flected by our photonic radiative cooler, goes unused. Future designs and config-
urations may find ways of using this reflected sunlight, enabling shorter payback
periods and lower levelized costs.
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Extended Data Figure 1 | Angular emissivity of photonic radiative cooler.  transparency window) plotted as a function of polar angle of incidence. The
a, Measured emissivity/absorptivity of the cooler for variable angles of cooler’s emissivity within the window remains relatively constant between 5°
incidence over near- and mid-infrared wavelengths with a realisticatmospheric ~ and 60°, and remains high even at remarkably large angles of incidence,
transmittance model plotted for reference®. b, Average measured emissivity ¢  reminiscent of the behaviour of hyperbolic metamaterials.

of the photonic radiative cooler between 8 um and 13 pm (the atmospheric
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Extended Data Figure 2 | Numerical modelling of non-radiative heat
exchange. a, A numerical simulation of the apparatus and radiative cooler
(layout shown at top) yields a temperature distribution (Tsample — Tambient)
(bottom) within the geometry that takes into account non-radiative heat
exchange in the apparatus. b, The simulation calculation for P opd+cony a5 @
function of Tsample = Tambient (blue line) yields a value of h. = 6.9 W m 2K},
which we use in our theoretical model to compare against experimental data in
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40

Fig. 4b. We also plot the theoretical model of net radiated power P, that

is based on the absorption/emission of the photonic radiative cooler (grey line).
The intersection represents the predicted value of T of the photonic radiative
cooler in this apparatus, and matches well our observed experimental value
of Ty = 4.3 °Cbelow ambient in Fig. 4b. ¢, Theoretical model plotted for various
values of hi.. As h. — 0 the model predicts T of nearly 20 °C below ambient can
be achieved by the photonic radiative cooler.
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Extended Data Figure 3 | Modelling steady-state temperature under

daytime and night-time conditions. a, The theoretical model is used to
calculate the steady-state temperature of the photonic radiative cooler (see
Methods) given observed air temperatures, solar irradiance and a range of
values of i from 4 Wm ™K™' to 8 Wm ™ >K ' (grey band). The model is able
to predict well the observed performance of the photonic radiative cooler
through the course of the day (blue line, extending the data from Fig. 2) under
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both direct solar irradiance (green line) and when the Sun sets behind nearby
hills, reducing irradiance to near-zero values. b, Data from this latter time

period (effectively night-time conditions). As expected, the photonic cooler
performs even better under no solar irradiance, with Tqymple = Tambient Of
approximately 7 °C below ambient achieved. ¢, The four terms on the right

hand side of equation (1) are plotted, using the model at T; as a function of time,

to elucidate the impact of each component on performance.
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Extended Data Figure 4 | Energy savings for a medium commercial
reference building with photonic radiative coolers. We use a simple
approach to estimate the energy savings for the National Renewable Energy
Laboratory three-story commercial benchmark building®, assuming its

1,600 m” roof is covered with the photonic radiative cooler, and heat from its
interior is transferred to the radiative panels (see Methods). Using the model
of our photonic radiative cooler, the thermal cooling power of the radiative
cooler is set relative to ambient air temperature and solar irradiance for
Phoenix, Arizona, over a typical year (TMY2 data), and with an interior air
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Month

temperature of 24° C. EnergyPlus simulations determine the cooling load the
building places on the air-conditioning units (which is assumed to have a
coefficient of performance of 2.8). The calculated cooling power of the radiative
cooler is then subtracted from the thermal load on an hourly basis for the
year, and electricity savings are subsequently inferred and plotted. Although
this is a rudimentary analysis, it does indicate that more kilowatt hours are
saved in summer months where there is greater cooling demand, and that the
scale of the potential annual savings (1.185 X 10> kWh) is substantial.
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