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RADIATIVE COOLING WITH SOLAR
SPECTRUM REFLECTION

RELATED DOCUMENTS

[0001] This patent document is a continuation under 35
US.C. § 120 of U.S. patent application Ser. No. 14/719,116
filed on May 21, 2015 (U.S. Pat. No. 10,088,251), which
claims benefit under 35 U.S.C. § 119 to U.S. Provisional
Patent Application Ser. No. 62/001,405, entitled “Structures
For Radiative Cooling” and filed on May 21, 2014, and with
three Appendices; each of these patent documents is fully
incorporated herein by reference.

BACKGROUND

[0002] Cooling demand contributes significantly to end-
use of energy globally and is a major driver of peak
electricity demand. Air conditioning of buildings, for
example, accounts for 15% of the primary energy used to
generate electricity in the United States. Passive cooling
strategies that cools without any electricity input can there-
fore have an impact on global energy consumption. To
achieve cooling, a temperature below the ambient air tem-
perature is reached and maintained. At night, passive cooling
below ambient air temperature can be achieved using radia-
tive cooling. Radiative cooling exposes a device to the sky
to radiatively emit to outer space through a transparency
window in the atmosphere between 8-13 micrometer wave-
length range. Peak cooling demand, however, occurs during
the daytime. Daytime radiative cooling can be difficult due
to heating of the device by the sun.

[0003] For buildings (and other structures), cooling is a
larger issue when the temperature is higher and when the
building is exposed to direct sunlight, both of which happen
during daytime. Daytime radiative cooling can therefore be
significantly more useful than nighttime cooling, but is also
often much more challenging due to the problem of
absorbed solar radiation.

SUMMARY

[0004] Aspects of the present disclosure are directed
toward radiative cooling with solar spectrum reflection. In
certain more specific embodiments, a structure facilitates
far-field radiation at particular wavelengths while blocking
radiation at solar wavelengths. Additionally, aspects of the
present disclosure allow for twenty-four hour cooling of
buildings and similar structures, and for cooling through a
heat exchange to other liquid, gases, or solids.

[0005] Aspects of the present disclosure utilize radiative
cooling techniques that exploit the natural transparency
window for electromagnetic waves in the Earth’s atmo-
sphere to transport heat from terrestrial objects. These
techniques can be used to facilitate passively cooling even at
temperatures that are well below the ambient air tempera-
ture. Particular aspects are premised upon the recognition
that the blackbody spectral radiation wavelengths for com-
mon terrestrial temperatures (0-50 degrees Celsius) are at or
near wavelengths where the atmosphere is nearly transpar-
ent.

[0006] According to an embodiment, a radiative cooling
apparatus for cooling an object comprises an arrangement of
a plurality of different material located at different depths
along a depth dimension relative to the object. The plurality
of different material includes a solar spectrum reflecting
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portion configured and arranged to suppress light modes,
thereby inhibiting coupling of the incoming electromagnetic
radiation, of at least some wavelengths in the solar spectrum,
to the object at a range of angles of incidence relative to the
depth dimension. The plurality of different material further
includes a thermally-emissive portion that includes a portion
of the different material that are arranged in the depth
dimension, and configured and arranged to facilitate, simul-
taneously with the inhibiting coupling of the incoming
electromagnetic radiation, thermally-generated electromag-
netic emissions from the object at the range of angles of
incidence and in mid-IR wavelengths. In various embodi-
ments, the arrangement of the plurality of different materials
includes a multi-layer stack of alternating different material,
wherein each layer of the multi-layer stack includes a planar
layer of one of the different materials. The apparatus, in
accordance with a number of embodiments, can be operated
with or without sunlight (e.g., twenty-four hours a day).

[0007] Another embodiment is directed to a method that
may be implemented using the above-noted apparatus. The
method includes using a solar spectrum reflecting portion of
an arrangement to suppress light modes and thereby prohibit
coupling of incoming electromagnetic radiation, of at least
some wavelengths in the solar spectrum, to the object at a
range of angles of incident relative to a dimension of depth.
The method further includes using a thermally-emissive
portion of the arrangement to facilitate thermally-generated
electromagnetic emissions from the object at the range of
angles of incident and in mid-infrared (IR) wavelengths. The
solar spectrum reflecting portion and the thermally-emissive
portion are integrated as the arrangement formed of a
plurality of material located at different depths along the
depth dimension relative to the object. And, an gap (e.g., at
pressure or below that of air) is at least in part surrounding
the arrangement of the plurality of different material, the gap
created by a sealed enclosure having an outer surface
exposed to the environment and configured and arranged to
create the gap between the outer surface of the enclosure and
the arrangement of the plurality of different material.

[0008] Another apparatus embodiment includes an
arrangement of a plurality of different material located at
different depths along a depth dimension relative to an
object. The plurality of material includes a solar spectrum
reflecting portion and a thermally-emissive portion (that
may themselves be entirely integrated along the depth
dimension). The solar spectrum reflecting portion is config-
ured and arranged to suppress light modes, thereby inhibit-
ing coupling of incoming electromagnetic radiation, of at
least some wavelengths in the solar spectrum, to the object
at a range of angles of incidence relative to the depth
dimension. The thermally-emissive arrangement, that
includes a portion of the different material that are arranged
in the depth dimension, is configured and arranged to
facilitate, simultaneously with the inhibiting coupling of
incoming electromagnetic radiation, thermally-generated
electromagnetic emissions from the object at the range of
angles of incidence and in mid-IR wavelengths. The appa-
ratus further includes a sealed enclosure having an outer
surface exposed to an environment, the sealed enclosure
configured and arranged to create a gap between the outer
surface of the sealed enclosure and the arrangement of the
plurality of different material, and a heat exchange interface
configured and arranged with the arrangement of the plu-
rality of different material, and to conduct heat away from
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the object by using the radiative properties of plurality of
different materials. The heat exchange interface may further
interface with phase-change materials either directly or
indirectly to allow for thermal storage driven by the radia-
tive properties of the plurality of different materials.
[0009] The above discussion/summary is not intended to
describe each embodiment or every implementation of the
present disclosure. The figures and detailed description that
follow also exemplify various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Various example embodiments may be more com-
pletely understood in consideration of the following detailed
description in connection with the accompanying drawings.
[0011] FIG. 1 shows a radiative cooling apparatus for
cooling an object, in accordance with various embodiments
of the present disclosure;

[0012] FIG. 2 shows a radiative cooling apparatus at an
angle for cooling an object, in accordance with various
embodiments of the present disclosure;

[0013] FIG. 3 shows an alternative configuration for pro-
viding cooling for various structures, in accordance with
various embodiments of the present disclosure;

[0014] FIGS. 4A-4B show alternative configurations of a
radiative cooling apparatus, in accordance with various
embodiments of the present disclosure;

[0015] FIG. 5 shows an example method of cooling an
object using a radiative cooling apparatus, in accordance
with various embodiments of the present disclosure:;
[0016] FIGS. 6A-6B show the absorptivity/emissivity
spectrum of a radiative cooling apparatus comprised of
multiple alternating layers of material, in accordance with
various embodiments of the present disclosure;

[0017] FIGS. 7A-7B show temperature of a radiative
cooling apparatus as compared to ambient air temperature,
black paint, and aluminum, in accordance with various
embodiments of the present disclosure;

[0018] FIGS. 8A-8B show a characterization of cooling
power of a radiative cooling apparatus, in accordance with
various embodiments of the present disclosure;

[0019] FIGS. 9A-9B show an example performance of a
radiative cooling apparatus comprised of optical glass and a
diffuse white reflector, in accordance with various embodi-
ments of the present disclosure;

[0020] FIGS. 10A-10B show examples of a radiative
cooling apparatus comprised of multiple layers of dielectric
and metallic materials, in accordance with various embodi-
ments of the present disclosure;

[0021] FIGS. 11A-11B show examples of a radiative cool-
ing apparatus comprised of glass material and multiple
layers of dielectric and metallic materials, in accordance
with various embodiments of the present disclosure;
[0022] FIGS. 12A-12D show examples of a radiative
cooling apparatus in an integrated system designed to trans-
fer cooling resources via a heat exchange interface, in
accordance with various embodiments of the present disclo-
sure; and

[0023] FIGS. 13A-B show examples of a radiative cooling
apparatus arranged to transfer heat to and from a phase-
change material, in accordance with various embodiments of
the present disclosure.

[0024] While the disclosure is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
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described in detail. It should be understood, however, that
the intention is not to limit the disclosure to the particular
embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling
within the scope of the disclosure including aspects defined
in the claims.

DETAILED DESCRIPTION

[0025] Various aspects of the present disclosure are
directed towards apparatuses, methods of use, and methods
of manufacturing of radiative cooling structures.

[0026] Certain aspects of the present disclosure are
directed towards methods/apparatuses that include a radia-
tive cooling apparatus for cooling an object. It has been
surprisingly discovered that a plurality of different material
located at different depths along a depth dimension can be
used to simultaneously prohibit coupling of incoming elec-
tromagnetic radiation to an object (e.g., reflect) and facilitate
thermally-generated electromagnetic emissions from the
object and in the mid-infrared range wavelengths (e.g.,
emit). For example, the plurality of different material can be
formed as an arrangement having a solar spectrum reflecting
portion and a thermally-emissive portion. The solar spec-
trum reflecting portion is configured and arranged to sup-
press light propagation modes (light modes) within the
structure from coupling to sources that are externally located
relative to the object being cooled. The particular light
modes that are suppressed can be targeted to prohibit cou-
pling of incoming solar radiation by including at least some
wavelengths in the visible, near infrared (IR ), and ultraviolet
spectrum (solar spectrum). The thermally-emissive portion
is configured and arranged to facilitate thermally-generated
emissions from the object and in mid-infrared (IR) wave-
lengths. The solar spectrum reflecting portion and the ther-
mally-emissive portion are integrated as a structure (e.g., a
multilayer stack of material) to both prohibit the coupling of
the incoming solar spectrum to the object and facilitate the
emission from the object and in mid-IR wavelengths.
[0027] Radiative cooling can include nighttime cooling,
however, such cooling often has a relatively limited practical
relevance. For instance, nighttime radiative cooling is often
of limited value because nighttime has lower ambient air
temperatures than daytime, and therefore, there is less of a
need for cooling. Accordingly, aspects of the present dis-
closure are directed toward macroscopically planar photonic
structures that selectively enhance mid-IR emission of light,
specifically in the atmospheric transparency window, and
also suppress absorption of light in the wavelength range of
300 nanometer (nm)-4 micrometer (um), i.e., the solar
spectral range. Such structures can be useful for a variety of
applications including, but not limited to, passively cooling
terrestrial structures such as buildings, homes and electron-
ics in the daytime and the nighttime. For example, the
cooling achieved by the radiative cooling apparatus, at any
time of the day, can be used to cool a fluid which is then used
to lower the operating temperature of an air conditioning
system, or directly enter the chilled water supply of a
building

[0028] In particular embodiments, the structure is macro-
scopically planar in nature and includes layering and tex-
turing at the nanometer to micrometer scale. Planar layers,
as used herein, can include flat layers of material. For
example, the planar layers may not include holes (e.g.,
square air rectangles). By using the planar layers, sometimes
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referred to as “one-dimensional nanophotonic films”, a
common structure (e.g., formed of the multiple layers of
different material) can simultaneously reflect incoming elec-
tromagnetic radiation and emit thermally-generated electro-
magnets emissions from an object. For instance, the struc-
ture can include materials whose properties are given by a
frequency-dependent dielectric constant and are configured
to enable sub-wavelength interference and near-field light
coupling between constituent layers so as to form spectral
regions with a suppressed number of light modes. This
suppression can be in the form of photonic band gaps that
lead to reduced absorption of solar light. The structure can
also include materials, whose properties are given by a
frequency-dependent dielectric constant and are configured
to enable sub-wavelength interference and near-field light
coupling between constituent layers so as to form spectral
regions with an enhanced number of light modes. These
enhanced light modes can be used to increase the emission
of light in the 8-13 pm wavelength range. There are a
number of configurations and mechanisms for achieving the
suppression or enhancement of light modes. A few, non-
limiting examples are discussed hereafter.

[0029] To enhance the emissivity in the 8-13 pm wave-
length range or in the wavelength range supported by a
blackbody with temperatures in the range of 250-350
degrees Kelvin (K), a first solution uses one-dimensional
nanophotonic films, to couple surface phonon-polarions or
bulk lossy modes due to lattice vibration to free-space light
modes. This leads to the enhanced emission of light in the
8-13 um wavelength range or in the wavelength range
supported by a blackbody with temperatures in the range of
250-350 degrees K. The enhanced emission of light is
embodied in the emissivity spectrum.

[0030] According to another solution, a multi-layer stack
is used that includes two or more different materials. The
stack is configured to exploit a near-field coupling of light
mode, and sub-wavelength interference. This allows for the
enhancement of the emission of light in the 8-13 pm
wavelength range or in the wavelength range supported by
a blackbody with temperatures in the range of 250-350
degrees K. The enhanced emission of light is embodied in
the emissivity spectrum. The multi-layer stack can include
alternating layers of SiO, and at least one of HfO, and TiO,
of varying thicknesses. Each layer can be a planar layer of
one of the different materials.

[0031] To suppress absorption in the 300 nm-4 pm wave-
length range, one solution uses a multi-layer stack consisting
of two or more different materials, to exploit near-field
coupling of light modes, and sub-wavelength interference, to
suppress absorption of solar light (300 nm-4 pm). The
suppressed absorption of light is embodied in the emissivity/
absorption spectrum.

[0032] Another solution uses a layer of glass (e.g., optical
glass) and a polytetrafluoroethylene (PTFE) (and/or Teflon),
1o exploit near-field coupling of light modes, and sub-
wavelength interference, to suppress absorption of solar
light (300 nm-4 pm). The suppressed absorption of light is
embodied in the emissivity/absorption spectrum.

[0033] Another solution uses a layer of glass (e.g., optical
glass) and a specular reflector underneath to minimize
absorption of solar light (300 nm-4 pm). The specular
reflector may be composed of a base layer of Ag (silver) and
alternating layers of dielectric materials such as TiO, and
Si0;, or Ta,0; and SiO,. The specular reflector may be
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directly deposited via physical vapor deposition onto the
glass or separately, with the glass physically placed on top
of it, to allow for the combined suppression of the absorption
of solar light, embodied in the emissivity/absorptivity spec-
trum, with the enhanced thermal emissivity enabled by the
glass.

[0034] In various embodiments, a heat load of the radia-
tive cooling device (e.g., the multi-layer stack) can be
minimized using a sealed enclosure. For instance, the
arrangement of the plurality of different material can be
enclosed in the sealed enclosure such that the material is
suspended in a sealed gap (e.g., a pocket that is sealed from
a surrounding environment and is at a pressure at or below
ambient air pressure). Using the enclosure, no surface of the
plurality of different material that is in immediate contact
with the gap or the sample will itself heat up due to solar
irradiance. It has been surprisingly discovered, that devices
in accordance with the present disclosure, can result in a
drop from ambient air temperature even in the presence of
direct sunlight.

[0035] Turning now to the figures, FIG. 1 shows a radia-
tive cooling apparatus for cooling an object, consistent with
embodiments of the present disclosure. The radiative cool-
ing apparatus is shown as a side view 100 and also a close
up view 102 of the plurality of different material of the
cooling apparatus. In particular, a metal layer (e.g., the
metallic (Ag) portion) of the structure shown in the close up
view 102 can be placed in thermal contact with the object
being cooled (the contact at least thermally contacting, but
also can be physically contacting). The apparatus can be
used to exchange cooling between the plural of different
material and other liquids, gasses or solids (e.g., air, water or
a mix of water and ethylene glycol) while minimizing
ambient heating of the radiative cooling apparatus. The
opposite/top portion of the apparatus (polyethylene film) can
be exposed to sunlight and also to the atmosphere and paths
for radiating thermal energy.

[0036] The plurality of different material, in various
embodiments, can be formed as an arrangement. For
example, arrangement of the plurality of different materials
can be located at different depths along a depth dimension
(and relative to the object). The depth dimension can be
formed by the layers of material, each layer at a different
depth and the stacking of multiple layers forming the depth
dimension. Further, the depth dimension can be relative to
the object and/or relative to a direction of inhibiting cou-
pling of the incoming electromagnetic radiation and ther-
mally-generated electromagnetic emissions. For example,
the object can be located beneath the arrangement. The
depth dimension can be relative to (the direction of) the
inhibiting coupling of the incoming electromagnetic radia-
tion to the object (by the solar spectrum reflecting portion)
and the thermally-generated electromagnetic emissions from
the object (by the thermally-emissive portion).

[0037] Insome embodiments, the arrangement can include
a multi-layer stack of material. The multi-layer stack can
include two or more different materials. For example, the
two or more materials can be layered in flat layers located at
the different depths in the depth dimension (e.g., the depth
dimension is formed by the different layers located at
different depths relative to an object). In some embodiments,
the two or more material can alternate in the multi-layer
stack. For example, the multi-layer stack can include the two
or more materials integrated as a constitution, and is some-
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times herein referred to as “a nanophotonic radiative
cooler”. The arrangement of the plurality of different mate-
rial is configured and arranged to simultaneously prohibit (or
significantly mitigate) coupling of incoming electromag-
netic radiation to the object at a range of angles of incident
(e.g., a first direction) relative to the depth dimension and
also facilitate the thermally-generated electromagnetic emis-
sions from the object at the range of angle of incident and in
the mid-IR wavelengths. Thereby, the arrangement of the
plurality of different material can simultaneously reflect at
least some wavelengths and emit at least some mid-IR
wavelengths from the object at the same range of angles of
incident relative to the depth dimension. The range of angles
of incident can be a direction toward the sky and/or away
from the ground.

[0038] As previously discussed, the arrangement plurality
of different material (e.g., the nanophotonic radiative
cooler), in some embodiments, can include alternating layers
of material forming a multi-layer stack. For example, the
alternating layers, as illustrated by the close up view 102,
can include alternating layers of HfO, and SiO, of varying
thicknesses. Alternatively, although the not illustrated by
FIG. 1, the alternating layers can include alternating layers
of TiO, and Si0,. In various embodiments, the multi-layer
stack can be less than 50 millimeters thick.

[0039] In various embodiments, the plurality of different
material can include a solar spectrum reflecting portion 104
(e.g., structure) and a thermally-emissive portion 106 (e.g.,
structure). The solar spectrum reflecting portion 104 can
suppress light modes. For example, the solar spectrum
reflecting portion 104 can inhibit coupling of incoming
electromagnetic radiation, of at least some wavelengths in
the solar spectrum to the object at a range of angles of
incident relative to the depth dimension. The wavelengths in
the solar spectrum can include visible spectrum, near IR,
and/or ultraviolet spectrum. The thermally-emissive portion
106 (that includes a portion of the different materials
arranged in the depth dimension) can facilitate, simultane-
ously with the inhibiting coupling of the incoming electro-
magnetic radiation, thermally-generated electromagnetic
emissions from the object at the range of angles of incident
and in the mid-IR wavelengths.

[0040] FIG. 1 illustrates embodiments in which the solar
spectrum reflecting portion and the thermally-emissive por-
tion that include layers of the different material that are
located in a physically separate location along the depth
dimension. Thus, each of the reflecting and emissive por-
tions can include a distinct set of materials (or layers), with
each set of materials being located at a different depth along
the depth dimension. In a number of embodiments, the solar
spectrum reflecting portion and the thermally-emissive por-
tion can (partially or completely) overlap in the depth
dimension. For example, in some embodiments, both the
solar spectrum reflecting portion and the thermally-emissive
portion can include the same set of materials (or layers) of
the different material (e.g., all layers) and the collective
properties of the plurality of layers can achieve both the
solar reflective behavior and the thermally emissive behav-
ior.

[0041] In certain embodiments, a part of the solar spec-
trum reflecting portion and the thermally-emissive portion
can overlap in the depth dimension, while other parts of the
two portions do not overlap. For instance, a first portion of
the plurality of layers contributes to solar reflection, but not
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thermal emission. A second portion contributes to both solar
reflection and thermal emission. A third portion contributes
to thermal emission but not solar reflection. In such instance,
the second portion represents an overlap where the corre-
sponding material is part of both the solar reflection portion
and the thermal emission portion.

[0042] As illustrated by the close up view 102, the multi-
layer stack can include seven alternating layers of material.
For example, the solar spectrum reflecting portion 104 can
include four layers of HfO, and SiO, (or TiO, and Si0,) that
are sub-100 nm at the bottom of the seven alternating layers,
along with the Ag layer. The solar spectrum reflecting
portion 104 can be responsible for thermal radiation from
the arrangement of the plurality of material (e.g., the nano-
photonic radiative cooler), through a combination of mate-
rial properties and interference effects. SiO, has a strong
peak in its absorptivity near 9 micrometers due to its
phonon-polariton resonance. HfO, can present a non-zero
absorption and hence emissions in the 8-13 micrometers
wavelengths.

[0043] The thermally-emissive portion 106 can include
the three layers of HfO, and SiO, that are thicker than the
layers forming the solar spectrum reflecting portion 104. The
thermally-emissive portion 106 can also assist in optimizing
solar reflection, and thus, FIG. 1 is an example of an
embodiment where the plurality of materials and layers
along the depth dimension can achieve both the solar
spectrum reflecting behavior and the thermally emissive
behavior at the same time, and there is an overlap between
the solar spectrum reflecting portion 104 and the thermally-
emissive portion 106. These layers can assist in solar reflec-
tion in a manner akin to that achievable using periodic
one-dimensional phonic crystals. HfO, can, for example,
serve as a high-index material that presents low ultra-violet
absorption, which can be useful for optimizing solar reflec-
tance. Si0, can be optically transparent and is the low-index
layer.

[0044] For example, the plurality of different material can
absorb light from 300 nanometers (nm) to 4 micrometers
(um) and reflect at least 90% of solar power at incidence.
Incidence, as used herein, can include incident solar power
at near-normal incidence. In various embodiments, the plu-
rality of different material can reflect up to 97% of solar
power at incidence.

[0045] As illustrated by the side view 100, an air or
vacuum gap can at least in part surround the arrangement of
the plurality of different material (e.g., the radiative cooler).
The radiative cooling apparatus can include, in such
embodiments, a sealed enclosure that has an outer surface
exposed to the environment (e.g., air, wind, precipitation,
sunlight, etc.). For example, the sealed enclosure can sur-
round the arrangement of the plurality of different material
and can create the gap between the outer surface of the
sealed enclosure and the arrangement of the plurality of
different material.

[0046] The sealed enclosure can include various materials
that can isolate (and/or insulate) the plurality of different
material from the environment and can create a (sealed) gap.
For example, the enclosure can include a layer (e.g. coating)
of polystyrene with aluminized Mylar™ at the bottom of the
multi-layer stack, acrylic, and/or and the outer surface
exposed to the environment that is formed of a polyethylene
film that creates the gap. The gap can itself be at the same
pressure as ambient air pressure, or be at a lower pressure,



US 2019/0017758 Al

as one might obtain using a vacuum pump. For example, the
arrangement of the plurality of different material can be
placed on a polystyrene pedestal which is supported by a
clear acrylic box. The clear acrylic box can be supported by
a support structure, such as a wood frame. A clear polyeth-
ylene film (e.g., the outer surface exposed to the environ-
ment) can be placed on top of the arrangement of the
plurality of different material. In various embodiments, the
polyethylene film can be 12.5 micrometers thick and can
cover the plurality of different material to form the gap. The
outer surface that is exposed to the environment can function
as an IR-transparent wind shield. Thereby, the arrangement
of the plurality of different material can be suspended in a
sealed gap (e.g., a pocket of gas at or below ambient air
pressure). Further, no surface in immediate contact with the
gap or the sample will heat up due to solar irradiance.
[0047] The plurality of different material, which can be
configured and arranged to enhance emissivity that is useful
for radiative cooling, can further suppress absorption of at
least some wavelengths in the solar spectrum. For instance,
the enhanced emissivity can be within the range of 8-13 um
where the atmosphere is substantially transparent. This type
of structure has been found to be useful for strong emissivity
over a broad range of angles of incidence (e.g., 0-80
degrees).

[0048] Immediately below the seven layers of alternating
materials includes Ag, Ti, and Si. The Ag can be 200
micrometers thick, the Ti can be 20 micrometers thick, and
the Si can be 750 micrometers thick. The Ti layer can
include an adhesion layer and the Si layer can be a wafer
substrate. The plurality of different material is designed to
suppress the absorption of solar light throughout the solar
spectrum. For instance, these layers can create photonic
band gaps that prevent solar light from propagating through
the structure.

[0049]  Although the embodiment of FIG. 1 illustrates the
arrangement plurality of different material as planar layers,
embodiments are not so limited. For example, the arrange-
ment of the plurality of different material can be an inte-
grated arrangement with distribution of the solar spectrum
reflecting arrangement and the thermally-emissive arrange-
ment throughout the arrangement in at least one of a width
and a length dimension relative to the depth dimension. For
example, the different material can be located at different
depths along the depth dimension relative to the object and
at different width and/or lengths dimensions relative to the
depth dimension (e.g., different width, length, and/or depth
dimensions).

[0050] The particular materials and thicknesses can be
varied and still provide the ability to enhance or suppress the
relevant light modes in a single integrated arrangement/stack
as shown in FIG. 1. The use of a single integrated arrange-
ment can be particularly useful for avoiding problems stem-
ming from a solution that might use multiple different
components separated by significant physical distances and
not integrated into a single structure. For instance, a reflec-
tive covering foil placed over a radiative structure can
complicate the total cooling system to the point of severely
limiting its versatility of application and durability (e.g., a
covering foil might range in thickness from several microns
to a fraction of a millimeter, and a compromise between IR
transmission and solar reflection may lead to undesirable
consequences). Further. the particular materials can be one-
dimensional nanophotonic films that do not require photo-
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lithography (e.g., patterning) and can be more amendable to
large-scale fabrication as compared to two-dimensional pho-
tonic crystals. And, the enclosure forming the gap can
minimize the heat load on the plurality of different material.
The heat load reduction can include both convection and
conduction to the radiative cooling apparatus under peak
solar irradiation.

[0051] Further, the radiative cooling apparatus, in accor-
dance with the present disclosure, can reduce a temperate to
below the ambient air temperature. The reduction, in various
embodiments, can be approximately 4-5 degrees C. below or
more, even if solar irradiance is already incident on the
object. That is, surprisingly, the surface temperature is
decreased from the ambient air temperate when removed
from the shade and exposed to sun during the day. Such an
apparatus can be used for a passive, and potentially water-
free, approach to cooling objects, such as buildings and
vehicles, at all hours of the day. The radiative cooling device
can, for example, provide radiative cooling exceeding 20
Watts (W)/meter (m)” at an ambient air temperature of 300
degrees K with an equivalent of direct sunlight striking the
device.

[0052] The radiative cooling apparatus, in accordance
with various embodiments, can be operated with or without
sunlight (e.g., twenty-four hours a day). That is, the appa-
ratus can be used to provide cooling resources at all hours of
the day. For example, during hours of the day without
sunlight (e.g., night-time), the plurality of different material
(e.g., the thermally-emissive portion) facilitates thermally-
generated electromagnetic emissions from the object and in
mid-IR wavelengths. Additionally, during hours of the day
with sunlight (e.g., daytime), the plurality of different mate-
rial (e.g., the solar spectrum reflecting portion and the
thermally-emissive portion) simultaneously prohibits cou-
pling of incoming electromagnetic radiation to an object and
facilitate thermally-generated electromagnetic emissions
from the object and in the mid-IR wavelengths.

[0053] For example, radiative cooling apparatus can be
used for cooling terrestrial structures such as buildings,
automobiles and electronic devices where heat management
is an issue, consistent with embodiments of the present
disclosure. Various embodiments can provide a passive way
of cooling such structures, which can be useful for dramatic
energy savings. For instance, experimental testing supports
that the performance by the daytime radiative cooler can be
at least: P (T oo =50 W=m?at T =300 degrees

ambient
K.

[0054] In comparison, solar panels that operate at 20%
efficiency can generate less than 200 W/m? at peak capacity.
In certain conditions, the passive daytime radiative coolers
proposed here could be thought of as solar panel substitutes
(or supplements) that reduce the demand on a rooftop solar
system by reducing the need for air conditioning (cooling)
systems.

cooling

[0055] As a non-limiting estimate of the building-level
energy impact of such a radiative cooling apparatus, the
effect of a passively cooling rooftop in the daytime on the
building’s air conditioning needs can be modeled as follows:
1) a peak cooling load of approximately 6 (kilowatt) kW
(e.g., in Chicago and Orlando) for canonical 2233 feet®
one-story homes and 2) the radiative cooler is operating at
its peak cooling rate. For 40 m* of daytime radiative cooling
apparatus on the rooftop (20% of a total of 200 m” available
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rooftop space), 32% of the house’s air conditioning needs
can be offset during the hottest hours of the day.

[0056] Reducing the air conditioning load at peak hours
can be particularly useful for reducing the grid’s overall
need for dirty ‘peak-power’ sources that kick in to cover
extra power needs in the summer. Moreover, such radiative
cooling apparatuses can reduce overall energy demands
from commercial buildings such as factories, warehouses
and data centers, lending a significant hand to the nation’s
energy efficiency goals. Air conditioning alone is believed to
represent 23% of the power usage of residential and com-
mercial buildings, or 16.33% of the total electric power
usage of the United States as of 2011. A 10% reduction in air
conditioning needs system wide via thorough implementa-
tion of daytime radiative cooling structures would thus
represent a 1.6% reduction in the total electric power usage
of the country, or 61.7 terawatt-hours (TWh). This would be
equivalent to reducing the need for 7 gigawatts (GW) of
power generating capacity overall.

[0057] Accordingly, automobiles represent another area
where cooling energy costs can be reduced with a daytime
radiative cooler. Although all vehicles could potentially
benefit, electric vehicle (EV) battery range could benefit
greatly from a reduction of air conditioning needs. It is
believed that air-conditioning can reduce an EV’s charge
depletion range by up to 35%. Experimental modeling
suggests that an air conditioning load of 1000 W for small
cars could then be reduced 10% by covering 2 m* of the
car’s surface.

[0058] Another potential application is for extra-terrestrial
cooling. In outer space, radiation is the dominant mechanism
of heat exchange and temperature regulation. A device
operating in space (e.g., orbiting satellite, spaceship or
landing probe) which produces heat has the potential to
benefit from the use of a radiative cooling structure that
would allow it to cool more efficiently and/or obtain a
pre-specified equilibrium temperature.

[0059] Consistent with experimental examples discussed
herein, assuming a radiative cooling apparatus is operating
at its peak cooling rate, then 40 m* of daytime radiative
cooling apparatus on the rooftop (20% of a total of 200 m?
available rooftop space), one can offset 32% of a house’s air
conditioning needs during the hottest hours of the day.
[0060] FIG. 2 shows a radiative cooling apparatus 210 at
an angle for cooling an object, consistent with embodiments
of the present disclosure. To take advantage of arrangement
of the plurality of different material (e.g., the multi-layer
stack) and associated advantages, the radiative cooling appa-
ratus 210 can be placed within (or on) a variety of different
support structures 212, 214. Two such structures are shown
in FIG. 2. One of the structure can include a wedge block or
box 214. This type of support structure can allow the
plurality of different material to be at an angle. This can be
particularly useful for situations where the surface of the
object is used for other purposes. Consistent with various
embodiments, the support structure 212, 214 can be config-
ured for portability so as to allow for simple installation and
removal.

[0061] As illustrated by FIG. 2, one of the support struc-
ture can include a frame 212 covered by a layer of alumi-
nized Mylar™. The top surface of the frame 212 can have
a circular aperture 216 (e.g., a 10-inch aperture). A clear
acrylic box with a top side open can be joined and sealed to
the underside of the frame’s 212 top surface. An aluminized
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Mylar™-coated polystyrene pedestal can be inserted
through the acrylic box and the plurality of different material
(e.g., the radiative cooler) can be placed on the polystyrene.
A polyethylene film can be sealed to the top of the circular
aperture 216 on the frame 212 and serve as the IR-trans-
parent wind shield. The support structure 212 can create the
sealed gap around the plurality of different material. Sur-
faces that are in contact with the gap (e.g., pocket of gas) can
absorb sunlight minimally, thus, minimizing the heat load on
the plurality of different material due to external heating of
adjacent surfaces and air.

[0062] Moreover, the support structure 212, 214 can
include adjustable elements (e.g., a rotational support por-
tion) that allow the radiative cooling device to be optimally
oriented. In some instances, the orientation can be adjusted
for different times of day or even different times of the year.
For example, the radiative cooling apparatus can be unin-
stalled or oriented to reduce cooling when the ambient
temperature is below a threshold value, as may occur during
certain times of the year or simply during a cold front. Other
possibilities include the use of such structures for cooling of
temporary structures (e.g., temporary buildings for large
events) or use on mobile structures while motionless and
removed during motion (e.g., to avoid damage due to wind
shear or objects that might strike the cooling structure during
movement).

[0063] In various embodiments, at least portions of the
support structures 212, 214 can be shaded from direct
sunlight. For example, the support structures 212, 214 (e.g.,
the sealed enclosure) can include a layer of shading material,
with the exception the plurality of material, to prevent and/or
minimize heat up from sunlight exposure to the object.
[0064] FIG. 3 shows an alternative configuration for pro-
viding cooling for various structures, consistent with
embodiments of the present disclosure. As illustrated, the
arrangement of the plurality of different material, as illus-
trated and described by FIG. 1, can be integrated into a
system. The system and/or device can include the arrange-
ment of the plurality of different material in an enclosure
(e.g., the polyethylene film configured and arranged as a
cover over an insulating enclosure that, in various embodi-
ments, is formed of hard plastic, polystyrene, aerogels, etc.)
As illustrated, the arrangement of the plurality of different
material (e.g., nanophotonic radiative cooler) includes mul-
tiple alternating layers of material that collectively reflect
sunlight and selectively emit thermal radiation.

[0065] The system/device can further include a heat
exchange interface that includes various structures. A heat
exchange interface can cool a building structure and/or
interval devices. For example, the heat exchange interface
can conduct/convect heat away from the internals of the
building to the roof. In various embodiments, the structure
of the heat exchange interface can include a conductive pipe
and a plate heat exchanger. The conductive pipe can pass
liquid and the plate heat exchanger can be arranged with the
arrangement of the plurality of different material and the
conductive pipe to cool liquid passing through the conduc-
tive pipe to conduct heat away from an object.

[0066] For instance, liquid (e.g., water) can be cycled
through the system and used to cool the building and/or
internal components, such as racks of servers. When the
liquid reaches the arrangement of the plurality of different
material it cools through passive radiation. The plate heat
exchanger can cool fluid that is within the conductive pipe
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from a temperature (e.g., such as, from a temperature at or
above ambient air temperature to below ambient air tem-
perature). A heat pump (or similar device) can be used to
further increase the cooling capabilities of the system.
[0067] As illustrated and previously discussed, in various
embodiments, the arrangement of the plurality of different
material includes a metal layer. The metal layer can be in
thermal contact with at least a portion of the heat exchange
interface to effect a temperature of the at least portion of the
heater exchanger. The portion, in some embodiments, can
include the plate heat exchanger. For example, the plate heat
exchanger can be in thermal contact with at least a portion
of the arrangement the plurality of different material (e.g.,
the metal layer) to have a temperature that corresponds with
the temperature of the plurality of different material. In
various embodiments, the temperature of the plurality of
different material is below ambient air temperature, as
previously discussed.

[0068] FIG. 4A-4B shows an alternative configuration of
a radiative cooling apparatus, consistent with embodiments
of the present disclosure. For example, FIGS. 4A-4B illus-
trates an embodiment in which the thermally-emissive por-
tion of the radiative cooling apparatus is formed of a layer
of optical glass. The optical glass layer can be transparent
(substantially) in the visible wavelength range. Example
optical glass material can include borosilicates (BK7, B270,
and Crown glass) and fused silica. Further, the solar spec-
trum reflecting portion of the radiative cooling apparatus is
formed of polytetrafluoroethylene (PTFE) (and/or Teflon).
The solar spectrum reflecting portion, in such embodiments,
can include a diffuse white reflector.

[0069] The radiative cooling apparatus (e.g., optical glass
and PTFE) can be packaged in a sealed enclosure. As
previously discussed, the sealed enclosure can include plas-
tic, polystyrene, and/or aerogels, among other materials with
an IR-transmissive top window (e.g., polyethylene) to mini-
mize heating of the plurality of different material by solar
radiance.

[0070] FIG. 4B illustrates various additional and/or alter-
native features of the radiative cooling apparatus illustrated
by FIG. 4A. For example, in various embodiments, a plu-
rality of layers can be added to the optical glass layer to
improve the emissivity and cooling power of the structure.
An example layer can include a micron or nano-scale layer
of Ti0, followed by a micron-scale layer of Si0, to provide
emissivity in the dip (e.g., as illustrated by FIG. 2 of
Appendix B) near 9 microns. Alternatively, the optical glass
can be patterned for impedance matching that facilitates
near-ideal emissivity at all thermal wavelengths. For
example, this can be achieved using photolithography and
dry/wet etching, and/or a chemical process.

[0071] Further, as illustrated by FIG. 4B, a plate heat
exchanger can be attached below the solar spectrum reflect-
ing portion of the plurality of different material. Thus, liquid
can flow through a conductive pipe and be cooled by the
radiative cooling apparatus, as previously described in con-
nection with FIG. 3.

[0072] FIG. 5 shows an example method of cooling an
object using a radiative cooling apparatus, consistent with
embodiments of the present disclosure. At block 550, the
radiative cooling apparatus can be exposed to the ambient
air temperature, and, in some embodiments, sunlight.
[0073] At block 552, using a solar spectrum reflecting
portion of an arrangement, light modes can be suppressed
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and thereby prohibit coupling of incoming electromagnetic
radiation, of at least some wavelengths in the solar spectrum,
to the object at a range of angles of incident relative to a
depth dimension. At block 554, using a thermally-emissive
portion of the arrangement, thermally-generated electro-
magnetic emissions can be facilitated, simultaneously with
the prohibition of coupling of incoming electromagnetic
radiation, from the object at the range of the angles of
incident and in mid-infrared (IR) wavelengths.

[0074] As previously discussed, the solar spectrum reflect-
ing portion and the thermally-emissive portion can be inte-
grated as the arrangement of a plurality of material located
at different depths along a depth dimension relative to the
object. Further, a gap is at least in part surrounding the
arrangement of the plurality of different material. The gap is
created by a sealed enclosure having an outer surface
exposed to the environment. The sealed enclosure creates
the gap between the outer surface of the enclosure and the
arrangement of the plurality of different material. The gap
(e.g., sealed pocket of gas at or below ambient air pressure)
can prevent and/or minimize heat increases to a temperature
corresponding with the plurality of different material of the
radiative cooling apparatus from exposure to the solar
radiance.

[0075] At block 556, the method can include providing
radiative cooling to the object. The provided radiative cool-
ing can be of at least 20 W/m? at an ambient air temperature
of 300 degrees K and with an equivalent of direct sunlight
striking the solar spectrum reflecting portion and the ther-
mally-emissive portion. Further, in various embodiments,
providing the radiative cooling can include providing a
temperature using the plurality of different material that is at
least 4-5 degrees C. below ambient air temperature while the
plurality of different material is in direct sunlight.

[0076] Embodiments of the present disclosure are directed
toward these and other mechanisms for passively cooling
structures even in extremely hot environments. This can be
useful for cost and energy savings over the lifetime of
buildings and other structures or objects.

Experimental Results and Various Embodiments

[0077] To achieve cooling, a temperate below ambient air
temperature is reached and maintained. At night, passive
cooling below ambient air temperature can be achieved
using radiative cooling. Radiative cooling exposes an appa-
ratus to the sky to radiatively emit to outer space through a
transparency window in the atmosphere between 8-13 pm
wavelength range. Peak cooling demand, however, occurs
during the daytime. Daytime radiative cooling can be diffi-
cult due to heating the apparatus by the sun. However, using
various embodiments, radiative cooling apparatuses during
the day can achieve a cooling of nearly 5 degrees C. (or
more) below the ambient temperature under direct sunlight.
[0078] As previously discussed, various radiative cooling
apparatuses include an arrangement of a plurality of differ-
ent materials located at different depths along a depth
dimension relative to an object. The plurality of material is
configured to simultaneously reflect incoming electromag-
netic radiation and emit thermally-generated electromag-
netic emissions. The plurality of different material can be
formed as the arrangement and can having a solar spectrum
reflecting portion (e.g., a reflector) and a thermally-emissive
portion (e.g., an emitter). In some embodiments, the
arrangement of the plurality of different material can include
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multiple alternating layers of material that can reflect up to
97% of incident sunlight while emitting strongly and selec-
tively in the atmospheric transparency window. For
example, when the plurality of different material is exposed
to direct solar irradiance of greater than 850 W/m? on a roof
top, the plurality of different material can achieve 4.9
degrees C. below ambient air temperature and have a
cooling power of 40.1 W/m? at ambient. Thus, such a
plurality of different material can allow for energy efficiency
and can be used as a renewable thermodynamic resource,
even during the hottest hours of the day.

[0079] For example, consider an arrangement of a plural-
ity of different material of an area A at temperature T, whose
spectral and angular emissivity is &(A, 8). When the plurality
of different material is exposed to a daylight sky, it is subject
to both solar irradiance and atmospheric thermal radiation
corresponding to ambient air temperature T,,,,. The net
cooling power P__, of such a plurality of different material
is:

P oot D=L s D~P g L st} ~Pesin—P conaiscons

For example, in Equation 1,

(Equation 1).

P, T)=A[dQ cos 6fy” d)Ipp(T1)e(M0) (Equation 2),

is the power radiated out by the structure. Here [dQ=2mf, ™

df sin 0 is the angular integral of a hemisphere.

N 2hc? 1
Igp(T, A) = = T ]

is the spectral radiance of a blackbody at a temperature T,
where h is Planck’s constant, k; is the Boltzmann constant,
¢ is the speed of light, and A is the wavelength. Further:
Pl L) =AldQ c08 0f¢” AN pp(T 0 JE (1) i (e
0) (Equation 3),

mb.

is the absorbed power due to incident atmospheric thermal
radiation, and

Po= 40" 0D ) Liagy s(M) (Equation 4),

is the incident solar power absorbed by the structure. Equa-
tion 3 and 4 can be arrived at using Kirchhoff’s radiation law
to replace the arrangement’s absorptivity with its emissivity
£(A,0). The angle dependent emissivity of the atmosphere is
given by ¢, (A,0)=1-t(»)"** ©, where t(}) is the atmo-
spheric transmittance in the zenith direction. In Equation 4,
the solar illumination is represented by L,,, s(A), the air
mass (AM) 1.5 spectrum. For example, assume that the
arrangement is facing the sun at a fixed angle 6,,,,. The term
P, does not have an angular integral, and the arrange-
ment’s emissivity is represented by its value at 6, For
example,

Poongreond T L amp) AT T g1, (Equation 5)

is the power lost due to convection and conduction.
h=h_, Ah..,, is a combined non-radiative heat coeflicient
and captures the collective effect of conductive and convec-
tive heating due to contact of the plurality of different
material with external surfaces and air adjacent to the
plurality of different material of the radiative cooling appa-
ratus. Such surfaces may, in various embodiments be at or
above ambient air temperature (e.g., such as when they are

on a roof).
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[0080] Equation 1, in general, relates to the cooling power
P_..AT) of the surface, i.e.. the net power outflow of the
surface, as function of its temperature. The surface, as used
herein, can include the arrangement of the plurality of
different material (e.g., the solar spectrum reflecting portion
and the thermally-emissive portion). Such a surface can be
used as a daytime radiative cooling apparatus if there is a net
positive power outflow when T=T ,,,, under direct sunlight,
ie., it radiates more heat out to space than heat it gains by
absorbing sunlight and atmospheric thermal radiation. The
power outflow P _(T=T ) then defines its cooling power
at ambient air temperature. In the absence of net outflow, a
radiative cooling apparatus’ temperature can reach an equi-
librium temperature below ambient. The solution of Equa-
tion 1 with P_,,(T)=0 defines the equilibrium temperature
T, Ideally, a daytime radiative cooling apparatus, in accot-
dance with the present disclosure, demonstrates an equilib-
rium temperature T, <T,,,, and the cooling power as a
function of T under direct sunlight can be measured, corre-
sponding to peak daytime conditions.

[0081] To achieve daytime radiative cooling, the radiative
cooling apparatus minimizes P, , and therefore reflects over
visible and near-IR wavelength ranges. Further, the radiative
cooling apparatus emits thermal radiation P,,, while mini-
mizing incident atmospheric thermal radiation P,,,, by mini-
mizing its emission at wavelengths where the atmosphere is
opaque. Therefore, the apparatus emits selectively when the
atmosphere is transparent, between the 8 and 13 um wave-
length range, and reflects at all other wavelengths. Such
constraints are formidable and fundamentally thermody-
namic in nature. Radiative power scales T*, and the sun, at
5777 K, far outstrips the radiation of room-temperature
objects on Earth, which are typically around 300 K. Even
with an ideally selective emitter that only emits in the
atmospheric transparency window, over 90% of incident
sunlight should be reflected in order to remain at ambient
room temperature. In practice, to achieve meaningful day-
time radiative cooling, a plurality of different material of a
radiative cooling apparatus may reflect more than 94% of
sunlight. This can be particularly challenging when com-
bined with the goal of emitting selectively in the atmo-
spheric window. Prior metallic reflectors and conventional
thermal emitters with reflective cover foils have not yet been
able to achieve cooling under direct sunlight. Additionally,
the plurality of different material is sealed from its environ-
ment to minimize h, and in turn P, ,, .- This constraint
can present challenges as, during the daytime, many surfaces
are in contact with the plurality of different material and will
themselves heat up when exposed to sunlight. This heat can
transfer to the plurality of different material.

[0082] Prior designs that include a nanophotonic structure
use complex two-dimensional photonic crystals that require
photolithography. However, embodiments in accordance
with the present disclosure include a one-dimensional nano-
photonic film that is more amendable to large scale fabri-
cation than a two-dimension photonic crystal design. As
previously discussed, the one-dimensional nanophotonic
film can include flat layers of material (with no holes in the
layers). Further, embodiments in accordance with the pres-
ent disclosure include the use of a sealed enclosure to
minimize the heat load on the plurality of different material.
[0083] Example radiative cooling apparatuses include an
apparatuses that reduces both convection and conduction of
the radiative cooling apparatuses under peak solar irradi-
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ance. In accordance with a number of embodiments, a
radiative cooling surface (e.g., multiple alternating layers of
material or the optical glass and PFTE) is deposited on an
8-inch Silicon wafer and placed on a polystyrene pedestal
which is supported by a clear acrylic box. A clear 12.5 um
polyethylene film covers the surface as an IR-transparent
wind shield. As can be seen in FIG. 1, the radiative cooling
surface is suspended in a sealed gap to ensure that no surface
is in immediate contact with the gap or the sample may itself
heat up due to solar irradiance. Further, to allow for peak
sunlight irradiance of up to 890 W/m? on the radiative
cooling surface, the entire radiative cooling apparatus is tiled
30 degrees to the south. The angle can reduce sky-access for
the purposes of thermal emission, P, meaning that the
results presented herein can include a lower bound of
performance of apparatuses in accordance with the present
disclosure.

[0084] FIGS. 6A-6B shows the absorptivity/emissivity
spectrum of a radiative cooling apparatus comprised of
multiple alternating layers of material, as previous discussed
and illustrated by FIG. 1. As illustrated, Si02 has a peak in
its absorptivity at near 9 um due to its phonon-polariton
resonance, and HfO2 also presents non-zero absorption and
hence emission in the 8-13 um wavelength range.

[0085] As illustrated by FIG. 6A, a radiative cooling
apparatus comprised of multiple alternating layers of mate-
rials can show a minimal absorption from 300 nm to 4 um
wavelengths, where the solar spectrum is present and can
reflect 97% of incident solar power at near-normal inci-
dence. The measured absorptivity/emissivity can be at a five
degree angle of incidence of the radiative cooling apparatus
over optical and near-IR wavelength with AM 1.5 solar
spectrum plotted for reference, using an unpolarized light
source.

[0086] FIG. 6B illustrates the selective emissivity of such
a radiative cooling apparatus in the atmospheric window
between 8 and 13 pum. For example, the emissivity of
radiative cooling apparatuses in accordance with the present
disclosure can extend to a range of angles (e.g., see Appen-
dix A, extended data FIG. 1), which can be useful to
maximize radiated power P, a hemispherically integrated
quantity (e.g., Equation 2), and reminiscent of the behavior
of hyperbolic metamaterials. Such spectral behavior, and
below ambient cooling, is achievable using the combination
of materials.

[0087] In FIG. 6B, the measured absorptivity/emissivity
can be at a five degree angle of incidence of the radiative
cooling apparatus over mid-IR wavelengths using an unpo-
larized light source, with a realistic atmospheric transmit-
tance model plotted for reference. The radiative cooling
apparatus can achieve selective emissions within the atmo-
spheric window.

[0088] At least portions of the sealed enclosure and/or
other support structure can be shaded from direct exposure
to sunlight. For example, portions of the sealed enclosure
can include a coating of material to shade the portions from
sunlight.

[0089] FIGS. 7A-7B illustrates temperature of a radiative
cooling apparatus as compared to ambient air temperature,
black paint, and aluminum. A radiative cooling apparatus
comprised of multiple alternating layers of material can be
exposed to the sky on a building of a roof during daylight
hours. The equilibrium temperature of the radiative cooling
apparatus can be compared to the ambient air temperature.
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As shown in FIG. 7A, after the sample is exposed to the
environment (shortly before 10 am), the equilibrium tem-
perature drops to below the ambient air temperature by
approximately 4-5 degree C. or more, even though signifi-
cant solar irradiance is incident on the sample. This result is
surprising as typically a surface temperature increases when
removed from the shade and exposed to the sun during the
day. As illustrated by FIG. 7A, the equilibrium temperature
of the radiative cooling apparatus can be observed for over
five hours under direct sunlight. During the observation,
over 800 W/m? of solar power is incident on the sample for
three of the five hours. During this time, the radiative
cooling apparatus maintains an equilibrium temperature
substantially below the ambient air temperature and is 4.9
degrees C.£0.1 C. below the ambient air temperature
between the hours of 1300 and 1400 when the solar irradi-
ance ranges from 800-870 W/m®.

[0090] FIG. 7B further illustrates the temperature perfor-
mance of the radiative cooling apparatus against 8 inch
wafers in identical apparatuses with the conventional mate-
rial of (carbon) black paint and aluminum. The black paint
can reach near 80 degrees C., or over 60 degree C. above
ambient air temperature, while the aluminum can reach 40
degrees C. or over 20 degrees C. above ambient air tem-
perature. Typically roof material has strong solar absorption
and can significantly heat up under direct sunlight, as
emulated by the black paint. Also, aluminum can result in
(strong) heating, even though it can provide relatively strong
solar reflection. The below ambient temperature obtained
using radiative cooling apparatuses in accordance with the
present disclosure is truly unique and surprising.

[0091] FIGS. 8A-8B shows a characterization of cooling
power of a radiative cooling apparatus in accordance with
various embodiments. For example, the temperature of the
radiative cooling apparatus is allowed to reach a previously
achieved equilibrium value under peak sunlight conditions
of nearly 900 W/m?. Heat can be input to the radiative
cooling apparatus over the course of an hour and the
temperature of the radiative cooling apparatus can be
observed, as illustrated by FIG. 8A. With each increase of
heat input, the temperature of the apparatus rises to a new
equilibrium. The temperature of the radiative cooling appa-
ratus as a function of heat power can be plotted, as illustrated
by FIG. 8B. The temperature of the radiative cooling appa-
ratus reaches ambient temperature with an input heat power
of 40.1+4.1 W/m®, indicating that substantial cooling power
is available from various apparatuses in accordance with the
present disclosure.

[0092] A theoretical model 860 of the radiative cooling
apparatus can be formed. This model 860 is based on
Equation 1, with the spectral data illustrated by FIG. 5, as
well as a model of atmospheric transmittance, and a model
for the conduction and convection losses of the apparatus
that together yields a value of h=6.9 W/m’K (e.g., see
Methods and Extended Data FIG. 2 of Appendix A). The
theoretical model 860 is consistent with the experimental
data (e.g., see FIG. 8b). Moreover, the model 860 indicates
substantial future potential for such apparatuses by reducing
interior air convention. Under the same atmospheric and
solar conditions, but with h_—0, the radiative cooling appa-
ratus can achieve an equilibrium temperature of 19.5 degrees
C. below ambient (e.g., see Appendix A, Extended Data
FIG. 2¢). Substantial gains in the radiative cooling apparatus
performance is achievable by improved packaging.
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[0093] To determine a cooling power of a radiative cool-
ing apparatus, a polyimide resistive heater can be attached
adhesively to the underside of the arrangement of the
plurality of different material (e.g., the underside of the
multilayer stack). The heater can deliver varying amounts of
input to varying input voltages from a direct current source
(with 1% readout accuracy), and has a resistance tolerance
of £10%. The radiative cooling apparatus can initially be
allowed to equilibrate with zero heat input. Increasing
quantities of heat can then be applied constantly for time
periods of 8-10 minutes, as shown in FIG. 8A. With each
increase in heat applied, denoted numerically at the top of
FIG. 8A, the temperature of the sample rises and plateaus.
The average temperature over the last two minutes of each
time block can be used to define the radiative cooling
apparatus’ temperature for the corresponding heat input, as
shown in FIG. 8b. The solar irradiance on the radiative
cooling apparatus over the entire time period can stay within
a range of 850 to 880 W/m>.

[0094] Invarious embodiments, heat transfer can be simu-
lated to better understand convective and conductive loss
mechanisms and to quantify P, . ..., and h_ as defined in
Equation 5. A numerical model can simulate the setup in
wo-dimensions with three objects: a thin radiator, surround-
ing air, and the supporting polystyrene block. The air
temperature, conductive properties of all objects, and the
value of heat flux P, leaving the radiator can be defined,
allowing inference of P, ;. ...,, @ a function of the radia-
tor’s temperature T. The outside boundaries of the system
(e.g., shown at the top of Extended Data FIG. 2a in Appen-
dix A) are set to the air temperature. The simulation handles
the fluid mechanics in the gap 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,

PP econdrcony=A M Lamp=1),

(see, Appendix A, Extended Data FIG. 25, whose slope is the
simulations prediction of the non-radiative heat transfer
coefficient h ). By using linear regression, the value of
h=6.9 W/m*K which can be used with the theoretical
model 860 in FIG. 8B and fits the observed data well.

[0095] Further, the radiated power of the radiative cooling
apparatus can include P, (T.T,, )P, AT)-P (T .5~
P, (see, Appendix A of the underlying provisional appli-
cation, Extended Data FIG. 2b). Since P, cannot be inde-
pendently observed, the previously discussed theoretical
model can be used. As a check, the intersection of these
curves is the prediction of the theoretical model 860 and
numerical heat transfer for simulation for the expected
equilibrium temperature T, of the radiative cooling appa-
ratus. A value of 4.2 degrees C. below ambient temperature
is found, which corresponds well with the observed results
of 4.3 degrees C. below ambient air temperature as illus-
trated by FIG. 8b for data obtained during the day when
cooling power is measured (e.g., a different day from the
equilibrium temperature measurement). The combination of
the theoretical model 860 based on radiative properties, and
a numerical heat transfer model for non-radiative behavior,
can thus model the behavior of the radiative cooling appa-
ratus.

[0096] FIGS. 9A-9B illustrate example performance of a
radiative cooling apparatus comprised of optical glass and a
diffuse white reflector. As previously discussed, the diffuse

out®
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white reflector can be PTFE/Teflon. FIG. 9A illustrates the
emissivity/absorptivity of the optical glass and diffuse white
reflector observed. For example, the radiative cooling appa-
ratus comprised of optical glass and PTFE/Teflon can reflect
98% of visible/near-IR light. FIG. 9B illustrates the cooling
power performance of the radiative cooling apparatus com-
prised of optical glass and the diffuse white reflector as a
function of temperature (for ambient temperature of 300K)
during both the day and night.

[0097] The energy savings enabled by covering a roof of
a commercial building with the radiative cooling apparatus
can be analyzed. Further, projected levelized cost of cooling
for a range of realistic installed costs can be compared to
costs of alternatives, like air conditioners driven by photo-
voltaic panels. To highlight the energy savings of the radia-
tive cooling apparatus, a basic analysis can be performed,
where a building is assumed to conduct its heat to the
radiating surface on the roof, while a standard heating,
ventilation, and air conditioning (HVAC) system handles
other cooling requirements. EnergyPlus™ simulations can
be used to determine the cooling load for a three-story
medium-sized commercial benchmark building with a 1600
m? roof on an hourly basis over a year in Phoenix, Ariz. The
building’s interior is assumed to be maintained at T,
erior=24 degrees C. at all hours of the day. The cooling power
made available by the radiative cooling apparatus in accor-
dance with the present disclosure is calculated on an hourly
basis, P . (T=T,, oriom Lams(Dit), from Equation 1. Typical
meteorological data year (TMY2) data for Phoenix can be
used to determine T,,,,(t) and P, (t) on the hourly basis.
The model of the radiative cooling apparatus, as previously
discussed, is used to calculate P, on the hourly basis for
each corresponding value of T, , and P_ at the specified
T=T set-point.

[0098] The hourly values of P_,,, can be subtracted from
the heat load for the building as determined by the Energy-
Plus™ simulation(s). The remaining heat load can be
assumed to be dissipated with a standard cooling system
with a coefficient of performance (COP) of 2.8%. Therefore,
the use of a radiative cooling apparatus translates into
savings in electric power of P_ _/COP. Integration of this
savings over a period of time then gives an overall electrical
savings in kilowatt-hour (kWh). Here, the radiative cooling
apparatus can operate twenty-four hours a day, and in fact,
can perform even better in the absence of sun at night as
compared to day. If there is no cooling demand for the
building, for example, during winter evenings, the cooling
power of the roof is assumed to be unused. This savings in
KWh is plotted in Appendix A, Supplementary FIG. 1 of the
underlying provisional application, on a monthly basis, and
yields an annual projected electricity savings of 1.185x10°
kWh. By being able to operate at all hours of the day, the
radiative cooling apparatus can have a shorter payback
period for buildings and regions where there is cooling
demand at all hours. Appendix A, Supplementary FIG. 1
illustrates the greater kWh savings during summer months in
Phoenix when, in addition to higher demand during the day,
there is cooling demand even at night.

interior

[0099] To provide an estimate of the monetary value of the
energy savings possible with a radiative cooling apparatus,
a standard project analysis can be performed. In the analysis,
it can be assumed that the radiative cooling apparatus has a
twenty-year lifespan, a grid electricity cost of $0.10/kWh,
fixed operating cost at $0.8/m> (between 1-2% of the range
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of installed costs), a discount rate of 5%, and an installed
cost 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
sources. This analysis can yield unsubsidized levelized cost
of cooling (for energy saved) between $0.03/kWh and
$0.09/kWh which are below even aggressive levelized cost
projections for both rooftop and utility-scale photovoltaics
over the coming decade. This indicates that nanophotonic
radiative cooling apparatuses hold the potential to be a
large-area renewable solution to reducing cooling costs for
buildings, relative to other solutions.

[0100] The analysis described above is a first-order esti-
mation of the potential of the radiative cooling apparatuses
that operate at all hours of the day. In practice, the specific
implementation and integration of the radiative cooling
apparatuses may take different forms, including their direct
integration with air-cooled or water-cooled condensers to
allow for low-lift operation. Moreover, the assumptions
throughout is that the sunlight, 97% or more of which is
reflected by the radiative cooling apparatus, goes unused.
Various apparatuses and systems may use this reflected
sunlight, allowing for shorter payback periods and lower
levelized costs. And, the radiative cooling apparatuses in
various embodiments can cooperatively work with photo-
voltaic panels on the rooftop by, for example, reducing
demand for cooling in the later afternoon and early evening
hours when air temperatures remain high while solar irra-
diance is minimal.

[0101] Moreover, as detailed in FIGS. 11-13, heat
exchange with a liquid, gas or solid is an important mani-
festation of the apparatus and its use in such scenarios.
Water, for example, is typically used by large buildings to
transfer heat from rooms to a central chiller or air condi-
tioning system. The chilled water generated by the radiative
cooling apparatus can thus be used to substitute directly for
air conditioning in a building, or to lower the operating
temperature of the condenser of a chiller. Furthermore, it can
be combined with thermal storage, for example using phase-
change materials that can be cooled during certain hours of
the day and heat can be absorbed during other hours of the
day. In this way, the thermal storage can effectively store the
cooling resources (e.g., cooling capacity) that the system
achieves at certain hours to be used at other hours of the day.
Such an apparatus can also be directly integrated with the
roof of a building or other permanent or temporary built
structure.

[0102] The various results illustrated by FIGS. 6-9 can be
obtained using a radiative cooling apparatus placed on a flat
roof of a three story building in California in December. The
back-surface of the multilayer stack of the radiative cooling
apparatus can be equipped with an adhesive resistance
temperature detector (RTD) sensor connected to a data
logger, collectively rated to 0.1 degrees C. Direct and
diffuse solar radiance incident on a sample is measured over
the same time period using a pyranometer and data logger.
Ambient air temperature can be measured using an air
temperature RTD probe with 0.1 degrees C. accuracy in a
sun-shaded area outside the gap around the sample. To
determine the cooling power of the radiative cooling appa-
ratus, a polyimide resistive heater is attached adhesively to
the underside of the multilayer stack. The theoretic model
860 represented by the gray line in FIG. 8B is arrived at
using Equation 1. A MODTRAN™S can be used to model
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the atmosphere in the infrared for a clear sky at mid-latitudes
during winter. H_ can be derived by numerical heat transfer
modeling.

[0103] FIGS. 10A-10B show examples of a radiative
cooling apparatus comprised of multiple layers of dielectric
and metallic materials, in accordance with various embodi-
ments of the present disclosure. For example, FIG. 10A
illustrates a multi-layer stack, in accordance with some
embodiments, comprised of alternating layers of SiO,,
MgO, Si;N,, TiO,. The multi-layer stack of the alternating
layers of different material can include the solar spectrum
reflecting portion and the thermally-emissive portion of the
plurality of different material, as previously discussed
herein. Below the multi-layer stack can include a layer of
Al,0,, Ag, another layer of Al,0;, and the substrate (e.g., a
metal layer (e.g., the metallic (Ag) portion) to be placed in
thermal contact with the object being cooled, one or more
adhesion layers and the substrate). Further, FIG. 10B illus-
trates a multi-layer stack, in accordance with a number of
embodiments, that comprises layers of Si;N, and material
lossless at 8-13 micron. Below the multi-layer stack can
include a layer of Ag, Al,O,, and the substrate. The various
depth dimensions (e.g., depth/thickness of the layer relative
to an object) are for illustrative purposes and various depths
dimensions of each layer can be used in accordance with
various embodiments of the present disclosure.

[0104] FIGS. 11A-11B show examples of a radiative cool-
ing apparatus comprised of glass material and multiple
layers of dielectric and metallic materials, in accordance
with various embodiments of the present disclosure. The
multiple layers of alternating different material can include
the solar spectrum reflecting portion of the plurality of
different material, and the glass material (e.g., optical glass)
can include the thermally-emissive portion of the plurality of
different material. The multiple layers of alternating mate-
rial, in various embodiments, can be deposited on the glass
material or can be deposited separately, and the glass mate-
rial can be placed physically on top the multiple layers. As
illustrated by FIGS. 11A-11B, the alternating layers of
different material can include TiO, and SiO, or Ta,05 and
Si0,, in various embodiments. Below the multiple layers of
alternating different material can be one or more layers of
ALQ;, Ag, and Cu (e.g., substrate material). The solar
spectrum reflecting portion, in some embodiments, can
include a base layer (e.g.. substrate) of Ag and alternating
layers of dielectric materials such as TiO, and SiO,, or
Ta,O5 and SiO,. The solar spectrum reflection portion may
be directly deposited via physical vapor deposition onto the
glass or separately, with the glass physically placed on top
of it, to allow for the combined suppression of the absorption
of solar light, embodied in the emissivity/absorptivity spec-
trum, with the enhanced thermal emissivity by the glass. The
various depth dimensions (e.g., depth/thickness of the layer
relative to an object) are for illustrative purposes and various
depths dimensions of each layer can be used in accordance
with various embodiments of the present disclosure.

[0105] FIGS. 12A-12D show examples of a radiative
cooling apparatus in an integrated system designed to trans-
fer cooling resources via a heat exchange interface, in
accordance with various embodiments of the present disclo-
sure. The integrated system can include a heat exchange
interface, including a heat exchanger, and a sealed enclo-
sure. The integrated system can be designed to transfer
cooling resources from the arrangement of the plurality of
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different material via the heat exchanger. Further, the sealed
enclosure can seal the arrangement of the plurality of
different material (e.g., the radiative cooler) from the envi-
ronment. The sealed enclosure can include edges and/or
walls that are shaded from exposure to the sun with an
adjustable shade made of reflective materials, in various
embodiments.

[0106] FIG. 12A illustrates an example integrated system
with a radiative cooling apparatus sealed from the environ-
ment. The integrated system includes the sealed enclosure
that creates the gap, as previously discussed, to seal the
plurality of different material (e.g., radiative cooler) from the
environment. The sealed enclosure and/or another support
structure can include a double wall. The double wall can be
used to create a vacuum or partial vacuum between the outer
wall that is exposed to the environment and the inner wall
that is sealed from the environment.

[0107] The integrated system can include a heat exchange
interface, as previously discussed. For example, the heat
exchange interface can include a plate heat exchanger and
one or more conductive pipes. The conductive pipes can
carry (e.g., pass) liquid or gas to a portion of the plate heat
exchanger and the plate heat exchanger can cool the liquid
or gas passing through the conductive pipe to conduct heat
away from the object. For example, the plate heat exchanger
can be arranged (e.g., in thermal contact) with the arrange-
ment of the plurality of different material and the conductive
pipe to cool liquid or gas passing through the conductive
pipe. In various embodiments, the plurality of different
material includes and/or is in thermal contact with a thermal
interface material (e.g., an interface) and the thermal inter-
face material is in thermal contact with at least a portion of
the plate heat exchanger to effect a temperature of the at least
portion of the plate heat exchanger. Thereby, if the liquid or
gas passing through the conductive pipes is at a temperature
that is different than a temperature associated with the plate
heat exchanger, the plate heat exchanger can change (e.g.,
cool) the temperature of the liquid or gas. As illustrated, the
conductive pipes can bring liquid or gas into the integrated
system (from another location) and back out. The liquid or
gas can travel from the object to be cooled (e.g., the
building, HVAC system, server system, or other object to be
cooled) to the integrated system and back to the object (or
system associated with the object) to effect a temperature of
the object.

[0108] FIG. 12B illustrates an example of a sealed enclo-
sure. Such a sealed enclosure can include the same and/or
different enclosure than illustrated by FIG. 12A. Further, the
sealed enclosure can be used in an integrated system, such
as the integrated system illustrated by FIG. 12A. As illus-
trated, the sealed enclosure and/or integrated system can
include one or more gaskets, a polyethylene frame, the
radiative cooler, heat exchangers (e.g., heat exchange inter-
face), insulating supports, a double wall, and a mounting
rack, in various embodiments.

[0109] FIG. 12C illustrates an example of a sealed enclo-
sure that includes shading from the sun. In accordance with
a number of embodiments, portions of the sealed enclosure
and/or other support structure can be shaded from exposure
to sunlight. The shading can include a reflective and/or light
colored material layer (e.g., white) on the sealed enclosure
and/or support structure and/or an adjustable shade. The
adjustable shade can include material that is placed on
portions of the sealed enclosure to block the portions of the
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sealed enclosure from sunlight while allowing sunlight on
the arrangement of the plurality of material. The adjustable
shade and reflective material can shade the edges and/or
portions of the wall of the sealed enclosure from the sun.

[0110] FIG. 12D illustrates an example of a heat exchange
interface. The heat exchange interface illustrated in FIG.
12D can include the same or different heat exchange inter-
face than illustrated in FIG. 12A. Further, in some embodi-
ments, the heat exchange interface can include a portion of
the integrated system as illustrated by FIG. 12A. In some
embodiments, the heat exchange interface can include a
channel. The channel, as illustrated by FIG. 12D, can extend
along a surface of a (insulating) plate. The channel can pass
liquid or gas along the surface of the plate. The arrangement
of the plurality of different material and the plate can be
arranged to cool the liquid or gas passing through the
channel to conduct heat away from the object. For example,
the channel can extend in a pattern, such as the snake-like
pattern illustrated by FIG. 12D, to maximize thermal contact
of liquid or gas passing through the channel with the plate.
The plate can be in thermal contact with the plate heat
exchanger (which is in thermal contact with the arrangement
of the plurality of material) and/or or in thermal contact with
the arrangement of the plurality of material. A temperature
of liquid or gas flowing through the channel can be effected
by a temperature of the plate, which is effected by a
temperature associated with the arrangement of the plurality
of material.

[0111] As a particular example, liquid or gas entering the
channel at the water inlet can first pass by an object. Assume
that the temperature of the object is at or greater than
ambient air temperature and is greater than a temperature of
the plate. The temperature of the plate is relative to a
temperature of the arrangement of the plurality of material.
Further, the temperature of the arrangement of the plurality
of material in various embodiments can be less than ambient
air temperature. Thereby, when liquid or gas flows through
the channel at the portions that are in thermal contact with
the plate, the temperature of the liquid or gas can be reduced
from a temperature when the liquid or gas entered. The water
outlet can, in various embodiments, lead back to the object
and/or a system associated with the object to lower a
temperature of the object. Example objects can include a
building/portion of a HVAC system, a server and/or server
system, an automobile and/or other engine, among various
other objects.

[0112] FIGS. 13A-B show examples of a radiative cooling
apparatus arranged to transfer heat to and from a phase-
change material, in accordance with various embodiments of
the present disclosure. The radiative cooling apparatus, in
some embodiments, can include a heat exchange interface
that can interface with phase-change material either directly
or indirectly to allow for thermal storage driven by the
radiative properties of the plurality of different materials. A
phase-change material can include a substance with a high
heat of fusion and which, melting and solidifying at a certain
temperature, is capable of storing and releasing energy. For
example, heat is absorbed or released when the material
changes from solid to liquid, and vice versa. Example
phase-change material can include organic materials (e.g.,
paraffin and fatty acids), inorganic materials (e.g., salt
hydrates), eutectics (e.g., organic-organic, organic-inor-
ganic, inorganic-inorganic compounds), and hygroscopic
materials.
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[0113] Asillustrated by FIGS. 13A-13B, the phase-change
material can be in thermal contact with the arrangement of
the plurality of material (e.g., the radiative cooler). Further,
the radiative cooling apparatus can be a portion of an
integrated system, such as those illustrated by FIGS. 12A-
12D. For example, FIG. 13 A illustrates the radiative cooling
apparatus and phase-change material that is embedded
inside (e.g., integrated within) a roof (e.g., roof material) of
a building or a structure. The radiative cooling apparatus and
phase-change material can include an enclosure (e.g., insu-
lation) at least in part surrounding the radiative cooling
apparatus and the phase-change material. A thermal inter-
face material can be in thermal contact with the arrangement
of the plurality of different material and in thermal contact
with the phase-change material to transfer heat and/or cool-
ing resources to and from the phase-change material. In
accordance with some embodiments, an additional heat
exchange interface is present between the phase-change
material and the liquid or gas (e.g., the conductive pipes or
other material). For example, the integrated system can
include a conductive pipe in thermal contact with the
phase-change material. The phase-change material can ther-
mally store the cooling resources of the radiative cooling
apparatus, which can be used at a different time of the day
and/or concurrently with storage of the cooling power. A
temperature of liquid or gas flowing through the conductive
pipe can change based on a temperature difference of the
liquid or gas and the phase-change material (e.g., similarly
to the plate heat exchanger previously described). FIG. 13B
illustrates the radiative cooling apparatus and the phase-
change material in a sealed enclosure, such as the sealed
enclosure previously described and illustrated by FIG. 12A.
The phase-change material can be in thermal contact with
the arrangement of the plurality of material and the conduc-
tive pipe to effect a temperature of liquid or gas in the
conductive pipe.

[0114] The embodiments and specific applications dis-
cussed herein may be implemented in connection with one
or more of the above-described aspects, embodiments and
implementations, as well as with those shown in the
appended figures.

[0115] The following references are hereby fully incorpo-
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[0142] M. Deru, et al., “US department of energy com-
mercial reference building models of the national building
stock”, Tech. Rep., National Renewable Energy Laboratory,
2011;
[0143] W. Marion, K. Urban, “User’s manual for tmy2s”,
Tech. Rep., National Renewable Energy Laboratory, 1995;
[0144] M. Campbell, “Charting the progress of pv power
plant energy generating costs to unsubsidized levels, intro-
ducing the pv-Icoe framework”, In Proceedings of the 26™
FEuropean Photovoltaic Solar Energy Conference, Hamburg
(Germany), 4409-4419, 2011,
[0145] M. S. Keshner, R. R. Arya, “Study of potential cost
reductions resulting from super-large-scale manufacturing
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NREL/SR-520-36846, National Renewable Energy Labora-
tory, 2004; and
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of photovoltaic power”, Renewable Energy 53, 329-338,
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[0147] Further, the following Appendices are hereby fully
incorporated by reference for their general and specific
teachings: Appendix A entitled “Passive radiative cooling
below ambient air temperature under direct sunlight”,
Appendix B, and Appendix C. Consistent with embodiments
of the present disclosure Appendix A describes and shows
examples of radiative cooling apparatuses and energy sav-
ings using example radiative cooling apparatuses in accor-
dance with the present disclosure. Appendix B describes and
shows examples of radiative cooling apparatuses including
alternative configurations of radiative cooling apparatuses,
in accordance with the present disclosure. Further Appendix
C describes and shows examples of a radiative cooling
apparatus formed of two-dimensional photonic crystals.
[0148] Various embodiments described above, and shown
in the figures may be implemented together and/or in other
manners. One or more of the items depicted in the present
disclosure can also be implemented in a more separated or
integrated manner, or removed and/or rendered as inoper-
able in certain cases, as is useful in accordance with par-
ticular applications. In view of the description herein, those
skilled in the art will recognize that many changes may be
made thereto without departing from the spirit and scope of
the present disclosure.
What is claimed is:
1. A method comprising:
exposing an arrangement to the sky, the arrangement
including a plurality of different materials located at
different depths along a depth dimension relative to an
object, and
in response to the exposure, simultaneously reflecting
incoming electromagnetic radiation of at least some
wavelengths in the solar spectrum and emitting ther-
mally-generated electromagnetic emissions in mid-in-
frared (IR) wavelengths from the object by the plurality
of different materials, and thereby providing radiative
cooling of the object below an ambient air temperature
in response to the direct sunlight striking the arrange-
ment.
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2. The method of claim 1, wherein a thermally-emissive
portion of the arrangement is without patterned holes.

3. The method of claim 1, wherein the simultaneous
reflecting of the incoming electromagnetic radiation is selec-
tively in the atmospheric transparency window.

4. The method of claim 1, wherein the simultaneous
reflecting incoming of electromagnetic radiation and emit-
ting thermally-generated electromagnetic emissions in mid-
IR wavelengths from the object by the plurality of different
materials further includes:

suppressing light modes, by a solar spectrum reflecting

portion of an arrangement, and thereby prohibit cou-
pling of incoming electromagnetic radiation, of at least
some wavelengths in the solar spectrum, to an object at
a range of angles of incident relative to a depth dimen-
sion; and

facilitating, by a thermally-emissive portion of the

arrangement and simultaneously with the prohibition of
coupling of the incoming electromagnetic radiation,
thermally-generated electromagnetic emissions from
the object at the range of angles of incident and in
mid-IR wavelengths.

5. The method of claim 1, wherein providing the radiative
cooling to the object includes cooling the object at least 4-5
degrees Celsius below the ambient air temperature.

6. The method of claim 1, further including using a heat
exchange interface configured and arranged with the
arrangement of the plurality of different materials to conduct
heat away from the object by using radiative properties of
the plurality of different materials.

7. The method of claim 1, further including absorbing, by
the arrangement, light from 300 nanometers to 4 microm-
eters and reflect at least 90% of solar power at incidence,
while also presenting greater than 20% thermal emissivity
from 8 micrometers to longer wavelengths.

8. The method of claim 1, wherein providing the radiative
cooling includes during exposure to direct sunlight, reducing
a temperature corresponding with the plurality of different
materials from ambient air temperature.

9. A method comprising:

suppressing light modes, by a solar spectrum reflecting

portion of an arrangement, and thereby prohibiting
coupling of incoming electromagnetic radiation, of at
least some wavelengths in the solar spectrum, to an
object at a range of angles of incident relative to a depth
dimension;

facilitating, by a thermally-emissive portion of the

arrangement and simultancously with the prohibit of
coupling of the incoming electromagnetic radiation,
thermally-generated electromagnetic emissions from
the object at the range of angles of incident and in
mid-infrared (IR) wavelengths; and

providing radiative cooling to the object responsive to the

simultaneous prohibition of coupling of the incoming
solar spectrum electromagnetic radiation and facilita-
tion of thermally-generated electromagnetic emissions.

10. The method of claim 9, further including exposing the
arrangement to the sky, and providing the radiative cooling
of the object in response to open thermal emission to the sky.

11. The method of claim 9, wherein the arrangement
includes a plurality of different materials located at different
depths along a depth dimension relative to the object, and
the method further includes reflecting at least 90% of
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incident sunlight, by the plurality of different materials,
while emitting in the atmospheric transparency window.

12. The method of claim 9, wherein providing the radia-
tive cooling to the object includes cooling the object from
above ambient to the ambient air temperature.

13. The method of claim 9, wherein providing the radia-
tive cooling to the object includes cooling the object at least
1 degree Celsius relative to its initial starting temperature.

14. The method of claim 9, wherein the solar spectrum
reflecting portion and the thermally-emissive portion of the
arrangement include a plurality of different materials con-
figured and arranged to emit selectively between a wave-
length range of 8 and 13 pm and reflect at all other
wavelengths.

15. The method of claim 9, wherein using the solar
spectrum reflecting portion to suppress light modes further
includes inhibiting coupling of incoming electromagnetic
radiation of wavelengths from 300 nanometers to 4 microm-
eters.

16. The method of claim 9, wherein the arrangement is
part of a radiative cooling apparatus integrated with a roof
of a building or structure.

17. The method of claim 9, wherein providing the radia-
tive cooling includes providing at least 20 Watts/meter” at
ambient air temperature of 300 degrees during direct sun-
light.

18. The method of claim 9, further include providing the
arrangement at an angle and adjusting the angle over the
daytime based on the angle of the sun.

19. A radiative cooling apparatus for cooling an object
comprising:
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an arrangement of a plurality of different materials located
at different depths along a depth dimension relative to
an object, the plurality of different material being
configured and arranged to simultaneously reflect
incoming electromagnetic radiation of at least some
wavelengths in the solar spectrum and emit thermally-
generated electromagnetic emissions in mid-infrared
(IR) wavelengths from the object, thereby providing
radiative cooling of the object below an ambient air
temperature in response to the direct sunlight striking
the arrangement;

a heat exchange interface configured and arranged with
the arrangement of the plurality of different materials
including:

a conductive pipe configured and arranged to pass
liquid; and

a plate heat exchanger configured and arranged with the
arrangement of the plurality of different materials
and the conductive pipe, the plate heat exchanger
configured and arranged to cool liquid passing
through the conductive pipe to conduct heat away
from the object.

20. The apparatus of claim 19, wherein the heat exchange
interface comprises a channel and a plate, the channel
configured and arranged to pass liquid or gas along the plate,
with the arrangement of the plurality of different materials
and the plate configured and arranged to cool liquid or gas
passing through the channel to conduct heat away from the
object, and the object including at least a portion of a
heating, ventilation, and air conditioning (HVAC) system.
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