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Passive radiative cooling, an innovative approach for cooling buildings and selectiveprofile  Broadband profile

devices, has attracted considerable attention in recent years. In particular, the spectral emissivity
distribution of surfaces plays a crucial role for an object to radiate at wavelengths for which the
atmosphere is transparent and solar irradiance is low. Here, we study the role of spectral
emissivity distributions using different performance metrics: cooling power (CP) and
equilibrium temperature (TEq). We investigated the roles of environmental factors, such as
ambient temperature and level of thermal insulation from surroundings, on spectral emissivity
distributions. Based on these emissivity distributions, we report the conditions at which the
suitable profile for cooling power maximization and equilibrium temperature minimization
changes. We discuss the realization of spectral emissivity distributions using various optical
materials for cooling power maximization and equilibrium temperature minimization separately
under different environmental conditions. The impacts of material selection on the realization of
desired emissivity profiles and corresponding outcomes are analyzed. As progress in this
emerging field gains traction, development of radiative cooling structures with suitable spectral emissivity profiles under different
circumstances will become essential.
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literature.”™"" In addition to these fundamental studies on
various types of structures, the inte§rations of radiative cooling
1

Passive radiative cooling, a heat exchange mechanism which . 1o o1
structures with photovoltaics

occurs between terrestrial objects and the outer sky via the
atmospheric transmission window, has attracted significant
interest as the demand for energy efficient cooling solutions
increases. Although the concept of radiative cooling below
ambient air temperature was initially demonstrated in the mid
1970s" for nighttime conditions, its demonstration under
direct sunlight in 2014 reignited the interest of researchers. It
was shown that selective engineering of the spectral properties
of the surface is a core requirement for radiative cooling during
both nighttime and daytime. The fundamental mechanism that
allows radiative cooling, independently from operation time, is
the simultaneous emission of thermal radiation in the 8—13
pum range at which surfaces with temperatures around 300 K
radiate’ and suppression of absorption at shorter and longer
wavelengths prevent absorption of atmospheric thermal
radiation.” Even though the suppression of absorption in the
4—8 um range and wavelengths longer than 13 um are
sufficient to prevent a significant portion of the radiation from
the atmospheric contributions, absorption at wavelengths
shorter than 4 ym must be strongly suppressed to avoid the
absorption of solar irradiance, which is present during the

and buildings> ™' were
reported. Because of the thermal insulation requirement of
radiative cooling, progress in development of thermal covers
has been a research field of interest.”” >* Considering the
variations in demand during seasonal transitions, structures
with dynamical radiative cooling capabilities were ex-
plored.”>™" Challenges toward the commercialization of
radiative cooling were also discussed in the literature.””””
After successful demonstrations of radiative cooling with a
variety of structures, a few studies are focused on the role of
emissivity profiles on the performance of radiative cool-
ing.”***> Especially in ref 35, different types of emissivity
profiles are discussed in detail which leads to lower equilibrium
temperatures under different conditions. In the light of these
discussions regarding the emissivity profiles, existing literature
should be reassessed in detail with the consideration of the
applicability of the proposed structures in achieving the altered
emissivity profiles. Radiative cooling performances of different
emissivity profiles have been demonstrated experimentally,

Optical Materials for Radiative Cooling

daytime. Based on these requirements, a selective profile is March 10, 2023
proposed and realized with a multilayer structure and shown to May 29, 2023
be effective in achieving steady state temperature below May 30, 2023

ambient under direct sunlight.” In the following years, many
different types of structures have been proposed in the
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which provides an idea about the limits that can be achieved
through radiative cooling. In ref 36, steady state temperature
lower than ambient by 40 °C is achieved with a structure that
only has a strong emission in the 8—13 pm range. Later, it is
shown that using a narrowband emission profile instead of
selectively emitting in the 8—13 pm range can lead to
temperature reductions of 100 °C below ambient temper-
ature.>” However, it is shown that achieving such extreme
low temperatures requires near-complete thermal isolation of
nonradiative heat exchange mechanisms. Considering the
challenge in achieving such high isolation, necessary
modifications to emissivity profiles are analyzed in refs 9 and
35, and the need for broadening the emission spectrum is
demonstrated. In addition to temperature reduction, the
possible differences in emissivity profiles are also reported
when the cooling power of the surface is of interest.

Many different materials and system architectures can be
used to realize these emissivity profiles. These material systems
are enabled by advancements in computational design,
fabrication, and characterization tools of optical struc-
tures.’”* ™' Multilayers, micro/nanoparticle-embedded poly-
meric coatings, and polymers with artificially engineered
porosities are among some of the structures that are utilized
for radiative cooling purposes. Layered structures which
consist of a combination of different materials are one of the
simplest, yet very effective, ways of realizing the desired
emissivity profile for radiative cooling.”**~>" Usually, materials
with strong absorption in the 8—13 ym wavelength range and
near-lossless in the visible and near-infrared spectra, such as
Si0,, ALO,, TiO,, HfO,," are used together with a metal
which provides broadband reflection. Tailoring of the
interference of the propagating wave components inside the
structure is the fundamental mechanism that leads to target
spectral characteristics. Although many of the proposed
multilayer structures are composed of periodically alternating
layers of high—low index materials,>*>>>%"¢’
ical methods optimize the layer thicknesses together with the
selected materials from a predefined material library.*>%>%*
However, while designing multilayers, especially with a
combination of different materials, possible fabrication
challenges and the feasibility of extension to large scale should
be considered. A simple structure proposed in the literature
addresses such challenges,64 which is composed of a single
PDMS layer on top of Ag. Such a simple structure is shown to
be effective in achieving radiative cooling below ambient
temperature, which exhibits an 8 °C lower surface temperature
than ambient temperature, with 127 Wm?>~ cooling power at
ambient temperature.

As an alternative to the aforementioned stacked layers, it is
shown that radiative cooling performance of single layered
coatings can be further improved by embedding micro/
nanoparticles.”>~”* The first experimental demonstration of
such a structure is reported in 2017,” for which a cooling
power of nearly 95 Wm®~ is reported. The major advantage of
this type of structure over layered structures is its feasibility for
large scale production. Following the successful demonstration
of a particle-based structure on passive radiative cooling in the
daytime, different configurations of micro/nanoparticle-based
polymeric structures composed of mixtures of different
materials have been reported in recent years. Although most
of these structures are suitable for large scale fabrication, they
still require a metallic back reflector to satisfy increases in the

various numer-

fabrication steps, thus hindering the feasibility of extension to
large scale.

Metamaterials consisting of periodically arranged surface
textures are among other widely used methods to achieve
radiative cooling.”* Due to their capability of exciting different
resonance mechanisms, e.g, lattice and plasmonic resonan-
ces,”” ! they are excellent candidates for satisfying the strong
emission in the 8—13 ym wavelength interval. In fact, the first
theoretical demonstration of daytime passive radiative cooling
is done by a multilayer structure combined with a periodically
arranged surface texture.*” A two-dimensional periodic array of
square air holes composed of SiC and SiO, are used to excite
phonon—polariton resonances of these materials in the 8—13
pum interval. The resulting emission spectrum provides near-
perfect emission in the 8—13 ym range, as well as the other
possible atmospheric transparency window located in the 15—
25 pum interval. The major drawback of this structure despite
its excellent spectral selectivity is the strong absorption in the
visible spectrum due to SiC, which increases the heat load in
the system. Following this idea, structures that utilize various
types of grating like patterns are proposed”~** which allow
controlling the wave—matter interaction at smaller geometries.
It is also shown that broadband absorption achieved by
stacking individual resonators in a trapezoidal fashion®” can be
utilized for radiative cooling purposes by designing a
broadband selective absorber.”® In addition, 2D metamaterials
are widely used as radiative cooling structures to be integrated
with devices that demand cooling, e.g., solar cells.”' =% Because
of their excellent spectral selectivity, metamaterials comply well
with the devices’ spectral requirements as well as the radiative
cooling requirements. The same characteristic of metamaterials
allows tailoring spectral characteristics for addressing other
practical requirements such as colorization for aesthetic
purposes. Recently, there has been increased attention to
colored radiative cooling coatings’*™"*® for which many types
of metamaterials are proposed as great solutions thanks to their
capability of selective spectral engineering.

A recently proposed type of polymeric structure at which
porosity of the polymer was artificially engineered was shown
to be effective in achieving solar irradiance reflection and
emission in the atmospheric transparency window simulta-
neously.'”~"'° While holes inside the structure act as a cavity
at longer wavelengths, they exhibit a large bandgap and lead to
broadband reflection in visible and near-infrared spectra at
which solar irradiance is strong. Eliminating the need for an
additional metallic layer is a major step toward large scale
fabrication feasibility, thus allowing practical realization of
passive radiative cooling coatings with readily available
approaches and formats, such as paints.''”

Parallel to research related to structural characteristics, there
is also ongoing active research regarding the possible materials
for use in radiative cooling coatings.é’m’w’l18’“9 In ref 118,
different candidate materials are reported not only for their
spectral characteristics but also for their thermomechanical
characteristics. Progress in this aspect of the field is equally
important in terms of the development of radiative coolers
with superior performances and characteristics for specific
applications, e.g., buildings and solar cells. A recent example for
a material aspect in the field is related to the use of plasmonics
for colorization of a radiative cooling structure.'*’

There are extensive efforts to adapt the materials and
structures that already exist in biological creatures or in the
nature."”'~"** In 2015, right after the first experimental
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demonstration of daytime passive radiative cooling in 2014,” it
was shown that Saharan silver ants already benefit from
daytime passive radiative cooling.'>* With the dense array of
triangular hairs on their body, they are able to strongly reflect
incident solar irradiance while emitting thermal radiation in the
infrared spectrum simultaneously. A major advantage of such
discoveries is that they provide excellent guidelines for future
studies in the field. For instance, following ref 125, many
artificially engineered structures that are inspired by Saharan
ants were reported.'”*""*” Another advantage of such
bioinspired structures is that they provide candidate materials
that are feasible for large fabrication and low cost and are
ecofriendly. For instance, it was shown that through
delignification and densification of natural wood, a mechan-
ically strong highly efficient radiative cooling structure can be
obtained."*” Cellulose nanofibers are held responsible from
high backscattering of solar irradiance and emission in mid-
infrared wavelengths. After the demonstration of the potential
of cellulose as a material for radiative cooling, many other
works that propose cellulose-based radiative coolers were
demonstrated."”'™"*® Many other types of bioinspired
structures and materials were also reported up to this
date," 714 including studies based on near-field radiative
transfer.*®147 Finally, the radiative cooling capability of
natural silk'*® opens the way for realizing radiative cooling
phenomenon in textiles."*"~"** Successful demonstrations of
radiative cooling with textiles considerably enlarges the
application area and its potential contribution to energy
consumption in general.

Despite the vast progress made in the field regarding the
implementation of radiative cooling structures, the connection
between the spectral characteristics of the coatings and
radiative cooling dynamics is not explored in detail. More
explicitly, the impact of spectral characteristics from the visible
to far-infrared portions of the electromagnetic spectrum on the
radiative characteristics, such as cooling power, P, and
equilibrium temperature, T, should be well considered. In
addition, dependency of spectral requirements both for Pg,,
maximization and TEq minimization, under various circum-
stances (ambient temperature and level of thermal insulation
from the environment) must be well defined,” to develop
radiative cooling structures that are more suitable to practical
needs. Once the impact of environmental conditions on the
spectral profiles are defined, estimates of theoretical limits can
be created, and how close we can approach those limits can be
observed.

In this work, starting with the fundamentals of radiative
cooling and definition of its performance metrics, Pc,, and Tg,,
we studied the role of spectral emissivity of a surface on those
under different conditions. Then, we designed 1D photonic
multilayers specifically to maximize Pc,, and minimize Tf,
similar to the method described in ref 53 as a measure of how
much we can approach the theoretically estimated limits.
Structures are designed with different materials to discuss the
role of optical properties on achieving desired spectra for Pc,,
maximization and Tg, minimization. Finally, we conclude with
a brief summary.

Radiative cooling is a passive phenomenon that benefits from
the tremendous temperature difference between the sky, 3 K,
and terrestrial objects. Due to this temperature difference, a
considerable heat exchange occurs between the sky and

terrestrial objects. To properly analyze a radiative cooling
system, other radiative heat exchange mechanisms, such as
solar irradiance and atmospheric thermal radiation, should also
be taken into account. Earth receives a high amount of thermal
radiation from the Sun, reaching up to 1000 Wm?*~ levels at
certain locations. A significant portion of the incident solar
radiation is confined in visible and near-infrared spectra. In
addition to solar irradiance, gas molecules in the Earth’s
atmosphere also emit thermal radiation. Therefore, together
with the spectral characteristics of the radiation from terrestrial
objects, characteristics of incoming radiation from various
sources should be considered.

With the knowledge of the characteristics of these radiation
mechanisms, their behaviors can be modeled and used to
define the net heat exchange occurring on the surface, which
determines the cooling power of the surface. In a similar
manner, the temperature of the surface at equilibrium or steady
state temperature can be estimated. These two are the most
commonly used metrics to compare the performances of
different radiative cooling systems. Therefore, the definition of
cooling power and equilibrium temperature, as well as
understanding of the parameters they are dependent on, are
crucial for development of radiative cooling structures.

Cooling power of a surface is defined as the required energy
exchange rate, in the form of heating or heat removal, to keep
the temperature of the surface constant."*” The net cooling
power, Pc,,;, of a surface is mathematically defined in terms of
ingoing and outgoing energy components that cause a change
in the temperature of the surface

PCool(T;) = PRud(Ts” gs) - PAtm(TAmbi & gAtm) - PSun(Es)

(1)
where Pp,; is the radiation from the surface, P,,, is the
absorbed atmospheric thermal radiation, and Pg,, is the
absorbed solar irradiance. Nonradiative contributions can be
included in eq 1 by adding P, = h.(T; — Ta,s) and q;, where
Pc,,, is the heat flux due to convective heat transfer between
the surface and ambient temperature, and g; is the heat
generated by the system during its operation. With these

additional contributions, the net cooling power of a surface is
defined as

PCool(’I;) = PRud(T;! Ss) - PAtm(TAmb’ & 8Atm) - PSun(gs)
+ Feony — q; (2)

From eq 2, for P¢,, maximization at any T, outgoing heat
flux, Pp,; must be maximized while total incoming flux, P,,,,
Py Pcony and g, must be minimized through engineering of
£,

Equilibrium temperature, T, on the other hand, is defined
as the temperature at which heat exchange between the surface
and its environment no longer occurs. This condition is

mathematically expressed as
PCool(TEq) =0= PRad(Tqu 85) = PAtm(TAmb’ & SAtm)
+ PSun(es) - Pme + qi (3)

As seen, the condition given in eq 3, the condition for Tk,
minimization is significantly different than the P, max-
imization. In the case of T, minimization, incoming heat flux
should be minimized such that it is compensated by outgoing
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Figure 1. (a) Solar irradiance (red), transmission of the atmosphere (blue), and atmospheric thermal radiation at Ty, = 300 K (green). (b)
Blackbody radiation from a surface at increasing temperatures, T, = 280,300 and 320 K at 5—25 pum spectrum interval.
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Figure 2. (a) Selective emission, £(4) = 1 when 8 < 4 < 13 um and £(1) = 0 elsewhere, and broadband emission, £(4) = 1 when 4 > 8 ym and £(4)
=0 A < 8 um profiles. (b) Corresponding T,—Pc,,(T,) curves for the selective and broadband emission profiles.

flux, the radiation from a surface at temperature Tg,. In other
words, maximum P is achieved when the difference between
incoming and outgoing heat fluxes are maximized, whereas Tg,
is minimized when incoming heat flux is minimum.

As seen, both Pc,, and Ty, are strongly dependent on the
radiation characteristics from the surface that is cooling of
interest, as well as the heating inputs that are acting on the
surface. Therefore, it is crucial to understand the characteristics
of both radiative and nonradiative components to maximize
and minimize the Pc,, and Tg,.

As discussed in the previous section, when a surface is exposed
to the sky, contributions from atmospheric thermal radiation
and solar irradiance should be considered during the heat
exchange analysis. In general, both solar irradiance and
atmospheric thermal radiation are dependent on geographical
conditions as well as the time of the year. Mathematical
expressions for the atmospheric thermal radiation and solar
irradiance are available and extensively used in the analysis of
radiative cooling, which are given as

Puon Tamabs €1 Enpm)
=4 / dQ.cos 0 fo AALyy( Ty g2, 0)e(L, 0)
(4)

B (e)=A fo " L, (e (2, 0) ©

where f dQ =2z f /240 sin 6. T,,,;, and €, stand for ambient
air temperature and emissivity of the atmosphere, respectively,
which are modeled as 1 — (ty,,)"*? where t,,, is the
transmissivity of the atmosphere. As seen from eqs 4and S, Py,
is modeled as radiation from a diffusive surface at ambient
temperature whereas solar irradiance is assumed to be direct
and therefore has no angular integral. For both cases, it is
assumed that &, (4,0) is equal to angular and spectral
absorption, a,(4,0), of the surface according to Kirchhoff’s
law of thermal radiation. In Figure 1(a), typical solar irradiance
and atmospheric thermal radiation when Ty, = 300 K are
shown together with the t,,,. As seen, solar irradiance is highly
confined in the visible spectrum, 0.3—0.7 pym interval, and
significantly lower at longer wavelengths. On the other hand,
atmospheric thermal radiation takes place at longer wave-
lengths, from S to 25 ym with a low radiation region in the 8—
13 pum range, which is referred to as atmospheric transparency
window. These two components are usually considered as
fundamental radiative heat loads acting on the surface when
exposed to the sky. Spectral distribution of these sources
determines the spectral emissivity requirement for radiative
cooling, together with the emitted radiation from the surface,
Prag for which the mathematical expression is given as
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Figure 3. (a) Schematic representation of a thermally closed system.(b) Comparison of selective, broadband, and narrowband emissivity profiles.
(c) Corresponding T,—P,,; profiles for selective, broadband, and narrowband emissivity profiles with Tg, points marked. (d) Change of T, with
increasing g for selective, broadband, and narrowband emissivity profiles.

P (T, &) = A f dQcos 0 / dilyy(T, Deh, 0) o
0

The sources of the difference between Py,; and Py, are as

T,

follows: The difference between the radiation temperatures, T

and T,,,, and the contribution of &, (4,0) only affects P,,,.
Since &4, (4,0) is always lower than 1, P,,, will always be
lower than Pp,; when T, > T,,, because of the spectral
distributions of Iy (T,;) and Ipz (Ta,,) as depicted in Figure
1(b).

Based on these characteristics of Pyyy Py, and Pg,, have
spectral requirements for the purpose of P, maximization
and Tj, minimization through passive radiative cooling. It is
important to note that nonradiative dynamics should also be
considered during the derivation of the spectral requirements,
since they have significant effects on the total heat load acting

on the surface.

In this section, we analyze the resulting Pc,, and Tjg
differences of the two different emissivity profiles, which are
referred to as selective and broadband emission profiles, as
shown in Figure 2(a). The selective profile depicted in Figure
2(a) is considered as the ideal profile for radiative cooling
below ambient air temperature. The other profile, which has
unity emission after 8 ym, is considered in the literature for
cooling of the systems with relatively higher temperatures. As a
reference point, we started analysis of these profiles by setting
h. = g, = 0. With this condition, the surface’s cooling power and
Tg, are calculated under the assumption of an isolated system
from the nonradiative heat exchange. In such a case, Tf, values
for those profiles are 204 and 256 K, and they exhibit different
Pc,oi values, especially at higher temperatures than T,,,;. In
terms of Ty, reduction, a selective profile yields significantly
better performance than the broadband profile when the
system is isolated. However, it is not a very realistic scenario
considering the challenges in achieving such an extreme

https://doi.org/10.1021/acsaom.3c00092
ACS Appl. Opt. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsaom.3c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.3c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.3c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.3c00092?fig=fig3&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.3c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

thermal isolation. In fact, radiative coolers are designed to be
integrated to the systems that heat up during their operation
and require cooling. Therefore, generated heat from the system
must be transferred to the radiative cooler and emitted away,
which leads to g; # 0. Such a condition may cause changes in
the required spectral profiles, e.g, transition to selective to
broadband, as in ref 93. Therefore, it is important to
understand how spectral requirements vary with respect to
external factors for understanding the limits of the radiative
cooling.

To analyze the changes in spectral requirements, especially
to find the transition point from the selective to broadband
profile, outcomes of those profiles are analyzed under different
conditions. For analysis purposes, we introduce the term Pj,
which stands for the total head load acting on the surface, e.g,,
all heat contributions coming from absorption of solar
irradiance and atmospheric thermal radiation, as well as
nonradiative contributions, and it can be mathematically
eXPrESSEd as PL = PAtm(TAmblgs)eAtm) + PSun (85) +q + PConv'

Cooling power is maximized when the difference between Py,
and P; is maximum. Here, it is important to note that when T
> T gty Pcony Will contribute positively to Pg,,;, whereas it will
be the opposite when T, < Ty, In addition, it is already
shown that when T, > T, Pra will always be higher than
P, leading to higher P, Based on these, the following two
cases are analyzed for selective and broadband profiles.

3.1.1. Ts < Tppp. When T, < T,,,, unlike the opposite
scenario, Py, is not unconditionally higher than P, but will
be highly dependent on spectral distributions of €, and €. In
such a case, &, should be engineered such that it is minimum at
the wavelengths at which atmospheric thermal radiation, Iz
(Taminh) €aem (4,0), is high so that the surface does not absorb
more power than it emits. From these, it appears that achieving
a positive P, requires more strict spectral requirements when
T, < Ty As seen, for the selective profile, & is zero when &4,
(4,0) is high, Ty, (4,0) is low, and it is maximum elsewhere. If
the surface had strong emission at 4 > 13 ym, it would absorb
more power coming from atmospheric thermal radiation. In
addition, since T, < Ty, emitted radiation at 4 > 13 pm
would be lower than absorbed atmospheric thermal radiation.
Therefore, the surface does not benefit from emitting radiation
at A > 13 pum at all, which makes selective emission profile
superior compared to the broadband profile in terms of P,
maximization. It is also apparent when the T,—Pc,, curve
depicted in Figure 2(b) is considered. As seen, when T, < T},
the selective emission profile exhibits higher Pc,,;.

3.1.2. Ts > Tpmpe When T, > Ty, Prag will always be
higher than P, because of the characteristics of thermal
radiation from surfaces. Considering the radiation at 4 > 13
pum, Pp, can benefit from radiation at those wavelengths,
despite the characteristics of atmospheric transparency.
Therefore, when the T,—P,, curve for the broadband profile
is considered, Pc,,; is higher for the broadband profile at
temperatures higher than ambient temperature, compared to
the selective emission profile. This reasoning is valid any T,
h, and g; because those characteristics do not alter the
radiation characteristics that are considered for this conclusion.
Therefore, P.,,; maximization surfaces can benefit from
radiation at 4 > 13 pm, if the surface temperature is above
the ambient temperature.

Although the P.,, enhancement problem can be mathemati-
cally considered as maximization of a difference, max(Pg,; —
P)), it is not the case for Tg, minimization. In fact, Tg,
minimization should be treated as a minimization problem,
min(P,), so that it can be compensated by PRad(TEq).
Physically speaking, T, is the temperature at which radiation
from the surface (only outgoing radiative channel for heat
exchange, if T, is below ambient) compensates all heat load
present in the system. Therefore, emission can be treated as
the radiative heat load if the system is strictly minimized. This
is in contrast to the case for P,, maximization.

In the case of a near-complete isolation of the system as
depicted in Figure 3(a), h, & q; & 0, and with complete
reflection in the entire electromagnetic spectrum, Tg, can be
reduced to extremely low values. In such a case, P; will be very
low, considering P,,, = Ps, =~ 0 due to near-complete
reflection; therefore, even a very small amount of thermal
radiation from the surface can compensate for P;. To analyze
such a scenario, a new emissivity profile, referred as the
narrowband, is created as seen in Figure 3(b). As opposed to
the selective emissivity profile, emission occurs in a narrower
wavelength interval, 10—12 ym. When h, & g; & 0, only heat
load in the system will be due to Py, which is 1.9 W/m? It
means that the temperature, T,, that satisfies the following,

PRud(Ts) gNurrowbund) will be TEq' When Ts_PCaol

- PAtm(’I;’ ENarrowband) eAtm)

1L.9Wm™
curves are constructed for these three profiles, Ty, for the
narrowband profile is obtained as 170 K which is nearly 35 K
lower than that of the of selective profile. Tp, for the
broadband profile is 256 K, which is significantly higher than
both. Since h, = gq; = 0, reflection is set to unity until 8 ym for
each case; therefore, Pg,, is almost equal for each. The only
difference between heat loads acting on the surfaces stems
from P,,, values which are 1.9, 16.2, and 167 Wm>~. When
Py, = 1.9 Wm™2 radiation at 170 K is sufficient to
compensate. On the other hand, as Py, increases, the heat
load acting on the system can be compensated only with
radiation at higher temperatures, leading to higher Tp,. This
example demonstrates the impact of heat load on the Tf,.
To analyze the performance of the narrowband profile when
P, > 0, q is increased gradually to simulate a heat load
increase on the surface, and corresponding T, values are
calculated. As seen in Figure 3(d), when q is above 10 Wm®",
Tg, for the narrowband profile becomes higher than that of the
selective profile. This indicates that, in the presence of a slight
deviation from the complete reflection requirement in the
visible and near-infrared spectra, the narrowband profile will
lose its advantage over the selective profile. When such a strict
requirement is considered together with the difficulty of
realizing such a profile, utilizing the narrowband profile to cool
the system purely with radiative cooling becomes infeasible.
When near-complete isolation is not the case, the P; > 0,
surface should emit more thermal radiation to compensate for
the thermal load acting on the system; therefore, the selective
profile becomes more suitable compared to the narrowband
profile. Similar to the threshold for switching from the
narrowband to the selective profile, a critical heat load, P,
can be defined to estimate the transition point from the
selective to broadband emission profiles. In Figure 4, Tp,
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values for increasing g; are plotted for selective and broadband
emission profiles for different T,,;, and h, values. The
transition from the narrowband to broadband occurs when g;
= 86 Wm”™ at T,,, = 285 K, and when T, is increased to
310 K, transition occurs when g; = 127 Wm?". The transition
between the profiles occurs when the surface with the selective
profile is not capable of compensating for the total heat load at
a temperature lower than it would with a broadband profile.
However, in the case of emission at 4 > 13 ym, which leads to
higher Pp.4 Py, is also increased due to absorption of
atmospheric thermal radiation at those wavelengths, which
increases the total heat load acting on the system. Therefore,
for the transition between profiles to occur, the rise in Py,
should be greater than the increase in Py, It is already known
that higher T),,, leads to higher P,;,. When T, is higher, the
surface should emit more radiation to address for the increased
P,y which is only possible at higher temperatures for a fixed
emissivity. Because of this, the transition occurs at larger g; for
higher T),,;, which causes higher surface temperatures. This

analysis reveals that the selective emission profile at higher
Ty is superior compared to the broadband profile up to
higher heat loads.

Trends are different for increasing h, for a fixed T,,,
compared to fixed h, for rising T}, As seen in Figure 4(b),
Pc,i; becomes lower with increasing h. When there is no
significant heat load acting on the system, the surface can
maintain its low temperature, as shown when h, = ¢q; = 0.
However, with increasing h,, the surface starts to interact with
its environment. As h, increases, the heat exchange rate will be
higher and will dominate the radiative heat exchange
mechanism, and Tg, will converge to Tj,, when h. > 0.
With increasing the heat exchange rate, the heat load acting on
the surface will increase; therefore, the switch from a selective
to broadband profile occurs earlier with g; as seen in Figure
4(b). Besides, due to the dominance of the nonradiative heat
exchange, performances of the different emission profiles
become indifferent. This indicates that in the presence of
strong nonradiative heat exchange one may not have any
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Table 1. Corresponding Power and Average Reflection Percentages for Structures with Different Material Pairs, Designed for
CP Maximization and Ty, Minimization

Power (Wm?") Avg. Reflection (R(1))
Target Material pair Prad By Pyim Ry (4) (%) Ry () (%) Ry (Am) (%)
CP TiO,—SiO, 242 13.23 140.61 91.5 25.8 29.8
CP AlL,0;—Si0, 204 25.71 101.77 93.5 29.4 37.7
Ty, TiO,~SiO, 61.94 7.74 542 95.1 277 702
Ty, ALO4—SiO, 100.39 2224 78.15 94 28.8 565

Table 2. Layer Thicknesses in Coatings Designed for CP Maximization and Tg, Minimization with Different Material Pairs for
Varying Conditions

h.=0,q=0 h, =5 Wm?> K, g = 400 Wm®>~
Max CP Min Ty, Max CP Min Ty, Max CP Min T,
TiO, 0.19 2.92 AlLO, 0.16 0.50 TiO, 021 0.25
Sio, 2.52 0.59 Sio, 1.17 1.32 Sio, 2.62 2.14
TiO, 0.07 2.50 AlLO, 1.32 118 TiO, 0.13 0.26
Sio, 2.53 1.79 Sio, 2.60 1.931 Sio, 2.77 2.99
Ag 0.1 0.1 Ag 0.1 0.1 Ag 0.1 0.1
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Figure 6. (a) Calculated spectra for the structures: (I) SiO,—TiO, pair designed for Tg, minimization and CP maximization. (11) Si0,—ALO; pair
designed for Ty, minimization and CP maximization. (1I1) SiO,—TiO, pairs designed for T, minimization and CP maximization for h =5 Wm?~
K™ and g = 400 Wm*". (b) T.—P,,; curves for the structures designed to minimize Tg, and selective profile. (c) T,—Pc,, curves for the structures

designed to maximize P(,, and broadband profile. (d) T,—P(,, curves for the structure with SiO,—TiO, pair designed to minimize Tg, and
maximize CP.

benefit at all from radiative cooling. Therefore, it is highly As seen in the results shown in Figure 4, T, values remained
crucial to consider the nonradiative cooling mechanisms used around 300 K levels and reached their maximum when g
in the system of interest at which radiative cooling coatings are becomes 250 Wm”~. Thermal radiation at such temperatures is
going to be implemented. mostly confined in the 8—13 ym wavelength interval, with
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relatively smaller contributions from shorter wavelengths.
Therefore, the impact of emission at those shorter wavelengths
on Tg, is limited. However, at further elevated temperatures
which can be achieved with higher g, the contribution from
radiation at shorter wavelengths than 8 um has considerable
influence on the T, Therefore, emissivity profiles with unity
emission starting from as low as 2.5 um can provide
significantly lower Tp, than the broadband profile demon-
strated above (with unity emission starting from 8 ym). When
corresponding T, values with increasing g for the profiles,
depicted in Figure S(a), have different starting points of unity
emission, the impact of bandwidth of the unity emission on Ty
can be better understood. As seen in Figure S(b), the profile
broadband II results in lower T, values compared to the
selective and broadband profiles when g becomes higher than
150 Wm®~, and the difference increases as q increases. When q
reaches to 4 X 10* Wm?~ levels, the broadband III profile

becomes more superior than broadband II in terms of Tg,. At
such elevated temperatures, radiation emitted from the surface
becomes even higher than the incident solar irradiance, which
makes emission of thermal radiation even at the visible
spectrum more advantageous. These analyses demonstrate the
importance of the bandwidth of the unity emission depending
on the total heat load acting on the system.

For realization of the discussed spectral emissivity profiles, we
designed multilayer structures with different material combi-
nations to maximize P, (T) and minimize Ty, without
predetermined spectral emission profiles. To achieve this, we
used the method we previously proposed in ref 53. The layer
numbers of the structures are fixed to 4, and thicknesses of
alternating layers are used and optimized on top of a 100 nm
Ag layer. SiO,—TiO, and SiO,—Al,O; pairs are used as layer
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materials, which are among commonly used materials in
radiative cooling coatings.””>>® The optical properties for
SiO,, AL,O; and TiO, are retrieved from refs 160 and 161.
Thicknesses for each designed coating with corresponding
materials and conditions are listed in Table 2. Note that small k
values in the visible and near-infrared spectra may result in
considerable absorption of the solar irradiance and degrades
the radiative cooling performance. However, such an outcome
can be avoided by keeping layer thicknesses small, e.g., on the
order of few micrometers, as seen in Tables 1 and 2. In Figure
6(a), spectral emission profiles when h, = 0 and g; = 0 are
demonstrated for Pc,,; (T) maximization and T, minimization
with different material pairs. As shown in Figure 6(a), the
spectral profiles are similar for A < 13 ym. However, for the
spectral region A < 13 um, emission starts to decrease
considerably for the structure optimized for T, minimization,
whereas it remains high for the structure optimized for Pc,,
(T) maximization for SiO,—TiO, pairs. Change in emissivity is
not as strong as in the case of §i0,—TiO, pairs, when SiO,—
AL O; pairs are used. Corresponding Pr,; Pg,, and P,
together with the average emission values are shown in
Table 1. As depicted in Table 1, the total radiative heat load
due to P,,, and Py, is increased by 38 Wm?~, from 62 to 100
Wm®*~, when TiO, is substituted by AL,Os. Such change stems
from changes in average reflectivity in 0.3—8 and 13—25 pm.
Even a 1% change in average reflection in 0.3—8 ym caused an
increase of 15 Wm”~ in Pg,, and a 15% average reflection
change in 13—25 ym results in an approximate 25 Wm®~ raise
in Py,,,,. Despite these changes, average reflection in the 8—13
um range remained similar for these two structures; thus,
additional heat load cannot be compensated with higher
thermal radiation emission in the 8—13 pm spectrum, and
higher Tg, is observed when AL O, is used instead of TiO,.
Based on the corresponding T,—Pg,, curves depicted in Figure
6(b), Tg, values of 244 and 262 K are achieved for SiO,~TiO,
and SiO,—AlL,O; pairs, respectively. These results emphasize
the importance of material selection on T, which can cause
approximately 20 K difference in Tp,. It is important to note
that Tf, for the selective profile is around 20S K indicating that
by further reducing the heat load even lower T, values can be
achieved.

When Pg,, (T, = 300 K) is of interest but not the Tp,
minimization, the calculated final spectrum of the structure
with SiO,—TiO, pairs has changed from selective to
broadband, to increase the Py ; by emitting thermal radiation
at A > 13 pm. As seen in Figure 6(a), a drastic change is
observed in the spectra, whereas it is not the case for the
structure with SiO,—Al,O; pairs. As tabulated in Table 1 ,the
change in average reflectivity is around 40% for the former,
whereas it is 20% for the latter. Final P, (T, = 300 K) is equal
to 100 and 75 Wm?*~ for the structures with SiO,—TiO, and
Si0,—Al,O;, respectively, and it is approximately 140 Wm?~
for the broadband profile, as shown in Figure 6(c). Finally,
when the structure is designed to maximize Pc,, and minimize
Ty, when h. > 0 and g; > 0 with SiO,—TiO, pairs, spectra
shown in Figure 6(a) are achieved. As seen, no significant
changes in the spectra are observed and corresponding T,—
Pcyo becomes indifferent. There is an 8 K difference in Tj, for
the broadband and the achieved profiles.

The differences between the observed outcomes for the
structures with SiO,—TiO, and SiO,—AlLO; are related to
differences between the optical properties between TiO, and
AL, O;. First, due to the refractive index differences in visible

and near-infrared spectra,” as depicted in Figure 7(a), there
are slight differences between the average reflectivity at these
spectra, which causes an increase in Pg,, up to 15—-20 Wm?~
and leading to reduction in P,, and raise in Tg,. As given in
Table 1, the second major difference occurs at 4 > 13 um,
where the real and imaginary parts of the refractive indices, n
and k, respectively, of TiO, and Al,O; are drastically
different.”” Such differences in fact provide a good example
to demonstrate the role of dispersion in optical properties of
coating materials. Al,O; has strong absorption peaks around 17
and 22 um wavelengths, shown in Figure 7(d), which occurs
due the sudden changes in both n and k of Al,O;. On the other
hand, n and k of TiO, is free of such resonance-like changes as
seen in Figure 7(a) and (b); therefore, it exhibits near constant
reflectivity after 15 ym as depicted in Figure 7(c). Due to such
dispersive characteristics of Al,Oj, it is challenging to suppress
such absorption modes and satisfy high reflection at A > 13 um
for Tg, minimization, with the structure in consideration. In
other words, required thicknesses to satisfy near-perfect
impedance mismatch at 17 and 22 pm are significantly
different than adjacent wavelengths due to the dispersion in
ALO;. Such differences can be visualized by considering
reflection coefficients, I'(A > 13 pm), of Al,O; and TiO, as
seen in Figure 7(e) and (f). As seen, distribution of I'(4 > 13
um) of Al,O5 is more dispersed compared to I'(4 > 13 ym) of
TiO,, due to the difference in dispersion in optical properties
of these materials. Because of this property of Al,O,, it is
relatively more difficult to achieve broadband reflection at 4 >
13 pum with pairs of Al,0;—SiO, compared to pairs of TiO,—
SiO,, which leads to poorer performance in achieving selective
emission profiles, thus lower Tg,.

The dispersion characteristics of Al,O3 at 4 > 13 um are also
the source of high average reflectivity which leads to lower P,
when h. & g; % 0 or higher Ty, when h.>> 0 and g; > 0 with
the structure composed of Al,O;—SiO, pairs. A similar
challenge in achieving broadband reflection at 4 > 13 pm
due to the dispersion of Al,O; also exists when broadband
absorption/emission is desired. At this wavelength interval,
although Al,O; has higher absorption on average due to several
absorption modes, increasing the absorption at nonhighly
absorbing wavelengths while preserving the high absorption at
adjacent wavelengths is challenging due to differences in I'(1).
Due to weak dispersion characteristics in n and k of TiO,,
achieving impedance matching in the broadband spectrum is
simpler in the case of TiO,—SiO, pairs; thus, higher P, or
lower Ty, is achieved when h. ~ q; ~ 0 or h. > 0, q; > 0,
respectively.

Spectral requirements for radiative cooling may vary in the
presence of heat generation or weak thermal isolation from the
environment. It was shown that, as the heat load increases in
the system, drastic changes in the ideal emission profile occur.
In recent years, many types of coatings have been proposed
and designed with spectral emission profiles that are very close
to the selective emission profile. As the efficiency of the
radiative cooling is demonstrated with experimental measure-
ments below ambient air temperature under direct sunlight,
research toward applicability of those coatings in large scale is
accelerated. Although such a selective profile is better for
achieving Ty, below ambient temperature under extreme
isolation, it is not the most appropriate profile for real
applications at which such extreme isolation may not be
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realistic. Therefore, it is equally important to seek coatings that
are closer to the broadband profile while studying the
applicability of radiative cooling coatings in large scale.

It is well-known that any type of coating’s spectral
characteristics is controlled by the material it is composed of
and geometrical dimensions of the features it has. Usually, in
most of the radiative cooling coatings, a metallic back reflector
is used for broadband reflection, preventing solar irradiance
and atmospheric thermal radiation absorption. Thermal
radiation emission from the surface requirement is fulfilled
by the materials which have strong absorption at radiation
wavelengths, typically 4 > 8 um. It was also shown that both
reflection of solar irradiance and thermal emission from the
surface requirements can be simultaneously satisfied by
utilizing micro/nanoparticle-embedded polymers through
tailoring of scattering from the particles by control of their
distribution inside the host polymer. Yet, most of the recent
literature is focused on cooling below ambient temperature and
uses the selective emission profile, but not the broadband
emission profile, which is shown to be more appropriate for
cooling at temperatures above ambient. Therefore, analysis of
coating characteristics at wavelengths longer than 13 um is
crucial.

In addition, when the radiative cooling coating is not treated
as a stand-alone system, requirements of the system that the
radiative cooler is going to be integrated with comes into the
picture, such as aesthetic, thermal, and electromagnetic. For
instance, surface color becomes highly important when the
coating is going to be integrated for use in cooling of buildings,
which requires modifications of the coatings’ spectral
characteristics in the visible spectrum. Many coatings have
been proposed under the topic of colorful radiative cooling;
however, their characteristics at 4 > 13 ym are not explored in
detail, which may require adjustments depending on the
operating conditions. Besides the color, the applied coating
should not reduce the performance of the other cooling or
thermal isolation mechanisms. Cooling with either natural or
forced convection is a widely utilized approach and proven to
be effective. Therefore, materials of the radiative cooler should
be chosen in accordance with the convective mechanisms.

Finally, the radiative cooling coating must comply with the
systems’ electromagnetic requirements that it is going to be
integrated with. Some examples of such systems include solar
cells, which harvest energy from visible and near-infrared
spectra, and telecommunication systems, which receive and
transmit microwave/RF signals. Therefore, any radiative
cooling materials should be chosen by considering their
electromagnetic properties at different portions of the
electromagnetic spectrum of interest. All types of these
additional requirements bring extra constraints that should
be addressed during the design stage of the radiative cooler.
Considering the significant progress made in the field of
radiative cooling and advancements in micro/nanotechnology,
knowledge in the field is mature enough to be extended to
application-dependent development of feasible radiative cool-
ing structures.
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