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In this paper, an optical radiative cooler with quasi-Cantor structure is theoretically proposed and analyzed. This
simple and symmetrically designed optical structure operates upon continuous thermal sources in diurnal subtropical con-
ditions, and its efficiency is much higher than natural cooling, for instance, when operating upon a typical 323.15 K
continuous thermal source with a wind speed at 3 m-s~, it can generate a net cooling power of 363.68 W-m~2, which is
18.26% higher than that of non-radiative heat exchange (natural cooling) under the same conditions. Additionally, several
aspects are considered in its design to ensure a low cost in application, which is of great economical and environmental

significance.
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1. Introduction

Radiative cooling devices are revealed to possess the po-
tential of providing energy-saving air conditioning without
external energy input. They were first designed to be used
in nocturnal conditions. The structures, practical application
and performance of nocturnal radiative coolers were discussed
several decades ago.!!~!!l It was demonstrated recently that,
by utilizing advanced nanophotonic technologies, high solar
reflection and high infrared emission within the atmospheric
transparency window can be processed simultaneously to re-
alize radiative cooling below ambient air temperature in mid-

12-15]' At the same period, above-ambient cool-

16-18]

latitude areas.!
ing for heat sources like solar absorbers is also realized,!
new kinds of materials of high infrared (IR) emission for ra-
diative cooling is proved to be high-efficient,!'’! and radia-
tive cooling to deep sub-freezing temperature is experimen-
tally demonstrated. (!

However, the radiative cooler is not geographically
universal.?!! The differences in the concentration of certain
molecules like H,O, CO,, O3, CHy, and N,O within the
atmosphere,?>23] and other aspects of climatic and seasonal
difference can highly affect overall value and bandwidth of
the atmospheric transparency window within 8 um—13 pm,
which is a crucial factor that influences the radiative cooler’s
performance. An efficient above-ambient broadband radiative
cooler for mid-latitude areas may suffer from significant heat
gain from atmospheric radiation and high ambient tempera-
ture in subtropical regions, where atmospheric transmission is
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low and radiative cooling is hard to achieve. This limitation
makes the densely populated subtropical regions a rare topic
in the scope of radiative cooling studies. In addition, the re-
ported models are composed of complicated optical structures
demanding high precision in their production and manufactur-
ing, and therefore, are expensive in actual application.

The prior studies focused on the radiative cooling in mid-
latitude regions for passive heat emitters, yet subtropical day-
time radiative cooling for continuous thermal sources has not
been discussed. In this paper, a selective quasi-Cantor radia-
tive cooler with simple and symmetric structure is proposed to
operate upon continuous thermal sources under direct subtrop-
ical sunlight. It features a higher efficiency than non-radiative
natrual cooling, with a simple design and a lower cost. For
a 323.15-K continuous thermal source, the radiative cooler is
capable of generating a net cooling power of 363.68 W-m~>
at 3 m-s—! of wind speed, which is 18.26% more efficient
than the cooling power of natural non-radiative heat exchange.
Such design will be greatly useful in protecting active heat-
emitting machines that exposed to direct sunlight from aging
and failure due to thermal causes.

The following contents of this paper are arranged as fol-
lows. In Section 2, the model of continuous thermal sources,
the principles of the radiative cooling and the design of the
optical structure are explained in detail. In Section 3, the per-
formance of the cooler is demonstrated and analyzed. Finally,

the further application of the radiative cooler is discussed.
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2. Principles and design

To achieve above-ambient radiative cooling in previous
mid-latitude studies, a broadband cooler is usually considered

16-18] for it can produce high IR emission which

a first choice, !
can compensate the heat gain caused by atmospheric radiation
outside the transparency window and outperform a selective

(211 Nevertheless, the atmospheric transmittance

cooler greatly.
is very low in subtropical areas in summer with a clear sky.
This makes the heat gain outside the transparency window a
heavy burden for broadband coolers, and a selective cooler de-
sign is useful in such scenario. From simulations and analysis
discussed in Section 3, one can discover that a selective quasi-
Cantor radiative cooler can produce a cooling power very close
to that of an ideal broadband cooler whose IR emission is 1.00
across the IR regime from 6 wm to 20 pm.

Additionally, the object being cooled in this model is to-
tally different from previous researches. The model of “con-
tinuous thermal sources” is an abstraction of “active” heat
emitting objects, such as the external unit of air conditioners,
combustion engines, diurnal street lamps, etc. By this concept,
these objects are usually powered by external energy supply
and their heat emission is large, constant and stable, which
may be or may not be a function of temperature 7. Therefore,
the heating power of a temperature-dependent continuous ther-
mal sources can be expressed as

Psource = Psource (Pinput7 T, Tsource) ) (D

where Py is the power of energy input, Ty, is the tempera-
ture of ambient air, and Tyoyrce 1S the temperature of the source

Psolar = /0 IAMI.S (A)ecooler(lv esolar)d)“-

Here, Iyiackbody (T5A) = (2h02) /{15 [exp(hc/AkpT) — l]} is
the spectral radiance of blackbody by Planck’s law at tem-
perature T, where & is the Planck’s constant, ¢ is the speed
of light in vacuum, kg is the Boltzmann constant, and A is
the wavelength. &oler(2, 0) is the emissivity of the radiative
cooler defined by Kirchhoff’s law, and &ymosphere(A,0) = 1 —
1(1)"/€0s8 is the angle-dependent atmospheric emissivity, !
where #(A) is the atmospheric transmittance, which in our
simulation, is acquired by MODTRAN™ model.** T oer
and T, are the temperature of the radiative cooler and the
temperature of the ambient air, separately. ¢ is the com-
bined non-radiative heat coefficient, which is estimated in

itself. Likewise, the heating power of a temperature-irrelevant
continuous thermal sources is

Psource = Psource (Pinput)- 2

To evaluate the optical design, all heat exchange pro-
cesses should be taken into account, including gross power
emitted by the radiative cooler Peoler, the heating power of the
continuous thermal source Pyoyrce, the power of atmospheric
radiation Pymsphere OUtside the atmospheric transparency win-
dow of 8 um—13 um, the power of conductive and convective
heat exchange Ponradiative and the power of sunlight absorption
Pyolar- Thus, the actual cooling power for an above-ambient
cooler should be

P. actual — P, cooler T P, nonradiative

—P, atmosphere — £'solar — R@ource- (3)

However, based on the “continuous thermal source”
model, the Psoyree is usually not analytical. Therefore, the as-
sessment method using “the maximum temperature reduced”
(AT) in previous above-ambient cooler studies!!*~13 is inap-
plicable and the properties of this radiative cooler should be
analyzed by means of the net cooling power Pe, With Pyource
treated as a cooling-target-dependent constant. In a unit area
A, the net cooling power is defined as follows:

R net — P cooler T R nonradiative — £"atmosphere — P, solar- (4)

The variables in the above equation are defined by the follow-

ing expressions!?!]

/2 o0
Peooler = 275/0 sinfcos6d6 /0 Ivlackbody (Tcoolera A')ECOOICI<A’3 9) dA,

/2 o0
Patmosphere =2z /0 sinfcos 6dO /0 Iblackbody (Taira A)ecooler(A ) G)Satrnosphere (217 9) dA ’ (5)

PBronradiative = (CIcond + qconv) (Tcooler - Tair) = CI(Tcooler - Tair)a

\
several reports,[>!13182L.25] to have a value ranging from
2W-m2.K~! to 12 W-m~2.K~! according to wind speed for
radiative coolers in experimental conditions. And Iam;.5(2) is
the AM1.5 reference solar irradiance spectrum. (26!

There are several factors that affect the net cooling power
Pyt of the radiative cooler. One can see from Eq. (4) and
Eq. (5) that, for above-ambient cooling, the presence of Prooler
and Pyonradiative 18 beneficial, while Pymosphere and Prolar should
be minimized. Although ideal blackbody has strong emissiv-
ity across the entire IR regime, when operating outdoors un-
der direct sunlight, the IR emission outside the atmospheric
transparency window increases Pymosphere Which lowers the
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total Pret.
lectively and strongly inside the atmospheric transparency

Therefore, the optical structure should emit se-

window within 8 um-13 um. Nevertheless, by use of the
atmospheric transmission model MODTRAN™ (shown in
Fig. 3(b) in the next section), one can discover that besides
the absence of the secondary window, the overall atmospheric
transmittance of the primary window in subtropical areas is
much lower than that in the previous mid-latitude researches,
which lowers the efficiency of radiative cooling. Additionally,
the solar irradiance distribution varies in different latitudes, for
instance, a typical value of cumulative solar irradiance in sub-
tropical area is 1000 W-m~2 while that of mid-latitude area
is about 800 W-m~2 to 840 W-m~2. Combining these geo-
graphical factors and the model differences, subtropical radia-
tive cooling for continuous thermal source under direct solar
radiation is another distinctive aspect of radiative cooling, be-
sides the previous researches.

In this study, a quasi-Cantor structure is proposed and
optimized to realized low-cost high-efficient diurnal radiative
cooling in subtropical regions. It is well known that the Cantor
set is a typical fractal structure that is extensively discussed in
photonic quasicrystal studies. The advantage of adopting Can-
tor set in the design of the radiative cooler is that, its structure
is mirror symmetric, simple and brief, which has the poten-
tial of lowering the difficulty in manufacturing. This simple
structure unveils the radiative cooling ability of simple one-
dimensional optical structure other than complex disordered
structures and two-dimensional metamaterials, which may en-
able wider application of radiative coolers with lower cost.

In order to achieve better performance without complicat-
ing the optical structure, a “symmetric needle method” is used
to optimize the parameters: two 1 nm—5 nm layers are inserted
symmetrically into the corresponding layer pairs of a standard
Cantor model at a time until the Py reaches its peak. As a
result, the final design with a balance between structural com-
plexity and heat-load reduction is illustrated in Fig. 1, which
has 4.5% improvement on solar reflection over the standard
Cantor model and the goals of our radiative cooling model are
achieved by fulfilling the demands listed below.

Firstly, the radiative cooler can emit selectively in the
subtropical atmospheric transparency window within 8 pm-—
13 pum and reflect strongly in the AM1.5 spectrum. SiO; is
chosen in the quasi-Cantor structure as the low-index material
to utilize its omni-directionality in emissivity spectrum and
high absorption caused by phonon-polariton resonance. One
can see from Fig. 2 that electromagnetic (EM) wave within the
AM1.5 spectrum is reflected by the optical structure of quasi-
Cantor cooler and EM wave within the atmospheric trans-
parency window is absorbed within the altering layers, which
results in high emissivity inside the window and energy emis-
sion into the cold outer space.

SiOy 180 nm
TiO,
SiOs

175 nm
110 nm

TiO, 526 nm
SiO,y 110 nm
TiO, 175 nm
SiO, 180 nm

Al/Ag >200 nm

Al metal shell

Fig. 1. (color online) The schematic diagram of the optical structure of
the quasi-Cantor radiative cooler. It has seven altering layers of SiO;
and TiO; that are arranged in a symmetric pattern. The thickness of the
silver (Ag) layer should exceed 200 nm to obtain a high efficiency in
cooling. Aluminum (Al) in this figure is to illustrate the base material
in practical use, which in some cases, can be the shell of continuous
thermal source. The presence of the Al layer does not affect the perfor-
mance of the cooler.
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Fig. 2. (color online) The steady state of intensity distribution within
the layers of the quasi-Cantor radiative cooler in solar spectrum range
and in the atmospheric transparency window range. The 500-nm EM
wave within solar spectrum range is reflected and the 10-um EM wave
within the atmospheric window range is gradually absorbed by the
quasi-Cantor structure.

Secondly, the optimization of heat conductivity for con-
tinuous thermal source cooling is taken into consideration.
The bottom layer of the radiative cooler which contacts with
the heat source is designed to be metallic. Other kinds of met-
als and alloys can be added beneath the silver/aluminum layer
in Fig. 1 to increase the efficiency of heat conductivity without
affecting the cooling performance.

Thirdly, the structure is cost oriented. The thicknesses
of layers of the radiative cooler are of hundreds of nanome-
ters, which requires far less precision in manufacturing than
the complicated radiative cooler designs reported recently with
structural thicknesses of tens of nanometers. As for the design
pattern, the structure of quasi-Cantor radiative cooler is simple
and symmetric. It is shown in Fig. 1 that, the silver (Ag) layer
can be replaced by aluminum (Al) layer to lower the cost with-
out significantly reducing the overall performance. Combining
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these advantages mentioned above, the quasi-Cantor radiative
cooler design can ensure a low cost.

In this paper, the target of the radiative cooler is to reduce
the heat load of the continuous thermal source at a high effi-
ciency, while preserving the other benefits from its design. Its
performance and properties are discussed and analyzed in the
next section.

3. Properties and performance

In the simulation by using transfer matrix method
(TMM) 27! based program with inorganic solid material (n, k)
databases, 839 under the subtropical summer atmosphere
and solar radiation conditions, the quasi-Cantor radiative
cooler can strongly reflect the solar radiation and emit se-
lectively within the atmospheric transparency window of sub-
tropical region simultaneously, as shown in Fig. 3. It is well
known that, the standard reference solar irradiance distribution
is usually higher than the values measured by experiments,

n 2.0 T T T T T T T 1.0

g (a) I AM1.5 solar spectrum

a 16 —— emissivity [

g L

E

> 06 &
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< 0
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and the overall atmospheric transmittance in subtropical re-
gions shown in Fig. 3(b) is low comparing with mid-latitude
models.

In order to numerically demonstrate the efficiency of heat
dissipation with and without the radiative cooler, several as-
sumptions should be made to simplify the comparison. First,
for radiative cooling and natrual cooling without coolers, the
objects being cooled are the same (including size, materials,
surface area) and they satisfy the model of continuous ther-
mal source, which means they should be compared using Pye;.
Second, the amount of heat gain from the sunlight exposure
without the cooler is approximately 5%, which is a typical
value for commercial white paint for cooling. Third, the con-
ditions of conductive and convective heat exchange near the
surface are the same, and the experimental values of non-
radiative heat exchange coefficient!!?>~15-18-201 are considered
to be 2 W-m~2-K~! with no wind, 6 W-m—2-K~! with wind
speed at approximately 1 m-s~!, and 12 W-m~2.K~! with

wind speed at approximately 3 m-s~!.

1.0F———— ————T——T—— 71— 1.0
(b) I atmospheric transmittance
—— emissivity
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Fig. 3. (color online) The emissivity of the radiative cooler at near-normal incidence. Panel (a) shows the emissivity within solar spectrum
range, which presents a low absorption of the total 1000 W-m~2 solar radiation; panel (b) indicates high emissivity within the atmospheric
transparency window of hot summer in subtropical region (Guangzhou, Guangdong, China, with moderate air pollution and ambient air
temperature of 30° celsius). Panel (c) illustrates the emissivity of the radiative cooler from normal incidence to grazing incidence.

It is common phenomenon that, although natural cooling
power is greater than zero when the temperature of the object
Tobject 18 slightly higher than ambient 7y, due to the strong so-
lar radiation and atmospheric radiation in subtropical regions,
a positive net cooling power does not exist unless the Typject

is above the “balance point” of natural cooling and heat gain

caused by sunlight absorption. Therefore, objects exposed to
direct sunlight are usually hotter than the temperature of ambi-
ent air, which can be easily observed in daily life. One can see
from Fig. 4 that, the heat load of an object without radiative
cooler starts to be reduced by natural cooling at a temperature

higher than that with the radiative cooler. The quasi-Cantor
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radiative cooler can help reduce the “balance point” to near-
ambient temperature in the hot summer of Guangzhou, China.
When there is no wind, the quasi-Cantor cooler can greatly re-
duce the “balance point” by about 15 K. When operating on
a continuous thermal source at 323.15 K, the radiative cooler
is 18.26% more efficient than natural heat dissipation, with
hotter the thermal source is, the greater net cooling power the
radiative cooler would generate, and the higher efficiency the

cooler would reach.

25 30 35 40 45 50
400 F Iqua.s‘ifbantorI cooler (win(ll spee(i 3 rné*l) I I 1400

|— - — without cooler (wind speed 3 m-s—1)
[—— quasi-Cantor cooler (wind speed 1 m-s~!)

T 300 [ — without cooler (wind speed 1 m-s—1) /_,; 300
g [ quasi-Cantor cooler (no wind) .- - ]
' [—-— without cooler (no wind) P 1
200 Lot 200
a L ]
Al 100 r ] 100

Temperature of thermal source/°C

Fig. 4. (color online) The comparison between the cooling power of quasi-
Cantor radiative cooler and natural non-radiative heat exchange cooling
without radiative cooler (with ambient air temperature at 20° celsius in
Guangzhou, China). The cooling power of natural cooling without radia-
tive coolers are illustrated under the same heat dissipation conditions as the
radiative cooler with wind speed at 3 m-s~', 1 m-s~!, and 0 m-s~! sepa-
rately.

In reality, in order to achieve powerful radiative cooling,
the structure should not be sealed. That means the actual non-
radiative heat exchange coefficient of the quasi-Cantor radia-
tive cooler is much higher than the demonstration in Fig. 4,
which indicates a lower “balance point”, a higher efficiency
and a better performance. In addition, the heat conductivity
of the object (as continuous thermal source without radiative
cooler) is usually not optimized, which may result in a worse
natural cooling performance. As a result, the quasi-Cantor ra-
diative cooler is useful and high-efficient under direct subtrop-
ical sunlight.

Finally, consider an above-ambient oriented ideal broad-
band radiative cooler model with the same heat absorption as
the quasi-Cantor cooler within the solar radiation range, and a
high IR emission of 1.00 across a range from 6 pm to 20 pm.
By calculation one can discover that, at 298.15 K, the ideal
broadband cooler produces 30.0093 W-m~2 of cooling power
while the quasi-Cantor cooler produces 28.6318 W-m~2,
which is 4.6% lower; at 323.15 K, the ideal broadband cooler
produces a cooling power of 367.7203 W-m~2 while the quasi-
Cantor cooler at 363.6806 W-m~2, which is 1.09% lower. The
higher the operation temperature is, the closer the performance
of the quasi-Cantor cooler is to the ideal broadband cooler. In

fact, the ideal cooler can hardly be achieved and broadband

radiative cooler for above-ambient cooling is not as efficient
as it is in mid-latitude areas. It can be concluded from this nu-
merical comparison that, the quasi-Cantor is well optimized in

subtropical environment.

4. Further application of the radiative cooler

In practical consideration, several alterations can be made
to lower the cost and optimize the performance. The thickness
of the silver layer of the structure is adjustable according to ac-
tual situation like cost, industrial requirements, local climatic
pattern, and so on, as long as it exceeds 200 nm, which will
not significantly affect the performance. The base material is
also adjustable from silicon (Si), silicon dioxide (SiO,), tita-
nium (Ti) to aluminum (Al), and so on, as the user sees fit, for
it does not involve in radiation processing. However, materials
with high thermal conductivity is highly recommended, so as
to increase the efficiency in heat conducting from the continu-
ous thermal source.

In further application, certain parameters should be tuned
in manufacturing. To some extent, a few differences between
the performance of the simulation and the final product may
occur due to the perfection of the theory and inevitable indus-
trial flaws,2”) thus, adjustment should be made to meet the
actual demands. As for the target of cooling, the “continuous
thermal source”, or “heat-producing object” can be referred
to machines that operate outdoors within direct sunlight ex-
posure, for instance, the external unit of air conditioners, the
combustion engines, the diurnal street lamps, etc. The low
efficiency of natural heat dissipation may do damage to the
internal electronic circuits, causing thermal-related aging and
failure. Additionally, the shells of those machines, especially
plastic, may be destroyed due to exceeding amount of sunlight
exposure, and after they are broken down, the inner parts of
the machines remain unprotected. Conventional approaches
like painting light-reflecting white paints and applying electric
fans have been used to protect those machines. However, the
paints may not be high efficient within AM1.5 spectrum(®! and
electricity consumed by radiator fans can be enormous. The
quasi-Cantor radiative cooler for continuous thermal source
can be applied on these machines to help reduce the cost on
maintenance and electricity bill. Most importantly, this kind
of radiative cooler is less geographically limited, for it can op-
erate efficiently in poor atmospheric conditions in subtropical
regions, a better performance is expected in high transmittance

clear skies of areas outside the subtropical zone.
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