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Abstract: Radiative cooling technology can emit infrared heat to the outer space through the “sky
window” for cooling without consuming energy, which had drawn more and more attention.
However, some researches reported that there was a significantly different cooling performance at
different atmospheric total water vapor columns (TWC) conditions. In this study, taking a simple
single-layer radiative cooling coating containing two kinds of particle mixture (SiO,, TiO,) as
example, the spectral effective emissivity of the radiative cooling coating was proposed to evaluate
the effect of the atmospheric water vapor on the cooling performance. The spectral effective
emissivity of the coating was obtained through multiplying spectral emissivity of the coating by the
atmospheric transmittivity, where the spectral emissivity was calculated by combining an algorithm
for calculating radiative properties of the multi-particle system with the Monte Carlo ray-tracing
method (MCRT). The effects of different atmospheric water vapor on the spectral effective
emissivity of the simple single-layer radiative cooling coating containing different particles size,
volume fraction and thickness were studied to improve the cooling performance of the coating. The
results showed that with increasing TWC from 0 to 7000 atm-cm, the average effective emissivity of
the simple single-layer coating decreased from 79.5% to 35.3%, with a decrease of 44.2%. The
research results are of great significance to the further application development and the design
criterion of radiative cooling materials in different atmospheric water vapor environments.
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Nomenclature: a,: Mie scattering coefficients; b,: Mie scattering coefficients; D: particle diameter,
nm; f;: particle volume fraction; G: projected area, m *; g: asymmetry factor; /: solar intensity; &:
index of absorption; m: complex refractive index; n: index of refraction; N: number density of
particles, m>; Q: efficiency factor; R: Reflectivity; RH: relative humidity; Si: complex amplitude
functions; S>: complex amplitude functions

Greek symbols: A: wavelength, nm; 7 : Transmittivity; © : scattering angle; & : emissivity; o:
scattering albedo; K : absorption coefficient, m'; y:size parameter; o: scattering coefficient, m
[ extinction coefficient, mfl; ¢ : azimuth angle; ® : scattering phase function; ': solid angle, sr;
@: angle of incidence

Subscripts: abs: absorption; BB: blackbody; ext: extinction; P: particle; sca: scattering

1. Introduction

With the energy crisis and global warming, human beings were paying more attention to energy
saving and emission reduction technology [1—4]. The building refrigeration system consumed
approximately 20% of the global indoor electricity and accounted for 10% of the global greenhouse
gas emissions [5,6]. The energy consumption of the air conditioner could be reduced by 3—5% for
every 1 °C reduction of the temperature needed to be reduced. The daytime radiative cooling
technology can reflect sun irradiation strongly and emitted infrared energy to the outer space through
‘sky window’, which could achieve several degrees of cooling below ambient temperature without
consuming any additional energy [7-9]. This technology has very broad prospects, which could be
applied in the fields of constructions, refrigerated vehicles and photovoltaic cells [10,11].
Radiative cooling technology had attracted many researchers to prepare high-performance
radiative coolers [12—-14].

In recent years, in order to obtain high-performance radiative cooling materials, researchers had
done a lot of work on the design and preparation of films, nanoparticle-based coatings and photonic
structure devices [15-20]. For example, Raman et al. 21 prepared a multi-layer photonic radiative cooler
by magnetron sputtering HfO, and SiO,. This radiative cooler achieved a cooling power of 40 W/m” and
a sub-ambient temperature drops of nearly 5 °C under solar irradiation. Fan et al. proposed a
radiative cooling foil composed of a fluorinated polyimide embedding SiO, microspheres. This
radiative cooling foil achieved a cooling effect of 4.6 °C lower than ambient temperature. Cheng
et al. 22 proposed a single-layer radiative cooling coating that the reflectivity (0.3—2.5 um) and the
emissivity (8.0-13.0 um) were more than 0.95. Huang et al. 23 designed a double-layer radiative
cooling coating that the top layer embedded with TiO, particles reflected 90% of solar irradiation and
the bottom layer embedded with carbon black particles emitted 90% of infrared heat to the outer
space.

The researchers designed high-performance radiative cooling materials, but the same material
had a significantly different cooling performance when they were tested at different regions or
weather conditions. Atmospheric water vapor was regarded as the most important factor affecting
cooling performance of radiative cooling materials [23-27]. Zhai et al. 28 invented metamaterial
containing glass particles for radiative cooling. This metamaterial could reflect 96% of solar radiation
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and had a 93% average emittance in the ‘sky window’ region. The cooling power was 93 W/m® during
daytime in Arizona on the dry autumn days (October 16—-19). However, Ref. 29 which was published
from the research group of Zhai et al. reported that daytime cooling power of the same material was
only 45 W/m® when it was tested in Colorado on the moist summer day (August 31, relative
humidity (RH) = 55%). Mandal et al. 30 manufactured a hierarchically porous polymer radiative
cooling coating, which had 96% solar reflectivity and 97% infrared emissivity at 813 pm
wavelengths. The outdoor experiments showed that the temperature drop of the coating was 6 °C under
sunlight of 890 W/m? in arid Phoenix, while the temperature drop of the coating was only 4.5 °C under
sunlight of 760 W/m” in coastal New York. Liu et al. 31 demonstrated a hierarchical porous cooling
material having a solar reflectivity of 95% and long-wave emissivity of 95%. The temperature drop
in dry season could reach 6 °C, while it was only 2.7 °C in the humid season. Li et al. 32 did an
detailed analysis of the contribution of atmospheric constituents (including water vapor) to the
spectral values of the sky emissivity, and proposed correlations for the effective sky emissivity in
several longwave bands as functions of the normalized ambient partial pressure of water vapor.

The literature survey indicated that many types of radiative cooling materials had been designed
and prepared by researchers. However, practical applications of radiative cooling materials were
seriously limited due to the high cost and complexity of preparation. Besides, the literature survey
also indicated that the atmospheric water vapor was an important factor affecting the radiative
cooling performance. But there was lack of an analysis from the aspect of spectral effective
emissivity of the coating. In this work, taking a simple single-layer radiative cooling coating
containing two kinds of particle mixture (SiO,, TiO,) as example, the spectral effective emissivity of
the radiative cooling coating was proposed to evaluate the effect of the atmospheric water vapor on
the cooling performance, as shown in Figure 1. The spectral effective emissivity of the coating was
obtained through multiplying spectral emissivity of the coating by the atmospheric transmittivity,
where the spectral emissivity was calculated by combining an algorithm for calculating radiative
properties of the multi-particle system with the Monte Carlo method. The effects of different
atmospheric water vapor on the spectral effective emissivity of coating containing different particles
size, volume fraction and thickness were studied. The research results are of great significance to the
further application development of radiative cooling materials in different atmospheric water vapor
environments.
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Figure 1. Schematic diagram of the influences of TWCs on cooling performance of the coating.
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2. Theory and methodology

Figure 2 presented the basic procedures to calculate the radiative properties of the coatings by
solving the radiative transfer equation (RTE). Firstly, the radiative properties of a single particle were
calculated by Mie theory, such as extinction factor, asymmetry factor. Then, the radiative properties
of the multi-particle system with non-uniform size were obtained by the algorithm developed by the
authors. At last, the spectral reflectivity and emissivity of coatings consisting of base material and
multi-particles were obtained by solving the RTE by Monte Carlo ray-tracing method.

Particle clouds RTE of coatings
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Mie @ . ® * o
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Figure 2. Basic procedures of the algorithm to calculate the optical properties of the coatings by solving the RTE.

2.1. Radiative properties of multi-particle system

The multi-particle system was composed of different kinds of particles with different sizes. The

radiative properties of a single spherical particle, such as extinction efficiency factor (., , scattering

efficiency factor O, , scattering phase function ®(0), asymmetry factor g, etc., were governed
by two independent parameters: the size parameter y = %and the complex refractive index

m =n—1ik , where n represented the index of refraction and k represented the index of
absorption [33-36]. The spectral complex refractive indexes of TiO, and SiO; at 0.3-15.0 um

wavelength were given in Figure 3 37. The Q.,, O.., ©(®), gand etc. can be calculated by Mie
theory [33-36].

0.(m =23 @n+1)Re{a, +5,) W
Z n=1

Qsca<m’Z):%i(2n+l)(anz+bnz) (2)
7( n=l1
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Qabs(m: l) = Qext(m9 Z> -Qsca(m9 Z> (3)
2 2 2
0@ =——[Is[ +Is:] )
gp=cos@=i j @,(O)cos O (5)
4 <4n

where Re represented the real component of the function, the symbol a, and b, represented the Mie
scattering coefficients. The a, and b, were the Mie scattering coefficients. ® was the scattering
angle. The S; and S, were the complex amplitude functions.
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Figure 3. The complex refractive indexes of SiO; and TiO,.

The extinction coefficient [, scattering coefficient o, absorption coefficient x were derived

as [33-36]:
PEIN €y =S T D N0, 1SR g
- i,j ez;
i=l j=1 i=1 j=1 i=l j=1 j
N N Sxn Qi iy
0= NUCSUZ_Z N Quy =152 0 == (7
i=l j=1 11]1 =l j=1 i,j
Kk=f-o0, (8)

where n represented the number of the particles, N represented the number density of the particles.
The subscript i represented different kinds of particles and the subscript j represented different
particle sizes. C, represented the extinction area of the particles and Cs represented the scattering area
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of the particles. The f, represented the volume fraction of the particles.
The scattering phase function CD(@) of the multi-particle system was modified as:

2©)-L330, 0,033 L g @) ©)

stljl Sll]l ,’j

The asymmetry factor g of the multi-particle system was calculated from:

:_zzasu i (10)

sll}l

2.2. Solving the RTE by MCRT

The multi-particles were embedded in the acrylic resin (base material). The index of refraction
of the acrylic resin was 1.5 and the index of absorption of it at 0.3—15.0 um wavelength was much
smaller, so it was treated as a non-absorbent medium. The RTE for describing the radiative transfer
of the coating containing base material and multi-particle was written as followed and it was solved
by using the MCRT method [33-36]:

dr, (s 0 o' 0
(ig ):_klla(s)_galz (S)"'k/llbi(s)-'_z-_; 47[[1(“?’9')@/1(!2"[2)(1[2' (1)

I, represented the spectral radiative intensity. 7., represented the spectral blackbody intensity. Q

represented the solid angle. The calculated result were the absorptivity, reflectivity and transmissivity
of the coating itself.

The basic idea of the Monte Carlo ray tracing method was as following: When a photon bundle
traveled in the coating, the bundle would be absorbed and scattered, and the free path length S can be
expressed as:

AS = —llnfl
B

The symbol & was a random number with a uniform distribution of 0—1. When the photon
traveled, another random number &, (0 < &, < 1) to determine whether the photon was to be
absorbed or scattered. The random number &, was compared with the scattering albedo w=6/f. If

&, > o, the photon would be absorbed, otherwise the photon would be scattered. For more details

about the MCRT, please refer to the papers 38.
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2.3. Atmospheric total water vapor column (TWC)

There were many factors affecting the atmospheric transitivity (7 ), such as H,O, O3, CO,, CO and
etc. As shown in Table 1, water vapor had a strong split emission band centered at 1.38, 1.87, 2.7, 6.3
and 71 um, which affected the atmospheric transmittance in solar waveband and the ‘sky window’
region 33. The TWC was a method for measuring the total water vapor contained in a vertical
column of the atmosphere 39. TWC was relevant to the absolute humidity and local temperature that
is not under control. The correlation between the TWC and humidity could be calculated by the
empirical table given in MODTRAN, as shown in Table 2. The larger relative humidity, the higher
TWC. For example, TWC = 0 atm-cm (RH = 0%), 1000 atm-cm (RH = 10-30%), 3000 atm-cm (RH
= 50-60%), 5000 atm-cm (RH = 70-80%), 7000 atm-cm (RH = 90-100%), which included the RH
variation in the range of 0-100% 31.

Table 1. Split emission band center of water vapor 33.

Wavenumber (cm™) 7250 5350 3760 1600 140
A (um) 1.38 1.87 2.7 6.3 71

Table 2. The calculated ground absolute humidity and TWC for the typical atmospheric
model in MODTRAN (2018) 27.

. Water column Ground Absolute

Atmospheric Model L 3
(atm-cm) Humidity (g/m’)

Sub-arctic winter 517.73 1.2113
Mid-latitude winter 1059.7 3.4954
1976 U.S. standard 1762.3 5.8314.
Sub-arctic summer 2589.4 8.9461
Mid-latitude summer 3635.9 13.8255
Tropical 5119.4 18.7574

2.4. Average effective reflectivity and average effective emissivity

Based on the calculation result of the formula and considering the absorption of the atmospheric
water vapor, the effective emissivity of the coating was obtained. The performance of the coating

was evaluated according to average effective reflectivity R in solar waveband and average

effective emissivity ¢ in the ‘sky window’ region. These two parameters were calculated by 40:

J.ZASHm Imlar (ﬂ')lear (9’ l)fdﬂ'
03pum ° |

Emlar (9) = 2.5um (12)
J.043p.m Isolar (ﬂ’)dﬂ'
~ j:“mlBB(T,z)g(T,z)rdz
&= - 13pum (13)
[ 1,1, 2)d2
8um
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Lsolar Tepresented the solar intensity, Ryjar represented the spectral reflectance, Igg represented the
blackbody radiation intensity.

3. Model validation

To verify the accuracy of the algorithm developed to calculate the radiative characteristic by the
authors, the computed spectral transmittivity was compared with the values gained by the
experimental test. The monodisperse SiO, standard microspheres (Dsio = 284.6 nm) and
monodisperse polystyrene (PS) standard microspheres (Dps = 296.5 nm) were selected to compose
the multi-particles system for this experiment, where TiO, particles were replaced by monodisperse
polystyrene standard microspheres due to its inferior monodispersity. SiO, and PS standard
microsphere solutions were diluted with distilled water to form nanofluids. The volume fractions of
SiO, and PS standard microspheres in the nanofluids were 0.056% and 0.312%, respectively. A
cuvette that optical path length was 1.0 mm was used to keep nanofluids in.

The spectral transmittivity of the nanofluids containing SiO; and PS standard microspheres was
measured by Ultra-Visible spectrophotometer (TU-1901, Persee, China). According as the effective
measuring range of the spectrophotometer was at 400-850 nm wavelengths, the transmittivity of the
nanofluids was measured. The related parameters for numerical calculation, such as volume fraction
and diameter of the SiO, and PS standard microspheres, were based on the above tested values. The
complex refractive indexes of SiO,, PS and H,O were obtained from Ref. 37. The basic procedures
to calculate the transmissivity of the nanofluids by solving the RTE had been presented in Figure 2.
As shown in Figure 4, the spectral transmittivity of the diluted microsphere solution computed by the
algorithm agreed well with the experimental data at all wavelengths.

100 — T T T T T 1

Transmittivity, %

e Tested
Calculated .

£ 510:=0-056%, f, ,=0.312%

n
<
1

S
<
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30 1 1 1 1 1 1 1 1 1 1
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Figure 4. Comparisons of the spectral transmittivity between tested values and calculated results.
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4. Results and discussions
4.1. Effects of TWC on atmospheric transmittivity

In this section, Modtran Demo was used to calculate the atmospheric spectral transmittivity at
different TWCs, TWC = 0, 1000, 3000, 5000, 7000 atm-cm. Other calculation parameters were kept
unchanged: atmosphere model was mid-latitude summer, ground temperature was set as 301 K,
aerosol model was urban, spectral range was 0.3—14.0 um, ozone column value was 0.33176 atm-cm,
CO; value was 400 ppmv, CO value was 0.15 ppmv, CH4 value was 1.8 ppmv, the sensor altitude
was 50 km 40.

Figure 5 presented the atmospheric spectral transmittivity at different TWCs. As shown in this
figure, when the value of TWC was 0 atm-cm, the atmospheric spectral transmittivity was high in
both solar waveband and the ‘sky window’ region. With TWC increasing from 1000 to 7000 atm-cm,
the atmospheric spectral transmittivity decreased slightly in solar waveband, while the atmospheric
spectral transmittivity decreased significantly in the ‘sky window’ region. Figure 6 illustrated the
atmospheric average transmittivity in solar waveband and “sky window” region at different TWCs.,
When TWC increased from 0 to 1000 atm-cm, as shown in this figure, the atmospheric average
transmissivity in solar waveband dropped rapidly from 75.2% to 64.2% because of the absorption of
water vapor. When the values of TWC were 3000, 5000, and 7000 atm-cm, the atmospheric average
transmittivity in solar waveband was 59.9%, 57.8%, and 57.2%, respectively. The atmospheric
average transmittivity in solar waveband decreased slightly with increasing TWC from 1000 to 7000
atm-cm. In the ‘sky window’ region, when the value of TWC was 0 atm-cm, the atmospheric average
transmittivity was 87.7%. When the values of TWC were 1000, 3000, 5000, and 7000 atm-cm, the
average effective transmissivity in the ‘sky window’ region was 71.2%, 52.0%, 34.1%, and 31.3%,
respectively. With the increase of TWC, the atmospheric average transmittivity in the ‘sky window’
region decreased significantly. It could be concluded from figures that the water vapor had a great
influence on the atmospheric average transmittivity, which directly affected the effective emissivity
and cooling performance of radiative cooling coatings.
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Figure 5. Spectral atmospheric transmittivity at different TWCs.

AIMS Energy Volume 9, Issue 1, 96-116.



105

1.0 T T T T T T T T T T T T T T T

—A— Solar irradiation band (0.3-2.5 pm)
—8— Atmospheric window band (8.0-13.0 pm)

S
o
1

e
EN
1

S
S
1

Average effective transmittance

0.2 1 4

T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Total water vapor column, atm-cm (RH=0-100 %)

Figure 6. The average transmittivity of the atmosphere in solar waveband and ‘sky
window’ region at different TWCs.

Figure 7 presented the comparison of spectral effective emissivity of the coating with/without
consideration of the influence of water vapor, TWC = 0 atm-cm and TWC = 3000 atm-cm.
Calculating parameters: volume fractions of SiO, and TiO, particles were kept the same at 3.0%,
while diameters of SiO; and TiO, particles were kept 4 um and 0.4 um unchanged, respectively. The
coating thickness was 400 pm. As shown in Figure 7, there were certain differences between TWC = 0
atm-cm and TWC = 3000 atm-cm in all calculated spectrum. At 8.0-13.0 um wavelengths, the
average effective emissivity of the coating at TWC = 0 atm-cm and TWC = 3000 atm-cm was 79.5%
and 48.9%, respectively, with a difference of 30.6%. The atmospheric water vapor had a significant
influence on effective emissivity of the coatings, so it could not be ignored in the practical
application of the coating.
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Figure 7. Comparisons of spectral effective emissivity of the coating between the TWC
=0 atm-cm and TWC = 3000 atm-cm.
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4.2. The effects of particle diameter at different TWCs

In this section, the spectral effective emissivity of the coating with different the diameters of
Si0, and TiO, particles at different TWCs were studied, respectively. The TWCs were 0, 1000, 3000,
5000, 7000 atm-cm. The diameters of SiO; particles were 3.0, 4.0, 5.0, 6.0, 7.0 um, while the
diameters of TiO; particles were 0.2, 0.3, 0.4, 0.5, 0.6 um, respectively. In calculation, the volume
fractions of SiO, particles and TiO, particles were kept f, sio2 = 2.0% and f, tio. = 2.0% unchanged,
while the coating thickness was 300 pum [23,42].
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Figure 8. Effects of diameters of SiO; particles on spectral effective emissivity at different TWCs.
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Figure 8 presented the influences of diameters of SiO, particles on the spectral effective
emissivity of the coating at different TWCs, while Drio, = 0.4 um was unchanged. As shown in
Figure 8 (a)—(e), as a whole, water vapor had a large influence on the spectral effective emissivity
because of its strong absorption in the ‘sky window’ region. Under the condition of the same
diameter of SiO, particles, when TWC was within the range of 0—5000 atm-cm, the spectral effective
emissivity of the coating decreased sharply with increasing TWC, but the decreasing extent reduced
gradually. When TWC was within the range of 5000-7000 atm-cm, the spectral effective emissivity
of the coating decreased slowly with increasing TWC. Under the condition of the same TWC, the
change trend of the spectral effective emissivity of the coating varied with the diameter of SiO,
particles was consistent at different TWCs. Taking as an example TWC = 3000 atm-cm, as presented
in Figure 8 (c), with increasing the diameter of the SiO, particle, the spectral effective emissivity of
the coating decreased at 8.0-9.5 um wavelength, while it increased at 9.5-13.0 pm wavelengths.

In order to evaluate the effects of diameters of SiO, particles on radiative cooling performance
at different TWCs, the average effective emissivity of the coating at 8.0-13.0 um wavelengths was
calculated and the results were shown in Figure 9. With increasing the diameter of SiO, particles, the
average effective emissivity of the coating increased first and then decreased at different TWCs.
When the SiO; particle size was 4.0 um, the average effective emissivity of the coating at 8.0-13.0
wavelengths reached the highest value. The highest emissivity at this particle size was mainly
because resonance occurred to excite higher-order electric and magnetic modes in the ‘atmospheric
window’ spectrum. Besides, the average effective emissivity of the coating decreased with increasing
the TWC. Taking for example the Dsio, = 4.0 um, the average effective emissivity in the ‘sky
window’ region was 74.8% when the value of TWC was 0 atm-cm. The average effective emissivity
of the coating at 1000, 3000, 5000 and 7000 atm-cm was 62.0%, 45.8%, 32.8%, 31.6%, respectively,
with a decrease of 12.8%, 29.0%, 42.0%, 43.2%. It seriously affected the ability of the coating to
emit energy to outer space, which resulted in that cooling effect was not observed in high humidity
areas.
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Figure 9. Effects of diameters of SiO, particles on the average effective emissivity at
different TWCs.
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Figure 10. Effects of diameters of TiO, particles on the average effective emissivity at

different TWCs.

Figure 10 presented the effects of diameters of TiO; particles on the spectral effective emissivity
of the coating at different TWCs. Compared Figures 8 and 10, it can be seen that the TiO, particle
had little influence on the spectral effective emissivity at 813 pm wavelengths, but affected the
spectral emissivity in solar waveband (0.3-2.5 um). As presented in Figure 10(a),(b), under the
condition of the same diameter of TiO, particles, when TWC increased from 0 to 1000 atm-cm, the
spectral effective emissivity of the coating decreased obviously because the absorption peaks of the
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water vapor in solar waveband were 1.38 um and 1.87 pm. However, when TWC was within the
range of 1000—7000 atm-cm, the spectral effective emissivity of the coating showed minor changes
with variation of TWC. As presented in Figure 10 (c), taking as an example TWC = 3000 atm-cm,
the spectral effective emissivity oscillated with the change of wavelength. This phenomenon was
induced due to the reason that TiO, particle size was in the strong Mie scattering region at 0.3—0.8
um wavelengths. With increasing the diameter of TiO, particles, the spectral effective emissivity
decreased at 0.3—0.8 um wavelengths, while it increased at 0.8-2.5 um wavelengths.

The influences of diameters of TiO, on the average effective reflectivity
(1-absorptivity-transmissivity) of the coating at different TWCs were shown in Figure 11. The
average effective reflectivity of the coating first increased and then decreased at different TWCs with
increasing the diameter of TiO, particles. When the TiO, particle size was 0.4 pm, that average
effective reflectivity of the coating at all different TWCs can reach the highest value. This was
mostly because the TiO, with this average particle size was equivalent to the incident wavelength of
the sun, which could exert a strong Mie scattering effect. Although the average effective reflectivity
of the coating in solar waveband decreased gradually with the increase of TWC, this did not directly
affect the cooling performance of the coating because there was no heat exchange process.
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Figure 11. Effects of diameters of TiO, particles on the average effective reflectivity of
the coating at different TWCs.

4.3. The effects of particle volume fraction at different TWCs

The effects of the volume fraction of SiO, and TiO, particles on the spectral effective emissivity
of the coating at different TWCs were investigated. The TWCs were 0, 1000, 3000, 5000 and 7000
atm-cm, respectively. The volume fractions of both SiO, and TiO, particles were 0.5%, 1.0%, 2.0%, 3.0%,
4.0%. The diameters of SiO, particles and TiO, particles were kept Dsio; = 4 um and Driop = 0.4 um
unchanged, while the coating thickness was 300 um.

Figure 12 showed that the influences of volume fraction of SiO, and TiO, particles on the
spectral effective emissivity of the coating at different TWCs. Under the condition of a certain TWC,
the effect of the volume fraction of the SiO; and TiO; particles on the spectral effective emissivity of
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the coating in different waveband was different. When the wavelength was in 0.3-2.5 pum
wavelengths, with increasing the volume fraction of SiO, and TiO, particles, the spectral effective
emissivity of the coating decreased firstly and then remained unchanged. On the contrary, when the
wavelength was in 8.0-13.0 pm wavelengths, the spectral effective emissivity increased firstly with
the increase of the volume fraction of SiO; and TiO, particles, and it reached a stable state when the
volume fraction of SiO, and TiO, particles was 3.0%. Under the condition of a certain volume
fraction of SiO, and TiO, particles, with increasing TWC from 0 to 7000 atm-cm, the spectral
effective emissivity of the coating decreased significantly. Besides, strong absorption of water vapor
weakened the influences of particle volume fractions on the spectral effective emissivity of the
coating.
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Figure 12. Effects of volume fraction of SiO, and TiO, particles on the spectral effective
emissivity at different TWCs.
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Figure 13 presented that the influences of volume fraction of SiO, and TiO, particles on the
average effective emissivity of the coating at different TWCs. As shown in this figure, increasing
TWC from 0 to 5000 atm-cm, the average effective emissivity of the coating decreased
substantially. The average effective emissivity decreased slightly with increasing TWC when it was
in the range of 5000-7000 atm-cm. The average effective emissivity increased first with increasing
volume fraction of SiO, and TiO, particles, and it basically remained unchanged when the volume
fraction went up to 3.0%. The main reason for this phenomenon was that the blocking effect of the
particles in the coating increased with increasing volume fraction of SiO, and TiO; particles. Taking
the f,sio2 = 3.0% for example, the average effective emissivity of the coating in the “sky window”
region was 75.8% when the value of TWC was 0 atm-cm. The average effective emissivity of the
coating at 1000, 3000, 5000 and 7000 atm-cm was 62.9%, 46.6%, 33.1%, 31.9%, respectively, with a
relative decrease of 12.9%, 29.2%, 42.7%, 43.9%.
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Figure 13. Effects of volume fraction of SiO, and TiO, particles on the average effective
emissivity at different TWCs.

4.4. The effects of coating thickness at different TWCs

In this section, the effects of the coating thicknesses on the spectral effective emissivity of the
coating at different TWCs were studied. The TWCs were 0, 1000, 3000, 5000 and 7000 atm-cm,
respectively. The coating thicknesses were 250, 300, 350, 400, 450, 500 pum, respectively. The
diameters and volume fractions of SiO, and TiO, particles were the optimal values based on the
above calculations.

Figure 14 presented that the influences of coating thicknesses on the spectral effective
emissivity of the coating at different TWCs. As shown in Figure 14 (a), when the value of TWC
was 0 atm-cm, with the increase of coating thicknesses, the spectral effective emissivity of the
coating remained unchanged at 0.3-1.0 um wavelengths, while it decreased gradually and then
basically remained unchanged at 1.0-2.5 um wavelengths. When TWC was in the range of
1000-7000 atm-cm, it could be seen from Figure 14 (b)—(e) that the spectral effective emissivity of
the coating decreased gradually with increasing coating thickness in overall solar waveband. Under
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the condition of the different TWCs, the spectral effective emissivity of the coating increased firstly
and then remained basically unchanged with increasing coating thickness at 8.0-13.0 pm
wavelengths. By comparing Figure 14 (a)—(e), when TWC increased from 0 atm-cm to 7000 atm-cm,
the influences of the coating thickness on the spectral effective emissivity were getting weak, and the
coating thickness decreased with increasing TWC.
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Figure 14. Effects of coating thicknesses on the spectral effective emissivity at different TWCs.
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Figure 15 presented that the influences of coating thicknesses on the average effective
emissivity of the coating at different TWCs. As shown in this figure, under the condition of the
different TWCs, the average effective emissivity of the coating increased first and remained
unchanged with the increase of the coating thickness. Taking as an example TWC = 1000 atm-cm,
when the coating thickness increased from 250 um to 400 pum, the average effective emissivity of the
coating increased from 60.1% to 66.7%, with an increase of 6.6%. However, with the thickness increased
from 400 pum to 500 um, the average effective emissivity of the coating increased from 66.7% to 67.0%,
only increased by 0.3%. As the thickness of the coating increased, the blocking effect of the particles
in the coating became more obvious so that the average effective emissivity would not show a high
growth rate with increasing coating thickness. When the thickness of the coting was 400 um, the
average effective emissivity of the coating decreased from 79.5% to 35.3% with increasing TWC
from 0 to 7000 atm-cm, with a decrease of 44.2%.
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Figure 15. Effects of coating thickness on the average effective emissivity at different TWCs.
5. Conclusions

In this study, taking a simple single-layer radiative cooling coating containing two kinds of
particle mixture (SiO,, TiO,) as example, the spectral effective emissivity of the radiative cooling
coating was proposed to evaluate the effect of the atmospheric water vapor on the cooling
performance. The effects of different atmospheric water vapor on the spectral effective emissivity of
coating containing different particles size, volume fraction and thickness were studied. Results
showed that the influences of the volume fraction of particles and coating thickness on the average
spectral effective emissivity were getting weak with the increase of TWC and these two parameters
decreased properly. With consideration of the atmospheric water vapor, the simple single-layer
radiative cooling coating filled with 5.0% of TiO, particles with a diameter of 0.4 pm and 5.5% of
Si0, with a diameter of 4 pum can obtain the best spectral effective emissivity. Based on the above
calculation parameters, with increasing TWC from 0 to 7000 atm-cm, the average effective
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emissivity of the coating decreased from 79.5% to 35.3%, with a decrease of 44.2%. This work is of
great significance to the further application development and the design criterion of radiative cooling
materials in different atmospheric water vapor environments.
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