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Global cooling requirements are increasing at an unprecedented rate due to rapid urbanization and
population growth, further aggravating climate concerns. radiative cooling
phenomenon that can be utilized to reduce global cooling, energy consumption and alleviate the urban

Passive is a unique
heat island effect. Paints can act as passive cooling devices that are able to reflect incoming sunlight and
emit radiation in the atmospheric window (8—-13 pum), where it propagates directly into deep space without
any interference. In this work, we have successfully fabricated and tested two different types of cooling
paints, consisting of BaSO, and CaCOs as their respective pigments under Malaysia's tropical climate.
Different types of binders, solvents, and pigment concentrations were tested to obtain the most optimum
cooling paint configuration. Field test results proved that both cooling paints were able to achieve
remarkable subambient temperatures throughout the entire day, even under direct solar irradiation. The
BaSO, cooling paint was able to achieve subambient temperature reductions of up to —6.1 °C and a mean
net cooling power of 71.0 W m~2
temperature reduction of —6.0 °C and a mean net cooling power of 69.9 W m~2. Both paints were able to

while the CaCOs cooling paint achieved a maximum subambient
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significantly outperform commercial white paint on a variety of different surfaces, in terms of cooling

DOI: 10.1039/d3va00161j performance. The hindering effects of various climate conditions including humidity levels and local wind

rsc.li/esadvances speeds on the overall cooling performance of both the paints were also investigated.

Environmental significance

All materials absorb infrared radiation (IR) across a broad range of wavelengths, and often re-emit IR at other wavelengths. The IR emitted by solid bodies is
generally absorbed by the air surrounding the body, such that the air acts as a blanket stopping the body from cooling appreciably. However, the gases in air do
not absorb IR in the range 8 to 13 microns wavelength. Any IR in this range aimed at the sky can pass through the atmosphere and leave the Earth into outer
space, thereby helping to cool the Earth. Some materials have been discovered that can emit appreciable amounts of IR in the range of 8 to 13 microns
wavelength such as barium sulphate (BaSO,).

that at the current state of climate policies, the global mean
temperature will increase by 3.2 °C by the year 2100 causing

1. Introduction

Environmental issues such as global warming and climate
change have become among the most pressing challenges faced
by the current generation. These issues can be directly linked to
the emission of greenhouse gases (GHG) stemming from
various anthropogenic activities." The sector that contributes
the most by a significant amount is the energy sector,
accounting for a staggering 73.2% of global GHG emissions.”
The Intergovernmental Panel on Climate Change (IPCC) reports

“Department of Chemical and Environmental Engineering, Faculty of Science and
Engineering, University of Nottingham Malaysia, Jalan Broga, 43500 Semenyih,
Selangor Darul Ehsan, Malaysia. E-mail: Ianatul. Khoiroh@nottingham.edu.my
*Cquestr8 Sdn. Bhd., D1105, Menara Suezcap 1, KL Gateway, Gerbang Kerinchi Lestari
No 2, Jalan Kerinchi, Kuala Lumpur, Malaysia

1662 | Environ. Sci. Adv, 2023, 2, 1662-1679

numerous adverse effects leading to widespread loss and
damage to both nature and people.®* Thus, there is an urgent
need to significantly cut down on GHG emissions and explore
alternatives that are able to achieve that goal.

Cooling constitutes a large percentage of the energy
consumption sector in both residential and commercial appli-
cations.” Dong et al. estimated that just the cooling industry
itself is responsible for over 10% of global GHG emissions and
global cooling requirements are projected to at least double by
2050 due to rapid urbanization, population growth and the rise
in global temperatures.” Passive radiative cooling is a tech-
nology whereby heat is naturally dissipated directly into deep
space via radiation. This is achieved by emitting the heat
through the sky, mainly at the wavelength interval between 8 to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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13 pum, which is also known as the “atmospheric window” or
“sky window”. At this range, almost all terrestrial thermal
radiation can propagate through the atmosphere without
interference, as it is highly transparent and has a significantly
high atmospheric transmittance as can be seen in Fig. 1. There
also exists a narrower secondary atmospheric window, between
16 to 25 pm, which could potentially be utilized for additional
cooling. Its passive nature means it does not consume any
electricity and has enormous potential to be utilized for the
cooling of buildings, solar cells, and thermal power plants
among others.®

Passive radiative cooling is not a new concept, in fact its
applications can be traced up to several centuries back, but
thorough systematic research about it had only begun in the
1960s.” Early research work was only limited to night-time
usage, as even a small proportion of daytime solar irradiation
onto a surface would negate and counteract its outgoing cooling
power. The main drawback is the intrinsically low-energy
density of night-time cooling which significantly limits its
practical applications and would not have a meaningful impact
on modern-day cooling requirements. It has been reported that
under perfect conditions, night-time radiative cooling can only
provide between 40-80 W m 2 of cooling power.? To achieve
sufficient daytime cooling, the material must have specific
properties such as an extremely low absorptivity in the highly
intensive solar spectrum (0.3-2.5 um), while at the same time
possessing a high emissivity in the atmospheric window region
(8-13 pm).® With those highly stringent requirements needed to
be met, it is unsurprising why there have been little develop-
ment in daytime cooling technologies only until recently.

Latest developments in radiative cooling technologies have
allowed for materials or surfaces to achieve subambient temper-
atures even when placed under direct sunlight during the day.
This is a significant achievement as it could be harnessed to
minimize the use of air conditioning units for the cooling of
buildings or various structures, especially in regions with a hot
and sunny climate. Several methods have been proven to
successfully achieve this phenomenon including manufacturing
microstructure metasurfaces, selective emitters, porous structures,
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Fig. 1 Spectral irradiation of a blackbody surface at a temperature of
300 K and the atmospheric transmittance in the mid- and far-infrared
regions.®
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and random particle distribution through coatings.'® However,
most of those approaches involve complex multilayer structures
that are hard to scale up and are expensive, limiting them from
many applications.”* One approach of particular interest recently
is the development of radiative cooling paints because of their
high reproducibility, easily scalable nature, and abundance in our
modern surroundings. Researchers have developed a plethora of
different radiative cooling white paints that utilize different
pigments such as BaSO,, CaCOj;, Caz(PO,), and MgO instead of
TiO,, which is what is commonly used in commercial white paints.

In 2021, an “ultrawhite” paint with BaSO, as its pigment was
developed which has garnered global attention. It was proven to
have a solar reflectance of 98.1% and was able to achieve
temperatures of more than 4.5 °C below ambient temperature
and a cooling power of 117 W m™ 2 A year prior to that, the
same researchers also developed a cooling white paint using
CaCOs; as the primary pigment. It showed promising results with
a solar reflectance of 95.5%, reaching temperatures of more than
1.7 °C below ambient temperatures with a cooling power
exceeding 37 W m™ 2" Fig. 2 shows schematic diagram of how
the radiative cooling paint works. For comparison, commercial
white paints usually have a solar reflectance of between 80% to
90% and are unable to achieve subambient temperatures during
the day under direct solar irradiation. Most experimental
research have only been conducted in North America, where
there are four seasons and a large variability of weather condi-
tions. There has not been enough conclusive experimental works
done to test the effects of these cooling paints at low latitude
regions, particularly in Southeast Asia which has been theorized
that passive radiative cooling can have a positive impact in
Southeast Asia's tropical climate."® Altamimi et al, explored
daytime and nigh-time cooling with single layer films consisting
of TiO,, BaSO,, and BaSO,/TiO, microparticles embedded in
PTFE/PVDF polymers.** The BaSO,/TiO, film, exposed to direct
sunlight, effectively reduced surface temperatures by approxi-
mately 4-6 °C compared to ambient conditions. Furthermore, on

\_BaS04 cooling paint
or
CaCO3 cooling paint

Fig. 2 Schematic diagram displaying the mechanism of radiative
cooling paints.
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a warm summer day, the BaSO,/TiO,/PVDF/PTFE film demon-
strated an average radiative cooling power of approximately 50 W
m~? at 33% humidity and 46.5 W m~> at 38% humidity. Atiga-
nyanun et al., tested CaCO;-hollow SiO, with PVC binder paint
for passive radiative cooling in Thailand." The formulated paint
performed well from 0900 to 1200, however, the ambient
temperature was lower than the recorded temperatures from
1200 until 1700. The authors concluded that further investiga-
tion is required for effective passive radiative cooling.

In this work, we have conducted experimental tests to
observe and quantify the effects of BaSO, and CaCO; cooling
white paints under Malaysia's tropical climate. The climate in
Malaysia can be characterized to be hot and humid with heavy
tropical rains at certain points throughout the year. The mean
annual temperature is 25.4 °C and there is relatively little
seasonal variability in the temperature all year round. The mean
humidity levels also range between 42% to 94%, varying from
different places and months.*® The first section of the research
paper focuses on obtaining the most effective paint configura-
tion, testing between different paint binders, solvents, and
pigment concentrations. Next, a 24 hours field test was con-
ducted to observe trends of the temperature profile of the
cooling white paints against commercial white paint and the
ambient temperature. The net cooling power of the cooling
paints was also evaluated and the effects of various factors such
as humidity levels and wind speed on the cooling performance
was studied. The overall aim of this research paper is to evaluate
the cooling paints performance under real-world conditions in
Malaysia and determine its feasibility of widespread adoption to
reduce cooling requirements within the country.

2. Methods and materials

2.1. Materials and FE-SEM analysis

The pigments used for the cooling paints include barium sulfate,
BaSO, (ChemPur) and calcium carbonate, CaCOj; (Sirih Pinang).
Both chemicals have a purity of 100% respectively. The binders
used include acrylic resin (FCPG) and epoxy resin (EveryOneShop)

ot| mag

5

Fig. 3

1664 | Environ. Sci.. Adv, 2023, 2, 1662-1679

View Article Online

Paper

while the solvents used were N,N-dimethylformamide (R&M
Chemicals) and distilled water. Field emission scanning electron
microscopy (FE-SEM) analysis was conducted on the BaSO, and
CaCO; powders to characterize their particle size distribution. The
BaSO, powders had a particle size distribution of 404 £+ 500 nm
while the purchased CaCO; powders had a particle size distribu-
tion of 2.3 £ 2 um. Fig. 3 shows the respective SEM images of the
BaSO, and CaCO; particles. Both powders have a relatively wide
particle size distribution range, which has been proven to be
beneficial to efficiently scatter the wavelengths within the solar
spectrum while also significantly enhancing the overall solar
reflectance as opposed to a uniform particle size distribution.™

2.2. Fabrication of cooling paints

To fabricate the BaSO, cooling paint, the chosen solvent
(dimethylformamide or water) was mixed with the BaSO,
particles in a beaker placed on a stirring hot plate. The mixture
was stirred constantly and heated up to approximately 70 °C.
Then, the chosen resin (acrylic or epoxy) was slowly added into
the mixture. Next, the mixture was ultrasonicated for 15
minutes using a UP400S Hielscher Ultrasonic Probe Mixer. This
was done to reduce particle agglomerations and to introduce air
bubbles into the mixture. After ultrasonication, the mixture was
left to stir and be heated under the same settings as previously
for another 1 hour. The constant stirring at a higher tempera-
ture was to ensure that all the chemicals were mixed thoroughly.
Finally, the mixture was left to dry overnight to remove any
excess solvent within the paint. To fabricate the CaCO; cooling
paint, the same exact steps were conducted but substituting
calcium carbonate for barium sulfate particles.

2.3. Painting methods

In the initial experiments conducted to obtain the most effective
paint configuration, all the fabricated paints were painted using
a paint brush. Before painting, the paints were mixed for
approximately 15 minutes to ensure a uniform texture. Then,
a paint brush was used to apply the first coat on the cardboard,

HV d - 10 pm
20.00kV_ 3 Calcium Carbonate

SEM images of (a) BaSO4 powder used in BaSO4 cooling paint. (b) CaCOs powder using in CaCOs cooling paint.
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it was left to dry under the sun for 30 minutes and then painted
with the second coat. Once the optimum paint configuration
was determined for both the BaSO, and CaCO; cooling paints,
a spray gun was used to spray paint the two paints on different
surfaces for the field test. To prepare the paints before spraying,
they were heated up and stirred thoroughly. Additional
amounts of the chosen solvent were also added to dilute the
paints, to make it less viscous and more sprayable. A Ford
viscosity cup was used to determine the suitable paint viscosity
before spraying. Each paint type was sprayed on for a total of 5
layers of coatings. This was done to ensure that the surface was
completely covered with the paint coating and to achieve more
efficient radiative cooling effects. The surfaces used for the field
test include wood, porcelain tiles and zinc roofing sheets.

2.4. Preliminary test setup

To determine the most optimum binder, solvent and concen-
tration of the cooling paints, the fabricated paints were painted
on a cardboard surface of approximately 20 cm x 20 cm and left
to dry for a week. A sample with the chosen commercial white
paint (Dulux Aura High Gloss) was also prepared and another
sample which was not painted was also placed to act as a control.
Then, the samples were placed under direct sunlight as can be
seen in Fig. 4, and the temperatures of each sample was
measured using two identical infrared thermometers (Pro'sKit
MT-4606). Each test run was conducted for 1 hour, whereby the
temperature measurements were manually recorded at an
interval of 10 minutes. To minimize the uncertainty, each test
run was repeated for 3 times on different days to ensure more
reliable results. The ambient temperature was recorded using
a mercury thermometer which was placed nearby the samples.

2.5. Field test setup

Four different field test setups were made to compare their
different cooling performances throughout the day. A miniature
house, consisting of four wooden planks as the walls, a porcelain
tile as the base and a corrugated zinc sheet as the roof was created
in each setup. The indoor house set up was a cube with length,
width, and height of 20 cm and a roof with surface area of 31 cm
x 31 cm (Fig. 5). The material for the roof was zinc, while the
material for the walls was wood, and the floor inside the building
was porcelain tiles. The inside temperature was measure using

View Article Online
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a laboratory digital thermometer with the sensor only in contact
with the air, not any surfaces. One of the setups was left blank
with no paint, another setup was painted with commercial white
paint (Dulux Aura High Gloss), while the other two were painted
with the BaSO, cooling paint and CaCO; cooling paint, respec-
tively. Only the exteriors of the wooden planks were painted, as
well as the top of both the porcelain tiles and zinc roofing. The
field test was done to simulate real-world conditions of a building
and to determine the efficiency even with the effects of
surrounding factors such as convection from external wind
speeds and conduction.

The setups were left out in an unshaded area for a duration
of 24 hours. The temperature measurements were recorded
manually at an interval of 20 minutes. A temperature sensor was
placed in each of the four houses, to record the inner
surrounding temperature. Meanwhile, two identical infrared
thermometers (Pro'sKit MT-4606) were used to simultaneously
measure the temperatures of different surfaces around the
house. One infrared thermometer was used to constantly
measure the temperature of the house with the commercial
white paint to act as the control, while the other was used to
measure the other houses separately. To measure the ambient
temperature, a mercury thermometer was placed beside the
houses and exposed to the surrounding environment. Fig. 6
shows the field test setups from two different angles. Local wind
speed, humidity levels, and solar irradiation data were obtained
from an online meteorological database (SOLCAST)."”

2.6. Basic principles of radiative cooling

To quantify the effectiveness of a radiative cooling material, the
net cooling power must be obtained. It is defined as follows:
d
Pnet = Plr-fét - Pnon-radiativca [1)
where P, is the net cooling power, P4 i the net radiative cooling
power, and Ponradiative denotes the nonradiative heat transfer.
The equation considers the effects of both the net radiative heat
transfer and the nonradiative heat transfer processes from the
surrounding, such as convection and cooling. The net radiative
cooling power can be further expressed as follows:

rad
Pret = Prag — Patm —

Psolara (2)

Fig. 4 Preliminary test setup for the paint samples.
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Fig. 5 Photographs of the painted wooden planks with (a) commercial white paint, (b) CaCOs cooling paint, (c) BaSO,4 cooling paint.

Fig. 6 Field test setups from (a) an isometric view. (b) The top view.

where P4 is the thermal radiation power from the cooling
surface, P,y is the absorbed atmospheric radiation power on
the cooling surface, and Py, is the absorbed solar irradiation
power on the cooling surface. Fig. 7 gives a brief overview
regarding the fundamentals of radiative sky cooling. However, it
was not practical to obtain the values of thermal radiation
absorbed and emitted from a specific surface. Hence, to
simplify the quantification of the net radiative cooling power,
correlations between the net radiative cooling power and
surface temperature, Ty, have been developed for both daytime
and night-time respectively. They have been proven by Zhao
et al. to be highly agreeable with actual measurement results.
The correlations are as follows:

P = (0.0079 x TP + (1.27 x Ty) + 31.6 for daytime,  (3)
P4 = (0.0079 x T + (1.27 x Ty) + 69.9 for night-time, (4)

where eqn (3) and (4) are valid for surface temperatures between
—10 °C and 40 °C. Meanwhile, the nonradiative heat transfer
can also be further expressed as follows:

Pnon-radiative = hA(Tamb - Ts)a (5)

1666 | Environ. Sci.: Adv,, 2023, 2, 1662-1679

(b)

where 7 is the overall heat transfer coefficient that accounts for
both convection and conduction, 4 is the exposed surface area
of the cooling surface, Tanp, is the ambient temperature, and T
is the surface temperature of the cooling surface. Since # cannot
be measured directly, Zhao et al. also developed the following
equation to quantify the nonradiative thermal loss due to wind:

h=(8.3+ 2.5Vina)s (6)

where Vyinq is the zero-incidence wind velocity. This equation is
valid for wind speeds between 0 m s™' and 8 m s '.°

It can be seen from the equations that in order to calculate
the net cooling power of a surface, several important measure-
ments are needed which include T, Tymp, 4, and Viing. Hence,
all these measurements were recorded during the field tests.

The figure of merit RC was also calculated for both cooling
paints. It is used to fairly evaluate the cooling radiative perfor-
mance of the paints, independent of the weather conditions. It
is defined as:

(7)

where &, is the sky window emissivity, Rgoar is the solar
reflectance, and r is the ratio of solar irradiation over the
blackbody emission through the sky window.

RC = Esky — V(l - Rsolar)a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fundamentals of radiative sky cooling (a) thermal energy exchange between the Sun, Earth, space, and the atmosphere. (b) Heat transfer

processes on a radiative cooling surface (Zhao et al., 2019).

For the experimental results obtained, the standard devia-
tion, ¢ was calculated to evaluate the variability within the
measurements to determine its degree of reliability. The
formula is as follows:

where X denotes the value in the data distribution, u is the
population mean and N is the total number of readings.

3. Results and discussion
3.1. Determining optimum binder (acrylic vs. epoxy)

The first step in determining the optimum configuration of the
cooling paint was to select a suitable binder. In this case, acrylic
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and epoxy resins were chosen as two possible candidates as they
are among the most common types of binders used in commer-
cial paints."”® Recent developments in radiative cooling paints
have proven that acrylic resin work well as binders that aids in the
overall cooling performance but not many studies have been
done testing epoxy resin as the binder. When bonded with the
pigment, the binder should contribute to the high emissivity in
the atmospheric window." Fig. 8 shows the temperature
comparison between BaSO,-epoxy paint vs. BaSOg-acrylic paint
when placed under direct solar irradiation. Fig. 9 shows the
temperature comparison between CaCOs-epoxy paint versus
CaCOs;-acrylic paint when placed under direct solar irradiation.
It is evident that for both pigments and both solvents, the
acrylic resin has a significantly higher cooling capability than the
epoxy resin. The acrylic-based paints can consistently achieve
subambient surface temperatures even when placed directly
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Fig. 8 Surface temperature difference with ambient temperature of (a) BaSO4-epoxy paint and BaSO4-acrylic paint with DMF as the solvent. (b)

BaSO4-epoxy paint and BaSO4-acrylic paint with water as the solvent.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Environ. Sci.: Adv,, 2023, 2,1662-1679 | 1667


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3VA00161J

Open Access Article. Published on 24 October 2023. Downloaded on 6/30/2024 6:16:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

(a) 4.0

3.0
2.0 \/\/\
1.0

0.0
1.0 10 20 30 40 50 60

AT (°C)

-2.0
-3.0

-4.0
Time (minute)

e C3aCO3-epoxy == CaCO3-acrylic

View Article Online

Paper

(b) 10.0
8.0
6.0 \/\/\
4.0
2.0

0.0
200 20 30 40 50

AT (°C)

-4.0

-6.0
Time (minute)

= CaC03-epoxy == CaCO3-acrylic

Fig.9 Surface temperature difference with ambient temperature of (a) CaCOz-epoxy paint and CaCOsz-acrylic paint with DMF as the solvent. (b)

CaCOsz-epoxy paint and CaCOs-acrylic paint with water as the solvent.

under the Sun. The range of subambient cooling is between —0.3 ©
C to —4.8 °C. In comparison, the epoxy-based paints generally
absorb the solar irradiation without emitting most of it back into
the atmosphere, resulting in mostly above-ambient surface
temperatures. This can be attributed to the fact that the acrylic
matrix introduces vibrational resonance peaks in the IR region,
which ensures a higher atmospheric window emissivity while the
epoxy matrix does not." Hence, acrylic resin was deemed to be the
more suitable binder and is chosen for the subsequent tests.

3.2. Determining optimum solvent (DMF vs. water)

The next step required was choosing the most suitable solvent for
the cooling paints. In this experimental work, two different
solvents were compared, namely dimethylformamide (DMF) and
water. Previous research works into cooling paints have mostly
used DMF as their preferred solvent, but water has also been
suggested to be a potential alternative.” The two solvents may also
vary depending on the application. Organic solvents such as DMF
are more suited to be used as the solvent for exterior paints due to
their higher resistance to extreme weather conditions and strong
odour. Meanwhile, water is more suitable as the solvent for inte-
rior paints as they have low levels of volatile organic compounds
(VOCs) and have little to no smell.” Fig. 10 shows the temperature
comparison between the paints created with DMF and water as
the solvent when placed under direct solar irradiation.

From the results obtained, it can be concluded that there is no
clear difference between the cooling properties of the paints with

(a) 0.0
-1.0

-2.0

AT (°C)

-3.0
-4.0

-5.0
Time (minute)

BaSO4-DMF

BaSO4-water

different solvents. The average degree of subambient cooling for
both BaSO, paints is 3 °C while both CaCO; paints is 1.7 °C. This
is as expected as the solvent does not contribute in any way to the
overall absorptivity or emissivity of the paint. Most, if not all of
the solvent is usually evaporated once painted on the surface.
Although there is no effect of the solvent on the cooling prop-
erties, DMF was still chosen as the preferred solvent due to its
suitability to be painted on exterior surfaces as radiative cooling
paint technologies work best under direct solar irradiation.

3.3. Determining optimum pigment concentration (50% vs.
60% vs. 70%)

The final step in finding the optimum cooling paint composi-
tion was to determine the most effective pigment concentration.
The basis was set at 60% volume concentration, following what
was reported by Li et al. with their BaSO, and CaCOj; cooling
paints. It is a much higher concentration than what is
commonly used in commercial paints. This was done because
a high pigment concentration is needed to overcome the low
refractive index of the pigments themselves."* A variation of
£10% relative to the basis concentration was adopted, resulting
in a comparison between pigment volume concentrations of
50%, 60% and 70%. Fig. 11 shows the temperature comparison
for both BaSO, and CaCO; cooling paints at different
concentrations.

For BaSO, cooling paints, the results indicated that there was
not a significant difference between the degree of subambient
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Fig. 10 Surface temperature difference with ambient temperature of (a) BaSO4-DMF paint and BaSO4-water paint. (b) CaCOz-DMF paint and

CaCOsz-water paint.
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Table 1 Comparison of BaSO, cooling paints at different
concentrations

Volume Mean temperature Standard
concentration (%) difference (°C) deviation
50 —2.8 1.105

60 —2.9 1.112

70 —-3.0 1.546
Table 2 Comparison of CaCOsz cooling paints at different
concentrations

Volume Mean temperature Standard
concentration (%) difference (°C) deviation
50 —0.2 1.648

60 -1.7 1.516

70 -1.7 1.190

cooling for the different concentrations. The mean temperature
difference was only within £0.2 °C for all three samples. Hence,
to determine the most optimum concentration, the standard
deviation of all the measurements was also considered. Eqn (8)
was used to calculate the standard deviation values. The volume
concentration of 60% was chosen as it had a good degree of
subambient temperature reduction as well as a relatively low
standard deviation. A summary of the results obtained from the
three BaSO, samples can be seen in Table 1.

CaCOj; volume concentration, the texture of the paint sample
fabricated was too runny and not suitable to be brushed on the
cardboard surface, the trends for both 60% and 70% volume
concentration are more comparable with one another with both
samples recording the same mean temperature difference.
Nevertheless, the volume concentration of 70% was deemed
more suitable as it had a lower standard deviation. Table 2
shows a summary of the results obtained from the three CaCO;
samples.

From the previous tests, the optimum composition and
configuration of the cooling paints was determined. They were
then fabricated and used to proceed with the field test. A
summary of the two different paint types can be seen in Table 3.

3.4. Performance of cooling paints on different surfaces

The cooling paints were tested against commercial white paint
(Dulux Aura High Gloss) on several different types of surfaces
including cardboard, wood, zinc, tin, and porcelain. Different
surfaces were tested to determine which material would be the
most suitable for cooling paints to be applied upon. The tests

Table 4 Summary of cooling paint performance on different surface
types

Maximum
temperature
reduction (°C)

Minimum
temperature
reduction (°C)

Mean
temperature
difference (°C)

. . Surf: BaSO. CaCO BaSO. CaCO BaSO., CaCoO
The CaCO; cooling paints on the other hand, showed "2 type BaSO, CaCO; BaSO, (CaCO, BaSO, Caco,
a slightly different trend. The lower concentration of 50%  cardboard 29 21 0.7 —0.3 —6.2 59
showed a significantly lower degree of subambient cooling, with  Wood -3.9 -3.0 -1.3 —-0.8 —5.9 —5.6
some of the measurements even being at above ambient Zinc —3.2 —4.0 —0.2 —0.5 —6.3 -9.2
temperatures. A possible explanation for this is because at 50% 10 —47 —2.9 —11 —0.2 —9.8 55
Porcelain —-3.6 —2.8 —-0.8 -1.3 —6.4 -39
Table 3 Summary of optimum cooling paint configurations
Volume
Name Pigment Particle size (nm) Binder Solvent concentration (%)
BaSO, cooling white paint BaSO, 404 £ 500 Acrylic resin DMF 60
CaCOj; cooling white paint CaCO;3 2300 + 2000 Acrylic resin DMF 70
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Fig. 12 Surface temperature comparison of BaSO,4 cooling paint and commercial white paint for (a) cardboard, (b) wood, (c) zinc, (d) tin, (e)
porcelain. All measurements were taken on 8th March 2023 in Semenyih, Malaysia.

were conducted at times with peak solar irradiation during the
day with all the surfaces being placed directly under the Sun.
The results obtained showed that both cooling paints consid-
erably outperformed the commercial white paint on every
surface type with the BaSO, cooling paint yielding the best
results. The results are summarized in Table 4 and the trends
can clearly be seen in Fig. 12 and 13. GHI denotes the global
horizontal irradiance which is the value of total solar radiation
incident on a horizontal surface. The GHI data was obtained
from SOLCAST, an online meteorological database.

It is evident that the cooling paints have a better perfor-
mance on certain surface types more than others. However, it
was not possible to conclude a definitive relationship between
the surface type and the cooling paint performance. Further
experimental work and investigation is required.

3.5. Field test results (comparison with ambient
temperature)

The field test results, as shown in Fig. 14, show that both the
BaSO, and CaCO; cooling paints displayed remarkable 24 hours
long subambient temperatures, even when placed directly

1670 | Environ. Sci.. Adv, 2023, 2, 1662-1679

under the Sun during the day. In fact, the biggest subambient
temperature difference occurs when the solar irradiation is at
its highest. The range of subambient temperature difference for
the BaSO, cooling paint was between —0.2 °C to —6.1 °C while
for the CaCO; cooling paint, the range was between —0.2 °C to
—6 °C. Throughout nighttime, there was relatively little sub-
ambient temperature difference, mainly due to the lack of solar
irradiation and the high relative humidity levels. The perfor-
mance of both cooling paints was comparable, with the BaSO,
paint having a mean daytime subambient temperature differ-
ence of —2.6 °C while the CaCO; paint was —2.5 °C.

To consistently achieve subambient surface temperatures, it
is essential to have a high solar reflectance and high emissivity
in the atmospheric window. The high solar reflectance is
usually contributed by the pigment particles while the high
emissivity can come from either the pigment particles and/or
the matrix (combination of pigment and binder). The remark-
able performance of both cooling paints can be attributed to the
properties of the respective pigments (i.e., refractive index,
volume concentration, particle size and particle size distribu-
tion). For BaSO, particles, the high electron band gap of ~6 eV

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Surface temperature comparison of CaCOs cooling paint and commercial white paint for (a) cardboard, (b) wood, (c) zinc, (d) tin, (e)
porcelain. All measurements were taken on 8th March 2023 in Semenyih, Malaysia.

contributes to the reduced absorption in the Ultraviolet (UV)
band while phonon resonance of the particles also occurs at 9
um, which is within the atmospheric window." As for the
CaCO; particles, the electron band gap is also relatively high at
around >5 eV which also reduces the UV absorption.**

A key challenge faced when utilizing both pigments in paints
is their low refractive index which causes a decrease in the
scattering effect when compared to commercial pigments such
as TiO,.*® To overcome this, a relatively higher pigment volume
concentration had to be adopted, namely 60% for BaSO, and
70% for CaCO;. In comparison, commercial white paints
usually have pigment volume concentrations ranging from 5-
25%, depending on the specific type.** A higher pigment volume
concentration in turn also reduces the volume concentration of
the binder. Which aids in reducing the overall absorption in the
NIR region. Another method employed to overcome the low
refractive index was to adopt a large particle size distribution.
Based on the FE-SEM analysis, both pigments had a distribu-
tion of approximately £100% of the mean particle size. This
aids in increasing the efficiency of scattering the wavelengths in
the solar spectrum. As mentioned previously, the presence of
the acrylic matrix ensures that the cooling paints have a higher

© 2023 The Author(s). Published by the Royal Society of Chemistry

atmospheric window emissivity as it introduces resonance
peaks in the IR region.*

3.6. Field test results (comparison with commercial paint)

When compared to commercial white paint (Dulux Aura High
Gloss), both BaSO, and CaCOj; cooling paints demonstrated
significant cooling performance during the daytime when solar
irradiation is present. The temperature difference with
commercial paint reached up to —9.6 °C for BaSO, cooling paint
and up to —6.5 °C for CaCO; cooling paint when a peak solar
irradiation value of 922 W m ™ was observed. The mean daytime
difference with commercial throughout the day was —2.9 °C for
BaSO, cooling paint and —2.7 °C for CaCO; cooling paint. The
temperature profiles were more comparable during night-time
with little to no difference between the surface temperatures
as can be seen in Fig. 15.

The significant increase in commercial paint surface
temperatures under solar irradiation can be attributed to the
pigment (TiO,) having a moderate 3.2 eV electron band gap
which increases the overall solar absorption in the UV band.
The higher volume concentration of the acrylic binder also
increases the solar absorption in the NIR region, thus further

Environ. Sci.: Adv., 2023, 2,1662-1679 | 1671
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Fig. 14 Field test results of (a) BaSO4 cooling paint, CaCOsz cooling paint and ambient temperatures. (b) Temperature difference with ambient for

BaSO,4 cooling paint and CaCOsz cooling paint.

increasing the surface temperature. These factors lead to the
reduction of the paint's solar reflectance, hindering its cooling
properties. Based on theoretical studies and simulation, it was
estimated that TiO,-based paints are unlikely to exceed a solar
reflectance value of 92%, hence would not be a good candidate
in achieving daytime subambient temperatures.*?

3.7. Net radiative cooling power of BaSO, and CaCO; cooling
paints

The net radiative cooling power of both cooling paints were
calculated using eqn (1), taking into consideration the effects of
both the radiative and non-radiative heat transfer processes. The
average cooling power of the BaSO, cooling paint was 71.0 W m >
while the CaCO; cooling paint was 69.9 W m™>2 The average
daytime cooling power of both paints were 47.5 W m > and
48.8 W m ™ respectively. As can be seen in Fig. 16, the net cooling

1672 | Environ. Sci.: Adv,, 2023, 2, 1662-1679

power is typically higher during the night-time as there is no solar
irradiation present which usually counteracts some of the radia-
tive cooling performance during the day. A variety of factors can
affect the net cooling power of the cooling paints including the
humidity levels, wind speed, cloud opacity and the zenith angle.*

It is important to note that the net cooling power here is
lower than those reported in recent research works regarding
radiative cooling paints which are typically in the range of above
100 W m~>.1%"* There is a plethora of reasons why including the
different climate conditions, ambient temperature, solar irra-
diation, etc. but by far the most significant factor is the non-
radiative heat transfer effects. The experimental setup done in
this work does not utilize any convection shield to cover the
radiative cooling surface, like what is usually done in other
research works. It was purposely done to see how radiative
cooling paints would perform under real-life conditions,
whereby any form of convection shield would not usually be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Field test results of (a) BaSO,4 cooling paint, commercial paint, and ambient temperatures. (b) CaCOz cooling paint, commercial paint,
and ambient temperatures. (c) Temperature difference with commercial for BaSO,4 cooling paint and CaCOz cooling paint.

present. This can cause a considerable portion of the cooling cooling paints and their temperature profile. Further research
power to be lost through convection and conduction. Fig. 17 works are needed to develop a method to reduce the non-
shows the net cooling power performance of the individual radiative transfer effects towards radiative cooling paints.
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Nevertheless, the results obtained by the cooling paints in
Malaysia show great potential and can bring substantial bene-
fits if adopted properly and at a large scale.

3.8. Effect of various climate factors on net radiative cooling
power

The humidity levels also play a significant role affecting the net
cooling power of the radiative cooling surface. Based on Fig. 18,
when plotted against the relative humidity, there is an inverse
relationship between the net cooling power and humidity. As
the relative humidity increases, the water vapour content in the
air also increases. This in turn reduces the amount of heat that
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can be radiated to the surroundings by the cooling paints as
water vapour interferes by absorbing and re-emitting the long-
wave radiation emitted.”® With water vapour being the most
prominent source of IR absorption in the atmosphere, the
increase in water vapour causes the decrease of atmospheric
transmittance and the increase of spectral irradiance in the
atmospheric window. Thus, leading to the cooling paint
absorbing more atmospheric radiation and limiting its cooling
performance.** It was also suggested that in warm humid
environments like in Malaysia, the high humidity and precipi-
table water vapor (PWV) levels causes the secondary atmo-
spheric window (16 to 25 um) to close.? This would inevitably

Fig. 18 Relative humidity levels plotted against the cooling powers of BaSO4 cooling paint and CaCOs cooling paint.
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hinder any potential additional cooling power obtained from
radiative cooling surfaces.

The local wind speed, Vying also plays a crucial role in the
non-radiative heat transfer processes, as is evident from eqn (6)
with the correlation for the local heat transfer coefficient being
directly proportional to Viing. Heat transfer through convection
may either be beneficial or detrimental to the radiative cooling
device, depending on the application. For subambient appli-
cations, such as this, it can be detrimental and needs to be
suppressed as much as possible.”* A higher local wind speed
will aggravate the free convection heat transfer from the cooling
paint surface with the surrounding warmer air.>” Fig. 19 shows
a plot of the local wind speeds against the calculated net cooling
power obtained from the field test.

On average, the non-radiative heat transfer effects account
for approximately 25-26% of the loss in the net cooling power of
both cooling paints. Thus, there is a dire need to minimize
these losses in real world applications to achieve maximum
cooling performance and efficiency. Clearly, it is not possible to
alter the weather conditions at a certain location, and the most
practical solution would be to install some form of convection
shield to insulate the top of the surface that faces the sky and
the incoming solar irradiation. Liu et al., proposed employing
a “tilt strategy and wind cover strategy” to minimize the effects
of the non-radiative heat exchange caused by the winds.”®

@@
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While it may not be a practical solution to apply for the
painting of buildings, it could be utilized to improve the
performance of a wide range of heat exchangers, including air fin
coolers and external radiators of air-conditioning systems. A
suitable insulating material would need to have a few key char-
acteristics including a high transmittance across the entire infra-
red (IR) band, high mechanical strength to persist through harsh
weather conditions, high durability as well as a relatively low
cost.”® Such a material that possesses all these characteristics is
yet to be developed, but the closest solution currently is utilizing
a polyethylene (PE) film.* Further investigation and research are
needed to realize the full potential of radiative cooling paints.

Several other factors also play a key role affecting the net
radiative cooling power of both the cooling paints. A high cloud
coverage during the day would significantly reduce the amount
of solar irradiation directed onto a cooling surface, thus
hindering its overall emissivity and net cooling power.*" Rain is
another crucial factor, which can have a beneficial or detri-
mental impact on the cooling performance. Moderate rain
could actually help clean the radiative cooling surfaces that
have been covered with dust, dirt or any debris and improve its
overall reflectivity. On the other hand, continuous heavy rain
would result in water accumulation on the surface, which can
significantly hinder its cooling performance.** The scope of this
research work does not fully study these factors and further
investigation is required.
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Indoor temperature difference during the daytime with (a) “No Paint” house for both cooling paints. (b) “Commercial” house for both
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Table 5 Comparison of BaSO,4 cooling paint and CaCOs cooling paint
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Parameter

BaSO, cooling paint

CaCOj; cooling paint Difference (%)

Reported solar reflectance (%)
Reported sky window emissivity

Minimum subambient temperature reduction —0.2
°C)

Maximum subambient temperature reduction —6.1
(°C)

Mean subambient temperature reduction (°C) —2.0
Mean daytime net cooling power (W m?) 47.5
Mean night-time net cooling power (W m™?) 91.3
Mean net cooling power (W m?) 71.0
RC figure of merit 0.68

3.9. Indoor house temperature results

Miniature houses were built as part of the field test setup to
observe the indoor cooling effects of the cooling paints vs.
commercial white paint (Dulux Aura High Gloss) as well as
a house without any paint (No Paint). As expected, the house
with no paint recorded the highest indoor temperature
throughout the daytime when solar irradiation was present. The
mean temperature reduction recorded during the daytime when
compared to “No Paint” was —1.5 °C for BaSO, cooling paint
and —1.2 °C for CaCO; cooling paint, reaching a peak temper-
ature difference of —4.6 °C and —4.3 °C respectively. When
compared against the “Commercial White Paint” house, the
mean temperature reduction recorded during the daytime was
—0.9 °C for BaSO, cooling paint and —0.6 °C for CaCOj; cooling
paint, reaching a peak temperature difference of —2.5 °C and
—1.9 °C respectively. Fig. 20 shows the temperature difference
between the cooling paint houses with the other house setups.

If employed on a larger scale with an even bigger cooling
surface area, it is expected that the cooling performance would
remain similar. While this is clearly not enough to negate the
need of air conditioning, especially in a warm and humid
country like Malaysia, the cooling paints are able to act as
a supplement to further decrease cooling energy demands.*
Interest in passive radiative cooling technologies, especially
paint coatings, will only continue to increase in the near future
due to its cost saving attributes.**

3.10. Performance comparison of BaSO, and CaCO; cooling
paints

Based on the performance of both cooling paints, it is undeniable
that the BaSO, cooling paint shows consistently better cooling
performance throughout all the tests conducted, compared to the
CaCOj; cooling paint. Nevertheless, the differences between both
the cooling paints are not too significant, as they have a very small
percentage difference for a majority of the parameters. The re-
ported higher solar reflectance and sky (atmospheric) window
emissivity values of the BaSO,-acrylic paint helps it edge out the
CaCOgs-acrylic paint in terms of cooling performance. From
a visual perspective, the BaSO, cooling paint also has a more
distinct whiter colour, with Li et al. dubbing it as “ultrawhite”
whereas the CaCO; cooling paint has a slight greyish tint in the

© 2023 The Author(s). Published by the Royal Society of Chemistry

98.1 (ref. 11)
0.95 (ref. 11)

95.5 (ref. 12) 2.65
0.94 (ref. 12) 1.05
—0.2 0

—6 1.64
—-2.0 0

48.8 2.74
86.5 5.26
69.9 1.55
0.42 38.38

overall white colour.” BaSO, cooling paint also outperformed the
CaCO; on a majority of the different surface types including
cardboard, tin, wood and porcelain. Table 5 shows a summary of
the results obtained from both paints. The figure of merit RC was
calculated using eqn (7). The r value was taken to be 10 as a 300 K
blackbody emission was assumed.

Overall, it is safe to conclude that BaSO, cooling paint is the
preferred choice rather than the CaCOj; cooling paint. The only
benefit that would arise from adopting CaCO; as the preferred
cooling paint pigment is its lower cost when compared to pure
BaSO,. That may also be a key factor of consideration if wide-
spread and large-scale implementation of radiative cooling
paints were to occur. Further investigation should be conducted
to find ways to improve the efficiency of cooling paints in
tropical climates like in Malaysia.

4. Conclusion

To sum up, two types of cooling paints were fabricated utilizing
BaS0O, and CaCOj as the respective pigments. After testing, the
most optimum cooling paint configuration consisted of acrylic
resin acting as the binder and dimethylformamide (DMF) as the
solvent. For the BaSO, cooling paint, the volume concentration
of the pigment was set at 60% while the volume concentration
for the CaCO; cooling paint was set at 70%, both of which are
significantly higher than the pigment concentration of
commercial paints. Both cooling paints possess a remarkably
high solar reflectance and emissivity in the atmospheric
window (8-13 pm), allowing it to retain the temperature of
painted surfaces to even below ambient temperature levels. The
paints were also tested against commercial white paint (Dulux
Aura High Gloss) on various types of surfaces (i.e., cardboard,
wood, zinc, tin, and porcelain) and showed considerably lower
surface temperatures for each material.

The field test results showed that both cooling paints were
able to achieve remarkable subambient temperatures throughout
the entire day, even when placed under direct solar irradiation
during daytime. The BaSO, cooling paint achieved a mean sub-
ambient temperature reduction of —2 °C, a peak of —6.1 °C and
a mean cooling power of 71.0 W m™2 while the CaCO; cooling
paint yielded a mean temperature reduction of —2 °C, a peak of
—6°C and a mean cooling power of 69.9 W m ™2, When compared
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against various climate factors, it was concluded that the net
cooling power of the paints had an inverse relationship with both
the relative humidity levels and the local wind speed. The heat
transfer through non-radiative processes such as conduction and
convection accounted for a considerable percentage of the net
cooling power reduction. The indoor temperatures of the minia-
ture houses were also consistently lower for both cooling paints
compared to commercial white paint as well as no paint during
the daytime. Between the two, the BaSO, cooling paint yielded
consistently better results compared to the CaCO; cooling paint
and is deemed more favourable due to its higher cooling
performance as well as its whiter appearance.

There are many challenges posed by the climate conditions
in Malaysia when attempting to optimize the cooling perfor-
mance of both paints. The high humidity levels, local wind
speed and frequent tropical rains can be detrimental to their
performance. Nevertheless, this experimental work yielded very
promising results. A maximum subambient temperature
reduction of —6.1 °C and —6 °C under peak solar irradiation
and an average daytime cooling power of 47.5 W m > and
48.8 W m 2 for the BaSO, cooling paint and CaCOj; cooling
paint respectively, is already a remarkable feat. While the
radiative cooling paints would be most efficient under dry and
warm weather conditions such as in desert climates, its effects
in Malaysia's tropical climate may also prove to be significant in
reducing the active cooling requirements and energy
consumption within the region.
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