
Cooling Performance of TiO2‑Based Radiative Cooling Coating in
Tropical Conditions
Bhrigu Rishi Mishra,‡ Sreerag Sundaram,‡ and Karthik Sasihithlu*

Cite This: ACS Omega 2024, 9, 49494−49502 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The cooling power of radiative cooling (RC)
coatings depends not only on the radiative properties of the
coating but also on environmental variables. In tropical environ-
ments, the cooling performance of RC coatings deteriorates due to
high humidity and high solar radiation. Previous studies focused on
developing high solar-reflective coatings to achieve subambient
cooling in tropical environments. However, these coatings have not
demonstrated the ability to be used at a large scale, mainly due to
their high cost or less durability. Herein, we test an RC paint
coating composed of TiO2 and polydimethylsiloxane (PDMS) in
three different cities with high and moderate humidity levels.
Though a significant reduction in the internal temperature of an
RC paint-coated aluminum (Al) box is observed, compared to an uncoated Al box, in both high and moderate humidity
environments, subambient cooling is not achieved. A comprehensive analysis is conducted to clarify the reasons behind the inability
to attain subambient cooling.

1. INTRODUCTION
As the global climate crisis continues to escalate, there is an
urgent need for innovative and sustainable solutions to
mitigate the adverse effects of rising temperatures and reduce
energy consumption. In this pursuit, radiative cooling (RC)
coatings have emerged as a promising avenue for enhancing
passive cooling strategies in various applications, ranging from
buildings1,2 and automobiles3 to electronic devices.4 These
specialized coatings offer a sustainable and clean cooling
solution to counteract the urban heat island effect and reduce
the dependence on energy-intensive air conditioning systems.
Apart from effectively reflecting incoming solar radiation, these
coatings are engineered to release thermal radiation in the
long-wavelength infrared (LWIR) spectrum. This LWIR
radiation has the unique ability to pass through the Earth’s
atmosphere via the transparency window, which spans the 8−
13 μm wavelength range, and subsequently disperse into the
cold depths of outer space. This phenomenon, known as
passive radiative cooling, allows surfaces coated with such
coatings to cool significantly below ambient temperatures, even
in the midst of intense sunlight. Theoretically, it can potentially
reduce the temperature of a surface, passively, by up to 60 °C.5
Recent review articles6,7 have detailed the progress on radiative
cooling coating designs and materials. Different types of
structures have been explored, such as multilayer,8 glass-
polymer hybrid metamaterial,9 biologically inspired struc-
tures,10,11 hierarchical porous polymer,12 and disordered
coatings,2,13−17 aiming to achieve the desired radiative
properties in the respective spectral bands. Among these,

disordered or paint coatings have gained popularity due to
their simple design, ease of fabrication, and low cost. Recent
studies have also emphasized the importance of considering
practical aspects of RC coatings, such as durability and
scalability, while maintaining high cooling performance.18,19

The evaluation of the performance of such coatings is
predominantly based on their solar reflectivity and infrared
(IR) emissivity. While these indicate the material’s potential to
cool a coated surface, it is crucial to note that prevailing
environmental conditions during outdoor testing also signifi-
cantly influence the cooling performance of these coatings.
One of the mechanisms by which an RC coating provides
cooling is by enabling an IR radiative exchange with cold outer
space via the atmospheric transparency window (ATW), which
is heavily affected by local humidity. Researchers have
previously studied the impact of environmental conditions
like humidity, ambient temperature, and cloud cover on the
cooling performance of an RC coating in different
locations.20−24 It is evident that transmissivity of the
atmosphere in the 8−13 μm wavelength range is significantly
lower in regions with high humidity.23 This makes achieving
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subambient cooling highly challenging in tropical areas that are
characterized by high solar radiation and high humidity. A
study conducted in Hong Kong25 showcased the inability to
achieve daytime subambient cooling despite using a coating
with high solar reflectivity (95%) and high ATW emissivity
(98%). In order to achieve subambient cooling in these highly
humid environments, recent studies have highlighted the need
to develop RC coatings with ultrahigh solar reflectivities. An
expanded polytetrafluoroethylene (ePTFE) film and a Ag layer
deposited on a transparent glass substrate, with a solar
reflectivity and ATW emissivity of 98% and 86% respectively,
showed subambient cooling of up to 2.7 °C in Hong Kong.26 A
subambient cooling of 0.9 °C was achieved by a porous
polymer coating27 with a solar reflectivity of 94% and an ATW
emissivity of 97% in Shanghai, China, where the solar radiation
intensity and relative humidity are about 930.7 W/m2 and 49%
respectively. Another study in Singapore28 demonstrated
subambient cooling of 1.5 °C under a solar irradiance of
1000 W/m2 and an atmospheric radiation of 480 W/m2 on a
clear day using a BaSO4/P(VDF-HFP) coating with 97% solar
reflectivity and 94.2% ATW emissivity.
Although these coatings, designed for tropical environments,

have shown promising cooling capabilities, their scalability and
cost-effectiveness remain significant challenges, hindering
widespread adoption. For example, the inclusion of a thin
film of silver not only raises the overall cost but also diminishes
the coating’s visual appeal; porous polymer coatings are yet to
demonstrate rapid commercial scalability29; and the use of low-
refractive-index pigments in high volume fractions adversely
impacts coating properties such as stress/strain tolerance,
water resistance, and durability due to the reduced
concentration of polymer binders.30 In order to obtain high
reflectivity using paint coating, materials with high band gaps
and low refractive indices such as SiO2,

13 BaSO4,
2 CaCO3,

14

and Al2O3
17 have been used with large volume fractions

(>50%) to compensate for the low scattering caused by the
small difference in refractive indices between these pigments
and polymers (0.05−0.25). A high pigment volume concen-
tration in paint implies a decreased polymer (binder)
concentration and an increase in cost. Furthermore, beyond
a certain pigment concentration, a coating becomes fragile, less
ductile, and low in adhesive strength due to the development
of internal stresses.31,32 Thus, these compounds are typically
used as auxiliary pigments to balance performance and

economics in paint formulations. One approach to enhance
durability in high-pigment films involves sandwiching the
functional layer between protective top and bottom coats,33

although its feasibility for coatings with pigment concen-
trations exceeding 50% remains to be explored. In this context,
TiO2-based coatings have stood out due to their excellent
optical properties, ease of fabrication, and economic viability.
Regardless of the low solar reflectivity due to UV absorption,
TiO2 is still being used in solar-reflective cool roof paints as
well as in radiative cooling coatings16,34−37 due to its high
refractive index, enabling it to be used at low pigment volume
concentrations in paint compositions. Various modifications
for TiO2-based coatings have been explored in the literature,
including the incorporation of fluorescent pigments to reduce
UV absorption,16 the development of polymer-free coatings to
eliminate NIR absorption,34 and the use of hollow TiO2
spheres, which have the potential to increase light scattering
by enhancing the refractive index contrast.38

Despite the recognized potential of TiO2-based radiative
cooling paints, there is a dearth of comprehensive studies
examining their performance under tropical conditions.
Tropical regions, characterized by high ambient temperatures,
high humidity, and intense solar irradiance, pose unique
challenges and opportunities for the application of radiative
cooling technologies. Understanding the effectiveness of TiO2-
based radiative cooling paints in such environments is crucial
for optimizing their design and deployment. This study aims to
bridge this gap by analyzing the cooling performance of TiO2/
PDMS radiative cooling paints under tropical conditions. In a
previous study, we had designed a TiO2/PDMS coating for use
in radiative cooling applications,39 which has been fabricated
and tested in several other studies by other research
groups.35−37 Through a series of controlled experiments and
field tests in three different locations, namely, Mumbai,
Nagpur, and Prayagraj, we evaluate the paint’s ability to
reduce enclosure temperatures and enhance thermal comfort
in tropical climates. Our findings provide valuable insights into
the practical viability and efficiency of TiO2-based radiative
cooling paints, contributing to the development of scalable and
sustainable cooling solutions for regions with high solar
insolation.
In addition to this, we also review current practices in

reporting experimental tests, viz. the use of radiation shields
and polyethylene covers to minimize convective losses and the

Figure 1. (a) SEM image of the TiO2 pigment. The TiO2 particle radius distribution is 0.255 μm ± 0.13 μm (b) Measured reflectivity of a 280 μm-
thick fabricated paint coating with a TiO2 pigment volume concentration of 15%.
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measurement of ambient temperature. It has been observed
that certain practices may inadvertently increase the measured
temperatures. For instance, the use of PE top covers, intended
to minimize nonradiative losses and thus offer a clearer insight
into radiative cooling efficiency, has been found to trap heat
within the radiation shield box. Such accumulation of heat can
elevate air temperatures to as high as 60−70 °C.15,40 This
heightened air temperature inside the box can exaggerate the
subambient cooling effect when compared to tests conducted
without a PE film covering the top. Two very recent
publications41,42 have also highlighted these issues. We expand
on these works with the goal of promoting a unified
methodology for reporting more accurate and comprehensive
performance readings of novel radiative cooling coatings.

2. RESULTS AND DISCUSSION
The paint coating, as mentioned previously, utilizes TiO2 as
the primary pigment for achieving daytime radiative cooling.
TiO2 is chosen for its high refractive index, which enables high
reflectivity in the visible and near-infrared (NIR) spectra, even
at reduced volume concentrations (15% used in this study).39

PDMS, known for its low solar absorption, biocompatibility,
and hydrophobic properties, serves as the binder. Detailed
information on the paint coating’s design process can be found
in Section S1 of the Supporting Information, along with the
procedure used to fabricate the paint, which is outlined in
Section 4.

2.1. Morphology of TiO2 and Optical Properties of
the Paint. The SEM image of the TiO2 powder used in this
work is shown in Figure 1a. The pigment particle radius
distribution is observed to be 0.255 ± 0.13 μm. The reflectivity
of our fabricated TiO2/PDMS coating with a thickness of 280
μm is presented in Figure 1b. In the visible and NIR regions,
the paint’s reflectivity is observed to be greater than 94%, but
absorption in the UV spectrum results in the net weighted
solar reflectivity (Rsolar = [∫ IAM1.5(λ) R(λ) dλ]/[∫ IAM1.5(λ)
dλ], where IAM1.5(λ) is the spectral solar irradiance43) of the
fabricated coating to reduce to 88.2%. Increasing the thickness
of the coating does not reveal any significant increase in
reflectivity. The weighted emissivity in the ATW, calculated
using [∫ Ibb(T = 300 K, λ) ϵ(λ) dλ]/[∫ Ibb(T = 300 K, λ) dλ],
where Ibb is Planck’s blackbody radiation and ϵ(λ) = 1 − R(λ)
with R(λ) being the reflectivity, is seen to be 92.4%.
2.2. Impact of Environmental Factors on Subambient

Cooling. 2.2.1. Cooling Performance in High-Humid
Conditions: Mumbai. Many previously reported stud-
ies12,15,44,45 assessed the cooling performance of RC coating
on flat substrates by measuring the temperature of the coating
relative to the ambient temperature. This approach does not
mimic real-world scenarios where coatings are applied to
structures to cool enclosed spaces. To better simulate real-
world conditions, we evaluate the cooling efficiency of the RC
paint when applied on a hollow 4 mm-thick aluminum box (7
cm × 7 cm × 7 cm) and measure its enclosure temperature,
rather than the temperature of the coating. For the experiment,

Figure 2. (a) Experimental setup to measure the cooling performance of RC coating comprising data logger, Stevenson screen (ambient sensor in
image), pyranometer, and RC paint-coated and bare Al boxes. (b) Comparison of temperatures recorded within the enclosure space of the bare
aluminum box, the one coated with RC paint, and the ambient temperature on April 25, 2023 during daytime and (c) during night-time. Global
radiation levels, as measured by the pyranometer during daytime, are plotted on the right axis. The inset in (b) provides an enlarged view of the
temperatures recorded during mid-day hours.
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we employed two aluminum boxes: one coated with TiO2/
PDMS paint (labeled as RC paint in figures) and an uncoated
one as a control (labeled as bare Al box in figures). The
experimental setup is shown in Figure 2a. Detailed information
on experimental setup is given in Section 4. The outdoor
experiments were conducted on the rooftop of the Department
of Energy Science and Engineering at the Indian Institute of
Technology Bombay, Mumbai. Mumbai is characterized by
high humidity, with levels exceeding 80%.22

The cooling performance of the RC paint coated on the Al
box is illustrated in Figure 2b by comparing it with the
temperatures from the baseline (bare Al box) and the ambient
environment. All recorded temperatures increase in tandem
with increasing solar irradiation; however, the increase is
notably more pronounced in the bare Al box. At 10:19 AM, the
maximum cooling differential between the coated Al box and
the baseline reached 7.9 °C, primarily due to the high
reflectivity of the paint in the visible and NIR regions.
During peak solar radiation hours, the RC paint-coated box

registers temperatures exceeding the ambient, but the peak
difference is limited to 2.1 °C at 10:44 AM. Subambient
cooling is evident before 9:00 AM and after 4:00 PM during
daytime, as well as during night-time, as shown in Figure 2c,
but it is not observed during peak solar radiation hours. This
behavior aligns with Mumbai’s high relative humidity levels
and ambient temperature, which effectively “close” the ATW.
This effect of humidity on the RC cooling capacity is discussed
in detail in Section 2.2.3.

2.2.2. Cooling Performance in Moderate Humid Con-
ditions: Nagpur and Prayagraj. The cooling performance of
TiO2/PDMS paint was also tested in Nagpur, Maharashtra,
and Prayagraj, Uttar Pradesh, in India. These tests were
conducted in June, just before the onset of the monsoons. As a
result, humidity and cloud presence were higher compared to
peak summer conditions, though still lower than in Mumbai.
Figure 3a shows the temperature of Al boxes, and Figure 3b
shows global radiation recorded in Nagpur on June 12, 2023.
The average humidity was 42%. Clouds passing over the sun
explain the dips in solar radiation (Figure 3b). The
temperature profile of the RC paint-coated Al box more or
less overlaps with that of the ambient temperature (Figure 3a).
The maximum temperature difference observed between the
RC paint-coated Al box and the bare Al box was 9.2 °C at
12:39 PM, higher than what was observed in Mumbai. Similar
results were observed in Prayagraj on June 22, 2023, with an
average humidity of 45% (Figure 4). The maximum cooling
performance of 8.1 °C for the RC paint-coated Al box,
compared to the bare Al box, was observed in Prayagraj at
10:47 AM.

2.2.3. Theoretical Modeling: Effect of Humidity. The
atmospheric conditions of the local environment strongly
impact the cooling performance of the RC coating. An increase
in humidity and air temperature reduces atmospheric trans-
parency in the 8−13 μm wavelength range,23 which in turn
reduces the ability of the coating to radiate heat to outer space
via the ATW. Consequently, the cooling performance of an RC

Figure 3. Temperature profile (a) and global radiation (b) recorded in Nagpur on June 12, 2023. The inset in (a) provides an enlarged view of the
temperatures recorded during the mid-day hours.

Figure 4. Temperature profile (a) and global radiation (b) recorded in Prayagraj on June 22, 2023. The inset in (a) shows a magnified view of the
temperature curves during the mid-day hours.
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coating reduces significantly in high-humid environments.
Herein, we aim to theoretically calculate the effect of humidity
on the cooling performance of the RC coating and compare it
with our experimental results. The calculations have been done
by selecting the highly humid city of Mumbai, India, as the
location. We use MODTRAN,46 a widely used software for
simulating the transmission of electromagnetic radiation
through the Earth’s atmosphere. This tool takes precipitable
water vapor (PWV) as a key input to compute atmospheric
transmittance. We follow the methodology reported by Dong
et al.21 to derive PWV values from relative humidity (RH) and
ambient temperature data. A detailed description of this
procedure is included in Section S2 of the Supporting
Information. The calculations presented in this section are
carried out for atmospheric parameters prevalent on April 25,
2023: 83.77% average humidity and 29.55 °C average ambient
temperature, obtained from the Central Pollution Control
Board (CPCB) portal.47 Figure 5a shows the atmospheric
transmittance calculated using MODTRAN under these
ambient conditions, i.e., a corresponding PWV value of 5.54
cm. These parameters are then utilized in the standard energy
balance equation applicable for radiative cooling systems. The
energy balance equation equates the power radiated by the
coating (Prad) to the total heat gained by the coating (Ploss).
The total heat gained by the coating consists of solar radiation
losses (Psun), atmospheric radiation losses (Patm), and non-
radiative heat losses (Pcond+conv). It is assumed that solar
radiation is incident normally on the coating, while radiation
emitted by the coating and the atmosphere is isotropic. Based
on these assumptions, the following equations hold8,39:

=P A I T( ) ( , )drad
0

bb c (1)

=P A I( ) ( )dsun
0

AM1.5 (2)

=P A I T( ) ( ) ( , )datm
0

atm bb amb (3)

Here, ϵ(λ) is the emissivity of the paint coating; ϵatm is the
emissivity of the atmosphere that is given by ϵatm = 1 − τ1/cos θ,
where τ is the atmospheric transmittance, and θ (assumed to
be zero for this work) is the angle of incidence; and Ibb(Tc, λ)
and Ibb(Tamb, λ) are the spectral blackbody radiation at the
coating temperature Tc and ambient temperature Tamb,
respectively, A is the cross-sectional area of the coating. Also,
emissivity is calculated as 1 − R(λ) (R = spectral reflectivity).
However, unlike other studies that focus on measuring the

temperature of the coating, this work focuses on measuring the
more practical enclosure temperature. Consequently, the
nonradiative heat loss in the energy balance equation needs
more careful consideration. The nonradiative heat loss,
Pcond+conv, from the paint coating includes both losses to the
ambient as well as to the Al box enclosure and can be
quantified using

= ++P h T T h T T( ) ( )cond conv o amb c c Al enc c (4)

where the coating temperature, Tc, and interior temperature of
the Al box, Tenc, are related by

=h T T h T T( ) ( )eff amb enc c Al enc c (5)

Here, h0 (=10.43 Wm2−K−1) is the external convective heat
transfer coefficient estimated using empirical relations48 based
on the prevalent wind speed on that day, Tamb is the ambient
temperature, hc‑Al is the effective heat transfer coefficient
between the coating surface and still-air in the enclosure of the
Al box, and heff is the overall effective heat transfer coefficient
of the setup from the enclosure space to the ambient, which
can be quantified using

= + +
h h

l
k h

1 1 1

eff o

c

c c Al (6)

and

= + +
h

l
k h

1
TBR

1

c Al

Al

Al i (7)

Here, lc and kc represent the thickness and thermal
conductivity of the RC paint, respectively, while lAl = 4 mm
and kAl = 237 Wm−1 K−1 are those of the Al wall, with hi
denoting internal heat transfer between the still-air and the Al
wall. The thermal barrier resistance (TBR) between the
polymer coating and the Al surface49,50 and the thermal
resistance due to the Al wall are both assumed to be small
compared to 1/hi and are hence neglected. A standard value of
2.6 Wm2−K−1 is used for the internal heat transfer
coefficient.51,52 The value kc is obtained from Maxwell’s
relation53 kc = km (1 + 3f/((kp + 2km)/(kp − km) − f)), where
subscript m stands for the matrix, and p stands for the particle.
The thermal conductivities of PDMS and TiO2 are taken to be
km = 0.2 Wm−1K−1 and kp = 4.8 Wm−1K−1, respectively.
Using the atmospheric transmittance from Figure 5a and

with the conduction and convection heat losses obtained from
eq 4, we calculate the equilibrium temperature of the enclosure
space of the RC paint-coated Al box, Tenc, by solving the
energy balance equation (Prad − Psun − Patm − Pcond+conv = 0).

Figure 5. (a) Atmospheric transmittance calculated using MODTRAN for two RH viz. 30 and 83.77%. (b) Comparison between theoretical
predictions and experimental measurements of Tamb − Tenc.
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The deviation of Tenc from the measured ambient temperature,
an indicator of the cooling performance of the RC coating, is
plotted in Figure 5b and compared to experimental measure-
ments. An appreciable match with the experimental measure-
ments is observed. Figure 5b also contrasts the cooling
performance under low humidity conditions (RH = 30%).
Other parameters, such as ambient temperature and the heat
transfer coefficient, are left untouched. A marked decrease in
the cooling performance is noted in Figure 5b with increased
humidity levels. It can thus be inferred that RC coatings
deployed in highly humid regions will experience an
appreciable drop in their emissive performance, translating to
difficulties in achieving subambient cooling. This aligns with
our experimental findings.
Although the TiO2/PDMS-based RC coating is not able to

provide subambient cooling in highly humid environments, it
does help reduce the internal temperature of an enclosure
significantly. Since the goal of developing such material
coatings is to minimize reliance on energy-consuming cooling
systems like air conditioners, achieving subambient temper-
atures should not be the sole criterion for evaluating RC
coating efficiency. Instead, measuring temperature reductions
in comparison to a standard control, while also considering
prevailing atmospheric conditions, provides a more relevant
benchmark.
2.3. Impact of Experimental Factors on Subambient

Cooling. Apart from environmental factors, experimental
factors like the use of a PE cover and the measurement of
ambient temperature can have a significant impact on the
cooling performances observed for RC coatings. The adoption
of inaccurate methodologies can yield misleading numbers for
cooling performance. In the following sections, we shall discuss
how the configuration of the experimental setup influences the
observations of the cooling efficiency of an RC coating.

2.3.1. Ambiguity in the Measurement of the Ambient
Temperature. The performance of the RC coating is usually
evaluated by comparing the temperature of the coating with
the ambient temperature. Therefore, inaccurate measurement
of ambient temperature can lead to misleading conclusions
about the coating’s cooling performance. Standard methods for
measuring ambient temperature frequently rely on thermo-
couples exposed to environmental factors such as sunlight and
wind,12,15,26,54 leading to potential fluctuations and inaccura-
cies in the readings. A more reliable alternative is the use of a
Stevenson screen, as shown in Figure 2a, which serves as a
shield against radiation and wind, providing more stable
measurements. This shield minimizes exposure to the sun and
regulates airflow, enabling more precise and consistent
measurements. The importance of tools such as the Stevenson
screen is underscored by its impact on evaluating cooling
performance. For instance, Figure 6 shows two ambient
temperatures: one measured by a thermocouple placed inside
the Stevenson screen and another exposed to the sun and
wind. The former measures lower ambient temperatures
during the day. The opposite is observed at night, owing to
cooler winds. Figure 6 also presents the temperature profile for
an RC paint-coated aluminum box. Measurements using an
unshielded/exposed thermocouple would inaccurately suggest
that the paint cools below ambient temperatures during the
day, in total contrast to the measurements from the shielded
thermocouple. Accurate ambient temperature measurement is
thus critical for reporting reliable subambient cooling, and

shielded thermocouples (if not devices) are highly recom-
mended for consistent RC coating performance evaluation.

2.3.2. Using Polyethylene Sheet as a Convection Shield.
The cooling performance of the RC coating is greatly affected
by conduction and convection losses. To address this, studies
report the use of a radiation shield with a polyethylene (PE)
film covering on the top side to counter these parasitic
losses.2,8,15,35,55 The radiation shield, which is typically made of
aluminum foil, keeps the coating directly facing the sky, while
the PE film controls convective heat loss. In an experiment
designed to assess the impact of this configuration, we
recorded temperatures from an RC paint-coated aluminum
(Al) box, a bare Al box, and the air within a polyethylene (PE)-
covered setup, as shown in Figure 7a. The results, shown in
Figure 7b, indicate a notable increase in both the air
temperature inside the PE-covered setup and the enclosure
temperature of the bare Al box. This facilitated the observation
of subambient cooling throughout the day, with a maximum
cooling of 11.5 °C below ambient and 21.4 °C compared to
the uncoated Al box. The PE top-cover film, while reducing
convective heat loss, traps heat, raising the air temperature in
the PE-covered setup to 60−70 °C. Hence, the use of top-
cover PE films as convective shields is not recommended for
measuring cooling performance, as they can significantly skew
the results. However, PE films can be used as side-cover
convection shields for the enclosure testing of RC coatings,
while the top is kept open. For such designs, provided the
height of the sides is sufficient to limit forced convection, the
inflation of temperature discussed above will not be
observed.56

3. CONCLUSIONS
This study tested the performance of a low particle volume
fraction TiO2/PDMS paint coating designed for passive
daytime radiative cooling in a tropical environment. The
paint exhibits high reflectivity of 94% in the visible and near-IR
spectra and an emissivity of 92.4% between 8 and 13 μm
wavelengths. Instead of comparing the coated surface temper-
ature with the ambient temperature, as commonly done in the
literature, this study compares the enclosure temperature with
the ambient temperature, offering greater practical utility for
real-world applications. Although subambient cooling was not
achieved, largely due to the highly humid environment limiting
the effectiveness of radiative heat transfer via the atmospheric
transparency window, the coating significantly reduced the

Figure 6. Comparison of the temperature of RC paint and ambient
temperature. Here, “Ambient shaded” is the ambient temperature
measured by the Stevenson screen, whereas “Ambient exposed” is the
ambient temperature measured by a thermocouple exposed to the sun
and wind. The data were recorded on May 21−22, 2023.
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heat load in the enclosed space of a hollow aluminum box
compared to an uncoated control. A maximum reduction of 7.9
°C in the internal temperature of the RC paint-coated
aluminum (Al) box compared to the uncoated Al box was
observed in a highly humid environment, and a 9.2 °C
reduction was observed in a moderately humid environment.
With the primary goal to minimize energy consumption for
space cooling, these outdoor experiments show that TiO2-
based RC coatings have the potential to be used in tropical
conditions. The study has also highlighted methodologies
presently used to evaluate and report cooling performance,
specifically the measurement of ambient temperature with
sensors exposed to sunlight and wind alongside the use of
polyethylene sheets as convective barriers. Through exper-
imental observations, we find that these approaches to
characterize the cooling performance of RC coatings could
yield misleading conclusions regarding their subambient
cooling capabilities. This study strongly suggests the reporting
of prevalent climatic conditions during outdoor tests and the
use of shielded thermocouples for ambient temperature
measurements and cautions against the use of top-covered
convection shields.

4. EXPERIMENTAL SECTION
4.1. Fabrication of RC Paint. The TiO2 and o-Xylene

were sourced from Sigma-Adlrich, whereas PDMS (SYLGARD
184) was sourced from Dow. The binder (PDMS), solvent (o-
Xylene), and pigment (TiO2) were mixed using a mechanical
stirrer. 70% of the PDMS to be used in the formulation was
mixed with o-Xylene in a 1:1 ratio, and stirring at 200 rpm gave
a clear solution. TiO2 pigment was then added under slow
stirring and then increased stirring to 500 rpm for 30 min. In
the same ratio, the remaining PDMS and o-Xylene were
subsequently added and stirred for 90 min. After resting the
solution overnight, we applied two coats to aluminum
substrates, allowing a 24 h curing period at room temperature.
The two-coat procedure gives an average thickness of 280 μm
± 30 μm. We observe that o-Xylene can be added at any stage
to adjust the viscosity without affecting the optical properties.
4.2. Characterization of the Coating. We employed a

field emission scanning electron microscope (Zeiss Ultra 55)

to image and characterize the pigment powder particles. The
spectral reflectivity of the developed coating in the 0.3−2.5 μm
wavelength range was characterized using a PerkinElmer
Lambda 950 UV-vis-NIR spectrometer with a 150 mm
integrating sphere, and in the 2.5−18 μm range using a
PerkinElmer Frontier FTIR spectrometer with a 75 mm
integrating sphere. The sample’s reflectivity in the 0.3−2.5 μm
wavelength range was measured against a Spectralon
reflectance standard and then adjusted by multiplying with
the standard’s reflectivity (Figure S3 in the Supporting
Information) to obtain the absolute reflectivity of the TiO2/
PDMS coating. The thickness of the coating was measured by
using a Fujitech DFT gauge.
4.3. Experimental Setup for Cooling Performance

Measurement of the Coating. The paint was applied to the
box’s exterior with a brush, and a top hole was created to
accommodate a thermocouple (sealed with cotton wool) to
measure the internal temperature of the box. We used a
Keysight DAQ970A data logger to record temperature data
from T-type thermocouples at regular intervals. Each
thermocouple was calibrated with a Julabo calibration bath.
The thermocouples are immersed in the water bath, and the
bath temperature was increased from ambient temperature to
90 °C at intervals of 5 °C. Temperatures of the thermocouples
and the bath were recorded simultaneously. Subsequently, an
empirical relation for temperature was obtained for each
thermocouple to calculate its respective calibrated temperature.
Global solar irradiation at the experimental site was measured
by using a Dynalab Weathertech pyranometer (model
147059). Ambient temperature was measured using a Steven-
son screen from TrackSo, with an accuracy of ±0.5 °C.
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Figure 7. (a) Setup for testing cooling performance, incorporating a radiation shield and PE cover. (b) Temperature measurements of an RC paint-
coated Al box, a bare Al box, and the air within the radiation-shielded box covered with PE, taken on June 11, 2023.
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