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Abstract

Passive radiative cooling (PRC) offers significant potential to reduce energy
consumption and carbon emissions associated with cooling. Among various
approaches, paint-like systems present several advantages in terms of cost-
effectiveness, scalability, and ease of application. In this study, we report on a
PRC system composed of a paint mixture modified with 50 % glass bubbles (GB)
and a commercial polypropylene-polyethylene-polypropylene (PP-PE-PP) film,
commonly used as a battery separator. The resulting material exhibits a solar
reflectance of 94 % and a broad emittance of over 95% in the sky-transparent
window (STW) from 8 um to 13 um. The addition of glass bubbles enhances the
solar reflectance of the base paint in the near-infrared wavelengths, while the
nanoporous PP-PE-PP film (NPF) topcoat improves reflectance in the UV range,
remains largely transparent in the IR, and renders the overall coating washable.



The material was tested under realistic outdoor conditions, comparing the per-
formance when the PP-PE-PP film was directly applied onto the wet paint layer
versus when it was used as a separate windshield enclosing the sample test cham-
ber. Despite its high solar reflectance, no radiative cooling was observed relative
to ambient temperature during peak hours (solar irradiation >600 W m~2). How-
ever, below this threshold, a temperature drop of —3°C and a cooling power
exceeding 100 Wm~2 were observed. Notably, even when a visibly opaque con-
vection shield was used, the configuration in which the PP-PE-PP film sealed the
sample slot resulted in significant overheating of the air pocket surrounding the
sample during the day. This outcome suggests that experimental setups incorpo-
rating a windshield, commonly found in the literature, may introduce an artificial
overheating effect, leading to biased measurements of passive radiative cooling

Keywords: Passive Radiative Cooling, Solar reflectance, Infrared emissivity,
Temperature drop, Cooling power, Windshield

1 Introduction

Radiative cooling is a key technology that reduces the temperature of sky-facing
objects through radiative energy transfer between the objects and outer space at 3K
[1]. For this reason, passive radiative cooling (PRC) holds promise as an electricity-
free cooling strategy for dissipating heat of terrestrial objects through the atmospheric
transparency window from 8 pm to 13 pm [2-7], and has attracted much attention for
its potential of mitigating global warming [8] and the urban heat island effect [9].
Sub-ambient daytime cooling applications under direct sunlight illumination are par-
ticularly attractive and yet challenging to achieve [10, 11], requiring materials that
are engineered to exhibit high reflectivity (larger than 95%) over the whole solar
spectrum, combined with a high thermal emittance in the atmospheric transparency
window (¢ ~ 1) [12, 13]. The resulting daytime passive radiative cooling materials
can undergo a spontaneous cooling process even during the day [14, 15], thus pro-
viding a net electricity-free cooling power [16-18]. A large interest in PRC materials
moved has been directed towards paint-like coatings due to their application versatil-
ity and cost-effectiveness, using different mixtures of nano- and micro-particles such
as CaCOgs, BaSOy4, BN or SiO; [19-23]. However, the extremely high particle den-
sities typically associated with PRC paints require the use of toxic volatile organic
solvents for their correct dispersion [24]. Additionally, materials such as BaSO4 can
lead to paint coatings with very high weight per unit area compared to typical paint
formulations, which may limit their applicability and, consequently, their paint yield
per square meter. To overcome the limitation posed by the restrictions on the over-
all Volatile Organic Compounds (VOCs) content of paints, recent efforts are being
directed towards the development of water-based coatings [21, 25-27], which should
also be sufficiently lightweight and durable. In this work, we propose a PRC system
starting from a commercial water-based paint mixed with glass bubbles (GB) and cov-
ered with a nanoporous polypropylene-polyethylene-polypropylene (PP-PE-PP) film
(NPF), acting as a hydrophobic barrier against both solar light (especially in the UV)



and convection. Common nanoporous thin films have been explored as windshield pro-
tection in PRC experiments [28]; in this work, however, the NPF is directly applied
onto the modified paint layer before it dries.

Convection is one of the main limitations in achieving sub-ambient temperatures,
as reported by Zhen et al. [29]. In their work, a spectrally-selective emitter compris-
ing silicon nitride, amorphous silicon, and an aluminum substrate was developed and
enclosed with a vacuum-compatible ZnSe window. When shielded from direct sunlight,
this surface achieved all-day cooling and a maximum sub-ambient temperature drop
of 42°C under vacuum conditions suppressing non-radiative heat-gains. The benefits
associated to the use of vacuum chambers for passive radiative cooling demonstrations,
such as achieving daytime sub-freezing temperatures as function of the surrounding
pressure or suppressing parasitic heat fluxes and losses have been described by sev-
eral groups in the recent literature [30-33]. A more common and easily implemented
approach to mitigating convective exchanges, however, involves the use of thin films
to shield emitters from direct wind, typically made of polyolefins such as polyethylene
due to its transparency in the atmospheric window wavelength range [34, 35]. Differ-
ent tests and optimizations have been reported in the past years to find favourable
configurations and multi-functional convection shields. For instance, micro-structured
polyethylene film fabricated through a scalable hot embossing lithography, leading to
remarkable superhydrophobic properties [36]. Another attempt has been made using a
nanoporous PE film as a windshield to enhance the radiative cooling of a PRC mate-
rial, yet comparing the sample temperature to that of the enclosed micro-environment
surrounding the sample [37]. Over the years, additional efforts have been made to
explore the use of different polymeric windshields, both in direct contact with and
separate from the PRC material [38]. Direct sunlight shields based on porous PE
films were demonstrated, which exhibited a remarkable solar-weighted reflectivity up
to 98 % combined with a maximum transmittance of 92% in the sky transparency
window [39-41]. Additional studies have been devoted to the possible role of PP as a
slightly less IR-transparent but more durable alternative to PE [42]. Other previous
attempts have been reported to vary the distance of the windshield from the PRC
sample, showing appreciable differences between configurations [43]. In this work, we
propose using the combined PP-PE-PP thin film as a cover layer directly applied to
the PRC paint deposited above a compliant substrate. We explore two different metal-
lic substrates with different reflectivity in the VIS spectrum of 90 % (S90-substrate)
and 95 % (V95-substrate). Both approaches, which consist of sticking the PP-PE-PP
film directly onto the wet paint layer or using it as a separate windshield enclosing
the test chamber, have been evaluated in terms of temperature drop and net cooling
power, returning equivalent results at a sufficiently high thickness of the composite
coating layer.

2 Materials and Method

2.1 Sample preparation

The proposed PRC samples have been prepared by mixing a commercial water-based
paint (Exterieur by ThermoShield, currently under the ClimateCoating brand) with



low VOCs < 3gL~! containing titanium dioxide, zinc oxide, kaolin, calcium carbon-
ate, silicates and water [44] with the 3M GB IM30K (25 %) in weight and 25% of
water (Figure 1a). Then, the prepared paint was applied using a brush on two differ-
ent aluminium substrates (V95 and S90, Almeco S.p.A., Italy). The paint application
step was repeated up to four times to manufacture samples with increasing thickness.
Finally, the nanoporous film (NPF) was incorporated into the final paint layer before
drying. This film is a 16 pm-microporous trilayer membrane composed of polypropy-
lene, polyethylene, and polypropylene (C210, Celgard, USA). As illustrated in Figure
1lc, the thin film was applied over the wet paint using a roller, smoothing its surface
and flattening the typical texture left by the brush. Figure 1d provides a schematic
illustration of the incoming solar radiation and the final PRC sample, which includes
the nanoporous PP-PE-PP film. Once manufactured, the thickness of the PRC sam-
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Fig. 1 a) Schematic representation of the PRC paint preparation, b) it is applied using a brush on
the two metallic substrates, namely S90 and V95. ¢) A roller applies the NPF to the PRC paint.
d) sketch of the sample and its working principle for spontaneous radiative cooling (readapted from
Wikimedia).

ples was measured by a Tesa Digital Caliper 05.30080 with an accuracy of £0.02 mm
by substracting the known thickness of the metal substrate. Coating thicknesses of
0.14 mm, 0.32 mm, 0.47 mm, and 0.74 mm were obtained for 1-4 coats with NPF for the
V95 substrate, respectively. For the S90 substrate, thicknesses of 0.15mm, 0.21 mm,



0.66 mm, and 0.96 mm were obtained for 1-4 coats with NPF, respectively. The bare
substrates and the PRC samples were characterized optically with a Cary 5000 UV-
VIS-NIR (Agilent, USA), equipped with a double-grating spectrophotometer using
the internal diffuse reflectance accessory at 3°20" angle of incidence with an accuracy
better than 2 %.

2.2 Experimental apparatus

The outdoor tests aimed at evaluating the PRC material’s temperature drop and net
cooling power have been performed using the samples with three paint coats applied
on the V95 substrate. Two pairs of samples are compared, each with three paint
layers, plus the NPF film either directly applied onto the paint, or used as a separate
convection shield enclosing the sample slot aperture. Outdoor measurements were
carried out using the experimental setup described in [13], which includes:

e 3 professional PVC Stevenson shield (Radiation Shield - SKU 7714 by Davis, USA
[45]);

e multiple DHT22 sensor modules [46] for simultaneous ambient temperature and rel-
ative humidity measurements. The accuracy of these temperature probes is £0.5°C
for the temperature and 42 % for the relative humidity measurements; One DHT22
probe is placed inside the professional Stevenson Shield (which is identified as Tom),
while the other two available DHT22 are used as additional references.

e multiple Negative Temperature Coefficient (NTCs) model 103JT-025 of 10k{2
(Transfer Multisort Elektronik, IT [47]) to measure the samples temperature;

e a BHI1750 (Rohm semiconductor LTD, UK [48]) light sensor monitoring solar
irradiance;

e an IR temperature sensor (MLX90614ESF-BCF-000-TU, Melexis, Inc., USA [49])
to track the apparent sky temperature.

The temperature and solar irradiance data are regulated using as a reference the data
of a nearby weather station operated by the LaMMA consortium between the National
Research Council of Italy (CNR) and the Tuscany region [50]. Additionally, to eval-
uate the net cooling power, a Proportional-Integral-Derivative (PID) controller is fed
with ambient temperature readings, which are then used to drive a resistive heater
[13]. Figure 2a depicts the experimental test box used for the Tyrop and Peool mea-
surements. The sample holder is manufactured from an expanded polystyrene (EPS)
parallelepiped with dimensions 20cm x 14cm x 75cm (hxwxl1). These dimensions
allow to accommodate four 6cm x 6cm samples arranged equidistantly from each
other. The samples are then held in position with a EPS lid with a height of 0.5cm
and four apertures to host them. The EPS lid is coated with a highly diffuse reflective
tape (3M, USA), while the lateral walls of the EPS base are wrapped in aluminum
foil. Note that this setup allows for simultaneously measuring both Ty.op and Peool
using a pair of identical samples in parallel, which is important to compare and char-
acterize passive radiative cooling materials under the same environmental conditions
[51]. Figure 2a shows the two tested configurations arranged in the Tyrop and Peool
measurement areas. In the first configuration, dubbed as ”enclosed”, the NPF is used
to seal the slot where the paint sample is located, shielding it from external air. In the



second configuration, which we refer to as "open”, the NPF is directly applied onto
the paint layer. Hence, external air is free to circulate in the slot and around the sam-
ple. In this setup, temperature measurements are taken both directly in contact with
the sample substrate (S1 ”enclosed”, S2 ”open”) and underneath it (U.S1 ”enclosed”,
U.S2 "open”). In both cases the NTCs in position U.S1 and U.S2 are used to moni-
tor the temperature beneath the samples and to assess if the thin air surrounding the
sample exhibits any significant warming during daytime hours. Additionally, another
NTC was placed under the lid. This measurement serves as an additional reference
to ensure the EPS block holding the samples does not overheat, which could interfere
with the spontaneous cooling of the samples. In particular, this extra parameter offers
a way to determine the potential impact of the sample holder on the cooling perfor-
mance. On the other hand, for the simultaneous P, experiment, the NTCs and the
heaters are placed in direct contact with the samples as depicted by P.S1 and P.S2,
respectively. Figure 2b shows a top view of the setup identifying the described test
areas.
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Fig. 2 a) Sketch with the dimensions of the experimental sample holder, the samples, the NTCs,
and heaters arrangement. The sample width (ws) is 6 cm, the lid height (hy,) is 0.5 cm and the height
of the bulk EPS (hg) is 20 cm. The top panel illustrates the Tqyop and the bottom panel reports the
P.oo) test areas, as well as the enclosed and open configurations, respectively. b) Top view of the
actual setup identifying the test areas and conditions.

3 Results

3.1 Optical characterization

The results of the optical characterization are reported in Figure 3a for the V95
substrate in blue in the range 250 and 2500 nm. The solid red line shows the reflectance
of the Exterieur ThermoShield paint used as the base for the mixture. The light-orange



solid line correspond to the paint with the glass bubbles applied on the V95. The violet
solid line corresponds to the reflectivity of the NPF, which presents high reflectance in
the UV region (75 %) of the spectrum along with a moderate and high transmittance
in the VIS-NIR spectrum (10 % at 2000 nm). This fact supports the utility of applying
this film as the final layer of the proposed system. The same characterization has
been performed on the S90 substrate and reported in Figure Ala in the Appendix.
Figure 3b shows the reflectance of the composite paint + NPF system with multiple
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Fig. 3 a) Reflectances for: V95 substrate, pristine paint, paint with GB and NPF. b) The V95
substrate has been covered with an increasing number of paint coats with the NPF applied to their
top. In both previous panels the second y axis refers to the ASTM G173 solar irradiance. c) Bar
chart reporting the total solar and visible reflectance of (1) the paint + GB, and (1-4 + NPF) the
increasing number of paint + GB coats covered with the NPF applied on V90 and V95. d) The
emissivity measured by FTIR for a single layer of NPF (blue solid line) and the paint + GB + NPF
(orange solid line).

paint layers (up to four) applied on the V95 substrate. The same characterization for
the S90 substrate and the free-standing samples are reported in Figure A1lb and c in
Appendix. Noticeably, all samples show a larger reflectance compared to those without
the NPF topcoat. In particular, samples with up to 2 coating-layers surpass the 95 %
in the wavelength range (400 and 1200 nm). Above 3 layers of paint (corresponding
to thicknesses of about 50-60 pm) with the NPF top coat results in almost identical
reflectance. Figures A2a,b in the Appendix report the reflectance, transmittance and
absorbance (emissivity) of the NPF layer characterized across solar and IR, spectrum.



The bar charts of Figure 3c report the solar (SW)-and VIS-weighted hemispherical
reflectance of the samples for a different number of paint coats with GB and NPF
applied on both substrates. Solar-weighted hemispherical reflectance was calculated
by normalizing the absolute reflectivity of each sample by the solar spectrum ASTM
G173 [52, 53], as:

. o Z ph(/\aea h)E/\()‘)AA
p([SW,Vis], 0, h) = =2 NS , (1)

where pp (A, 0, h) is the average hemispherical reflectance spectrum measured for each
sample (identified by h), and E\(X\) the solar irradiance spectrum for the wave-
length intervals of AX = 1nm, and 6 = 90° is the incidence angle. In particular, the
solar-weighted hemispherical reflectance p(SW, 6, h) was determined for wavelengths
between 280 and 2650 nm; the VIS-weighted hemispherical reflectance p(Vis, 8, h) was
calculated for wavelengths from 380 nm to 750 nm. The results reported in Figure 3c
show that the reflectance of the coated samples becomes largely independent of the
choice of the substrate above three coating layers. Finally, Figure 3d shows the emis-
sivity measured for the paint + GB + NPF and the NPF layer. The data has been
collected using a Cary 630 FTIR (Fourier Transform Infrared Spectroscopy, Agilent,
USA) over the IR range (2.5 pum to 15 pm). In this graph, the blue solid line refers to
the NPF layer alone, while the orange solid line refers to the sample made by one coat
of Paint + GB and the NPF applied on top. The paint formulation shows a broad
and higher emissivity across the sky transparency window (STW) range, with visi-
ble features associated to the presence of glass bubbles [54] showing absorption peaks
at 8.5 pm, 9.76 pm, 12.4um [55], corresponding to resonances associated to the Si-O-
Si bond. On the other hand, the analysis shows O-H and C-H bonds from 3.0 pm to
4.0 pm, a peak at 5.7 um from the resin binder used in acrylic paint (methyl methacry-
late, CHo=C(CH3)COOCH3), while the NPF is identified by C-CH3 (6.8 pm), -CH
(7.2pm), and C-C (11.8um) bonds [56-58], further details about the FTIR analysis
are reported in Figure A3 in Appendix. Considered separately, the isolated NPF film
has an overall absorbance lower than 10 % in the same range. Due to its fine morpho-
logical and optical features, this film enhances reflectance at UV wavelenghts (Figure
3a,b). At the same time, its IR transparency facilitates radiative exchange towards
outer space through the STW (see Figure A2b). Therefore, these results confirm the
advantage of covering a high emissivity paint with an IR transparent layer to boost the
low UV reflectance of the bare ThermoShield paint (see Figure 3b) without impairing
its infrared emittance.

3.2 Outdoor tests

Figure 4 presents the measurements collected over three consecutive days using the
setup shown in Figure 2. Figure 4a shows the ambient temperature measured in the
Stevenson Shield (Tamp), alongside with the temperature of the sample shielded by
the NPF (S1, enclosed), of the sample with NPF as the top layer (S2, open), of the
air gap below S1 (U.S1) and S2 (U.S2), and of the gap between the EPS lid and the
EPS base block (T1,iq). Figure 4b displays the environmental data, including relative



humidity, solar irradiance, and sky temperature (Tyy ). Figure 4c illustrates the tem-
perature differences (AT) for S1 and S2, while Figure 4d shows the AT values for
U.S1, U.S2, and under the lid, all calculated relative to the external ambient temper-
ature. The right axis in these plots corresponds to solar irradiance. The plot shows
that sub-ambient temperatures for S1 and S2 are achieved when solar irradiance falls
below 600 W m~2, while the sensors below the samples reach this condition only below
430 Wm~2. Notably, during peak irradiance, the enclosed sample (S1) reaches a sig-
nificantly higher temperatures than the open sample (S2) where the NPF is directly
applied to the paint. Figure 4e tracks sample temperatures during P.,o] measurements,
while Figure 4f shows the net cooling power for both configurations. Despite the lower
nighttime temperatures in the enclosed setup, its corresponding cooling power is also
slightly lower due to the better heat retention within the enclosed air pocket. When the
sky temperature (Tyy,) drops below 5 °C, cooling power is found to exceed 100 W m~2.
A condensed overview of the data can be obtained from the violin plots of Figure 5.
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Fig. 4 a) Ambient temperature and sample temperatures for the enclosed (S1) and open (S2) con-
ditions, including temperatures under both samples and the lid that covers the EPS sample holder.
b) Relative ambient humidity, solar irradiance, and sky temperature as a proxy to the presence of
clouds. ¢) Temperature difference AT calculated as the difference between the S1 and S2 temperature
and ambient. d) Temperature difference AT calculated as the difference between the temperature
under S1, S2 and lid and ambient. e) Sample temperature for enclosed and open conditions monitored
during the P.,, measurement, using external ambient temperature as the set point; f) Net cooling
power measured for both configurations.

The AT of the enclosed and open configurations are represented and compared in



Figure ba, with reference to morning (5-11), midday (11-17), afternoon (17-23), and
night (23-5) hours. As one can note, in all the periods except midday, the two con-
figurations show similar behavior, with a larger spread of AT during the afternoon.
At midday, the two configurations show the most significant AT, yet with a different
spread. Within this time window, the enclosed sample experiences overheating peaks
up to 6°C above ambient temperature, more than 2°C larger than the open config-
uration. Similar conclusions can be drawn from the temperature difference AT U.S1
(enclosed) and U.S2 (open) measured below the samples and represented in Figure
5b. In particular, a temperature difference peak of more than 8 °C is reached at mid-
day for U.S1 (enclosed), which is more than 3 °C larger than that the maximum U.S2
(open) reading.
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Fig. 5 Split violin plot comparing the temperature difference AT for the following conditions: a)
enclosed (S1) versus open (S2) sample and b) under the S1 and S2 samples. The values reported
next to each distribution represent the median calculated for each time window over the three-day
observation period.

Finally, the median temperature for each configuration over the three days of
measurements is reported in the violin plots (Figure 5) showing the marked difference
observed during the day, and the opposite trend registered in the evening, where
the cooled air pocket helps maintaining a sub-ambient temperature in the enclosed
configuration.

4 Conclusion

In this work, we proposed a low-VOC (< 3%) paint containing glass bubbles and
a thin layer of nanoporous PP-PE-PP film directly applied on top. The proposed
coating, which is realized using commercially available components, can reach a solar
weighted reflectance of 94 % and an emittance of 95 % after three coats on an aluminum
substrate. Part of its cooling performance is endowed by the direct inclusion of an IR~
transparent topcoat, which makes the paint washable, shields it from contamination,
and contributes to reflecting a large part of the UV spectrum that would be otherwise
absorbed by the commercial base paint formulation. Two different configurations,

10



consisting of a bare paint coating placed in a slot enclosed by the NPF membrane,
and one with the NPF directly applied on top of the paint formulation, have been
tested outdoors. For daytime cooling applications, the results highlight the benefit of
integrating the nanoporous PP-PE-PP thin layer into the material, showing a median
temperature reduction in midday of 1°C compared to the case where the same NPF
cover is used as a conventional solar and wind shield. The proposed PRC material
demonstrates median temperature drops around —3 °C during the daytime when solar
irradiance is below 600 W m~2. At night, it achieves a maximum temperature drop of
about —7°C. The net cooling power reaches up to 120 W m~2 for the PRC sample in
the enclosed slot and up to 140 Wm™2 for the sample with the NPF layer applied on
its top. Other features, such as adhesion strength and environmental robustness, are
crucial for the commercial application of new PRC materials. Although these factors
were not addressed in this study, they will be the focus of future investigations. The
proposed experiments show how the contribution of the NPF foil can vary during the
different time of the day. During peak irradiation hours, a lower sample temperature
is obtained with the NPF applied directly onto the paint, with air circulating freely
around the sample, which stands in contrast with the prevalent use of windshields
in the literature. The reason why this contrast is not apparent in previous works, is
that most papers use a reference ”"ambient” temperature taken inside the enclosed
air pocket. This bias is reversed in the remaining part of the day (which is often not
reported in many recent papers, focusing only on the central hours of the day). Our
results show that the typical use of IR-transparent convection shields to seal the test
slots hosting the samples can lead to an undesired ”greenhouse” effect obliterating the
sought cooling. This effect is still relevant even when using partially reflecting porous
films, despite the additional sun shielding that they provide. This effect should be
kept into account by researchers, depending on the targeted application (daytime or
nighttime cooling). At the same time, care should be taken as to not use a reference
ambient temperature measurement inside such enclosed air pockets, as this would lead
to a significant over-estimation of the temperature drop achieved by the emitter.
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Fig. A1 Reflectance data for a) S90 substrate, ThermoShield paint, paint with the glass bubbles
applied on the S90; b) S90 substrate covered with an increasing number of paint coats with the NPF
applied to their top; ¢) the paint formulation with the NPF layer measures in a free-standing (FS)
condition. In both previous panels the second y axis refers to the ASTM G173 solar irradiance.
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Fig. A2 Reflectance, Transmittance and Absorbance (emissivity) about NPF layer in a) solar spec-
trum from 250 nm to 2500 nm and in the IR spectrum from 2.5 pm to 15 pm
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Fig. A3 Zoomed image of the FTIR analysis on the Paint + GB 4+ NPF highlighting the main
peaks in the IR spectrum.
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