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Radiative cooling (RC) offers a sustainable, energy-free solution to reduce reliance on traditional cooling systems
in buildings. However, continuous radiative cooling can cause overcooling at night or during winter. To address
this issue, phase change material (PCM) was integrated beneath RC. Paraffin, SiO2 and h-BN were separately
introduced into a homologous polydimethylsiloxane (PDMS) matrix to form a three-layer RCPCM film. The
properties of the RCPCM film were comprehensively characterized. And the results show that RCPCM film has
excellent optical performance, with a solar-weighted reflectance of 0.93 and an atmospheric window emissivity
of 0.94. Outdoor summer tests under a peak irradiance of 880 W/m? demonstrate that RCPCM achieves a
maximum temperature reduction of 21 °C compared to a blank cavity and 7 °C relative to a commercial coating,
with a radiative cooling power reaching 125 W/m?2. Winter tests further confirm its significant thermal buffering
and anti-overcooling performance at night. EnergyPlus simulations indicate that applying RCPCM to building
roofs substantially mitigates overcooling, with additional energy savings of up to 1.66 MJ/m? compared to
commercial coatings. This study demonstrates that combining a spectrally selective radiative surface with latent
heat thermal energy storage enables climate-adaptive, all-weather passive thermal management while delivering
quantifiable annual energy savings.

consumption, simple utilization guarantee it to extensively apply in
building energy conservation [11,12], human thermal management

1. Introduction

Rapid economic development has led to a sharp rise in energy con-
sumption and triggered a dual crisis of energy shortage and environ-
mental pollution. Global warming and frequent extreme hot weather
events caused by this not only threaten human health, but also increase
the cooling energy consumption of buildings [1,2]. In this context, the
development of green and sustainable refrigeration technologies has
evolved into one of the key routes to alleviate building energy con-
sumption and improve thermal comfort [3-6].

As a new type of energy-efficient refrigeration technology, Passive
daytime radiative cooling (PDRC) technology is a novel energy-free
refrigeration technology that can release heat directly into space by
reflecting solar radiation within the solar band (0.2-2.5 pm) and emit-
ting infrared energy within the atmospheric window band (8-13 pm)
[7-10]. TIts advantages of environmental-friendly, low energy
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[13,14], solar cell cooling [15,16], etc. Polymer-based PDRC materials
including polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP),
polymethyl methacrylate (PMMA), modified epoxy resins, thermoplastic
polyurethane (TPU), and polydimethylsiloxane (PDMS) have attracted
much attention due to their low cost, easy processing and excellent
spectral selectivity. Among them, PDMS featured with a especial
infrared absorption peak at 9.5 pm is growing into one of the promising
candidates for PRC application [17-20]. Whereas, the instinct high
transmittance of PDMS largely restricts its practical employments. Thus,
incorporating nanoparticles into PDMS as refractive media is an effec-
tive way to improve the reflectivity. Common refractive media including
zirconium oxide (ZrO,) [20,21], titanium oxide (TiOy) [22,23],
aluminum oxide (Al,03) [24], silicon oxide (SiO5) [25-27], and boron
nitride (BN) [28-30], etc. have been introduced to the PDMS substrate.
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Actually, BN is widely used in RC due to the high thermal conduc-
tivity and high refractive index. However, available studies have shown
that an excessively high content of BN can be detrimental. Its high
refractive index in the mid-infrared region limits the mid-infrared
emissivity of the coating [31,32]. To address this issue, BN can be
combined with other particles through a hierarchically structural design
to improve its IR emissivity while maintaining its high solar reflectance.
Satoshi et al. [31] prepared a two-layer radiation-cooled layer, which
compensated for the lack of emissivity of BN by adding an additional
layer of SiO,, and the coating had an average solar reflectivity of up to
99% and an average emissivity of 93%. Wang et al. [33] incorporated
BN into a PDMS matrix and fabricated a single-layer radiative-cooling
film in which BN is embedded and fluoride-modified BaSO, is randomly
semi-embedded, achieving an average reflectance of 94.73% and an
average emissivity of 95.96%.

However, the effect of RC on the object or building fails under high-
temperature environment, consistently increasing the temperature of
the object or building until a new thermal equilibrium. To address this
issue, a new strategy integrating RC material with phase change mate-
rials (PCMs) has been proposed to manage high-temperature thermal
shocks [34,35]. PCMs can absorb and release heat isothermally during
their melting and solidification processes. Owing to the advantages of
high energy density and low temperature fluctuations, they are widely
used in thermal management applications for buildings, human bodies,
and electronic devices [36-39]. Meng et al. [40] designed a bilayer
structure integrating porous fibers and PCMs to regulate the heat
transfer between the environment and the building. Qin et al. [41]
developed a design combining RC and PCM latent heat to achieve 39 °C
cooling under thermal shock. Wang et al. [42] fabricated a phase change
composite membrane (PCCF) with 24-h cold energy management, which
provided 180 W/m? cooling power and 11.95 °C cooling effect through
cosmic cold harvesting. Tao et al. [43] constructed a PCM@NF@SRCF
by dodecanol impregnated nickel foam. PCM@NF@SRCE bilayer
membrane improved the cooling effect by 1-2 °C in sunlight and the
thermal buffering effect by 2-3 °C in cold conditions. Based on the above
review, RCPCM aims to deliver—in a single building envelope—high
solar reflectance, high emissivity in the atmospheric window, and low-
thermal-resistance coupling between layers. It also seeks to match
phase-change behavior to diurnal and seasonal loads. In practice, these
targets are difficult to achieve simultaneously. Optical-thermal trade-
offs, weak interlayer adhesion and thermal contact, and phase-change
hysteresis constrain performance. Additional challenges include
limited net cooling power, immature manufacturability and scale-up,
and insufficient evidence on regional applicability.

Based on this, we integrated PCM beneath the radiative cooling layer
using an in-situ growth and integrated fabrication process, developing a
three-layer RCPCM film by incorporating PW with a phase change
temperature of 28-32 °C [44,45], SiOy, and h-BN into a homologous
PDMS matrix. Specifically, the incorporation of h-BN provides high
reflectance to reduce solar heat gain, while SiO; is introduced to opti-
mize the material's emissivity and enhance its thermal insulation prop-
erties, enabling h-BN and SiO, to synergistically regulate radiative
cooling performance. The PDMS/PW phase-change layer serves as a
phase-change buffer unit, absorbing and storing excess thermal energy
from the radiative cooling layer during the day and releasing the stored
energy at night, thereby mitigating environmental temperature fluctu-
ations and thermal shock. Compared to post-bonding or simple stacking
processes, in-situ growth significantly improves interlayer adhesion,
effectively avoiding delamination risks and thus enhancing structural
integrity and reliability. In addition, the continuous PDMS matrix across
the three-layer structure helps reduce interfacial thermal resistance. It
promotes efficient heat transfer between the radiative cooling layer and
the PCM layer. As a result, it strengthens daytime energy absorption and
storage. It also enhances nighttime heat release and thermal buffering.
This effect improves the overall thermal management performance of
the RCPCM.
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2. Material preparation and characterization
2.1. Experimental materials and instruments

The basic information of experimental materials used in this study
are listed in Table 1, and the experimental instruments are provided in
Table 2.

2.2. Material preparation

The RCPCM was designed as a three-layer structure consisting of a
top PDMS/h-BN layer, a middle PDMS/SiO, layer, and a bottom PDMS/
PW phase-change layer. The specific preparation procedure is shown in
Fig. 1.

Step 1: The PDMS elastomer precursor A and Sylgard 184 silicone
curing agent B were mixed with ethyl acetate solution at a mass ratio of
10:1:5. A specific amount of h-BN was then added to the mixture, which
was stirred with a magnetic stirrer for 30 min to ensure uniform
dispersion. The resulting solution was poured into a mold and left it at
room temperature for 20 min to eliminate bubbles and self-level under
gravity. It was then placed in an electric blast drying oven at 50 °C for 2
h to cure, forming a semi-cured PDMS/h-BN film.

Step 2: Similar to the procedure in Step 1. The h-BN in the process
was replaced with ball-milled SiOy, and the resulting mixture was
poured onto the semi-cured PDMS/h-BN film, then placed in a 50 °C
constant-temperature oven to cure for 2 h, thereby obtaining a semi-
cured PDMS/h-BN-PDMS/SiO5, film.

Step 3: A specific amount of PW was weighed into a beaker and
heated until completely melted. After melting, PDMS (with a base-to-
curing agent ratio of 10:1) was added to the molten PW. The beaker
was placed in a 50 °C water bath and stirred at 400 rpm for 30 min to
ensure thorough mixing. The mixture was then poured onto the semi-
cured PDMS/h-BN-PDMS/SiO5 bilayer film. It was subsequently cured
at 50 °C for 5 h in a forced-air drying oven. Finally, the sample was
demolded and flipped to obtain the complete RCPCM composite.

To investigate the effects of SiOy content, the thickness ratio of the
radiative cooling layer, and the thickness of the phase-change layer on
cooling performance, we prepared a series of films with varying pa-
rameters. Specifically, films with different SiO, contents (5 wt%, 10 wt
%, 15 wt%, and 20 wt%) were fabricated. Furthermore, the thickness
ratio of the radiative cooling layer was adjusted to 0:2, 0.5:1.5, 1:1,
1.5:0.5, and 2:0, while maintaining a constant total thickness of 2 mm.
Additionally, films with PCM thicknesses of 2 mm, 4 mm, 6 mm, and 8
mm were also prepared. We named these samples as RCPCM-X-Y, where
X and Y represent the thickness of the PDMS/SiO layer and the SiO,
content in that layer. The parameters of the prepared samples are shown

Table 1
Detailed list of experimental materials.

Material (Abbreviation) Specification Manufacturer

Hexagonal boron nitride ~ Particle size: 500 nm; Purity: Muheng Metal

(h-BN) > 99.9% Materials Co., Ltd
Nano-sized silicon Particle size: 30 nm; Purity: > Muheng Metal
dioxide (SiO3) 99.9% Materials Co., Ltd

Chengdu Kelong
Chemical Co., Ltd
Guangzhou Zhongjia
New Material
Technology Co., Ltd
Changan Xinke New
Materials Business
Department

Ethyl acetate (EA) Purity: >99.5%

Paraffin wax (PW) Phase-change temperature:
32 °C; Purity: > 99%

Polydimethylsiloxane

(PDMS) Transparent viscous liquid

White viscous liquid; Average
reflectance: 0.84; Average
emissivity: 0.91; Thickness: 2
mm

Guangzhou Fumei'ao

Commercial coatings g
3 Coatings Co., Ltd.
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Table 2
Detailed list of experimental instruments.
Instrument Model Manufacturer
Electric blast drying oven 101-08 Shanghai Lichen Bangxi Instrument
Technology Co., Ltd
Constant temperature DF- Shanghai Lichen Bangxi Instrument
water bath 101S Technology Co., Ltd
Vertical semi-circular ball XQM- Changsha Tencan Powder Technology Co.,
mill 0.4 Ltd.
in Table 3.

2.3. Material characterization

Topography characterization: The microscopic surface and cross-
section microstructure of RCPCM were observed by scanning electron
microscopy (SEM, Sigma 500, ZEISS, Germany).

Thermal storage performance test:The PDMS/PW was tested by dif-
ferential scanning calorimetry (DSC, TAQ20, USA), and the temperature
range was 0-60 °C under N5 atmosphere, with a rise and cooling rate of
5 °C/min.

Hydrophobic performance test:The static water contact angle (WCA)
was determined at room temperature by adding 25 pL of deionized
water dropwise to the surface of the film using an optical contact angle
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measuring instrument (SINDIN, SDC100, China). Each sample is
measured at 5 different locations, with the maximum value as the final
measurement result.

Thermal conductivity test:Each layer of the material was tested by
using a thermal conductivity meter (TC3100, China), and the samples
were prepared into 5.5 mm x 5.5 mm x 1 mm (length x width x height)
sheets, placed on the sensor, the test voltage was 2 V, and each sample
was tested 5 times at room temperature, and the results were averaged.

Reflectance spectroscopy: In diffuse reflection mode, UV-VIS-NIR
reflectance spectra in the wavelength range of 250-2500 nm were
recorded using a UV-VIS-NIR spectrophotometer (U-4100, Hitachi,
Japan) equipped with an integrating sphere attachment.

Absorption spectroscopy: Absorption spectra in the MIR range
(2.5-25 pm) were recorded using a Fourier transform infrared (FTIR)
spectrometer (Thermo-Fisher Scientific Instrument Nicolet IS50FTIR)
coupled to a MIR integrating sphere in diffuse reflection mode.

2.4. Radiant cooling power calculation
Average solar reflectance Ry, and average emissivity e,y are

defined within the long-wave infrared atmospheric transparency win-
dow (8-13 pm) as follows [46]:

PDMS Curing agent
PDMS/h-BN L 2
Stiring Stirinﬁ Stirinﬁ
—~——
Constant
h-BN-EA g 50°C temperature oven
PDMS Curing agent
PDMS/SiO, > 4 2h
Stiring Stiring Stiring ‘L
~—
T e—
Constant
Si0,-EA Curing agent 50°C | temperature oven
2h
PDMS/PW L
é N
O
ek 400rad/min 400rad/min I 50°C, Sh
. e—
Heating Heating Mold Demolding \_____—-——“"‘
1 PDMS PW Si0, h-BN
Fig. 1. Flow chart of RCPCM material preparation.
Table 3
Composition and specifications of obtained RCPCMs.
RCPCM PDMS/h-BN PDMS/SiO, PDMS/PW
Content Thickness(mm) Content Thickness(mm) Content Thickness(mm)

RCPCM-2-10 30% 0 10% 2 30% 4
RCPCM-1.5-10 30% 0.5 10% 15 30% 4
RCPCM-1-10 30% 1 10% 1 30% 4
RCPCM-0.5-10 30% 15 10% 0.5 30% 4
RCPCM-0-10 30% 2 10% 0 30% 4
RCPCM-0.5-5 30% 15 5% 0.5 30% 4
RCPCM-0.5-15 30% 15 15% 0.5 30% 4
RCPCM-0.5-20 30% 15 20% 0.5 30% 4
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where A is the wavelength of incident light in the range of 0.3-2.5 pm,
Loir is the solar intensity spectrum, and Ry is the angular spectral
reflectance of the surface.
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where Igg(4) is the spectral intensity of the blackbody emission, and
erwir (4, 0) is the angular spectral thermal emissivity of the surface in the
range of 8-13 pm.

Theoretically, the cooling power of a horizontal surface directly
facing the daytime sky P.,, equals the difference between the power e
radiated outward by the surface at temperature T; and the sum of the
powers absorbed by the surface, as shown in Fig. 2. The absorbed powers
include the incident downward atmospheric thermal radiation Py, the
incident solar power Pg,,, and the power lost due to convection and
conduction P,y,q,cony- The calculation formula is as follows [30,46]:

Pcool = Prad - (Pmm + Psun +Pcond+conv) (3)

The difference between P,y and Py, is the net power emitted by the
surface in the form of infrared radiation, which scales as the difference
between the fourth power of absolute surface temperature minus the
fourth power of absolute effective sky temperature Tg, [30,47].

Prad — Pam = 85(1;* - T;‘ky) 4

where ¢ and ¢ are the overall infrared emissivity of the surface and the
Stefan—Boltzmann constant (5.67 x 108 W-m’Z-K"‘), respectively. The
incident downwelling atmospheric thermal radiation power Ppr can be
directly measured using a pyrgeometer. Therefore, Eq. (4) can be
rewritten as [30,47]:

Prag — Pagm = €6T? — €Ppig 5)

For an opaque surface with a solar reflectance of R, the absorbed
solar energy is [30,47]:

Pyn=(1—-R)I 6)

where I is the incident solar irradiance, which can be measured using a
pyranometer.

The power lost due to conduction and convection, which is the sum
of the conductive heat transfer due to the contact of the surface with the
other external surfaces and the convective heat transfer owing to the
contact of the surface with the adjacent air, is [30,47]:

Outer space~3K
Sun~5800K
Psun P rad
cond+conv o
Outdoor \
RC Thermal conduction
PCM

Phase changé heat absorption

Wall

Heat release
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Pconv+cond = hconv+cand(Tamb - Ts) (7)

Therefore eq. (3) can be rewritten as follows [30,47]:

Pcool = EGT: - 6PDLR - (1 7R)If hconv+cond(Tamb - Tx) (8)
2.5. Performance tests

2.5.1. Performance testing of RCPCM under simulated solar irradiation

A xenon lamp (CEL—S500, CEAULIGHT, China) was employed to
simulate solar radiation for the indoor simulated cooling test under
natural heat dissipation conditions. The polystyrene (PS) foam is the
thermal insulator. A square opening (6cm x 6cm x 1cm) is created on
the top side of the foam, where the RCPCM is placed inside. A K-type
thermocouple connected to a data logger thermometer (34,970 A, Agi-
lent, America) was placed under the RCPCM to measure the temperature
at the bottom of the RCPCM.

2.5.2. Field RC performance of RCPCM

The RC performance of the samples was tested under outdoor prac-
tical conditions on a building roof in Chengdu. The weather stations
(Vantage Pro2, Davis, America) were used to record wind speed, hu-
midity, and solar irradiation. The RCPCM was positioned in the 10 cm x
10 cm x 1 cm cavity in the top of the PS foam (20 cm x 20 cm x 18 cm).
The foam was covered with polyethylene film and highly reflective
aluminum foil to minimize heat loss. Record the temperature at the
bottom of the RCPCM.

2.5.3. Energy consumption simulation

To objectively evaluate the impact of applying PCPM to building
envelopes on energy consumption, six representative Chinese cities were
selected; their climatic characteristics and geographic distribution are
shown in Fig. 3 and Table 4. Meteorological data for each city were
obtained from the EnergyPlus weather database. RCPCM or a commer-
cial coating was applied to the exterior surface of the roof, and energy-
use simulations for each material configuration were conducted in
EnergyPlus using the Conduction Finite Difference (CondFD) algorithm
[48,49]. The building was modeled as an office building; the cooling
season was set to June 1-August 31, and the heating seasons to January
1-March 15 and November 15-December 31. The air-conditioning
system operated from 07:00 to 22:00 on weekdays with set-point tem-
peratures of 24 °C (cooling) and 18 °C (heating).

In the energy simulation of building envelopes using radiative-
cooling-coupled phase-change materials, this study adopted a
modeling approach based on the unified control equations in EnergyPlus
for the zone, envelope, and HVAC system. The simulation assumptions
are as follows:

Schematic diagram of the

Sunlight reflection Nidted tadiation

(8-13um)

Permeance \ \ PDMS/h-BN
GO PDMS/Si0;
PDMS/PW

<

* cti
VReflection vy red padintion

0 80,0

h-BN
Sio,

Fig. 2. Energy balance diagram of radiative cooling.
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Table 4
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Fig. 3. Map of thermal design zones in China.

Regional Characteristics of typical cities in various thermal design zones.

City

Cold zoning

Regional characteristics

Chengdu

Lhasa

Fuzhou

Nanjing

Lanzhou

Harbin

Hot in summer and
cold in winter

Severe cold areas

Hot in summer and
warm in winter

Hot in summer and

cold in winter

Cold areas

Severe cold areas

Subtropical humid monsoon climate with high
rainfall and limited sunshine, featuring high
summer cooling loads and noticeable winter
heating demand.

Plateau temperate semi-arid climate with high
elevation, low pressure, large diurnal
temperature range, and strong solar radiation.
Low annual temperatures lead to high heating
demand and minimal summer cooling load.
Subtropical oceanic monsoon climate with
warm, humid conditions year-round. Summers
are hot and wet with high cooling loads, while
winters are mild with minimal heating demand.
Subtropical monsoon climate with hot, humid
summers and cold winters. Abundant rainfall
results in significant cooling and heating loads,
making it a typical city with dual seasonal
demand.

Temperate continental climate with low
rainfall, dry air, and strong solar radiation.
Long, cold winters drive high heating demand,
while short, hot summers result in low cooling
loads.

Temperate continental monsoon climate with
long, extremely cold winters and high heating
demand, while short, cool summers result in
minimal cooling loads.

(3) For the PCM layer, an effective heat-capacity model in ent-
halpy-temperature form is introduced. The model dynamically
updates the equivalent specific heat and thermal conductivity
using the enthalpy-temperature curve. This approach explicitly
captures latent heat absorption and release, as well as the
nonlinear evolution of the temperature field.

(4) Temperature and humidity set points, as well as on/off control,
follow schedule-based control. The control is assumed ideal, and
occupants are assumed not to change set points frequently.

(5) Non-ideal factors such as equipment aging and failure, con-
struction defects, and microclimate effects are not considered.

(6) The HVAC system is simulated using Ideal Loads. The system type
and the associated performance curves and efficiency parameters
are assumed applicable under the target operating conditions.

2.6. Uncertainty analysis

Considering the inevitable errors caused by experimental conditions
and environmental factors, the uncertainties of the main variables and
parameters in the experiments were analyzed. The uncertainty values of
the main variables are summarized in Table 5.
3. Results and discussion

3.1. Structure and morphology of RCPCM

3.1.1. Thermophysical properties of RCPCM
To characterize the thermal performance of PDMS/PW, we measured

(1) The air in each thermal zone is fully mixed and uniform. For
conditioned zones, the air temperature is determined by a
lumped-parameter energy balance eq.

(2) Heat transfer through the envelope is modeled as one-
dimensional conduction. Material thermophysical properties are
treated as constant input values. The effects of thermal bridges
and moisture transfer are assumed negligible or already repre-
sented in an equivalent manner.

Table 5

Uncertainty of the main experimental variables.
Variables Uncertainty(%)
Temperature 1
Solar irradiance 2.89
Wind speed 2.89
Humidity 1.15
Xenon lamp 0.28
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its enthalpy. The results are shown in Fig. 4 and Table 6. Compared to
pure paraffin, the phase-change temperature of the PDMS/PW com-
posite increases slightly, from 28.1 °C to 28.9 °C. This is mainly attrib-
uted to the heterogeneous nucleation effect of PDMS, which improves
the crystallization quality of paraffin, while the interfacial interaction
enhances the thermodynamic stability of the crystal. The melting latent
heat of the PDMS/PW composite is 44.1 J/g, while that of pure paraffin
is 164.1 J/g. The ratio between the latent heat of the composite and that
of pure paraffin is basically consistent with the mass fraction of paraffin
in the composite. This suggests that PDMS mainly serves as an encap-
sulation matrix and provides shape stability. PDMS/PW doesn't show
obvious phase-change degradation or phase separation.

To evaluate the stability of RCPCM, we carried out a leakage test and
a thermal cycling test on the PCM. The results are shown in Fig. 5. Fig. 5
(a, b) present the leakage test of PDMS/PW and the corresponding mass
fraction curves. The results show that PW was almost fully melted after
10 min. In contrast, PDMS/PW showed no obvious leakage during 20
min of heating. It lost only 6% of its mass. Most latent heat was retained.
These results indicate that PDMS can effectively encapsulate PW. They
also confirm good thermal stability and shape stability during heating.
The DSC curves of PDMS/PW before and after 100 thermal cycles are
shown in Fig. 5(c) and Table 7. The curves show similar melting and
crystallization features. This suggests that the composite keeps a clear
phase-change behavior after repeated heating and cooling. The phase-
change temperatures changed only slightly. However, the latent heat
decreased to some extent. The melting enthalpy decreased from 44.1 J/g
to 39.9 J/g. The freezing enthalpy decreased from 44.4 J/g to 40.52 J/g.
After 100 cycles, the enthalpy retention was about 90%. This indicates
that PDMS/PW still provides effective latent heat thermal energy stor-
age. Overall, these results demonstrate good cycling thermal stability of
PDMS/PW.

3.1.2. Optical Properties of RCPCM

Fig. 6(a) shows the solar reflectance and atmospheric window
emissivity curves of RCPCM with varying radiative-cooling layer
thickness ratios. As can be seen from the Fig.6, the reflectivity of RCPCM
increases first and then decreases with the increase of wavelength. The
reflectance curves of RCPCM-0.5-10 and RCPCM-0-10 nearly coincide,
but in the 200-600 nm band, the reflectivity of RCPCM-0.5-10 is slightly
higher than that of RCPCM-0-10. At a wavelength of 800 nm, RCPCM-
0.5-10 has the highest reflectivity of 0.97. The ultra-high UV reflectiv-
ity of RCPCM can solve the high temperature caused by UV light. On the

32#PW
— 32#PW/PDMS

L]

Heat Flow (W/g)

2 1 1 " 1 1 " 1 " 1 1
0 10 20 30 40 50 60

Temperature (°C)

Fig. 4. DSC curve of PW and PDMS/PW.
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Table 6
DSC results of phase change materials.

Sample Melting process Solidification process
Melting phase Enthalpy of  Solidification Enthalpy of
change melting (J/  phase change solidification
temperature g) temperature(°C) J/g)
[§9)

PW 28.1 164.1 30.3 162.1

PDMS/

PW 28.9 44.1 30.3 44.4

contrary, at the wavelength of 2500 nm, the reflectivity of RCPCM is
only about 0.3, and the reflectivity of RCPCM in the infrared band needs
to be further improved. The overall average solar reflectance of RCPCM-
0.5-10 is 0.93. In addition, the emissivity of RCPCM in the atmospheric
window band changes relatively gently, and the difference between
RCPCM samples in the atmospheric window band is also very small, and
the curves almost coincide. The average emissivity of RCPCM-0.5-10 in
the atmospheric window band is 0.94. Fig. 6(b) presents the solar
reflectance and atmospheric window emissivity of RCPCM samples with
varying SiO, contents. RCPCM-0.5-10 demonstrates the highest reflec-
tance in the wavelength range of 200-1500 nm. The highest solar-
weighted reflectance achieved in other samples is 0.92, which is
slightly lower than that of RCPCM-0.5-10. The average atmospheric
window emissivity of the other samples is 0.93, also marginally below
the value of 0.94 recorded for RCPCM-0.5-10.

3.1.3. Structure and hydrophobic properties of RCPCM

As shown in Fig. 7(a), the RCPCM is a three-layer structure divided
into two parts- the radiative-cooling layer and the phase-change layer.
The radiative-cooling layer is composed of a PDMS/h-BN layer and a
PDMS/SiO- layer with a total thickness of 2 mm. The h-BN-filled PDMS
layer provides high solar reflectance, while the subsequent PDMS/SiO2
layer plays a dual role in thermal insulation and emissivity regulation.
Therefore, h-BN and SiO, synergistically enhance the radiative-cooling
performance of RCPCM. The phase-change layer is PDMS/PW, which
absorbs and stores the excess heat generated in the radiative-cooling
layer during the daytime and releases the stored energy at night. As
shown in Fig. 7(b), the cross-sectional SEM image further confirms the
continuous multilayer architecture of RCPCM. The interfaces between
the PDMS/h-BN, PDMS/SiO5 and PDMS/PW layers are tightly bonded
due to the in-situ growth process, and all three functional layers share
PDMS as the matrix. This structural feature strengthens interlayer
adhesion, reduces the interfacial thermal resistance, and improves the
heat transfer efficiency during operation. Fig. 7(h) shows the SEM
morphology of the PDMS/h-BN surface in RCPCM-0.5-10, indicating a
relatively flat surface without obvious macroscopic defects. Fig.7(i)
presents the water contact angle results of the PDMS/h-BN surface. All
measured contact angles are higher than 90°, with an average value of
103.45°, demonstrating that RCPCM-0.5-10 possesses hydrophobic
surface properties, which is beneficial for resisting moisture-related
interference in practical outdoor use.

3.2. Performance of RCPCM under simulated solar irradiation

A xenon lamp was used as a solar simulator. The performance of
RCPCM samples with different radiative-cooling layer thicknesses was
tested under a constant irradiance. The experimental setup is shown in
Fig. 8.

As shown in Fig. 9(b-e), the performance tests of RCPCM with
varying radiative-cooling layer thickness ratios were carried out under
irradiances of 800 W/m? and 1000 W/m?. It can be seen that the tem-
perature variation trend of each sample is basically consistent under
constant irradiance, but the temperature level is obviously affected by
the thickness distribution of the RC layer when the total thickness of the
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Fig. 5. Stability test results of PDMS/PW (a) Leakage tests of PDMS/PW and PW; (b) mass fraction curves of PDMS/PW and PW during the leakage tests; (c) DSC

curves of PDMS/PW before and after 100 thermal cycles.

Table 7
DSC data of PDMS/PW before and after 100 thermal cycles.

Sample Melting process Solidification process
Melting phase change temperature(°C) Enthalpy of melting (J/g) Solidification phase change temperature(°C) Enthalpy of solidification(J/g)
0 cycle 28.9 44.1 30.3 44.4
100 cycles 29 39.9 29.2 40.5

RC layer is fixed at 2 mm. Under both irradiances, the best RC perfor-
mance is obtained by RCPCM-0.5-10, with maximum temperatures of
30 °C and 32 °C at 800 W/m? and 1000 W/m?, respectively. This in-
dicates that an appropriate thickness distribution of PDMS/h-BN and
PDMS/SiO2 can more effectively reduce solar heat gain and enhance
radiative heat dissipation, thus lowering the quasi-steady temperature
and improving the cooling advantage. In addition, after 3 h irradiation
at 800 W/m?, the temperatures of all RCPCM samples are around or
below 32 °C, and even when the irradiance increases to 1000 W/m?,
RCPCM-0.5-10 and RCPCM-0-10 still remain below 32 °C, indicating
that the optimized structure can adapt to high irradiance conditions in
midsummer. In summary, when the total thickness of the RC layer is 2
mm, the configuration of PDMS/h-BN = 1.5 mm and PDMS/SiO, = 0.5
mm (RCPCM-0.5-10) exhibits the best radiative-cooling performance
under both 800 and 1000 W/m?

At an irradiance of 800 W/m?, the effect of SiO» content on RCPCM
performance was evaluated (Fig. 9 f, g). RCPCM-0.5-5-20 correspond to

5%, 10%, 15%, and 20% SiO,, respectively. As shown in Fig. 9 (f), the
temperature of each sample increases with time and reaches a quasi-
steady state at about 120-150 min. The commercial coating heats up
fastest and attains the highest steady-state temperature, higher than all
RCPCMs. Among all samples, RCPCM-0.5-10 exhibits the slowest heat-
ing rate and the lowest steady-state temperature. This ranking remains
essentially unchanged over the whole test. Fig. 9 (g) presents the tem-
perature difference relative to the commercial coating (AT = Trcpem —
Tcommercial)- AT is negative for most of the test, indicating that the
RCPCM surface temperatures remain lower than that of the commercial
coating. RCPCM-0.5-10 shows the largest magnitude of negative AT and
thus the strongest cooling advantage. RCPCM-0.5-5 and RCPCM-0.5-20
follow, and RCPCM-0.5-15 is the weakest. Overall, the SiO5 content in
the radiative-cooling layer affects performance, but higher content does
not necessarily yield better cooling. Under the solar simulator, RCPCM-
0.5-10 performs best. It can be seen that changing the SiO5 loading will
affect the optical-thermal balance of the radiative-cooling layer, and
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Fig. 6. RCPCM Solar Reflectance and Atmospheric Window Emissivity Curves. (a) Solar reflectance and atmospheric window emissivity spectra of RCPCM with
varying radiative-cooling layer thickness ratios. (b) Solar reflectance and atmospheric window emissivity spectra of RCPCM with varying SiO, contents.

thus influence the quasi-steady surface temperature and AT. When the the PCM thickness decreases. The sample with a 2 mm PCM layer rea-
SiO4 content is appropriate, it can regulate the mid-IR emissivity of the ches equilibrium in about 30 min, indicating that the PCM has largely
RC layer and at the same time keep the conductive heat losses at a completed its phase transition and the latent heat buffering effect is
relatively low level, which is beneficial to enhance the net radiative heat quickly exhausted; thereafter, temperature evolution is primarily gov-
loss and reduce the steady-state temperature. However, increasing the erned by external heat exchange. In contrast, samples with PCM thick-
SiOy content does not always lead to better cooling performance. nesses of 4 mm, 6 mm, and 8 mm are still in the heating stage after 2 h,
Excessive SiO, may damage the microstructure and interfacial integrity indicating ongoing heat absorption by the PCM. Fig. 9(i) further presents

of the bilayer RC layer, leading to poor adhesion between the PDMS/ the temperature difference between RCPCM and the commercial coating
SiO4 layer and the PDMS/h-BN layer and even inducing surface cracks or (AT = TrecpeM — Tcommercial)- During illumination, a thicker PCM

voids, which will increase parasitic non-radiative heat gains and weaken generally corresponds to a lower AT, implying stronger cooling perfor-
the effective radiative-cooling surface, thereby reducing the net cooling mance. After the xenon lamp is turned off, the heat stored in the PCM is
power. gradually released, slowing the cooling rate and extending the thermal

To investigate the effect of PCM layer thickness on temperature buffering time. Additionally, the temperature curves of the 6 mm and 8
control performance, RCPCM-0.5-10 samples were tested under a con- mm samples almost overlap after illumination ceases, suggesting that
stant irradiance of 800 W/mz, with results shown in Figs. 9(h) and 9(i). further increasing PCM thickness offers limited improvement. This is
As the PCM thickness increases, the latent heat thermal energy storage because, after the light source is turned off, the PCM not only releases
capacity of the phase change layer improves, allowing it to absorb more heat to the underside but also dissipates more heat to the environment
heat during illumination. Consequently, the temperature rise rate of the through convection and thermal radiation. Overall, PCM thickness af-
samples under xenon lamp irradiation slows down, and the quasi-steady fects both temperature control during illumination and heat release
temperature during illumination is lower for thicker PCM layers. After 2 behavior after the light source is turned off. Therefore, a thicker PCM
h of irradiation, the sample with an 8 mm PCM layer reaches the lowest layer is not always better; an appropriate thickness should be selected
temperature of only 32 °C, while the temperature gradually increases as based on practical application requirements to achieve optimal overall
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Fig. 8. Solar simulator and test apparatus.

performance.

3.3. Field RC performance of RCPCM

The all-day outdoor test was conducted in Chengdu, Sichuan, China
(30.70°N, 104.06°E). The setup and results are shown in Fig. 10. As
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Fig. 10. Summer outdoor test results: (a) outdoor radiative-cooling performance test setup; (b) solar irradiance, wind speed, and humidity on the test day
(2025.3.26); (c) temperature profiles of RCPCMs with different thickness ratios of the radiative-cooling layer; (d) temperature difference (AT) of RCPCMs with
different radiative-cooling layer thickness ratios and the commercial coating relative to the blank cavity; (e) hourly radiative-cooling power of RCPCM-0.5-10; (f)

solar irradiance, wind speed, and humidity on the test day (2025.7.26); (g) temperature profiles of RCPCMs with different SiO, contents; (h) temperature difference
(AT) of RCPCMs with different SiO, contents and the commercial coating relative to the blank cavity.
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shown in Fig. 10(c), the RCPCM provides cooling only from 08:00 to
17:30. After 17:30, solar irradiance decreases. The composite tempera-
ture drops rapidly. The PCM in the RCPCM begins to release energy
stored during the day. Its temperature then becomes higher than that of
the commercial coating and the blank cavity (Tgjank). From 08:00 to
17:30, the RC layer and PCM act synergistically, giving a larger tem-
perature reduction for the RCPCM. After 17:30, PCM heat release raises
the RCPCM temperature above the coating. After the PCM completes
heat release, it still offers some thermal insulation and slows heat loss.
The temperature thus remains higher than the coating and the cavity,
which helps mitigate night-time overcooling. Fig. 10(d) gives AT =T -
Tgiank for RCPCMs with different thickness ratios of the radiative-cooling
layer. RCPCM-0.5-10 performs best, consistent with the solar-simulator
results. Under a daytime peak irradiance of 880 W/m?, RCPCM-0.5-10
reaches a maximum temperature drop of 21 °C and an average drop of
13.14 °C during 08:0017:30. The commercial coating shows only 14 °C
maximum and 8.33 °C average over the same period. From 18:00 to
24:00, the temperature of RCPCM-0.5-10 is on average 0.82 °C above
Thlank- Fig. 10(g, h) present outdoor curves and AT for RCPCMs with
different SiO2 contents. RCPCM-0.5-10 shows the strongest cooling.
Temperature fluctuations are evident due to unstable irradiance. During
irradiance interruptions, AT becomes positive. RC weakens, the PCM
stops charging and releases heat, and the temperature rises. After irra-
diance recovers, the RCPCM resumes cooling. The night-time heating
effect weakens progressively because more PCM completes the liquid-
—solid transition and the ambient temperature falls. Fig. 10(e) reports
the hourly radiative-cooling power of RCPCM-0.5-10 (March 26). Night-
time power exceeds daytime power. In daytime, the film must handle
both solar load and its own thermal radiation to space, which reduces
net cooling. The all-weather power of RCPCM-0.5-10 exceeds 85 W/m?2.
The maximum daytime power is 105 W/m? The maximum night-time
power is 125 W/m?2.

Applied Thermal Engineering 298 (2026) 130933

performance of RCPCM was tested in Chengdu on February 5, 2026.
Under the winter condition, the temperature evolutions of RCPCM-0.5-
10, the commercial coating and the blank reference are compared in
Fig. 11(b). The temperature of the cavity rises the fastest, reaching a
stable equilibrium of 30-33 °C. In contrast, both the commercial coating
and RCPCM-0.5-10 effectively suppress the temperature rise.
Throughout the daytime, RCPCM-0.5-10 maintains a temperature
2-4 °C lower than the commercial coating and remains significantly
cooler than the cavity, indicating that its radiative cooling capability
remains effective even in winter with reduced solar intensity. After
sunset, as solar irradiance drops to zero and ambient temperature de-
creases, all samples cool down rapidly. However, RCPCM-0.5-10 ex-
hibits a slower cooling rate and a higher nighttime equilibrium
temperature compared to the commercial coating and cavity, indicating
a clear thermal buffering effect of the PCM during the cooling stage.
Fig. 11(c) further presents the temperature difference relative to the
cavity (AT). During the day, all AT values are negative, meaning the
surface temperatures are lower than that of the cavity. The minimum AT
of RCPCM-0.5-10 ranges from —14 to —12 °C, while that of the com-
mercial coating is about —10 to —8 °C, demonstrating the superior
cooling effect of RCPCM-0.5-10. After sunset, AT gradually increases
and turns positive as the stored energy is released from the PCM. The
nighttime AT of RCPCM-0.5-10 reaches 2-3 °C, whereas that of the
commercial coating remains negative or near zero. This is attributed to
heat release from the PDMS/PW layer and reduced heat loss due to the
multilayer structure. Overall, RCPCM-0.5-10 achieves both nighttime
anti-overcooling and thermal buffering in winter, supporting its all-
weather applicability and demonstrating the reliable multi-climate
adaptability of the RCPCM design.

It is noteworthy that the results from the indoor solar simulator tests
align with the outdoor roof measurements, with RCPCM-0.5-10 consis-
tently demonstrating optimal performance under real meteorological

As shown in Fig. 11, the winter outdoor radiative-cooling conditions, thereby validating the reliability and engineering
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Fig. 11. Winter outdoor test results of RCPCM-0.5-10: (a) solar irradiance, wind speed, and humidity on the test day; (b) temperature profiles of the samples; (c)
temperature difference (AT) of RCPCM-0.5-10 and the commercial coating relative to the blank cavity (AT = T — Tgjani)-
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applicability of the structural design proposed in this study.

3.4. Comparison of RCPCM with reported studies

As shown in Fig. 12, the comparison between RCPCM and reported
radiative-cooling-coupled phase-change composites is presented in
terms of average solar reflectance and average emissivity. It can be
observed that this work is located in the upper-right region of the scatter
plot, indicating that RCPCM achieves both high average reflectance and
high average emissivity simultaneously. Some reported RC-PCM systems
enhance mid-infrared emission by introducing high-infrared polymers
or porous emissive structures, but solar absorption or insufficient solar
backscattering can reduce the average reflectance. Conversely, designs
that maximize solar reflectance may sacrifice mid-infrared emissivity
due to limited infrared-active thickness. In this study, the bilayer RC
structure addresses this issue to some extent, where PDMS/h-BN pro-
vides strong solar backscattering to suppress solar heat gain, while
PDMS/SiO enables emissivity regulation within the atmospheric win-
dow. Consequently, RCPCM achieves an average solar reflectance of
approximately 0.93 and an average emissivity of approximately 0.94,
forming a more balanced optical-thermal combination and offering
higher net radiative cooling potential under outdoor conditions.
Compared with the trade-off between reflectance and emissivity
observed in most reported studies, RCPCM achieves a superior match
and balance between these two key optical parameters, thereby
demonstrating a higher net radiative cooling potential outdoors.
Therefore, the optimized optical performance of RCPCM helps maintain
a lower surface temperature under solar irradiation and further en-
hances the applicability of radiative cooling in practical scenarios.

3.5. Energy saving performance of RCPCM

In order to reduce solar energy absorption, radiant cooling com-
mercial coatings is able to achieve passive RC during the day, thus
preventing excessive indoor temperatures during the daytime in sum-
mer. However, this can also lead to overcooling at night. In order to
verify whether RCPCM-0.5-10 solves the problem of subcooling in
different seasons and regions, Energy Plus was used to conduct energy
simulations on buildings to investigate the potential energy savings of
RCPCM-0.5-10. A model of a house with a total area of 96 m? in the
double layer is shown in Fig. 11(a), where commercial coatings and
RCPCM-0.5-10 are used as the outer layers of the walls. By operating the
house in different regions, annual energy consumption results were
obtained for each location, as shown in Fig. 13 and Table 8. Among the
six cities, RCPCM achieved energy savings in five compared to
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Fig. 12. Comparison of RCPCM with reported studies[34,43,50-63].
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traditional roofs, with only Lhasa showing an increase of 0.94 MJ/m? in
energy savings per unit area. Compared to commercial coatings, RCPCM
exhibited the lowest energy consumption in all cities, achieving addi-
tional savings ranging from 1.66 to 3.64 MJ/m?. In summary, in eastern
and southwestern cities where cooling demand dominates, RCPCM-0.5-
10 delivers stable annual energy savings of 47 MJ/m?. In severe cold
and cold dry regions, it still maintains a modest net benefit of 1-2 MJ/
m?2. Although a slight annual increase is observed in high-altitude cold
cities, the system's performance remains comprehensively superior to
that of commercial coatings.

4. Conclusion

Although radiative cooling technology can dissipate heat to outer
space, it is prone to nocturnal overcooling and ambient thermal shocks,
limiting its benefits at the building scale. To address this issue, we
designed and fabricated a trilayer radiative-cooling/phase-change
composite membrane (RCPCM), which achieves efficient daytime
cooling while suppressing nighttime temperature fluctuations. Optical
characterization, xenon-lamp performance optimization, and outdoor
field measurements were conducted on the RCPCM, and its building-
level impacts were evaluated using EnergyPlus. The results are as
follows:

(1) RCPCM exhibits excellent spectral selectivity-with an average
solar reflectance of 0.93 (0.25-2.5 pm), a visible-band reflectance
of 0.95, and an atmospheric-window emissivity of 0.94-indi-
cating its strong potential for radiative cooling.

The optimal thicknesses of the radiative cooling layers are 1.5
mm (PDMS/h-BN layer) and 0.5 mm (PDMS/SiO5 layer); cooling
performance improves as the SiO, content increases to 10 wt%
but declines thereafter. Increasing the thickness of the phase
change material layer delays the surface rewarming phenomenon
after the cessation of irradiation, with similar thermal equilib-
rium behavior observed at thicknesses of 6 mm and 8 mm.

In outdoor tests, the RCPCM-0.5-10 configuration achieved a
maximum daytime temperature reduction of 22 °C compared to
the reference cavity during summer, with peak cooling powers of
125 W/m?, while avoiding excessive nocturnal overcooling.
During winter nights, it exhibited a temperature increase of
0-3°C compared to the cavity and commercial coatings, indi-
cating that RCPCM-0.5-10 can also mitigate overcooling issues in
winter, demonstrating the all-season applicability of RCPCM.
EnergyPlus simulations further validate the effectiveness of
RCPCM in reducing summer cooling loads and improving winter
heating efficiency. In eastern and southwestern cities where
cooling demand dominates, RCPCM achieves energy savings of
4-7 MJ/m?. In severe cold and cold dry regions, it still maintains
savings of 1-2 MJ/m?2. Although a slight increase in energy
consumption is observed in high-altitude cold climate zones, its
performance remains superior to that of commercial coatings,
effectively mitigating the risk of overcooling.

(2

—

3

—

(4

—

Overall, coupling a high-selectivity radiative surface with latent-heat
storage provides a practical, low-energy pathway to climate-adaptive
building envelopes that reduce heating/cooling demand and stabilize
indoor thermal conditions.
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and RCPCM in Fuzhou, China, (c) Comparison of heating loads for conventional roofs, commercial coatings, and RCPCM in Fuzhou, China, (d) Comparison of annual
cooling loads of RCPCM, commercial coatings, and conventional roofs in six typical Chinese cities, () Comparison of annual heating loads of RCPCM, commercial
coatings, and conventional roofs in six typical Chinese cities, (f) Comparison of annual energy of RCPCM, commercial coatings, and conventional roofs in six typical

Chinese cities.

Table 8

Energy Per Conditioned Building Area and Energy Savings Conditioned Building
Area.

Energy Per Conditioned Building Area (MJ/  Energy Savings
m?) Conditioned Building
Area (MJ/mz)

Conventional Commercial RCPCM  Commercial RCPCM

roof coating coating
Chengdu  162.81 159.48 156.67 3.33 6.14
Fuzhou 186.15 181.04 179.38 5.11 6.77
Harbin 419.38 421.46 418.13 —2.08 1.25
Lhasa 81.46 86.04 82.40 —4.58 —0.94
Lanzhou 190.83 191.88 188.96 —1.05 1.87
Nanjing 232.60 231.67 228.23 0.93 4.37
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