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a b s t r a c t

Passive daytime radiative cooling, requiring zero external energy consumption, is a promising cooling
strategy achieved by simultaneously reflecting solar irradiance and thermally radiating heat into the cold
outer space (~ 3 K) through the atmospheric transparency window. However, current materials for
passive radiative cooling face huge challenges, such as complicated fabrication approaches, expensive
raw materials, and environmental requirements for practical applications. In line with the urgent need
for plastic recycling to curb global environmental pollution, the recycled plastics are used to fabricate a
passive radiative cooling material. Herein, the foam-paper composite (FPC) with excellent self-cooling
capability is fabricated by a simple crushing-and-mixing procedure using recycled polystyrene (PS)
foam and printer paper. The superhydrophobic PS foam particles not only protect the FPC from water
damage for field applications but also reinforce its solar reflectivity via their porous structure. The cel-
lulose fibers in printer paper can efficiently emit infrared thermal radiation into the cold outer space and
bond dispersed PS foam particles together, further increasing its mechanical strength. The combination
of highly diffusely reflective PS foam particles and fiber-based printer paper results in a reflectivity of 96%
in the solar spectrum, a sub-ambient cooling performance of 8.4 �C, and a maximum radiative cooling
power of 90 W/m2 during a 24-h cycle. Meanwhile, the FPC with high humidity can maintain its high
solar reflectivity, which promotes its application in humid subtropical areas. Furthermore, the low
material cost and ease of fabrication will provide a path for effective daytime radiative cooling, especially
in less developed areas.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Conventional cooling systems based on the vaporization and
compression of various refrigerants consumed about 10% of the
total U.S. electricity consumption in 2021 [1]. This results in
tremendous greenhouse gas emissions the environment, acceler-
ating global warming [2]. Therefore, an eco-friendly and energy-
saving cooling technology is in urgent demand for future applica-
tions. The passive radiative cooling (PRC) method can efficiently
reflect sunlight (0.3 ~ 2.5 mm) and emit infrared thermal radiation
to the cold outer space (~3 K) through the atmospheric transparent
window (8 ~ 13 mm). These cooling processes occur simultaneously
ng).
andwithout any electricity input, which provides great opportunity
for the reduction of energy consumption in various cooling appli-
cations [3e7]. To reduce their temperatures below ambient under
direct sunlight, PRC structures should possess high solar reflectivity
(RS) and high infrared thermal emissivity (εIR) simultaneously. In
recent years, a variety of the pyridinium dichromate (PDC) struc-
tures have been proposed to successfully achieve sub-ambient
temperatures under direct sunlight, including multilayer struc-
tures [8e10], metamaterials [11e15], randomly distributed particle
structures [16e22], and porous structures [23e28]. Although these
sub-ambient cooling structures have good performance, their
design and fabrication are either complicated or costly, which has
hindered wide-field applications for infrastructure.

Due to the exceptional performance of polymeric materials, the
current global demand for plastics continues to rise and is expected
to reach up to 417 million tons per year by 2030 [29,30]. One
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byproduct of this trend is a dramatic increase in plastic waste.
Promoting the reduction, reuse, and recycling of plastics will pre-
vent the release of more polymeric materials into the environment
and thus curb environmental pollution [31,32]. At present, me-
chanical recycling is a main tool in an environmentally and
economically sustainable economy of five main packaging plastics:
polyethylene terephthalate (PETE), polyethylene (PE), poly-
propylene (PP), polystyrene (PS), and polyvinyl chloride (PVC)
[33,34], which is still limited by cost mechanical degradation. Thus,
mechanical-based strategies to improve their recycling value ur-
gently need to be proposed. Printer paper is a commonly used office
supply, in large part due to its abundance of raw materials and
remarkable biodegradability. Printer paper has both high RS and εIR
due to the existence of cellulose fibers and the molecular vibrations
of CeO and CeOeC bonds in cellulose, which makes it a good
candidate material for PRC structures [21]. However, although
printer paper possesses the passive radiative cooling property, its
insufficient water resistance makes it inviable for field applications.
Here, to provide a low-cost PDC material, printer paper and recy-
cled PS foam are utilized to fabricate PDC structures to enrich their
value and decrease environmental pollution (Fig. 1).

In this work, we theoretically and experimentally demonstrate
effective daytime passive radiative cooling materials by employing
recycled PS foams and cellulose-based papers that are ideal for
performance in outdoor environments. We fabricate a foam-paper
composite (FPC) via the crushing andmixing of PS foams and paper
and experimentally test the optical and thermal properties of the
FPC. Owing to the combination of the efficient scattering effects of
the FPC's micropores and microfibers, the FPC exhibits a particu-
larly high solar reflectivity of 96% (Fig. 3a). Meanwhile, the thermal
performance and radiative cooling power of our fabricated FPC
radiative coolers are also theoretically investigated for passive
daytime cooling during a 24-h cycle. The calculation results validate
a temperature decrease of up to 8.4 �C. In addition, we experi-
mentally consider the effects of a humid environment on the op-
tical properties and cooling performance. These theoretical and
experimental findings open a promising path for effective daytime
radiative cooling with low-cost and easy-to-fabricate materials,
especially for less-developed areas.
Fig. 1. Schematic illustrating the radiative cooling mechanism of th
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2. Experimental section

2.1. Materials

20 lb paper is obtained from Hammermill Copy Plus Paper, and
the PS foam is obtained from Dell Inc.
2.2. Methods

First, the printer papers (3 g, Hammermill Copy Plus Paper) were
cut into small pieces and immersed in water for 1 h. After rinsing
the recycled PS foams with deionized (DI) water, the PS foam board
(3 g) was cut into small pieces and then addedto the paper pulp
using a high-speed blender for 3 min (Vitamix E310). Assisted by
the vacuum filtration, the following baking process accelerates the
evaporation of water in the FPCwith a thickness of ~ 1 cm. Then, the
totally dry FPC was pressed into a thin sheet using a hydraulic press
machine (DABPRESS, 10 tons) at 20 MPa. This forms a FPC sheet
(Mfoam/Mpaper, F1:P1) with a diameter of 100 mm and a thickness of
2 mm (Fig. 2). As comparison, two FPC sheets with different mass
ratios (Mfoam/Mpaper, F5:P1 and F1:P5, respectively) were also pre-
pared to investigate how the mass ratio of these two materials af-
fects the solar reflection and infrared emission abilities.
2.3. Morphology characterization

The surface morphologies of pressed FPC were examined by a
scanning electron microscope (SEM, S5200, Hitachi Company) un-
der an acceleration voltage of 3 kV.
2.4. Optical characterization

The reflectivity spectra (0.3 ~ 2.5 mm) were measured using a
Jasco V770 spectrophotometer. The reflectivity spectra (2.5 ~
20 mm)weremeasured using a Jasco FTIR 6600. Angular-dependent
reflectivity spectra were measured using wedge blocks with
different angles at the sample port of these two integrating spheres
[21].
e FPC and its closed-loop fabrication and recycling processes.



Fig. 2. (aec) Optical images, (def) SEM images, and (gei) water CA of the as-prepared 100 mm-diameter and 2 mm-thick FPC samples with different mass ratios, F5:P1, F1:P1, and
F1:P5, respectively.
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2.5. Thermal conductivity measurement

The thermal conductivities of FPC were measured by the thin-
film module of the TPS 2500s.

2.6. Mechanical strength measurement

The mechanical strengths of the PFC thin sheet
(10 cm � 3 cm � 2 mm) were measured using a dynamic me-
chanical analyzer (DMA) (RSA-G2, TA Instruments) at a constant
strain rate. Compression test datawere collected via TRIOS software
(TA Instruments).

3. Results and discussion

According to our low-cost and eco-friendly requirements, we
chose PS foams and printer papers to design the passive radiative
cooling material owing to their beneficial features and recyclability.
On the one hand, adding the printer paperto the FPC provides
distributed cellulose fibers that can bond dispersed micro-PS foam
particles together, further increasing its mechanical strength. On
the other hand, PS foam particles possess excellent hydrophobicity,
making the FPC more suitable for complex and dynamic outdoor
conditions. Therefore, compared with the single PS foam board or
printer paper, the combination of the PS foam particles and the
fibers in printer paper provides an attractive candidate for passive
radiative cooling materials for buildings. Fig. 2aec shows the as-
prepared 10-cm-diameter and 2-mm-thick FPC samples with
different mass ratios, F5:P1, F1:P1, and F1:P5, respectively, all
3

purely white under sunlight. We further visualize the morphology
via scanning electron microscopy (SEM). These images show that
the FPC consists of its internal porous and fibrous structures
(Fig. 2def and S1). These interconnected microfibers assemble
continuous boundaries between micropores, connecting the foam
particles tightly together. The interfaces of the porous structure
between PS foam particles and air voids enhance the photon
scattering in the FPC film, thus increasing the overall solar reflec-
tance. The effect of the press process on the porous structure and
the solar reflectance of FPC is shown in Figs. S2 and S3, respectively.
Meanwhile, the SEM images clearly display the microscopic
changes brought on by different mass ratios between PS foam and
paper. The increased ratio of PS foam will obviously increase pores
on its top surface, further increasing the interfaces between PS
foam particles and air voids, while the increase of paper will in-
crease the interconnectedmicrofibers on the boundaries. When the
mass ratio is F5:P1, such a rough surface also has superior behavior
in terms of water-repelling properties, as shown by high water
contact angles of approximately 128� (Fig. 2g). As expected, the
increased ratio of paper increases the top surface hydrophilicity, as
shown in Fig. 2h and i.

We then investigated the absorptivity/emissivity between 0.3
and 20 mm and the mechanical strength of the FPC samples, as
illustrated in Fig. 3. The absorptivity is calculated by subtracting the
measured reflectivity from 1.0. The emissivity is then taken as ab-
sorptivity based on Kirchhoff's law of thermal radiation. The
measured spectral reflectance of the FPC sample (F1:P1) indicates
that the 2 mm thick film can reflect 96% of solar irradiation while
possessing a high thermal emissivity of 0.80 between 8 and 13 mm



Fig. 3. (a) Hemispherical spectral emissivities of a 2-mm-thick FPC sample (F1:P1), printer paper, and PS foam board plotted against the normalized AM 1.5 spectrum (ASTM G173)
and the atmospheric window, respectively. (b) high solar reflectivities and (c) thermal emissivities of the FPC sample at different angles of incidence. (d) hemispherical spectral
emissivities and (e) stress-strain curves of FPC samples with different mass ratios.
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(Fig. 3a). Interestingly, compared with the single PS foam and
original printer paper, the RS of the FPC is significantly enhanced
from 0.80 (foam) to 0.96 (FPC). This result could be attributed to the
increased interfaces of the porous structure between PS foam
particles and air voids, which enhance the overall sunlight scat-
tering of the FPC. Furthermore, the hierarchically randomized ar-
ranged PS foam particles and microfibers result in a high diffused
RS, which strongly backscatters sunlight regardless of the angle of
incidence (0 ~ 60�; Fig. 3b). For the infrared thermal emissivity over
the atmospheric transparent window (8 ~ 13 mm), an angle-
independent high εIR of 0.80 is demonstrated due to the existence
of the randomly stacked cellulose fibers in the FPC sample (0 ~ 60�;
Fig. 3c). Meanwhile, the mass ratio between the PS foam and
printer paper will obviously affect the spectral absorptivity/emis-
sivity distribution since the PS foam particles enhance the RS of the
FPC while the cellulose fibers will contribute to increases in the
infrared thermal emissivity εIR. In addition, the FPCs show
increased tensile strength at highermass ratios (Fig. 3e). Combining
the water resistance and mechanical properties of the FPC samples,
the FPC’s mass ratio of 1:1 and excellent comprehensive perfor-
mance suggest broader cooling applications in harsh environments.

To accurately evaluate the radiative cooling performance of the
FPC, we establish the energy balance equation for a terrestrial
radiative cooling device [22,35e37]:
4

Qnet ¼QFPCðTFPCÞ�QsunðTFPCÞ�QnrðTamb; TFPCÞ � QambðTambÞ
(1)
where Qnet and QFPC are the net cooling power and radiative power
of the FPC, respectively. Qnr accounts for the nonradiative heat
transfer, Qamb represents the incident thermal radiation from the
atmosphere, and Qsun is the incident solar power absorbed by the
FPC. Tamb and TFPC are the temperatures of ambient and FPC,
respectively. QFPC is given by:

QFPCðTFPCÞ¼A
ð∞

0

dlIBBðTFPC; lÞεðl; q;4; TFPCÞ (2)

where IBBðTFPC ; lÞ ¼ 2hc2l�5½expðhc=lkBTÞ � 1��1 defines the
spectral radiance of a blackbody. The non-radiative heat transfer
between the ambient air and the FPC is determined as follows:

QnrðTamb; TFPCÞ¼AhnrðTamb � TFPCÞ (3)

where hnr stands for the non-radiative heat transfer coefficient.
Here, hnr ¼ 8 Wm�2K�1 is used throughout the calculations
[35,38,39]. Qamb(Tamb) is given by



Fig. 4. (a) Thermal performance of the radiative cooling system (black curve) and radiative cooling power (cyan curve) over a 24-h cycle with ambient temperature variation (blue
curve). (b) Theoretical dew harvesting potential.
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QambðTambÞ¼A dlIBBðTamb; lÞεðl; q;4; TFPCÞεðl; q;4Þ (4)

ð∞

0

where, εðl; q;4Þ represents the absorptivity of the atmosphere.
Furthermore, Qsum(TFPC) corresponds to the solar irradiation
absorbed by the FPC, as described by:

Qsun ðTFPCÞ¼A cos qsun
ð∞

0

dlIAM1:5ðlÞεðl; qsun; TFPCÞ (5)

Here, IAM1.5(l) is the spectral irradiance intensity of solar irradiation
at AM 1.5 and qsun denotes the direction of the incoming sunlight
[37]. The temperature-dependent emissivity of FPC is given as εðl;
qsun; TFPCÞ. The time-dependent temperature of the FPC can be
obtained by solving the differential equations:

CFPC
dT
dt

¼QtotalðTFPC; TambÞ (6)

where CFPC is the heat capacitance of the FPC. Based on the energy
balance equation, the radiative cooling performance of FPC (F1:P1)
5

is evaluated by calculating the FPC's temperature in response to
recorded 24-h outdoor weather data. In this calculation, we use the
ambient temperature [40] and solar illumination data [41] on July
20, 2018 in Stanford, California. Fig. 4a shows the temperature
change and net radiative cooling power of the FPC as shown in
Fig. 2b over a 24-h period. The temperature drop DT at sunrise,
noon, and sunset remains over 4 K, which promises sufficient
radiative cooling effects. The maximum temperature difference is
up to 8.4 K, while the net radiative cooling power reaches its
maximum of 90 W/m2 around 2:15 p.m.

When the passive radiative cooling performance brings the FPC
below the dew point temperature of air, water will condense on its
surface. To quantify the radiative cooling for dew harvesting under
direct sun exposure, we compute the time period for dew har-
vesting (i.e., TFPC � Tdew) into the day shown in Fig. 4b. Our result
shows that our FPC is theoretically able to harvest dew from 12:00
a.m. to 9:00 a.m. and 8:00 p.m. to 12:00 a.m., which indirectly
causes the FPC to remain humid during the majority of the passive
radiative cooling process due to the hydrophilicity of cellulose fi-
bers in the FPC. To simulate more realistic working conditions, we
spray water evenly on the FPC sample using a spray bottle. Here, we
create moist states for four FPC samples by spraying different



Fig. 5. (a) the comparison of hemispherical spectral emissivities and (b) the calculated temperature difference (DT ¼ Tamb - TFPC) of 2-mm-thick dry and four humid FPC (F1:P1)
samples, respectively.
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qualities of DI water, then define the humidity of the FPC sample by
the mass ratio of DI water and the FPC sample. One dry FPC sample
is also used as a reference. Fig. 5a shows the comparison between
the spectral emissivities of the dry and humid FPC samples,
respectively. It can be clearly seen that the dew in the PFC greatly
increases the mid-IR emissivity but barely affects the solar reflec-
tance, leading to enhanced passive radiative cooling. Based on the
above theoretical calculations, the cooling performance of FPC
(F1:P1) with various humidities is evaluated, where the humidity is
controlled by the amount of water sprayed. The results are shown
in Fig. 5b. For a near-ideal situation (completely dry PFC), evenwith
a non-radiative heat transfer coefficient of 8Wm�2K�1, a maximum
temperature reduction of 8.4 K can be achieved by our FPC under
direct sunlight due to the combined high solar reflectivity and
strong mid-IR emissivity. Furthermore, the increase in theoretical
temperature difference can be enhanced to 9.0 K under direct
sunlight with our cooler, which has over 20% humidity due to the
emissive contributions of surface water. When the humidity of FPC
further increases up to 50%, although the humid FPC can increase
its radiative cooling power based on the enhancement of infrared
6

thermal emissivity within the atmospheric transparent window (8
~ 13 mm), the increased thermal absorptivity in the wavalength
range (1 ~ 2.5 mm) will result in greater temperature difference
fluctuations, as shown in Fig. 5b. Besides, we test the anti-fouling
property of the FPC in a simulated environment, as seen in
Fig. S4. The dry garden soil is employed to attempt to contaminate
the FPC. The FPC cannot be dyed by the soil on its surface and is
easily blown away without any pollution because of its excellent
anti-fouling ability arising from PS foam particles. The weathering
durability of the FPCs is also demonstrated by two-month outdoor
exposure (including some dust and PM2.5 particles after long-term
use), with a little change observed in the spectral solar reflectance
and mid-infrared thermal emittance during the atmospheric
transparent window (Figs. S5 and S6).

4. Conclusions

In summary, we have demonstrated a facile, low-cost, eco-
friendly, and efficient passive radiative cooling material by
employing commercially available polystyrene foams and printer
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papers. Because the fibrous and porous structures have feature
sizes comparable to the solar wavelength range, the FPC efficiently
scatters solar irradiance. Combining the ultrahigh 96% solar
reflectance and 80% emittance of FPC in the infrared wavelength
range, we theoretically demonstrate that our proposed FPC can
achieve continuous daytime radiative cooling with an average
temperature drop of 6 �C under direct sunlight. Even in high hu-
midity, the FPCmaintains consistent and effective radiative cooling.
This eco-friendly FPC structure advances the application of passive
radiative cooling, especially in underdeveloped hot and humid re-
gions. Compared with emerging radiative cooling materials and
traditional cooling techniques, our proposed FPC can not only
realize efficient passive radiative cooling but also enrich the value
of recycled PS foam and decrease environmental pollution.
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