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Highly efficient flexible structured 
metasurface by roll-to-roll printing for diurnal 
radiative cooling
Keng‑Te Lin1†, Xianbo Nian2,3†, Ke Li2, Jihong Han2, Nan Zheng2, Xiaokang Lu3, Chunsheng Guo3,4*, 
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Abstract 

An ideal radiative cooler requires accurate spectral control capability to achieve efficient thermal emission 
in the atmospheric transparency window (8–13 μm), low solar absorption, good stability, scalability, and a simple 
structure for effective diurnal radiative cooling. Flexible cooling films made from polymer relying on polymer intrinsic 
absorbance represent a cost‑effective solution but lack accuracy in spectral control. Here, we propose and dem‑
onstrate a metasurface concept enabled by periodically arranged three‑dimensional (3D) trench‑like structures 
in a thin layer of polymer for high‑performance radiative cooling. The structured polymer metasurface radiative cooler 
is manufactured by a roll‑to‑roll printing method. It exhibits superior spectral breadth and selectivity, which offers 
outstanding omnidirectional absorption/emission (96.1%) in the atmospheric transparency window, low solar absorp‑
tion (4.8%), and high stability. Impressive cooling power of 129.8 W  m−2 and temperature deduction of 7 °C on a clear 
sky midday have been achieved, promising broad practical applications in energy saving and passive heat dispersion 
fields.

Keywords Radiative cooling, Metasurface, Roll‑to‑roll printing, Energy saving

1 Introduction
Domestic and industrial thermal management accounts 
for a large portion of global energy consumption. Effec-
tively maintaining the desired temperature with mini-
mum energy input is critical from both economic and 
environmental points of view. Currently, indoor thermal 
management is usually achieved by air conditioning (AC), 
which consumes massive amounts of energy. By 2023, the 
world’s annual AC energy consumption is expected to 
exceed hundreds of billions of dollars [1], which will be 
worsened by the continuous cooling requirements (24/7) 
from an increasing number of large data centers. Severe 
economic burden and deteriorated environment have 
placed an urgent need for renewable cooling techniques 
with minimum energy input.

Conventional heat dissipation methods through 
natural materials’ conduction and convection usually 
require extra energy consumption. In comparison, the 
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recent development of radiative cooling technology has 
attracted widespread attention due to its unique capa-
bility of emitting thermal radiation into outer space, 
which cools the object without any energy consumption 
[2]. In order to effectively emit thermal radiation into 
outer space, an ideal radiative cooler should have high 
emissivity (near unity) within the earth’s atmospheric 
transparency window (i.e., main: 8–13  µm and second-
ary: 16–26  µm) [3]. On the other hand, to achieve day-
time radiative cooling performance, the radiative coolers 
should strongly reflect the solar irradiation (0.38–2.5 µm) 
to prevent being heated up by sunlight. Therefore, the 
ability to flexibly and accurately manipulate spectra in a 
large range holds the key to achieving high cooling per-
formance but still remains challenging.

Radiative cooling effects have been successfully demon-
strated in three distinct types based on the used materials 
and structural engineering strategies: polymers [3–22], 
multilayer thin films [23–39], and metamaterials [40–49]. 
Among these designs, polymer films have shown many 
attractive features, such as low solar absorption, rela-
tively high emissivity in the atmospheric transparency 
windows, low cost, and scalability, which make them 
very promising for real-life applications. However, only 
based on the intrinsic material absorption properties 
without structural engineering, their ability to achieve 
unity IR emissivity and solar reflectance at desired broad 
bandwidth is significantly limited. Although embedding 
randomly distributed particles [7, 12, 13] can improve 
spectral controllability, achieving precisely controlled 
spectrum is challenging.

In comparison, metamaterials based on periodic struc-
tures have demonstrated outstanding spectral manipu-
lation capability for diurnal radiative cooling [21, 40, 
43, 50]. But most demonstrated metamaterial radiative 
coolers are based on rigid substrates with large thick-
nesses [49, 50], which cannot be integrated with objects 
with arbitrary shapes. More importantly, due to the fab-
rication challenges of the periodic micro/nanostructures, 
they are limited to small areas and, therefore, not suitable 
for real-life applications.

In this paper, we enable precise spectrum manipulation 
capability in thin polymer materials by designing periodic 
trench-like metasurface structures and fabricating them 
using the manufacturing-friendly roll-to-roll printing 
technique. The 50-µm-thick polymer metasurface radia-
tive cooling (PMRC) film reflects almost all the incident 
sunlight while strongly emitting thermal radiation in the 
atmospheric transparency windows, achieving outstand-
ing cooling performance all day. In addition, the film is 
readily integratable to various devices, such as a water 
tank, a COVID protective suit, and a car cover, achieving 
excellent cooling performance. The PMRC film presents 

omnidirectional absorption/emission, superior cooling 
performance, flexibility, scalability, and good stability, 
promising enormous practical applications in thermal 
management.

2  Results and discussion
2.1  Design of the radiative cooling film
The cooling performance of a radiative cooler can be 
quantitatively characterized as net cooling power ( Pnet ), 
which is given by Eq. (1) [40, 50, 51],

where Pr and Pa denote the radiative power emitted and 
the power absorbed from the incident atmospheric radia-
tion by the radiative cooler, respectively, which are given 
by Eqs. (2) and (3) as follows,

where Ta and Tr are the ambient temperature and tem-
perature of the radiative cooler, respectively, er(�, θ) is the 
emissivity of the radiative cooler, and ea(�, θ) is the angle-
dependent emissivity of the atmosphere. Here, EB(T , �) is 
the spectral radiation of a black body at temperature T, 
which can be expressed by Eq. (4)

where h and k are the Planck’s constant and the Boltz-
mann constant, respectively. c denotes the speed of light 
in vacuum, and λ is the wavelength. The heat received 
from the surroundings through conduction and convec-
tion is denoted by Pc , which can be expressed by Eq. (5),

where Hc is the non-radiative heat transfer coefficient. 
Psun denotes the energy obtained from the sun. In gen-
eral, the energy density of sunlight is approximately 
1000 W  m−2 on the earth’s surface. There are several 
approaches to maximizing the net cooling power ( Pnet ) 
at fixed temperature of a radiative cooler ( Tr) and ambi-
ent temperature ( Ta ), including maximizing the radiative 
power emitted by the radiative cooler ( Pr ), and minimiz-
ing the power absorbed from atmospheric radiation ( Pa ), 
heat transfer by conduction and convection ( Pc ), and 
solar absorption ( Psun ). Thus, it is essential to have almost 

(1)Pnet = Pr − Pa − Pc − Psun
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π/2∫

0

sinθcosθdθ

∞∫

0

EB(Tr , �)er(�, θ)d�

(3)

Pa = 2π

π/2∫

0

sinθcosθdθ

∞∫

0

EB(Ta, �)er(�, θ)ea(�, θ)d�

(4)EB(T , �) =
2hc2

�5

1

ehc/�kT − 1

(5)Pc = Hc(Ta − Tr)



Page 3 of 12Lin et al. eLight            (2023) 3:22  

total absorption/emissivity in the atmospheric transpar-
ency windows, minimized conductive and convective 
energy exchange, and zero absorption over the entire 
solar spectral range to design an ideal radiative cooler.

Due to various bond vibrations, polymers generally 
absorb in the atmospheric transparency windows while 
being transparent in the solar spectrum (Additional file 1: 
Fig. S1) [52, 53]. When a metallic layer (e.g., silver (Ag)) 
is deposited on the backside of a flat polymer film, the 
emissivity of the hybrid film in the infrared (IR) regime 
can be significantly enhanced due to the strong inter-
ference phenomena (Additional file  1: Fig. S2a), accom-
panied with a slightly increased absorbance in the solar 
spectrum. Nevertheless, the average emissivity in the 
main atmospheric transparency window (i.e., 8–13  µm) 
is still not close to unity (Additional file 1: Fig. S2b). To 
make the emissivity close to unity, the thickness of the 
polymer layer has to be increased from several tens to 
hundreds of micrometers, which inevitably increases the 
solar absorption and heat the film (Additional file 1: Fig. 
S2c) during the daytime, making it unsuitable for daytime 
radiative cooling. This implies that flat intrinsic polymer 
layers cannot meet the stringent spectral requirements of 
high-efficiency radiative coolers.

Here we propose scalable 3D trench-like polymer 
metasurface structures fabricated with manufacture-
friendly roll to roll printing method, which are integrated 
into a thin polymer layer to enhance its emissivity in the 
atmospheric transparency window while maintaining 
low solar absorption for diurnal passive radiative cool-
ing. The inset of Fig.  1a displays the schematic illustra-
tion of the proposed 3D trench-like PMRC film, which 
consists of a metallic layer coated on the backside of the 
polymer metasurface composed of a square matrix of 
trench-like structures. The key concept is to use the peri-
odic structures to broaden the spectral responses and 
tune their central wavelength by adjusting the periodic-
ity. The critical structural parameters of the PMRC film 
include the thickness (T) of the polymer film, the width 
(W) and depth (D) of the trench, the periodicity (P) of 
the structures, and the materials of the polymer film 
and the metallic layer. Herein, we label the PMRC films 
in terms of their distinct dimensions; for example, the 
film featuring a trench-like structure having a trench 
width of 6.5  μm, a periodicity of 8  μm, and a depth of 
trenches of 2.5  μm is named ‘H6.5P8D2.5’. These struc-
tural parameters can be used to precisely modulate the 
spectral responses of the proposed cooling film and 
thereby greatly enhance the net cooling power. Consider-
ing practical applications, polymers with strong mechan-
ical properties and chemical stability (e.g., polyethylene 
terephthalate (PET) [54]) will be adopted as substrates. 
Therefore, we will mainly investigate PET film’s spectral 

responses and cooling performances with trench-like 
metasurface and Ag film deposited on the backside.

We used the 3D finite-difference time-domain 
(3D-FDTD) method to simulate the spectral responses 
of PMRC films with different structural parameters (for 
details please see Additional file 1: Note S1) for design-
ing the solar absorption and emission capability in 
the atmospheric transparency window. One example 
is shown in Additional file  1: Fig. S3; the PMRC film 
(D = 2.5 µm, W = 6.5 µm, P = 8 µm, and T = 50 µm) with 
100 nm Ag coating can have a low absorption (< 5%) in 
the solar spectrum (0.38 to 2.5 µm) and near unity emis-
sivity in the atmospheric transparency window. The 
trench-like design can work for various types of polymers 
to achieve the desired optical properties, for example, 
polydimethylsiloxane (PDMS) and polycarbonate (PC) 
(Additional file  1: Fig. S4), making the designed struc-
tures practically attractive in different applications where 
a certain type of polymer is required.

2.2  Fabrication of structured polymer metasurface 
radiative cooling film

A roll-to-roll photo-imprinting process for fabricat-
ing 3D trench-like polymer metasurface structures 
combined with a physical vapor deposition (PVD) pro-
cess for Ag layer coating is used to fabricate the PMRC 
films. The method is fast, scalable, and low-cost. The 
critical manufacturing steps are schematically shown in 
Fig. 1a. In step 1, a mold featuring the designed structural 
parameters was first fabricated using a laser 3D nano-
printing system  (NanoPrint3D from Innofocus) [55, 56]. 
A low surface roughness of approximately ± 5  nm can 
be achieved, which is much smaller than the designed 
wavelengths (8–13  μm) of the PMRC film and meets 
the stringent requirements of the following processes. 
Then, the mold is used in the roll-to-roll photo-imprint-
ing process to translate the structures to a PET film. In 
step 2, a 100 nm thick Ag layer is deposited on the back-
side of the imprinted polymer film. This simple roll-to-
roll manufacturing process is of high throughput and 
cost-effective (Fig. 1b). Figures 1c and d display the top-
view scanning electron microscopic (SEM) image and 
3D optical profilometer image of the fabricated cooling 
film, respectively, which show large-area, highly uniform 
trench structures in a matrix symmetry with a depth of 
approximately 2.5  μm. The reflectance and absorbance/
emissivity of the PMRC film under unpolarized light 
were measured by an ultraviolet (UV)-visible-near-infra-
red (NIR) spectrometer and a Fourier-transform infrared 
(FTIR) spectrometer. It achieves low solar absorption of 
4.8% and sufficiently high average emissivity of 96.1% in 
the atmospheric window (Fig.  1e), which is suitable for 
daytime radiative cooling.
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2.3  Tailored optical responses of polymer metasurface 
radiative coolers

The tuning mechanism of the proposed 3D trench-
like metasurface enables precise control of the spectral 
responses of the PMRC film to achieve optimum radia-
tive cooling performance. The spectral absorbance/emis-
sivity of the PMRC film with W = 6.5 µm, P = 8 µm, and 
T = 50 µm was simulated when D varied from 0.5 to 5 µm 
(Figs. 2a and b). The design can maintain the desired low 

solar absorption (< 5%) and high emissivity (up to 94.7% 
@ D = 2.5  µm) in the atmospheric transparency win-
dow (Figs. 2c and d, respectively). In addition, the spec-
tral responses and thermal resistance of the PMRC films 
can be significantly affected by the thickness of the PET 
film (Figs.  2e and f and Additional file  1: Note S2). The 
solar absorption and average IR emissivity of PMRC film 
increase slightly from 3.7% to 5.6% (Fig. 2g) and signifi-
cantly from 62.4% to 99.2% (Fig. 2h), respectively, when 
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the thickness of PET film increases from 10 to 100 μm. 
The slight increment of solar absorption ( Psun ) would sig-
nificantly affect the net cooling power ( Pnet ) in the day-
time, as the typical solar power is one order of magnitude 
higher than a typical cooling power. As a result, the net 

cooling power of the 100-μm-thick PMRC film can be 
lower than that of a 50-μm-thick one under certain con-
ditions, for example, at a location with low atmospheric 
transparency under direct sunlight on a clear midday (i.e., 
assuming the power density of the sun is 1000 W  m−2, for 

Fig. 2 Simulated spectral absorbance/emissivity a, e in the solar spectral range and b, f in the main atmospheric transparency window (8–13 µm), 
and calculated c, g solar absorption and d, h average emissivity in the wavelength range of 8 and 13 µm for PMRC film a–d featuring W = 6.5 µm, 
P = 8 µm, and T = 50 µm as a function of depth of trenches and wavelength, and e–h featuring W = 6.5 µm, P = 8 µm, and D = 2.5 µm as a function 
of the thickness of PET film and wavelength
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details, please see Additional file 1: Fig. S6). The thickness 
of the PMRC film can be precisely designed according to 
the atmospheric transmittance of a location to meet the 
requirements of daytime radiative cooling.

Omnidirectional emission is one of the important 
features of a radiative cooler to emit thermal radiation 
from any direction efficiently. The designed metasurface 
structure exhibits negligible angle dependence in the 
absorption spectra shown in Figs. 3a–c due to the critical 
coupling effect [57]. In addition, due to the 2D periodic 
design, the PMRC film shows polarization-independent 
absorption properties. As a result, the calculated average 
absorbance/emissivity spectra over angles of incidence 

of 0° to 20°, 0° to 40°, and 0° to 60° are almost identical 
(Figs. 3d–f). The average values for unpolarized light are 
shown in Figs.  3g and h, respectively, which are almost 
the same, confirming the omnidirectional thermal emis-
sion capabilities of our PMRC film.

2.4  Performance of the polymer metasurface radiative 
cooling film

We measured the cooling performance of the PMRC 
films in the daytime and nighttime by using the experi-
mental setup shown in Figs. 4a and b. It has been recog-
nized in previous radiative cooling measurements [2, 31] 
that the effects of forced convection heat transfer and 
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heat conduction around the radiative cooling film play a 
complicated role influencing the temperature variation 
and are hard to quantify in the evaluation of the intrin-
sic cooling performance of the cooling devices. There-
fore, we employ a measurement setup to minimize the 
thermal exchange caused by convection and conduction 

to ensure accurate measurements of the cooling perfor-
mance of the PMRC film based on thermal radiation (see 
Methods). A thin polyethene (PE) film (~ 10  µm thick) 
is used to cover the system to ensure high transparency 
in both the atmospheric transparency window and solar 
spectrum (Fig.  4b). Meanwhile, a standalone weather 
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station outside the measurement chamber is built to 
accurately measure the ambient temperature by minimiz-
ing temperature fluctuation caused by weather change, 
for example wind. As a result, the ambient temperature 
change has been excluded from the measurement system, 
providing a fair evaluation of the temperature decrease 
based on the radiative cooling effect. Figures 4c and f pre-
sent the cooling performance of the PMRC film during 
daytime and nighttime, respectively, on a clear sky day in 
Weihai city (Shandong province, China). The tempera-
tures decreased by 7  °C from the ambient temperatures 
during midday under a clear sky (solar irradiance was 
approximately 760 W  m−2 and the humidity was 26.5%) 
(Figs.  4c–e). In addition, the temperature reductions of 
the PMRC film are approximately 8.7  °C on a clear sky 
night with humidity of roughly 51.9% (Figs. 4f and g).

For practical radiative cooling applications, the PMRC 
film is required to retain its cooling performance under 
different conditions for a long time. In general, the cool-
ing film would possibly be covered with dust and grease 
in an open environment, especially after rain, degrad-
ing its cooling performance. Due to the high thermal 
and chemical stability, the surface of the PMRC film 
can be cleaned with organic solvents, such as alcohol or 
acetone, and flushed with water to remove the dust and 
grease and restore the cooling performance. It is shown 
in Additional file 1: Fig. S7 that the cooling performance 
of a PMRC film used for 1 month after washing can per-
form the same as a brand-new one, confirming the long-
term stability even under strong solar irradiation, which 
is essential for practical applications.

The instantaneous cooling powers of the PMRC film 
are further measured (see "Methods") in both daytime 
and nighttime under a clear sky, as shown in Fig. 4h and 
Additional file 1: Fig. S8a. The cooling power can reach 
up to 129.8 W  m−2 and 104.2 W  m−2 in the daytime 
(Additional file 1: Figs. S9a and S9b) at an ambient tem-
perature of 28.1  °C and at nighttime (Additional file  1: 
Fig. S8b) at an average ambient temperature of approxi-
mately 17.3 °C, respectively. The average cooling power of 
the PMRC film is 121.9 W  m−2 under a clear sky day with 
average solar irradiance of approximately 803 W  m−2 
and at an average ambient temperature of 28.5 °C. Such a 
high cooling power can be attributed to the precise solar 

absorption and emissivity spectral manipulation, which 
may be further improved if a polymer material with a 
lower solar absorption can be used because the impact 
from solar irradiance is much stronger than that from the 
thermal emission.

The high-performance and robust PMRC film is applied 
to cover a water tank (Figs. 5a and b) to generate cooled 
water. The water tank, with a depth of 25 mm and a sur-
face area of 500  mm × 500  mm, is made of 1  mm thick 
corrosion-resistant aluminum alloy with superior ther-
mal conductivity. Thermally conductive silicone grease 
is used to attach the film to the top surface of the water 
tank, with the remaining surfaces covered by a thermal 
insulation layer composed of 9.5 mm thick glass wool and 
0.5 mm thick stainless steel to minimize the heat transfer 
between water and the environment. Four thermocou-
ples are used to measure the ambient temperature, the 
temperature of the cooling film, the water temperature 
close to the water outlet, and the temperature of the shell 
of the fluidic device, respectively. 6.25 L of water can be 
cooled down by 3.5  °C after 10 hours on a cloudy night 
(humidity ~ 89%) (Fig. 5c). The temperature of the water 
outlet was almost the same as the cooling film after 6 h 
of cooling, which implies the water, the water tank, and 
the surroundings are in a dynamic thermal equilibrium. 
According to the heat gained or lost by the water and the 
systematic heat loss of the integrated water tank, which 
can be expressed by mwatercwaterΔTwater + αΔTsurface, where 
mwater is the mass flow rate of water, cwater is the specific 
heat of water (4.179 J  g−1  K−1), ΔTwater is the temperature 
change of water, α is the heat transfer coefficient under 
a wind speed of Sw and equals to 11.6 + 7×

√
Sw  [58], and 

ΔTsurface is the temperature difference between the sur-
roundings and the surfaces of the water tank, the effective 
cooling power can be determined. As displayed in Fig. 5d, 
the effective cooling power of the integrated water tank is 
in the range of 58.3 to 94.1 W  m−2, which is quite close 
to the cooling power of a standalone cooling film, con-
firming the excellent thermal contact between the film 
and the water tank and minimal heat loss in the entire 
system. Such an integrated water tank can achieve rea-
sonably good cooling performance in the daytime. Com-
pared with the same temperature water tank without the 
PMRC film as a control group, the water temperatures in 

(See figure on next page.)
Fig. 5 a Photograph and b schematic illustration of the integrated fluidic device consisting of a water tank and 3D trench‑like PMRC film. c 
Measured ambient temperatures (black line) and temperatures of the shell of the fluidic device (orange line), the cooling film on the surface 
of the fluidic device (blue line), and the water inside the fluidic device (green line) in the nighttime. d The calculated cooling power 
of the integrated fluidic device in the nighttime. Measured e ambient temperatures (black line) and temperatures of the water inside the integrated 
fluidic device (green line), the water inside the fluidic device without attaching PMRC (purple line), and f solar irradiance, during the daytime 
in Weihai city. g Photograph of people wearing COVID protective clothing (right) and protective clothing attached to PMRC film (left). h Measured 
ambient temperatures (black line), the temperatures inside the protective clothing (red line), and the temperatures inside protective clothing 
with PMRC film (blue line) at midday. i Photograph, j thermal image, and k measured temperatures of the PMRC film on the surface of a car hood 
on a clear sky day. The shaded beige areas in h and k are the measured solar irradiance
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the integrated water tank are 0.7–3.3 °C lower than those 
of the surroundings during the measurement (Fig.  5e). 
Moreover, the water temperature difference between the 
water tanks with and without the PMRC film reaches 
up to 11.5  °C after 3.25-hour solar illumination (Fig. 5f ) 
under humidity level of approximately 50% (Additional 
file  1: Fig. S10) due to the continuous heating from the 
sun. Therefore, these results demonstrate that the water 
tank with a PMRC film achieves diurnal radiative cooling.

Next, we applied the PMRC film to a COVID protective 
suit (Figs. 5g and h) and a car (Figs. 5i–k) to demonstrate 
the suitability of the PMRC film in various application 
scenarios. Figure 5g displays the photos of people wear-
ing protective suits with and without covered cooling 
films. Three thermocouples are used to measure the 
ambient temperature and temperatures inside the protec-
tive suits (with and without cooling films), respectively. 
The one without cooling film is fast heated up by natu-
ral sunlight to more than 50 °C; in comparison, the tem-
perature inside the radiative-cooled protective suit can 
maintain very close to the ambient temperature (Fig. 5h), 
which is quite remarkable as the conduction and convec-
tion from the ambient environment are extremely low, 
and the radiative cooling mechanism solely provides the 
cooling effect in this case. As a result, the average temper-
ature inside the radiative cooled protective suit is 11.9 °C 
lower than the one without the cooling film (Fig. 5h). In 
addition, we placed a PMRC film on a car hood under 
sunlight and recorded the temperatures using a thermal 
camera (Fig. 5i), which shows an average temperature dif-
ference of 4.7 °C and a maximum temperature difference 
of over 5.6 °C (Figs. 5j and k). These experiments demon-
strate that the flexible PMRC films can be easily attached 
to arbitrary objects for broad applications.

3  Conclusions
We have proposed and experimentally demonstrated a 
PMRC film with 3D trench-like structures for high-per-
formance diurnal passive radiative cooling. The precise 
spectrum manipulation achieves near unity emissivity 
across the main atmospheric transparency window and 
simultaneously minimizes solar absorption, significantly 
improving cooling performance with a thin film. High 
cooling power of 129.8 W  m−2 and temperature deduc-
tion of 7 °C on a clear sky day during midday have been 
achieved. The large-scale roll-to-roll fabricated flexible 
PMRC film is cost-effective and readily attachable to any 
object for broad cooling applications, meeting stringent 
cooling needs without energy consumption.

The significance of the proposed trench-like structures 
can be revealed in the following four aspects: (1) it can 
further improve the emissivity of the polymer film in 
the targeted IR wavelength range; (2) the 3D trench-like 

structures can be flexibly designed to manipulate emis-
sivity/absorption at different spectral ranges without the 
limitation of the intrinsic material properties; (3) this 
approach can be applied to various polymers to enhance 
their emissivity for radiative cooling, such as PET and 
polyvinyl chloride (PVC); (4) the designed structures can 
be fabricated through large-scale roll-to-roll manufactur-
ing methods, readily for real-life applications.

4  Methods
4.1  Sample characterization
Top-view image of the PMRC film was observed using a 
field-emission scanning electron microscope (RAITH150 
Two). The spectral transmittance and reflectance of 
PMRC films were measured using an integrating sphere 
UV–visible-NIR spectrophotometer (PerkinElmer 
Lambda 1050 UV/VIS/NIR Spectrometer) and an FTIR 
spectrometer (Bruker Hyperion 2000). Then, the meas-
ured reflectance (R) and transmittance (T) were used 
to calculate the absorbance/emissivity (A) by using the 
equation: A = 1 − R − T.

4.2  Measurement of cooling performance
The experimental setup used to test the cooling perfor-
mance of PMRC film consists of programmable logic 
controller (PLC) temperature control/collection sys-
tem, temperature measurement system, and controllable 
power supply (Fig.  4a). The temperature measurement 
system is composed of an acrylic chamber, foam holder 
(or ceramic heater/foam holder), and PE film, which has 
high transparency in the atmospheric transparency win-
dow (Fig. 4b). The chamber is made of acrylic and sealing 
with PE film and formed nitrile butadiene rubber (NBR) 
on the top surface and the other surfaces, respectively. 
Furthermore, the chamber is wrapped with aluminum 
(Al) foil, except for the area of the PE film, to reflect 
most of the sunlight. For the cooling performance test, 
a foam fixes the cooling film with high thermal resist-
ance to minimize heat transfer through conduction. The 
temperatures of the cooling film were measured by the 
thermocouple under the cooling film and then collected 
in a real-time by the PLC temperature control/collection 
system. For the cooling power measurement, a ceramic 
heater is placed on the foam holder to minimize heat 
loss. Then, the cooling film is fixed on the ceramic heater 
through thermal conductive silicone grease. The PLC 
temperature control system ensures the surface tempera-
tures of the cooling film are close to the ambient temper-
atures through the temperature feedback mechanism to 
adjust the on–off of the heater. In the meantime, the PLC 
temperature control system records the power supplied 
to the heater. Therefore, the power supplied to the heater 
can be regarded as the cooling power of the cooling film 
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under a stable working situation. In the meantime, the 
power density of the sun, and ambient temperatures and 
humidity were recorded by a pyranometer and a weather 
station, respectively. The experimental setup can effec-
tively minimize the effects of forced convection heat 
transfer and heat conduction around the radiative cooling 
film for ease of observation of the cooling performance of 
the radiative cooling film through thermal radiation. In 
all the experiments, the data are collected after the initial 
system reaches thermal equilibrium with the ambient.
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