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Preserving Radiative Cooling Window

Guowei Liu, Shujing Chen,* and Chengyou Lin*
I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2024, 9, 30425-30435

ACCESS |

ABSTRACT: Radiative cooling window has been designed to emit infrared radiation in the
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Color-preserving radiative cooling

atmospheric transparency window and reflects near-infrared light while allowing visible light to pass - window(CPRCW)
through. However, improvements are still needed in the transmissivity of visible light, the
reflectivity of near-infrared light, and emissivity of mid-infrared spectra. This paper proposes a Sun N

color-preserving radiative cooling window consisting of a multilayer film as a transparent near-
infrared reflector and polydimethylsiloxane (PDMS) as a thermal emitter. This design involves
optimizing the types of film materials, the number of layers, and the thicknesses of the films through
a genetic algorithm. The performance of multilayer films with various layer numbers is compared,
and we choose 7-layer multilayer film (ALO,;/Ag/AlL,0;/Ag/AL,0;/Ag/ALO;) as the transparent
near-infrared reflector. Then, we analyze its spectral characteristics in depth. Sequentially, we place a
100-um-thick PDMS as a thermal emitter above the transparent near-infrared reflector. By
combining the transparent near-infrared reflector with the PDMS and utilizing genetic algorithm, a
color-preserving radiative cooling window has been achieved with flat and broadband average visible
transmittance (86%), high average near-infrared reflectance (86%), high average thermal emissivity
(95%) in the atmospheric window, and the drop of temperature (22.3, 21.2, and 15.8 K when nonradiative heat coefficient is,
respectively, 0, 6, and 12 W/m?/K).
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1. INTRODUCTION

Radiative cooling offers a method for passive temperature

Nowadays, over 30% of the total energy consumption is
attributed to heating, cooling, ventilation, and artificial lighting
for buildings."” Windows are a crucial factor in a building’s
energy consumption due to the substantial amount of light and
heat that passes through windows. A common approach to
energy-saving windows” is to use an infrared filter on standard
glass, blocking sunlight in the infrared band while allowing light
in the visible band to pass through, thus lowering indoor
temperatures.4 Several types of energy-saving windows have
attracted much attention, such as transparent heat reflectors,
electrochromic windows, and thermochromic windows. For
instance, in 2016, Dalapati et al. proposed a TiO,/Cu/TiO,
multilayer thin film on glass that can serve as a heat reflector,
providing the highest transmittance of 90% at visible wavelength
and an IR reflectance of 85% at a wavelength of 1200 nm.” In
2018, Piccolo et al. described the results of experimental tests
and computer simulation modeling aimed at evaluating the
performance of an electrochromic (EC) window, providing
evidence that the investigated EC device is effective in reducing
heat loads.” In 2019, Salamati et al. proposed a new type
thermochromic coatings to reflect unwanted near-infrared
radiation in summer, offering additional energy savings.7
Despite these innovations, traditional infrared filters for
energy-saving windows still contribute to an increase in indoor
temperatures because of passing through most of the visible
light, which indicates the need for new strategies in energy-
saving window designs to enhance cooling efficiency further.
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regulation. It primarily produces high emission within the 8—13
pum atmospheric window, allowing heat to be radiated directly
into the outer space while reflecting all solar radiation (0.3—2.5
um) to minimize heat load.® This approach is increasingly
recognized for its potential to cut energy use, reduce CO,
emissions, and mitigate the greenhouse effect.>” ™' For effective
radiative cooling, a device should exhibit high emissivity in the
atmospheric window (8—13 ym) and high reflectivity within the
solar radiation range.'”'* When the cooler exhibits high
transmittance within the visible light spectrum, high reflectance
in the NIR band, and high emittance through the atmospheric
window, it qualifies as a transparent radiative cooler. For
example, in 2023, Guan et al.”” theoretically designed and
optimized a transmissive colored radiative cooling film that
allows a specific portion of light to pass through and provides
more vivid colors by means of a mixed-inteéger memetic
algorithm and machine learning. In 2024, Li et al.'® theoretically
proposed an adaptive radiative cooling system based on W—
VO,, where the spectra at high and low temperatures can be
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Figure 1. (a) Reflectance and transmittance spectra and (b) emissivity spectrum of the ideal transparent radiative window. (c) Schematic illustration of
a transparent NIR reflector. (d) Schematic illustration of a color-preserving radiative cooling window.

easily adjusted by varying the thickness of each layer and the
ratio of W—VO,. Currently, such cooling techniques are
employed in solar cells,’” thermoelectric generator cooling,'®
triboelectric nanogenerator,'”~*" thermoelectric power gener-
ator,” radiative coolers that modulate color,"*>**** trans-
parent radiative cooling window,””**° and so on.

When energy-saving windows are combined with radiative
cooling, the concept of radiative cooling window has emerged.
Apart from maintaining high reflectivity in the near-infrared
(NIR, 0.78—2.5 pum) band and high emissivity in the
atmospheric window (AW, 8—13 um), these windows should
also have high transmissivity in the visible band (VIS, 0.38—0.78
um) to ensure both transparency and cooling.”’ > Currently,
various multilayer thin-film designs for radiative cooling
windows are under exploration. For instance, in 2021, Kim et
al.”® proposed a dielectric multilayer consisting of hydrogenated
amorphous silicon (a-Si:H) and SiO, stacked alternatively and a
top polydimethylsiloxane (PDMS) layer on a glass, which
reduced the temperature by up to 14.4 K. In 2022, a dielectric/
metal/dielectric (DMD) transparent radiative cooling structure
(ZnO/Ag/ZnO) with 77% visible light transmissivity, 57% NIR
reflectivity, and 91% atmospheric window emissivity was
proposed by Dang et al.”> Zhang et al. proposed a radiative
cooling glass with a PDMS/ITO/SiO2 structure that can
achieve a visible light transmissivity of 80.5%, NIR reflectivity of
10.3%, and atmospheric window emissivity of 94.8%.>° Jin et al.
achieves wavelength selectivity through a 1D planar hyperbolic
metamaterial (HMMs) design to realize near an epsilon-near-
zero (ENZ) region, utilizing a structure of hyperbolic materials
with a periodic multilayer film configuration (three pairs of SiO,
115 nm/Ag 12 nm and an additional top layer of SiO, 60 nm).
After combining the HMM with the PDMS, it results in high
visible transparency (>60%), IR reflectivity (>89%), and
thermal emissivity (>95%)>*

Many research studies have been done in the field of
transparent radiative cooling. However, currently, there are few
works addressing color-preserving.””** In this work, we utilize
the mixed-integer %enetic algorithm®>*” (GA) and the transfer
matrix method*® ™" (TMM) to optimize an aperiodic multilayer
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structure as a transparent NIR reflector (TNR), which features
flat visible transmittance for color-preserving and high
reflectance in the NIR band. By taking full advantage of the
mixed-integer GA and TMM, the layer materials types, the
number of layers, and thicknesses of the TNR have been
simultaneously optimized. The optimization process of the GA
finally converged to dielectric-metal multilayer structures, which
are taken as the TNR. Sequentially, we place a 100-um-thick
polydimethylsiloxane (PDMS) as a thermal emitter above the
TNR to enhance the emission in the atmospheric window. By
combining the TNR with a 100-um-thick PDMS, a color-
preserving radiative cooling window (CPRCW) has been
achieved by the GA, with flat and broadband average visible
transmittance (86%) for color-preserving and visibility, high
average near-infrared reflectance (86%) for blocking incoming
NIR solar radiation, high average thermal emissivity (95%) in
the atmospheric window for releasing heat into the outer space,
and the drop of temperature (22.3, 21.2, and 15.8 K when
nonradiative heat coefficient is, respectively, 0, 6, and 12 W/m?/
K). We further analyze the spectral characteristics and cooling
performance of the proposed CPRCW.

2. THEORY

2.1. Color-Preserving Radiative Cooling Window
Structure. The CPRCW proposed in this article encompasses
multispectral manipulation in the VIS, NIR, and MIR areas. As
depicted in Figure la)b, an ideal CPRCW should satisfy a flat
transmittance curve in the visible band, a reflectance of 1 in the
near-infrared band, and an emittance of 1 in the atmospheric
window. Given that these multispectral characteristics are
closely coupled, minor modifications in structure or material
composition can influence transmissivity, reflectance, and
emissivity, impacting cooling efficiency and Visibility.15 Thus,
designing multilayer films to simultaneously achieve high visible
transmittance, high near-infrared reflectance, and high middle-
infrared emittance is challenging due to these factors. As a
solution, we first design a TNR whose transmissivity is uniformly
flat, to preserve the color of incident sunlight. Besides, the
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Figure 2. Step(1): The proposed transparent NIR reflector starts with genetic optimization of a multilayer film, whose layer materials, thicknesses, and
number of layers are simultaneously optimized to pursue the desired multispectral characteristics. Step(2): The optimized TNR is then combined with
a thermal emitter to enhance the emission within the atmospheric window.

average NIR reflectivity of the TNR is extremely high to stop the
incident NIR solar radiation (Figure 1c). However, the TNR
which shows a low middle-infrared emittance (8—13 um)
cannot have enough cooling performance. Second, we place a
100-um-thick PDMS as a thermal emitter above the TNR to
enhance the emissivity in the middle-infrared band (see Figure
1d). The PDMS layer, when uniformly spread over the TNR
structure, serves as an efficient thermal emitter due to its
pronounced thermal emission at mid-IR wavelengths beyond 3
pm.”* This configuration cleverly separates the color-preserving
TNR and the thermal emitter, as shown in Figure 1d: (i) the
lower TNR has uniformly flat transmittance in visible wave-
length, blocking incoming NIR solar radiation; (ii) the upper
PDMS serves as the thermal emitter, continuously releasing heat
into space through atmospheric windows for radiative cooling.
In the field of radiative cooling, there are many other papers that
have also employed this method."***** By combination of TNR
with the thermal emitter (PDMS), the concept of radiative
cooling windows has emerged. Due to the minimal impact on
each other, the designs for the lower TNR and the upper emitter
can be optimized one after the other. To calculate the radiative
cooling performance of the proposed radiative cooling window,
the cooling power P_,, per unit area at temperature T is
expressed by P, (T). The radiative cooler is affected by the
influence of both solar irradiance and atmospheric thermal
radiation (corresponding to the ambient air temperature T, )
when exposed to the daytime sky.'* The related formula of
radiative cooling is recorded in Supporting Information SI1.
2.2. The Refractive Index of Materials. Here, in order to
realize the original design intention of achieving the spectral
selectivity by combining different electromagnetic responses, we
take silver (Ag), silicon dioxide (SiO,), aluminum oxide
(ALO,), titanium dioxide (TiO,), and magnesium fluoride
(MgF,),"™" as the candidate materials for the multilayer
structure, which are compatible with thin-film fabrication.
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Besides, the PDMS**** is taken as the thermal emitter. The
detailed refractive index of the above materials can be seen in
Supporting Information SI2. The choice of these specific
candidate dielectric materials is based on multiple factors. First,
they are used for passive radiative cooling.”****>*’ Second, they
exhibit a near-zero extinction coeflicient in the visible and NIR
regimes, which means low absorption and is beneficial for
transmitting light from a window. Third, all of these materials
have excellent chemical durability. Besides, metal (Ag) is usually
utilized for the solar reflector, and the dielectric is able to be
utilized to adjust the visible transmittance and near-infrared
reflectance by diminishing the surface plasma and lessening the
metal layer’s absorption. Both the material types and thickness
variations enable the multilayer film to achieve the desired
multispectral properties.

2.3. Genetic Algorithm. In Figure 2, the genetic algorithm
is a biomimetic optimization approach that emulates the
processes of selection, crossover, and mutation observed in
biological genetics.** Commencing with a randomly generated
initial population, the GA iteratively refines individuals, adapting
them to the environment by employing genetic operators. Over
the processes of optimization, this iterative process leads the
population to evolve, ultimately converging toward an optimal
solution within the specified parameter range.*”’ To ensure a
balance between diversity and inheritance, crossover rates and
mutation rates were determined to be 0.7 and 0.0024,
respectively. In this algorithm, every structure is treated as a
unique design within a population of TNRs, undergoing
sequential steps (namely, crossover, mutation, reselection, and
refinement) to adjust the material types and thickness of each
layer.

As shown in step (1) in Figure 2, a multilayer transparent NIR
reflector is explored for color preservation using the mixed-
integer GA to optimize the number of layers, material type, and
layer thickness simultaneously. To guarantee that the GA
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Figure 3. (a) Relationship between Ty, and optimized Tyg of 3, 5, and 7-layer multilayer film. (b) Relationship between T, and optimized Ry of 3, 5,

and 7-layer multilayer film.

achieves the optimal situation, we encode the candidate
materials of each layer as m;. The material of each layer was
determined throughout the GA optimization process. Alongside
the candidate material m;, the thickness d; is the other key
parameter affecting the optical properties of the multilayer thin-
film structure. In terms of optimizing efficiency and practical
fabrication, the maximum number of layers in multilayers is set
to 3, 5, and 7. If the intermediate TNR design contains two or
more consecutive layers of the same material, then these
identical layers actually represent a single layer. The range of
each layer’s thickness varies from 0 to 0.2 ym. We began by
producing 500 random TNR structures to form our original
population. Besides, the process of optimization is terminated
after reaching 1000 generations. The number of layers, material
type, and layer thickness in the TNR are simultaneously
optimized using the GA. The merit function (MF) is designed,
as shown in eq 1. By minimizing the MF, the GA could optimize
the TNR structure to achieve a flat visible transmittance and
high average NIR reflectance.

MF = a X max(RMSE,,,, RMSE(T,,,)) — b X Ry (1)

tar’
RMSEtar =c X ’I‘;ar (2)
V2 (Tas(i) = T.)?
RMSE(T,,) =

n (3)

RMSE,,, is the target root mean squared error. RMSE(T,,,) is
the root mean squared error between visible transmittance
(Tyis) and target transmittance (T,,). T, is the target
transmittance, which ranges from 10 to 90% with an interval
of 10%. Ry is the average NIR reflectance from 0.78 to 2.5 ym.
The weights a, b, and ¢ have values of 100, 1, and 0.05%
respectively. Ty;g and Ryyg are calculated by the TMM, which
can be seen in Supporting Information SI3. The MF
continuously decreases with the iterative evolution process of
the population. In eq 1, max(RMSE,,, RMSE(T,,,)) represents
taking the maximum value between RMSE,,, and RMSE(T,,,).
When RMSE(T,,,) decrease to the RMSE,,,, the GA will no
longer optimize max(RMSE,,, RMSE(T,,)) to minimize the
value but instead optimize Ryp to make it as high as possible,
ultimately achieving the minimum value of the MF.

After around 1000 generations, we succeed in keeping
RMSE(T,,) to be RMSE,,, (for example, RMSE(10%) = ¢ X
T = 0.05% X 10% = 5 X 107°, the more detailed information
can be seen in Supporting Information SI4), which maintains
the transmittance curve to be flat for color-preserving. The TNR
structure consists of multilayer films, with the maximum number
of layers set as 3, 5, and 7. For the maximum number of layers in
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the multilayer set to 3,5 and 7, the material type and layer
thickness are optimized simultaneously, and the optimization
process finally converged to Al,0;/Ag/Al,O; Al,O;/Ag/
Al,O;/Ag/ALO;, and Al,O3/Ag/Al,0;/Ag/Al,05/Ag/AlLO;,
which we called the dielectric-metal (DM) multilayer film or
TNR. The details of the TNR are elaborated in Results and
Discussion 3.1.

After realizing wavelength selectivity using the GA, the TNR
structures have flat transmittance for color-preserving and high
NIR reflectance for stopping the incident NIR solar radiation.
Nevertheless, the optimized TNR has very low emittance, which
is nearly close to zero. Moreover, incident visible sunlight
carrying solar radiation makes our multilayer structure inevitably
heat up, which hinders the cooling effect. Thus, a thermal
emitter consisting of a 100-yum-thick PDMS is positioned above
the TNR, aiming to enhance the emission within the
atmospheric window for radiative cooling. After combining
the TNR and the PDMS, a CPRCW has emerged (Figure 1d).
The refractive index of PDMS can be seen in Supporting
Information SI2. However, the proposed radiative cooling
window shows oscillation properties in the solar spectrum.’>*>
These oscillation properties do not exist in the solar spectrum of
the individual TNR. They are caused by the interference effect
between the TNR and PDMS. Thereby, the color of the
transmitted light may not be preserved as a result of the
oscillations, which means that the transmittance curve in the
visible band is not flat.

As shown in step(2) in Figure 2, to reduce the impact of
oscillation on color-preserving and enhance the emission within
the atmospheric window, we repeatedly make use of the genetic
algorithm to optimize the spectral properties of the CPRCW. In
eq 1, we set the parameter c to 0.5% and T, to 10 and 90%.
Because there are spectral oscillations in the proposed radiative
cooling window, we cannot achieve a variance as small as that of
a TNR structure. In other words, the transmittance curve of the
color-preserving radiative cooling window cannot be as flat as
that of the TNR. So, we are setting parameter ¢ to 0.5% here,
instead of the previous 0.05%. Parameters a and b remain
unchanged, just like before. Utilizing the GA again, we
accomplish the optimization, and the proposed CPRCW has
been achieved. In other words, we succeed in keeping
RMSE(T,,,) to be RMSE,,.. Thus, the Ty can reach T, with
a very small variance, which is able to make the visible
transmittance curve flat for color-preserving. Besides, when Tyg
reaches 10 and 90%, the corresponding average NIR reflectance
(Ryir) is 91 and 86%, respectively. The details of the CPRCW
are elaborated in Results and Discussion 3.2.
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Figure 5. (a) Spectrum of transmittance of different TNRs whose Ty reaches different T,. (b) Spectrum of reflectance of different TNRs whose Ty

reaches different T,

tar*

3. RESULTS AND DISCUSSION

3.1. Optimization of the Transparent Near-Infrared
Reflector. The TNR structure, wherein the maximum number
of layers is 3, S, and 7, is analyzed and compared in Figure 3a,b.
In Figure 4a, we utilize the GA to keep the RMSE(T,,,) to be
RMSE(T,
10%. With a very small variance, we can make Tyg nearly reach

o), where T, ranges from 10 to 90% with a step-size of

30429

the target average transmittance (T,) for 3, S, and 7-layer DM
multilayers. Subsequently, for an in-depth assessment of the
optimal TNR, we utilize the GA to increase Ry as high as

possible, when we keep the Ty ;g nearly to Ty, In Figure 4b, when

ar*
we fix Ty to the same Ty, Ry increases as the film layer
number increases from 3 to 7. This is because the more layers of
film, the higher the reflectance.*®*” In a word, the 7-layer DM
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Figure 6. Spectrum of (a) Tys and (b) Ryyz of TNR with different T, as a function of incident angle. (c) Chromaticity diagrams of transmissive color

of TNRs with different T,,.

multilayer has the highest Ry compared to the 3-layer and S-
layer DM multilayers when we keep the Tyg nearly to Ty, with a
small variance. Thus, we choose the 7-layer Al,05/Ag/Al,O;/
Ag/Al,0;/Ag/AL O, multilayer film structure as the transparent
NIR reflector.

Now, we present the process of the optimization about the 7-
layer TNR structure with RMSE(90%) = 4.5 X 10™*. The details
about other structures can be seen in Supporting Information
SI4. Figure 4a,b plots Ty, Rz, MF, and RMSE(90%) with the
change of the generations. The decreases of both scores of MF
and RMSE(90%) demonstrate the effectiveness of the
algorithm. The progress in solar transmissivity and infrared
reflectance of the TNR structure across selected generations is
portrayed in Figure 4c—f, which shows the spectra of solar
transmissivity and reflectance of the best TNR structures in the
first, 10th, 30th, and 100th generations. Over the optimization
period, we observe the RMSE(90%) gradually decreases from
3.6 X 107! to 4.5 X 107* which means that the transmittance
curve in the visible band tends to be flat for preserving the color
of the transmitted light. Therefore, the feasibility of genetic
algorithms has been confirmed.

Figure 5 shows the spectra of transmittance and reflectance of
the TNRs. In Figure Sa,b, we show the spectra of transmittance
and relevant reflectance of TNR in a full wavelength range from
0.3 to 2.5 ym when the Ty is fixed to Tj,,. For example, TNR1
means the TNR whose RMSE(10%) = ¢ X T, = 0.05% X 10% =
5 X 1075, The more detailed information can be seen in
Supporting Information SI4. In Figure Sa, we can see that the
transmittance curve in the visible band is nearly flat, which helps
preserve the composition of the transmitted light. Figure Sb
shows the reflectance of the 7-layer TNR. When the Tyq is fixed
from 10 to 90% with a step-size of 20%, Ry is 98, 97, 94, 92, and
87%. It is obvious that average NIR reflectance increases as
average visible transmittance decreases, which is in accordance
with the facts. The 7-layer TNR structure (A1203/Ag/A1203/
Ag/Al,0;/Ag/ALO;) can be seen as composed of three DMD
structures with different reflection and transmission bands. The
selective broadband reflection and transmission achieved by the
7-layer TNR structure attributes to the superposition of these
reflection and transmission bands of the DMD structures.

To study the optimized transparent NIR reflector’s
consistency across varying incident angles, we plot the Ty
and Ryg when Ty;g at normal incidence is nearly fixed between
10 and 90% with a step-size of 20%, against the oblique incident
angle (6). In Figure 6a,b, we have presented the spectrally Ty
and Ryg of TNR structures. The transmittance and reflectance
shown here are the average for both polarizations at normal
incidence. As depicted in Figure 6a, the average visible
transmissivity over both polarizations remains consistent for €
less than around 60°. When the incident angle exceeds 60°, the
average visible transmittances have evident drops. Furthermore,
as shown in Figure 6b, the average NIR reflectance has no
obvious changes with the various angles. When the average
visible transmittance is nearly fixed from 10 to 90% with a step-
size of 20% at normal incidence, the average NIR reflectance is
98,97,94, 91, and 87%. The detailed information can be seen in
Supporting Information SI4. Furthermore, as 8 increases from 0
to 90°, the average NIR reflectance reaches nearly 100%.
Therefore, under the condition of oblique incidence, the 7-layer
TNR structure (AlL,0;/Ag/ALO;/Ag/ALO;/Ag/ALO;) can
still maintain stable visible light transmittance and near-infrared
reflectance and has minimal dependence on the incident angle.

In the field of transparent NIR reflectors, we first keep the
root-mean-square of average visible transmittance at 0.05% X
Ty which aims to maintain the visible transmittance curve to be
flat for color-preserving. Subsequently, we take advantages of the
genetic algorithm to increase the average NIR reflectance as far
as possible, when average visible transmittance is fixed from 10
to 90% with a step-size of 20%. In a nutshell, we utilize the
genetic algorithm to design the TNR which has flat visible
transmittance and high NIR reflectance as much as possible.

After the TNR achieved by genetic algorithm optimization
results in a notable flat transmission within the visible solar
spectrum, we studied how the optimized TNR affects the
creation of transmissive color at normal incidence. The
chromaticity diagrams of transmissive color about transparent
NIR reflector structures with different average visible trans-
mittances are shown in Figure 6c. The relevant RGB and colors
of each visible transmitted light are also listed in Table 1. The
calculation method of RGB is indicated in Supporting
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Table 1. Corresponding Transmissive Colors and the Value
of RGB for Different TNRs

Information SIS. “0” refers to the solar spectrum. The numbers
from '1' to '9' correspond to TNRI1 through TNR9. When the
number ranges from 1 to 9, the color of sunlight passing through

Numbe
4 . RGB(x,y,Y)  Color RGB(X,Y,Z)  Color TNR is shown in Table 1. In the last column of Table 1, the color
of sunlight passing through the transparent near-infrared
sunligh (0.3391,0.3501,1 (96.3228, : : :
0 tg oo 99.4463, reflector is unusual because the brightness Y is not equal to
) 88.3114) 100. The Y value represents the luminance of the light (or the
1 oy (03363034851 (9398, 9739, measure of its br1ghtne§s), and not .all light sources or light
00) 8.8044) passing through filters will have a maximum luminance value of
100. A Y value not equal to 100 simply means that the brightness
(0.3348,0.3527,1 (19.1784, of that light source is not the maximum luminance that the color
2 TNR2 20.1657, ! | !
00) 17.5154) space can describe. In order to provide a unified standard for the
(29.1864 color space, allowing for comparison and conversion of different
3 TNR3 (0'34030’8)'3527’1 30.2454, colors on the same scale, we normalize the Y value to 100.
26.3251) Additionally, we calculate the corresponding x and y values, as
A NRa (03405034631 (339970140120 shown in the fourth column of Table 1. x and y are chromaticity
00) 35'91273 coordinates derived from the X, Y, and Z coordinates. They are
) used to describe the hue and saturation of the colors.
5 ~Rs  (0-3369.035110 %97;80635 The CIE-1931 chromaticity, as seen in Figure 6¢, displays the
0) 43.9052) comparison of the sunlight colors to the transmissive colors. As
the RMSE between Ty;g and T, is fixed to be a small value,
0.3377,0.3527,1 (58.1289, : o
6 ™re @ 00) ) 59.8336, there’s a slight variance observed between the transmissive
53.3592) colors and sunlight colors, attributed to the flat transmittance
(0339.0.3506,10 (29.1864, curve of the TNR in the visible band. This is consistent with
7 TNR7 gy ;02;‘54, Figure Sa whose visible transmittance curve is flat for color-
6.3251) preserving.
(0.3372,0351,10 (76.1695, 3.2. Color-Preserving Radiative Cooling Window.
8 TNRS ) ’ 79.2824, e . . .
0) 70.4207) Utilizing TMM, we perform a calculation of the transmittance
and reflectance over an ultrabroadband wavelength range from
0.3395,0.348,10 (862159, i i i
9 ™ro © o 89.4861, 0.3 to 2.5 ym with a wavelength step-size of 1 nm, as shown in
) 79.7964) Figure 7a,b. As Figure 7a reveals, although certain discernible
oscillations arise due to the interference of the thin film, we have
utilized the GA to make the visible transmittance as flat as
(b)
1.0 0.38um 0.78um 1.0
b AT f
08l ” W N 08l ‘”\‘ Ut
8
P 8 CPRCW1
T s CPRCW2
E 131
@ e ] Solar spectrum
So04f EM - P
= ‘
02t 02}
L '
00— k — : : 001 L : : : :
05 10 15 20 25 30 05 10 15 20 25 30
Wavelength(pm) Wavelength(pum)
CIE 1931
(c) 520

0.8

0.6

500

04

0.2

@ 0

620

0.8
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possible for color-preserving where the CPRCW has been
achieved. In Figure 7, CPRCW1 and CPRCW?2 represent the
radiative cooling window whose Tys reaches 10 and 90%,
respectively, with a small variance. We now analyze the color of
transmissive sunlight which passes through the CPRCW. The
CIE-1931 chromaticity coordinates of the color of transmissive
light and sunlight for normal incidence are calculated, as shown
in Figure 7c. The calculation method of RGB is indicated by
Supporting Information SIS. As seen in Table 2, number 0

Table 2. Corresponding Transmissive Colors and the Value
of RGB for CPRCW1 and CPRCW2

Number RGB(x,y,Y)  Color RGB(X,Y,Z) Color
. (0.3391, (96.3228, 99.4463,
0 sunlight 3551 100) 88.3114)

CPRC (0.3341, (8.8293,9.1789,
W1 0.3474,100) 8.4171)

CPRC (0.3353,
w2 0.3506,100)

(84.0250, 87.8783,
78.7191)

represents the color of sunlight, and numbers 1 and 2 mean
CPRCW1 and CPRCW?2, whose Ty;s reach 10 and 90%,
respectively, with a very small variance. When the number
ranges from 1 to 2, the color of sunlight passing through the
CPRCW is shown in Table 2. Although the T,,, of CPRCW1 and
CPRCW?2 are 10 and 90%, respectively, due to variance, their
actual Tyyg are 9.5 and 86% in accordance. In Figure 7c, the flat
visible transmittance curve of the color-preserving radiative
cooling window preserves the original color of the transmissive
sunlight, which means that no obvious color distortion can be
observed.

After reducing the impact of oscillation on color-preserving,
we now present and analyze the effect of radiative cooling. As
shown in Figure 8, the emissions of CPRCW1 and CPRCW2 in
the atmospheric window are almost the same because they both
have the PDMS of the same thickness, which plays a very key
role in MIR emission. Furthermore, the designed CPRCW1 and
CPRCW?2 display a broadband and high average mid-infrared
emittance of 95% at the atmospheric transparent window, while
TNRI and TNR9 whose Ty reach 10 and 90% with a very small
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Figure 8. Spectrum of emittance of CPRCW1, CPRCW2, TNR1, and
TNRO.

variance have a very low MIR emittance (nearly to zero). The
broadband and high emittance (Figure 8) of the designed
CPRCWI1 and CPRCW?2 align well with the ideal E values, as
shown in Figure 1b. Therefore, the transparent NIR reflector is
inevitable to heat up because of the low MIR emittance in
theory. This strong MIR emission of the proposed CPRCW is
mainly attributed to the 100-ym-thick PDMS, which serves as an
MIR thermal emitter.”* To study the consistency of the CPRCW
and TNR across varying incident angles, we plot the E,, against
the oblique incident angle (6) in Figure 9. The emittance shown

—— CPRCW1
----- CPRCW2
TNR1
0 —— TNR9
A T 3¢
-60° 60°
" 4\\
[ |
9(’ | ] 90°

Figure 9. Spectrum of E,, of CPRCW and TNR with different T,
values as a function of incident angle.

here is the average for both polarizations at normal incidence. As
depicted in Figure 9, Exy of CPRCW1 and CPRCW?2 over both
polarizations remains consistent for @ less than around 60°.
When the incident angle exceeds 60°, the E,,y of CPRCW1 and
CPRCW?2 has evident drops. As same as Figure 8, the E,y of
CPRCW1 and CPRCW2 in Figure 9 are almost the same
because they both have the PDMS of the same thickness. In
Figure 9, E5y of TNR1 and TNRY remain low across varying
incident angles, which means poor performance of radiative
cooling. Accordingly, the proposed CPRCW demonstrates a
robust and elevated emissivity within the atmospheric window
across a variety of angles, rendering it exceptionally conducive to
applications in radiative cooling windows. This attribute
enhances its utility in maintaining thermal efficiency and
environmental adaptability in sustainable building designs.

To further illustrate the importance of emissivity on the
cooling performance, in Figure 10, based on eq 1 in Supporting
Information SI1, we plot the cooling power P, as a function of
the temperature AT, (ATeq =Ty — Tomb)- The equilibrium
temperature T, where Pcool(Teq) = 0, defines the lowest
temperature that CPRCW can reach. Here, we assume that T,
=300 K. The lower the value of AT, the better the cooling
effect of the structure. As shown in Figure 7a,b, CPRCW1 and
CPRCW?2 exhibit a flat visible transmissivity and an ultrahigh
NIR reflectance. Meanwhile, they achieve a highly selective
thermal emissivity, which is closely matched with the trans-
parent atmospheric window, as shown in Figure 8. The influence
of transmissivity on cooling power and equilibrium temperature
is also analyzed theoretically. In Figure 10, we show the cooling
power as a function of AT, for different i values (h. =0 W/ m?/
K, h,= 6 W/m?/K, and h_= 12 W/mZ/K).SI h. is a nonradiative
heat coefficient,” which has been described in Supporting
Information SI1. In addition, as can be seen from Figure 10, the
optimized CPRCW structure in this paper has higher cooling
power than the glass window with equal thickness. For a
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Figure 10. Cooling power as a function of the temperature difference at
different h_ values. T,;, = 300 K is used for all of the plots.

different h,, the proposed CPRCW always exhibits much lower
AT,  than the equal-thickness glass window (as listed in Table
3). When the Ty is fixed to 10% (CPRCWT1), the drop of

Table 3. Value of AT,  (Tq — Tymp) with Different Structures
for P_,,; = 0 W/m?

cool —

he=0W/m?>/K  h.=6 W/m*/K  h =12 W/m*/K
CPRCW]1 (K) 2 0.8 0.5
CPRCW2 (K) 79.2 40.5 264
glass (K) 101.5 61.7 422

temperature is 99.5, 60.9, and 41.7 K compared with the equal-
thickness glass for k. = 0, 6, and 12 W/m?/K. When the TVIS is
fixed to 90% (CPRCW?2), the drop of temperature is 22.3, 21.2,
and 15.8 K compared with the equal-thickness glass window for
h.=0, 6, and 12 W/m?/K.

4. CONCLUSIONS

In conclusion, we designed a color-preserving radiative cooling
window that can preserve color and lower the temperature.
Through our systematic design approaches, based on the genetic
algorithm and transfer matrix method, we combine solar energy
management (wavelength-dependent transmission/reflection)
and radiative cooling in a planar multilayer stack of dielectric and
metal layers. Unlike most previous designs, our designed
transparent cooling window has broadband and flat trans-
mittance for color-preserving in the visible band and high NIR
reflectance to block much of the NIR light components. This is
achieved by utilizing the GA to optimize the CPRCW to fix
average visible transmittance to 10 and 90% with minimal
variance, and the relative average NIR reflectances are 91 and
86%. Although the T,,, of CPRCW1 and CPRCW2 is 10 and
90% respectively, due to variance, their actual Ty;g are 9.5 and
86% in accordance. Moreover, the broadband thermal emission
was demonstrated using a uniform 100-ym-thick PDMS layer
placed on the TNR, which shows high thermal emissivity (95%)
across the broad mid-IR range. By combining the TNR with a
100-um-thick PDMS, a color-preserving radiative cooling
window has been achieved by the GA. Compared with a glass
window with equal thickness, the drop of temperature caused by
CPRCW1is99.5, 60.9, and 41.7 K for h. = 0W/m?*/K, h.= 6 W/
m?/K, and h.= 12 W/m?/K, and the drop of temperature caused

by CPRCW?2 is 22.3,21.2, and 15.8 K for h, = 0 W/m?/K, h. = 6
W/m?*/K, and h, = 12 W/m?*/K,, respectively The structure
proposed in this work achieves different transmittances ranging
from 10 to 90% and could be used in low-visibility (such as
helmets, shading visors, or goggles) and high-visibility (such as
windows of buildings and cars) radiative cooling.
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