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Abstract: With the increasing demand for energy worldwide, researchers from different fields have been
striving to improve the sustainability and proper utilization of energy resources. Passive radiative cooling, as
a natural energy transport method, can achieve cooling without additional external energy input. This review
provides a comprehensive examination of passive radiative cooling, including its fundamental theories and
latest development. A particular emphasis is placed on the diverse range of fields where passive radiative
cooling has been applied, notably including but not limited to construction and architecture. The current state
of applications, potential challenges that may arise with wider adaption and promising research directions for
each field are thoroughly discussed. This review underscores the universal applicability and feasibility of
passive radiative cooling and contributes to its future development by identifying promising areas for further

exploration.
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1. Introduction

As global energy demand continues to rise, researchers across diverse disciplines are relentlessly
exploring avenues to enhance the sustainability of energy production and its efficient usage. Active
cooling technologies, mainly based on vapor compression cycles, currently dominate the cooling
effect generation scenarios across various industries. Vapor compression refrigeration systems are
mature, stable, and capable of high cooling output [1]. However, these widely used vapor
compression systems, such as heating, ventilation, and air conditioning (HVAC) units, consume
significant amounts of energy. Although novel refrigerants with low Global Warming Potential
(GWP) and Ozone Depletion Potential (ODP), like R744, R1234yf, and R290 [2-5], have been
introduced, they only represent a compromise under the ultimate goal of zero energy consumption.
Thus, it is critical to develop alternative energy-saving and environmentally friendly cooling
solutions considering long-term sustainability. Passive radiative cooling, a naturally occurring
energy transfer process, offers a promising solution by providing cooling effect without additional
external energy input [6]. Fundamentally, in the passive radiative cooling process, a sky-facing
surface reflects solar irradiance with a wavelength range of 0.2-2.5 um and dissipates its own heat in
the form of thermal radiation to the cold outer space through the atmospheric window lying within
8-13 um of the electromagnetic spectrum. Due to the large temperature difference between the sky-
facing surface and the outer space (3 K), the outer space can act as a heat sink with nearly unlimited
capacity, providing a cost-free and sustainable cooling solution [7]. In this study, we aim to
systematically review the principle of this innovative cooling technology and its potential
applications for a more sustainable energy future.

Systematic studies of passive radiative cooling can be dated back to the 1960s, with focuses
limited on nighttime passive cooling in the 1970s and 1980s [8,9]. For nocturnal cooling, the
performance mainly depends on the thermal radiation efficiency of the radiative cooler, which is
determined by the emissivity in the mid-infrared (MIR) range. However, higher MIR emissivity
comes with a higher absorptivity, which increases radiative absorption from the surroundings and
hence reduces the cooling effectiveness. Thus, a selective radiative surface is required for optimal
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cooling efficiency in order to achieve daytime cooling. Ideally, a selective radiative cooling surface
should achieve high emissivity only at the highly transparent atmospheric window for maximizing
heat dissipation towards the outer space while close other atmospheric channels for minimizing
radiative heat received. In addition, high reflection and low absorption for solar light is needed for
daytime passive radiative cooling. For the first time in California USA, Raman used a passive
radiative cooler with a multilayer photonic structure to achieve daytime cooling, which shows a
cooling power of 40.1 W/m2?and a temperature drop of ~5 °C [10]. Since then, various materials have
been proposed to achieve daytime radiative cooling with sub-ambient temperatures and great
potential for practical applications.

One common material design concept is to enhance MIR emissivity and solar reflectance for high
cooling efficiency [11]. Wide absorption bands of metal-O, nonmetal-O, and nonmetal-nonmetal
bonds of inorganic dielectric materials can be used to achieve strong IR emission. Among these, SiO,
Si0Oz, SixNyO, and other silicon-related materials have been widely used in radiative cooling
applications [12-15]. Apart from silicon-based coatings, other inorganic coatings have also been
explored for their potential in radiative cooling applications. For instance, coatings developed by
Berdahl using magnesium oxide (MgO) and/or lithium fluoride (LiF) as radiators have demonstrated
a remarkable cooling power of 85 W/m? under a clear night sky [16]. Polymer-based materials have
also been used for passive radiative cooling, such as polymethyl methacrylate (PMMA),
polyvinylidene fluoride (PVDF), and Polydimethylsiloxane (PDMS) [17-21]. With the rapid
development of micro/nanomaterials and advanced manufacturing technologies, high solar
reflectance of over 97% and high selective MIR emissivity of up to 99% have been achieved [22,23]. A
diverse range of passive radiative cooling material designs have been investigated, which show
exciting application prospects. In addition to the aforementioned organic or inorganic film structure
radiative coolers, pigment paint represents another viable option for nocturnal radiative cooling.
Many oxides elements such as titanium (TiO2) [24,25], aluminum (AlOs) [26,27], barium (BaSOx)
[28,29], silicon (SiO2, SiOxNy) [30], and zinc (ZnS, ZnO, ZnSe) [26,31-34] exhibit high emissivity in
the atmospheric window wavelength range and high reflectivity in the visible range.

The development and advancement of passive radiative cooling technologies brings us closer to
large-scale applications, which promises an array of societal benefits beyond specific industries,
extending to daily life. This review aims to deepen our understanding of the transformative potential
of radiative cooling and highlight how this naturally occurring and energy-efficient process could
contribute to sustainable cooling practices. By identifying the unique challenges and requirements in
various applications, we provide several future research directions, which can potentially lead to a
more energy-efficient and sustainable world.

In the forthcoming sections, we will start with the fundamental principle of passive radiative
cooling, followed by a comprehensive overview of the real-world applications of radiative cooling
under various circumstances including thermal regulation for buildings, human beings, PV panels,
greenhouse and food storage as well as dew water collection. In each application scenario, we will
highlight the specific characteristics that radiative cooling technology needs to be possessed to
function effectively within that particular environment. Conclusively, we will identify the critical
issues that should be addressed for large-scale practical applications of passive radiative cooling
technology and further propose potential directions for future research.

2. Fundamentals of Passive Radiative Cooling

In the field of thermodynamics, it is understood that any object with a temperature above
absolute zero (0 K) has the capability to spontaneously absorb and emit electromagnetic waves [35].
This interaction between objects of different temperatures results in a form of heat exchange among
objects at varying temperatures through the process of absorption and emission of these
electromagnetic waves. On Earth, the most critical example of radiative heat exchange takes place
between the Earth's surface and outer space, which is a process moderated by the transparency of the
Earth's atmosphere in the wavelength range of 8-13 pum [36], a phenomenon known as the
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atmospheric long-wave infrared (LWIR) transmission window and playing an integral role in
maintaining the Earth's temperature within a range that supports life.

The net cooling power of a typical passive radiative cooler in daytime is determined by outgoing
thermal radiation from the cooler, solar radiation absorption and atmospheric thermal radiation
absorption by the cooler, and non-radiative heat transfer (shown in Figure 1a), and can be expressed
as follows:

Anet = Gcool ~ Gatm — qsolar — non-rad (1)
Where ¢, is the net cooling power of the cooler; q.q is the radiative power of the cooler; iy
and qgo1ar are the absorbed power from the atmospheric and solar radiation, respectively; gnon-rad
is the power of all non-radiative heat transfer processes, i.e., convection and conduction, occurring
between the radiative cooler and its surrounding environment. To maximize g, it is advisable to
amplify q.o0 as much as possible and concurrently reduce quon-raq- With regards to g0, the
utilization of spectrally selective surfaces is crucial. Specifically, a daytime radiative cooler should be
designed to exhibit low solar absorption while simultaneously maintaining high MIR emissivity
(shown in Figure 1b). This characteristic facilitates the achievement of radiative cooling effect during
the daytime. In terms of minimizing qnon-raq, it is paramount to effectively insulate the radiative
cooler from its surrounding environment, which can minimize the heat transfer from convection and

conduction.
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Figure 1. Fundamentals of passive radiative cooler. a) Schematic diagram of the heat transfer
processes of a typical passive radiative cooler. b) The ideal solar reflectivity and MIR emissivity of
daytime passive radiative cooling.

3. Promising Applications of Passive Radiative Cooling

As people delve deeper into the realm of daytime radiative cooling, it becomes apparent that
this technology holds significant potential for transformative applications across various sectors. In
this section, we will explore several application scenarios in detail, highlighting the recent advances
in daytime radiative cooling materials, devices, and systems that are not only paving the way for
sustainable energy usage but are also redefining the landscape of temperature regulation.

3.1. Building cooling

In the realm of energy consumption pertinent to modern societies, cooling demand constitutes
a substantial 40% of the overall energy utilization [37]. Within this significant proportion, it is
interesting to note that conventional HVAC systems in architectural structures occupy a significant
65% of the energy usage [38]. Recent study illuminating the global status of HVAC systems suggests
that by 2030, the annual electricity expenditure on HVAC systems could exceed hundreds of billions
of dollars [39]. This underscores the critical role HVAC systems play in the larger context of energy
consumption and the potential energy savings that could be realized in this sector. Against the
backdrop of significant energy expenditure by traditional HVAC systems, passive radiative cooling
emerges as a promising alternative in the field of building cooling. This technology, requiring no
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additional energy input, has the potential to achieve substantial cooling effects. The utilization of
radiative cooling materials in the construction of building rooftops, often referred to as 'cooling roofs',
is a well-established applications of radiative cooling technologies within the field of architecture. In
periods of high ambient temperatures, the implementation of cooling roofs can considerably diminish
the cooling load of a building. These specially designed roofs can reflect a large fraction of the
incoming solar radiation, while concurrently emitting thermal radiation towards the outer space. This
dual mechanism facilitates an efficient cooling process, making a substantial contribution to overall
energy saving within buildings. Indeed, the film-type [10,13,16-18,24,29,34] and paint-type [12,25-
29,32] materials introduced in the introduction section can all serve as potential candidates for
building cooling. However, beyond the basic requirements of optical properties that enable radiative
cooling, additional performance criteria should be evaluated for materials intended for building
roofs, including durability and scalability, aesthetic functions (color), and cooling power self-
adaptive. These factors play crucial roles in determining the practical applicability and long-term
performance of these materials in real-world architectural contexts.

Many meticulously designed radiative coolers necessitate intricate manufacturing processes and
are vulnerable to a variety of factors that can challenge their durability during outdoor applications.
Instances such as material structural degradation due to prolonged and intense ultraviolet (UV)
exposure, surface contamination or erosion caused by wind-borne sand and dust, and surface
damage from accidental impacts or continuous friction can adversely affect their cooling efficiency.
Researchers are actively engaged in efforts to mitigate these challenges. Titanium dioxide (TiO2) has
high refractive index and excellent hydrophobic and UV-blocking properties [40], leading to radiative
coolers using TiO: nanoparticles exhibit high solar reflectance and dirt resistance. Song et al [41]
demonstrated a strategy for realizing a durable radiative cooling coating through the evaporation-
driven assembly of TiO2 nanoparticles. The UV resistance of the designed anti-aging cooling paint
(AACP) is significantly enhanced by the formation of a porous layer using rutile TiO2nanoparticles,
without the incorporation of polymeric binders. When subjected to an accelerated aging test
equivalent to one year of natural sunlight exposure, it was observed that the solar reflectance of the
coating only diminished by a slight 0.5% (from 92.5% to 92.0%), while LWIR emissivity and contact
angles were almost unchanged (shown in Figure 2a), maintaining reliable performance compared to
the original state. In a similar vein, taking advantage of the intrinsic properties of TiO2, Li M et al.
[42] developed a triple-layer structure radiative cooler based on polyethersulfone (PES) with TiO:
and AlO;, using a phase change method (shown in Figure 2b). The top layer, consisting of high-
refractive-index (n = 1.8) Al:Os nanoparticles treated with fluorides for enhanced hydrophobicity
(with a contact angle of 168°), reflects most of the UV light and is waterproof, thereby protecting the
underlying structure. This design exhibits efficient and durable daytime radiative cooling, even in
harsh climates. Acknowledging the critical importance of enhancing the mechanical strength of
materials used in passive radiative cooling, Li T et al [43] designed a wood-based passive radiative
cooling material with enhanced tensile strength through delignification and re-pressing. This
material features cellulose nanofibers that scatter solar irradiance and emit strongly in the MIR range,
yielding an average daytime cooling power of 54 W/m?. Significantly, the absence of lignin from the
wood matrix results in an enhanced tensile strength, measured at 404.3 MPa—representing an 8.7-
fold increase over conventional wood (shown in Figure 2c). This substantial reinforcement of
mechanical properties confers resistance to erosive forces like wind-sand abrasion and incidental
impacts, ensuring persistent and stable cooling performance. Additionally, to address challenges in
cooling performance degradation caused by outdoor contamination, Wang et al [44] prepared a
polymer composite coating of polystyrene, polydimethylsiloxane, and poly(ethyl cyanoacrylate)
(PS/PDMS/PECA) using a simple two-step spray method. The ultra-hydrophobic self-cleaning
characteristics of this coating can maintain the optical performance of the coating surface. During
anti-fouling tests, it was observed that when mud was applied to the material's surface, it slid off
instead of adhering to the surface due to the surface's ultra-hydrophobicity (shown in Figure 2d),
thus not compromising the material's cooling efficiency. Meng et al. [45] reported a robust
superhydrophobic self-cleaning porous coating characterized by the presence of nano-globules. This
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coating is synthesized through the thermal polymerization of methyl methacrylate (MMA) and
ethylene glycol dimethacrylate (EDMA). The interconnected nano-globules structure contributes to
increased surface roughness, endowing the surface with significant superhydrophobic properties,
evidenced by a high contact angle of 165° (shown in Figure 2¢). Moreover, the superhydrophobicity of
the coating remained stable after rigorous testing, including tape peeling, abrasion with sandpaper,
immersion in strong acids, and UV aging experiments. These findings suggest that the coating is
highly resistant to dirt contamination, mechanical wear, chemical corrosion, and prolonged exposure
to direct sunlight.
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Figure 2. High durability radiative cooler design. a) The almost unchanged optical and wetting
properties of AACP coating after 1000 h of UV exposure. [41] is licensed under CC BY-NC 4.0. b)
Cross-sectional schematic of the trilayer PES-TiO2-Al20s cooler and its UV resistance capability.
Figures by [42] is licensed under CC BY-NC 4.0, with the permission of John Wiley and Sons. c)
Schematic diagram of the cooling wood structure and its strength comparison with ordinary wood.
[43] is licensed under CC BY-NC 4.0. d) Photograph of a mud slurry droplet on a PS/PDMS/PECA
coating. Reprinted (adapted) with permission from [44]. Copyright 2024 American Chemical Society.

e) Photograph of the spherical droplets of water, acid, alkali, and mud slurry on the coating. Reprinted
from [45], with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER].

Reducing light pollution and glare is another challenge of radiative cooling for building
applications. The development of radiative cooling materials with rich colors can not only solve the
issue of glare but also improve visual aesthetics, enhancing the overall acceptability and appeal of
colored radiative cooling technologies for building applications. The dye-rendering strategy is the
simplest and most direct method to address color issue. Chen et al [46] combined commercial dyed
coating layers with porous P(VdF-HFP) or TiOz/polymer composite films (shown in Figure 3a). The
top layer selectively absorbs specific visible wavelengths to exhibit a particular color, while the
bottom layer maximally reflects near-short-wavelength infrared (NSWIR) light to reduce solar
heating. This approach accomplished a temperature drop of 15.6 °C during the hot summer. Tao et al.
[47] engineered a colored radiative cooling emitter composed of a multilayer structure consisting of
a high reflective substrate, a selective emission coating, and a sprayed pigment layer (shown in Figure
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3b). A silver-aluminum alloy sheet serves as the high-reflectance substrate, with quinaldine red,
phthalocyanine green, and phthalocyanine blue employed to achieve the primary colors of red,
yellow, and blue, respectively. The results indicate that the emitter is capable of reflecting over 90%
of near-infrared (NIR) light and demonstrates an infrared (IR) emission of over 85% within the
atmospheric window. Compared to conventional colored polyurethane (PU) panels, the emitter
achieves a temperature reduction of 5-10°C during the daytime and 3-5°C at night. In the pursuit of
alternatives to conventional commercial dyes, phosphor dyes have attracted increasing attention
from researchers. Xu et al. [48] employed luminescent diode phosphor materials such as YsAlsO12:Ce,
Y3(Al Ga)s012:Ce, SrSiO«:Eu, and CaAlSiNs:Eu as pigments to impart yellow, yellow-green, green,
and red hues, respectively (shown in Figure 3c). These phosphors were applied to a dual-layer
structured radiative cooler composed of TiO2 and BaSOs powders embedded in a polyacrylic resin.
Owing to the high selectivity of the phosphor dyes, which possess impurity bands within a large
bandgap to circumvent extensive solar absorption and facilitate narrow-band visible light absorption,
the colored radiative cooler achieved an optimization of color display while minimizing visible light
absorption. It was demonstrated that the solar reflectance and the mid-to-far-IR emissivity of the
cooler both exceed 90%. Under peak solar irradiation of 1000 W/m? at noon, the device achieved a
sub-ambient temperature of 2.7 °C.

However, the color-displaying dye material absorbs not only specific wavelengths of visible
light but also intercepts a fraction of IR waves, which hinders the efficiency radiative cooling [49].
Besides dye-rendering strategy, another strategy is the structural color strategy [50], which achieves
color decoration of the cooler through structural design. By meticulously arranging nano-scale or
micro-scale structures, coloration is achieved through the interference of scattered light without
absorbing extra energy in the IR wavelengths [51], thus enhancing the cooling performance. Through
numerical simulation, Yalgin et al. [52] demonstrated that the spectral position of surface plasmon
resonances can be tuned by adjusting the sizes of plasma core-shell nanoparticles (with a silica core
and a silver shell) and ordinary silver nanoparticles embedded within a silica and
polydimethylsiloxane matrix, thereby resulting in the manifestation of various colors. This coloration
strategy offers the potential for obtaining radiative cooling structures with colored coatings without
affecting the solar reflectance. Building upon this concept of tuning nanoparticle sizes within
radiative cooler structures to experimentally achieve different colorations, Yu et al. [53] engineered a
flexible, colored radiative cooler whose coloration is derived from structural color induced by
interference backward reflection (shown in Figure 3d). The chromaticity can be finely tuned by
modulating the diameter of the polystyrene (PS) microspheres responsible for the interference, thus
rendering a broad color palette. Owing to its unique structural design, the cooler exhibits high solar
reflectance (> 90%) and high MIR emissivity (96%). Zhu et al. [54] proposed an efficient structurally
colored radiative cooling film with a photonic nanostructure, which is fabricated from natural
cellulose nanocrystals (CNC). In this work, while achieving intense and fade-resistant coloration,
they further diminished the sunlight absorption to approximately 3%, while achieving an emissivity
of over 90% within the atmospheric window. Additionally, this film can be produced using a roll-to-
roll (R2R) deposition process, thus suggesting its commercial viability.
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reflectance. From [46]. Reprinted with permission from AAAS. b) The schematic of colorful radiative
cooling emitters. Reprinted from [47], with permission from Elsevier [OR APPLICABLE SOCIETY
COPYRIGHT OWNER]. ¢) Colored radiative cooling coatings using phosphor dyes. Reprinted from
[47,48] , with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER].d)
Photonic-Structure Colored Radiative Coolers. Reprinted (adapted) with permission from [53].
Copyright 2024 American Chemical Society.

All the above implementations are static passive radiative coolers, which maintain a continuous
cooling effect regardless of the surrounding environmental conditions. However, the continues
cooling during cold seasons or nighttime can exacerbate heating costs and personal thermal
discomfort. In response to this, adaptive radiative cooling technology has been proposed. In
accordance with the stimulation mechanism that switches between cooling and non-cooling (heating)
modes, the previously reported switchable radiative cooling systems can be categorized into two
groups: active systems and passive adaptive systems.

Active control systems, which combine external stimuli with responsive materials or structures,
require extra energy input for the dynamic control of thermal performance. Yang et al. [55] proposed
a Janus-structured bilayer aerogel composed of a photothermal MXene-cellulose nanofibers (CNF)
layer and a radiative cooling CNF layer (shown in Figure 4a). By simply manually flipping the two
sides, cooling power control can be achieved. At cold state, the MXene-CNF side was exposed to
sunlight, harvesting solar energy with a high solar absorption (= 97.5%). And at hot state, the CNF
side was exposed to sunlight, reflecting solar energy with low absorption (= 12%) and porous
structure, thereby creating a comfortable cooling effect. Besides simply toggling cooling and heating
materials, mode switching can be triggered under electrical and mechanical stimuli. Li et al. [56]
designed a rollable structure powered by electricity that utilizes a pair of electronically controlled
rotary actuators enabling the flipping of both sides of a thin film (shown in Figure 4b), thereby
providing a seamless switch between solar heating and radiative cooling modes. In addition, Zhao et
al. [19] achieved a spectrum switch through the induction of mechanical force. They induced
cavitation in a dynamic porous silicon bilayer film by applying external compression and stretching
(shown in Figure 4c). This enables a transition between a transparent solid state, which absorbs 95%
of sunlight for heating, and a highly porous state, which reflects about 93% of solar radiation and
allows for approximately 94% of LWIR thermal emission, facilitating solar reflection and radiative
cooling.
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Passive control method, which operates without additional energy and uses materials' innate
reaction to environmental changes, offers a promising solution for more efficient and self-regulating
radiative cooling. Designing adaptive radiative coolers with phase change materials is an effective
approach. Taking advantage of the unique temperature-dependent emissivity adaption of VO2, Fan
et al. [57] proposed a concept based on a planar photonic multilayer system that incorporates VO
and a spectrally selective filter (shown in Figure 4d). However, intrinsic VO2 exhibits a high phase
transition temperature of ~ 68 °C, far exceeding the threshold of human thermal comfort. To achieve
practically applicable adaptive cooling performance, Tang et al. [58] found that doping VO: with
tungsten significantly reduced its transition temperature. Thus, they fabricated a temperature-
adaptive radiative coating based on WxV1.:Oz, which switches thermal emittance from 0.20 (when the
ambient temperature is lower than 15 °C) to 0.90 (when the ambient temperature is above 30 °C).
Other temperature-responsive materials such as germanium antimony telluride (GST) [59-61], and
perovskites (LMnQO:s) [62,63], undergo a phase transition from metallic to insulating states near room
temperature. Their ability to modulate emissivity in the atmospheric window makes them ideal
candidates for dynamically tuning daytime radiative cooling materials. In addition to altering the
emissivity within the infrared band (including atmospheric window), since the visible light spectrum
also makes a significant contribution to solar heating, modulating emissivity in this range is an
effective strategy as well. Thermochromic materials that exhibit temperature-sensitive reflectivity
within the visible light spectrum due to thermally reversible transformation of the molecular
structure of the pigments are gaining significant scholarly attention. These materials undergo a
decolorization process at elevated temperatures, thereby increasing solar reflectivity and minimizing
solar absorption. Conversely, at lower temperatures, these materials display color, enhancing solar
absorption to diminish the cooling power [64]. Wang ] et al. [65] developed a temperature-adaptive
radiative cooling coating consisting of a P(VAF-HFP) bottom layer and a thermochromic
microcapsule top layer (shown in Figure 4e). Via color transitions at high and low temperatures
(transition temperature @ 33 °C), this material demonstrates a capacity for ~20% modulation (91.25%—
72.71%) in solar reflectivity. Further, Wang T et al. [66] incorporated a small quantity of reversible
thermochromic chameleon microcapsules into environmentally friendly and low-cost hollow glass
beads as a radiative cooling base (shown in Figure 4f). This facilitated the possibility for color
diversity and achieved a temperature modulation capacity of ATcooling-heating = 9.5 °C. Organic
thermochromic hydrogels have also been investigated and applied in self-adaptive radiative cooling
technologies. At low temperatures, the refractive index of the hydrogel is similar to that of water,
resulting in high solar light transmission. However, when temperature increases, the hydrogen bonds
within the hydrogel break, leading to phase separation and polymer aggregation. This causes severe
internal scattering and results in a low solar light transmission rate [67]. Xue et. al. [68] designed a
self-adaptive film with a sandwich structure, based on a thermochromic poly(N-
isopropylacrylamide) (PNIPAm) hydrogel and PVDF film with high IR emissivity (Figure 4g). This
film exhibits a relatively low transition temperature (31 °C) and achieves a substantial modulation in
visible light reflectance/transmittance (ARvis = 70.0% and ATvis = 86.3%). In addition to temperature-
driven, Dastidar et al. [69] reported a humidity-induced cellulose-carbon nanotube film of the Janus
structure, which reflects most sunlight (R = 88%) in a dry state and switches to absorbing sunlight («
= 60%) for rapid evaporation in a wet state.
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representation of the PVDF@PNIPAm film. Used with permission of Royal Society of Chemistry
(Great Britain), from [68]; permission conveyed through Copyright Clearance Center, Inc.

3.2. Personal thermal management

While the implementation of radiative cooling in building envelopes has enhanced indoor
comfort within architectural structures, it is equally imperative to address personal thermal
management in expansive outdoor environments. The application of radiative cooling technologies
to textiles emerges as a potential and promising solution, facilitating the creation of wearable and
adaptive thermal management apparel [70-72]. The human body temperature is around 37 °C, which
can emit MIR thermal radiation in a wavelength range of 7-14 um with a peak at 9.5 um, and
emissivity of 0.98 [73]. Considering this characteristic, radiative cooling textiles can be conceptualized
following two design perspectives: high MIR transparency and high MIR emissivity.

The fundamental premise behind the design guideline of high MIR transparent textiles is to
allow, as much as possible, the dissipation of human body heat radiation - which is already situated
within the atmospheric window - into outer space. Cai et al. [74] developed a spectrally selective
nanocomposite textile by embedding zinc oxide nanoparticles into nanoporous polyethylene (ZnO-
PE). This textile reflects over 90% of solar irradiance while maintaining approximately 80% high
transmittance in the 7-14 pm range, where human body heat radiation is concentrated (shown in
Figure 5a). Subsequently, they achieved coloring of the IR-transparent PE textile by utilizing unique
inorganic pigment nanoparticles, enriching its visual appeal while maintaining negligible IR
absorption, non-toxicity, and low cost [75]. To go a step further, Hsu et al. [76] proposed an IR-
transparent textile composed of nanoporous polyethylene (nanoPE). This material features
interconnected pores with diameters ranging from 50 to 1000 nm, comparable to the wavelengths of
visible light (400-700 nm) but considerably smaller than those of IR light. Consequently, it exhibits
an IR transmittance of over 90% and a visible light opacity exceeding 99%. Experimental validation,
conducted with a device engineered to mimic skin heat output, indicated that when covered with the
nanoPE fabric, the resulting temperature was 2.7 °C lower than that covered with cotton fabric. Due
to the inherent high MIR transmissivity of PE, it is a straightforward and effective approach to
integrate it with other conventional textiles. Liu et al. [77] developed an ultra-high molecular weight
polyethylene (UHMWPE)/polyester composite fabric using the thermally induced phase separation
method. This fabric demonstrates a weighted average human body MIR transmissivity of 82.8% and
an opacity to visible light > 98%, while also maintaining an adequate moisture wicking rate,
breathability, and mechanical strength. Considering the large-scale applications, Peng et al [78]
reported the large-scale extrusion of uniform and continuous nanoPE microfibers for industrial mass
production. They claimed that the proposed nanoPE fabric achieves a great radiative cooling power
compared to cotton fabric with the same thickness, reducing the human skin temperature by 2.3 °C
and leading to over 20% energy saving on indoor energy consumption for cooling demand.

Apart from MIR transparent textiles, the design of textiles with elevated surface IR emissivity
presents a viable strategy for realizing personal thermal management. Such designs typically
function by facilitating effective heat conduction between the textile and skin, thereby enabling the
textile to serve as a radiator, effectively radiating heat towards the external sky. Song et al. [79]
fabricated a novel porous PVDF fiber and the woven fabric via an in-situ microfiber method. This
fabric demonstrates high MIR emissivity (94.5%) and opacity to solar radiation (90.3% in the NIR
range and 94.2% in visible light range), thereby avoiding a simulated human body overheating effect
of 17.7 °C under direct solar irradiance. Building on this accomplishment, the team subsequently
developed a radiative cooling textile composed of a three-layer structure to further enhance the
cooling effect and streamline the manufacturing process [80]. This structure is made of PVDF as the
base layer, with nylon (PA) and PE stacked on top, fabricated using electrospinning. The textile
presents substantial emissivity within the atmospheric window and over 90 % reflectance to visible
light, resulting in a human body cooling effect of 6.5 °C. In terms of large-scale applications, Zeng et
al [70] produced large-scale woven metafabrics with high MIR emissivity (94.5%) and high solar
reflectivity (92.4%) due to the hierarchical-morphology design of the randomly dispersed scatterers
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in the metafabric (shown in Figure 5b). Their experiments demonstrated that a human body covered
by the designed metafabric could be ~ 4.8°C cooler than that covered by commercial cotton fabrics.
They claimed that the metafabrics also possess preferred mechanical strength, waterproofness, and
breathability through a scalable industrial textile manufacturing process.

To further meet the thermal comfort requirements under more practical conditions, the
combination of passive radiative cooling and evaporative cooling is proposed. Zhang et al [81]
designed and demonstrated a nanofiber membrane-based moisture-wicking passive cooling
hierarchical metafabric, which couples selective radiative cooling and wick-evaporation cooling, for
effective temperature and moisture regulation (shown in Figure 5c). Due to the optical properties of
the material and hierarchical morphology design, the proposed hierarchical metafabric possessed
high sunlight reflectivity (99.16% in the 300-760 nm range and 88.60% in the 760-2500 nm range),
high MIR emissivity (78.13%), and preferred moisture permeability. Their experiments showed that
covering simulated skin with the hierarchical metafabric prevented overheating by 16.6 °C compared
to conventional textiles, where the management of the humidity contributed around ~ 8.2 °C.
Alberghini et al [82] engineered PE fibers, yarns and fabrics for efficient water wicking and fast-
drying performance. Their high-performance PE fabrics are made from fibers melt spun and woven
using standard equipment in the worldwide textile industry and do not need any chemical coatings.
They claim that the evaporative cooling function of the engineered PE fabrics can not only reduce the
tumble-drying cycle but also provide an additional passive cooling mechanism for both indoor and
outdoor thermal comfort. Hu et al [83] developed a bilayer nanoPE membrane with anisotropic
wettability, achieving superior radiative cooling ability (~ 2.6 °C lower compared to cotton) without
perspiration. Simultaneously, the proposed membrane has efficient sweat drainage and good
evaporation cooling characteristics (~ 1.0 °C lower compared to cotton) in perspiration to minimize
sticky and hot sensations (shown in Figure 5d).

It is noteworthy that apart from thermal comfort, it is essential to meet the criteria of wear
comfort for the practical application of radiative cooling textiles. Zhu et al. [71] proposed radiative
cooling textiles by modifying silk with high wearability, which was accomplished using a coupling
agent (tetrabutyl titanate) to bind high refractive index inorganic oxide nanoparticles (Al2Os) with the
silk. The nanoprocessed silk not only exhibits high cooling performance (with a temperature
reduction of 3.5 °C), but also retains the high wearability and durability characteristics intrinsic to
natural silk. In addition, from the perspective of long-term thermal regulation performance,
superhydrophobic and self-cleaning properties of radiative cooling textiles are significant to enhance
their durability and practicality, as the thermal regulation function of radiative cooling textiles may
be compromised due to dampness and accumulation of surface stains. Zhong et al. [84] modified the
cotton fabric to be superhydrophobic (contact angle ~152°) by introducing a PDMS top layer (shown
in Figure 5e), allowing the fabric to maintain a cooling effect of 4.2 °C even after 20 washes. On the
other hand, Cui et al. [85] employed a combination of template and etching techniques to create self-
cleaning radiative cooling textiles using a porous coating of poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDE-HFP)). The modified-coating fabric exhibits a hydrophobic contact
angle of 124.9°, preventing contamination from aqueous pigments and maintaining a high solar
reflectance of 0.93 and an IR emissivity of 0.98.

Additionally, similar to applications in buildings, the cooling demand from the human body is
not always needed but dependent on the ambient season and environment. Therefore, adaptive
textiles that can switch between cooling and heating mode as per the external conditions, also referred
to as Janus textiles, are of significant interest. Active or passive switching methods have been
proposed. In active switching methods, the most common one is wearing the textile inside out. Based
on previous research on nanoPE [76], Hsu et al [86] demonstrated a dual-mode textile for heating and
cooling using a bilayer thermal emitter embedded within the IR-transparent nanoPE. This dual-mode
textile enables an easy transition between a heating mode, which can increase skin temperature by
3.4 °C, and a cooling mode, which can reduce skin temperature by 3.1 °C, thereby extending the
thermal comfort zone by 6.5 °C through a simple inversion of the fabric from inside to outside. Abebe
et al. [87] designed Janus yarns for a dual-mode double-sided thermoregulating fabric using
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asymmetric yarn composition with dual-emissivity properties. The strong emissivity difference
between the two surfaces of the designed fabric is ~ 0.72, due to the metallic and dielectric fibers
within the yarn. Thus, a wide set-point temperature window of 13.1 °C can be achieved, with the
wearer maintaining thermal comfort between 11.3 °C and 24.4 °C. On the other hand, passive
switching methods include dynamic switching the MIR emittance or transmittance, dynamic
switching the thermal conductance, etc. Zhang et al. [88] constructed a humidity-responsive, IR-
adaptive textile composed of polymer fibers coated with carbon nanotubes (shown in Figure 5f).
Humidity-driven expansion and contraction of the textile yarn modulates inter-fiber meta-element
proximity, triggering resonant electromagnetic coupling to elevate emissivity for improved thermal
exchange. In arid conditions, the yarn's inverse reaction diminishes heat loss. Experimental results
showed that when the humidity level increased from 10% to 75%, the spacing between the yarns
decreased by 100 um, thereby increasing the fabric's IR transmittance by 35.4%.
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Figure 5. Passive radiative cooling textiles. a) Schematic of the ZnO nanoparticle-embedded nanoPE
radiative outdoor cooling textile. Figure by [74] is licensed under CC BY-NC 4.0, with the permission
of John Wiley and Sons. b) Schematic of the structure and simulated properties of the daytime
radiative cooling metafabric. From [70]. Reprinted with permission from AAAS. c) Schematic of the
structure design and preparation process of the hierarchical metafabric. Reprinted (adapted) with
permission from [81]. Copyright 2024 American Chemical Society. d) Schematic of the
moisture/thermal management of the bilayer nanoPE. Reprinted (adapted) with permission from [83].
Copyright 2024 American Chemical Society. e) Schematic of the fabrication process of self-cleaning
and spectrally selective cotton fabric with daytime radiative cooling. Reprinted from [84], with


https://doi.org/10.20944/preprints202402.0087.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2024 doi:10.20944/preprints202402.0087.v1

13

permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]. f) Schematic of design
principles of an IR-adaptive textile. From [88]. Reprinted with permission from AAAS.

3.3. Other applications

a) Photovoltaics cooling

Photovoltaics (PV) is a novel renewable energy method that can convert incident radiation into
electrical energy, and is considered as one of the most promising solutions to the current energy and
environmental challenges we are facing [89]. However, despite its ability to absorb most of the solar
energy, a significant portion of the absorbed sunlight cannot be converted into electrical energy, but
instead generates heat. This heat generation can reduce the efficiency of PV systems and significantly
shorten their lifespan [90-92]. Nowadays, silicon solar cells are predominantly used in PV systems.
For crystalline silicon solar cells, every temperature rise of 1 K leads to a relative efficiency decline of
about 0.45% [93]. Hence, it is imperative to engineer advanced cooling methodologies tailored for PV
systems. Among the potential strategies, passive radiative cooling emerges as a feasible approach.
Although the silicon-based cells already exhibit substantial emissivity, roughly 85% within the
atmospheric window [94], further research to boost MIR emissivity is essential. Such studies would
be crucial in achieving superior radiative cooling effects.

Through microstructural modifications to the silica on top of PV systems, the emissivity
spectrum can be altered. Zhu et al. [95] optimized a pyramidal structure through numerical
simulation, which significantly increased the emissivity of the outer surface of the PV across the entire
IR spectrum. This enhancement passively lowered the operating temperature of the PV system by
18.3 K. Lu et al. [96] developed a durable, ultra-broadband multifunctional texture through the
modification of silica sol-gel processes (shown in Figure 6a). When this texture is embossed onto the
encapsulant polymer backsheet of silicon PV modules, it exhibits an emissivity greater than 0.96
within the atmospheric window. The appropriate incorporation of such radiative cooling effects has
been demonstrated to enhance the conversion efficiency of PV systems by 3.13%. It is essential to
recognize that while precise optical design is crucial for the development of future novel PV systems,
retrofitting existing PV installations to enable radiative cooling is equally important. The
development of transparent radiative cooling materials that can be applied over the surface of PV
panels presents a promising solution. Lee et al. [97] implemented pyramidal structures into
chemically stable and cost-effective PDMS, creating a flexible transparent film. The plain PDMS film
with a thickness of 200 um achieves a high emissivity exceeding 0.9 across the entire IR range of 4-
26 um.

b) Greenhouse temperature regulation

The principles of radiative cooling technologies that are revolutionizing the efficiency of PV
systems have found a parallel application in the domain of agriculture, specifically in the design of
greenhouses. Greenhouses, serving as agricultural hubs, provide critical protection for crops against
inclement weather conditions [98,99]. However, the UV radiation that is transmitted through
conventional covering materials of greenhouses can detrimentally affect pollination behaviors, while
the substantial heat carried by IR waves constitutes a principal reason for the overheating of these
structures during the hot seasons [100]. The application of radiative cooling technologies in
greenhouses presents an effective approach to resolve the issue of heat stress in greenhouses during
hot seasons without necessitating an increase in water and energy consumption. Distinct from
applications in other domains, radiative coolers for greenhouses need to fulfill an additional
requirement of allowing the transmission of photosynthetically active radiation (PAR; 400-700 nm),
which is vital for supporting the photosynthesis process in the internal plant environment [101]. This
dual functionality —merging high solar reflectance and MIR emission with the greenhouse's need for
high PAR transmittance —underscores the need for a bespoke design that not only expels thermal
energy but also harmonizes with the light requirements essential for plant growth and productivity.

Liu et al. [102] fabricated a monolayer film through co-extrusion molding, incorporating PE with
UV stabilizers and metal oxide particles. This innovative material composition realized a temperature
reduction of 2.2 °C in an ambient environment of 35 °C. Advancing the practical application of this
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design principle, Zou et al. [103] engineered a novel transparent radiative cooling film by
synthesizing PE terephthalate (PET) with silver (Ag) nanoparticles (shown in Figure 6b). In
comparative experiments with traditional polyolefin (PO) films, it was observed that the deployment
of the proposed film within greenhouses led to an increase of approximately 20% in the productivity
of three crop varieties: Chinese cabbage, pakchoi, and cherry radish. The outcomes of this research
provide compelling evidence for the practical efficacy of transparent radiative cooling materials in
diminishing thermal stress without sacrificing photosynthetic efficiency, thereby offering a
promising solution for augmenting agricultural yield in controlled environments.

c) Food preservation and packaging

The preservation of food is a critical aspect of daily life, with low-temperature cooling being a
key method for extending the shelf life of foodstuffs, particularly during long-distance transportation
[104]. Passive radiative cooling, as an efficient and environmentally-friendly cooling approach, offers
a sustainable pathway for maintaining the freshness of food. Cellulose acetate (CA) is an abundant
and eco-friendly cellulose derivative, which is considered as a substrate material for the new
generation of sustainable packaging films due to its biodegradable nature, low pollution profile, and
non-fossil-fuel-based composition [105-107]. Li et al. [108] developed a flexible, layered packaging
film based on CA molecules using the roll-to-roll electrospinning technique. Within this material,
interconnected nanofibers create a hierarchy of multi-scale pores ranging from 500 nm to 3 pm,
facilitating effective sunlight dispersion and thus granting the material with proficient radiative
cooling capabilities (solar reflectance of 0.974, and MIR emissivity of 0.92). When the film is used to
package ice cubes or ice cream, it can dramatically reduce the thermal load of chilled outdoor food
products from 296 W/m? to a mere 1 W/m?, showcasing its potential to significantly enhance thermal
management in food packaging applications. Zhang et al [109] further advanced the application of
CA by merging it with high-index-of-refraction ZnO (n=2), engineering a multi-layered porous
CA/ZnO film. This composite material exhibits a significantly improved MIR emissivity of 94%,
which not only facilitates radiative cooling but also displays exceptional properties such as high
hydrophobicity (contact angle of 138°), high tensile strength (2.7 MPa), and low thermal conductivity
(0.07 W/mK) benefiting from its multiscale micro-nanostructure. These characteristics render it an
ideal material for food preservation packaging applications. Experimental results indicated that
utilizing this film for packaging strawberries under direct sunlight can extend their storage time up
to 9 days (shown in Figure 6c), demonstrating its potential as a superior solution for food preservation.
In further advancements, Chen et al. [110] developed a novel packaging material based on ZnO
Nanorods/Cellulose Membrane-Starch Membrane@Bilberry Anthocyanins (ZnO-NRs/CM-SM@BA).
This packaging material leverages the rod-like structure of ZnO nanorods, exhibiting a visible light
reflectance of 94.4% and an IR emissivity of 98.8%, substantially reducing heat intake and enhancing
the dissipation of thermal accumulation. Furthermore, its unidirectional water transport capability,
arising from different water contact angles (WCAs) on either side of the membrane (WCA=100.2°,
34.9°), can maintain a dry environment inside the packaging, thus protecting the packaged food from
bacterial spoilage. Experimental tests on the packaging performance with cherry tomatoes and grapes
indicated that the packaging material extends the freshness period of the fruits to over five days.

d) Dew water harvesting

Clean freshwater resources are an essential pillar for human survival. However, freshwater
scarcity has emerged as a significant threat to the sustainable development of human society,
particularly for inhabitants in arid or coastal regions, due to limited freshwater resources on earth,
burgeoning populations and escalating environmental pollution. Although around 70% of the world
is covered by water, 96.5% is ocean and around 2.5% is freshwater while only ~ 1% of that freshwater
is easily accessible for human usage [111]. Seawater desalination is generally hailed as a panacea to
alleviate freshwater shortage [112], based on several mature commercial methodologies—such as
reverse osmosis [113,114], multi-stage flash distillation [115-117], and membrane bioreactor systems
[118]. However, the considerable economic and energetic inputs required for their operation,
constraints relying on large amount of seawater, coupled with the environmental ramifications
associated with byproduct pollution, curtail their widespread adoption on a larger and wider scale


https://doi.org/10.20944/preprints202402.0087.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2024 doi:10.20944/preprints202402.0087.v1

15

[119,120]. In addition, there are still challenges and difficulties for freshwater transportation and
delivery in remote areas due to insufficient infrastructure, limited facility maintenance and high cost
[121]. Thus, decentralized freshwater production is urgently needed, especially for residents living
in remote regions and water-deficient countries.

It is noteworthy that atmospheric water is ubiquitous irrespective of geological or hydrological
conditions, which is a huge renewable and clean reservoir of water (estimated water volume of
around 12,900 km?), enough to meet the needs of every person on the planet [121,122]. The
development of efficient technologies for harvesting atmospheric water represents a promising
solution to the global water crisis [123,124]. Passive radiative cooling, offering a propitious avenue
for the condensation of water vapor in the air into water, presents a compelling technological
trajectory for sustainable water harvesting. Zhou et al. [125] designed and demonstrated a daytime
passive radiative condenser, which is composed of a PDMS layer, a silver layer, and an aluminum
plate. Their outdoor experiments at UW-Madison in September showed a daily water production of
0.8 mL using a 0.05 m? radiative condenser by pumping in humified air (RH = 90%-95%) at ambient
temperature. These investigations provide compelling evidence of the practicality of utilizing
radiative cooling materials for dew water collection; nonetheless, achieving a fully passive and
continuous 24-hour atmospheric water harvesting system remains an elusive challenge. Haechler et
al. [126] designed a water collection system wherein the radiative emitter and the water collecting
surface operate independently yet cohesively (shown in Figure 6d). A selective radiative emitter
situated at the top, using a conical aluminum structure as a radiative shielding device, intercepts
detrimental atmospheric radiative gains, while the bottom condensing collector features a
superhydrophobic surface that facilitates the detachment and shedding of droplets. This decoupled
and non-inhibitory configuration enables the uninterrupted 24-hour harvesting of atmospheric water.
Outdoor experiments at ETH (Zurich, Switzerland) in August showed that the mean dew mass flux
achieved 50 g/m?/hour (close to the theoretical limit of such systems) with a RH higher than 90% and
a mean solar irradiation of over 200 W/m?2. Additionally, the integration of solar interfacial
evaporation with passive radiative cooling represents a viable strategic approach to realizing all-day
freshwater collection [127-129]. Xu et al. [130] designed a dual-function film combining daytime solar
thermal desalination and nighttime radiative cooling dew collection by applying carbon nanotubes
(solar absorption of ~ 95%) on a flexible PDMS substrate with high IR emissivity (~ 90% in 8-13 um
range). This film achieves a daytime potable water collection efficiency of 71.1% and a nighttime peak
dew water yield of 80 mL/m?2.

Opverall, the convergence of radiative cooling applications across different fields underscores
their potential to address the intertwined challenges of energy efficiency and sustainable
development. This technology not only addresses current environmental and resource challenges but
also offers a pathway towards a more resilient and sustainable future.


https://doi.org/10.20944/preprints202402.0087.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2024 doi:10.20944/preprints202402.0087.v1

16
a b e
with mosky
A AR ARAR ]
oo ".s.?’";,ﬂ
ll\:/ / /NIR NIR
Q y

High Tomperatu nl

C d Selective emitter

PDMS: ~100 um
Solar reflection Infrared radiation Thermal conduction
.

0

» SiO,: 500 um

Film Cooler
Cr: 0.5 nm

Ag: 140 nm

g A A

o - = e

(- b a

=) \

o 72

©

o

[’

2 !

o

Q .

el

m '

>

©

o

© /]

2 -

z 3 X

Py Condensation
3 coating

Figure 6. Other applications of radiative cooling. a) Schematic of the imprinted texture glass used in
PV modules. Figure by [96] is licensed under CC BY-NC 4.0, with the permission of John Wiley and
Sons. b) Schematic diagram for greenhouse temperature regulation using radiative cooling film.
Reprinted from [103], with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT
OWNER]. c) Cooling of strawberries via the hierarchically designed CA/ZnO film. Reprinted
(adapted) with permission from [109]. Copyright 2024 American Chemical Society. d) Design of 24-
hour atmospheric water harvesting system driven by radiative cooling. From [126]. Reprinted with
permission from AAAS.

4. Outlook

This review systematically encapsulates the current state of passive radiative cooling research,
elucidating its potential as a sustainable cooling paradigm. It is evident from the literature that this
technology, utilizing the atmospheric window to facilitate heat dissipation into space, introduces a
new direction for energy-efficient cooling methods. The breadth of applications, from building
envelopes to wearable textiles and from photovoltaic systems, agricultural facilities to dew water
collection, demonstrates the vast potential of passive radiative cooling to contribute to energy savings
and sustainability across multiple sectors. Nonetheless, the path from research to practical,
widespread applications is paved with challenges that demand concerted scholarly attention. Three
promising directions for future research are suggested and discussed, which have the potential to
substantially influence the utilization and performance of passive radiative cooling solutions across
various sectors.
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® Enhancement of Durability and Self-Cleaning Properties: The long-term performance of
passive radiative coolers is mainly dependent on their ability to maintain their optical properties
in the face of environmental challenges, such as pollutant deposition and chemical
contamination. Nano-engineered surfaces with self-cleaning properties, such as employing
superhydrophobic or photocatalytic mechanisms, represent a promising avenue for research
that could help to alleviate these concerns. Consequently, future studies could explore the
potential of such surfaces to sustain high levels of solar reflectivity and MIR emissivity after
extended outdoor exposure. Moreover, conducting comprehensive sustainability assessments
on the lifecycle of radiative cooling materials is crucial. This ensures the environmental footprint
of passive radiative cooling technologies is thoroughly understood and minimized. Research
directed towards understanding how these materials interact with a wide array of
environmental stressors will be invaluable in determining the long-term stability and suitability
of radiative coolers for large-scale implementation.

® Adaptive Cooling Power Modulation: The static nature of traditional passive radiative cooling
technologies does not accommodate the dynamic cooling demand imposed by diurnal and
seasonal temperature variations, nor does it account for the diverse climatic conditions across
different geographical regions. The integration of adaptive mechanisms, capable of modulating
radiative cooling power, is therefore a significant research frontier. Materials with tunable
emissivity, such as thermochromic, shape-memory, and phase-change materials, offer
promising pathways for achieving adaptive cooling capabilities. Research should delve into the
synthesis and characterization of these materials to lower their transition temperatures and
enhance their responsiveness. Additionally, the incorporation of smart control systems that
automate the adjustment of radiative cooling power based on real-time feedback of ambient
conditions represents an interdisciplinary challenge with vast implications for energy
conservation and thermal comfort of users.

®  Scalability and Manufacturing Research: Transitioning passive radiative cooling technologies
from prototype to large-scale production is an essential research focus. Future work should
concentrate on refining manufacturing processes to enhance the scalability of passive radiative
coolers. Roll-to-roll fabrication and modular design are promising methods that could facilitate
mass production, improving consistency and reducing costs. Additionally, developing
methodologies for standardized quality control will be vital to ensure the reliability and
performance of radiative coolers at scale. Addressing these manufacturing challenges is the key
to enabling the commercial adoption of passive radiative cooling technologies.
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