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Toward the Scaling up of Daytime Radiative Coolers: A
Review

Ioannis Kousis and Anna Laura Pisello*

Daytime Radiative Cooling (DRC) is a highly effective passive cooling
technique that holds great potential for enhancing energy efficiency and
promoting decarbonization. Several Daytime Radiative Coolers (DRCs) are
reported in the literature to highly reflect shortwave radiation and emit
thermal radiation, either specifically in the Atmospheric Window (AW)
wavelengths (8–13 μm) (Selective DRCs) or in both AW and non-AW
wavelengths (Broadband DRCs). This review presents the advancements in
the six key categories of DRCs identified in the literature based on their design
characteristics: i) multilayer DRCs, ii) metamaterial DRCs, iii) randomly
distributed particle DRC structures, iv) porous DRCs, v) colored DRCs, and vi)
adaptive DRCs. The review discusses their main attributes in terms of their
demonstrated thermo-optical performance. Research gaps include the need
for real-life studies to investigate scaling up DRCs in the built environment
and their effects on indoor thermal comfort and air temperature reduction.
Finally, an eight-step feedback-loop scheme is proposed to establish efficient
design and implementation protocols for DRC materials in the
built environment.

1. Introduction

In recent decades, Earth’s temperature has been constantly
escalating,[1] contributing, in conjunction with anthropogenic ac-
tivity, to high ambient temperatures in urban areas around the
globe.[2] Indeed, urban overheating is a critical challenge that
hundreds of cities reportedly contend with.[3] High urban tem-
peratures, compared to adjacent rural areas - a phenomenon
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known as the Urban Heat Island (UHI)
effect[4] - are documented in more than
400 cities worldwide, with the magnitude of
UHI varying from 0.5 to 11 °C.[5] The main
drivers of UHI are anthropogenic forcing,
the use of materials that highly absorb and
store solar radiation, and the reduction of
green spaces and water bodies.[6] Among
other things, UHI leads to excessive en-
ergy consumption related to the built en-
vironment in summer conditions.[7] Con-
ventional vapor-compression cooling tech-
nologies, typically applied in the building
sector, are responsible for almost 20% of
global electricity consumption.[8] Addition-
ally, in most cases, these technologies oper-
ate on electricity generated by fossil fuels,
thereby exacerbating the degradation of ur-
ban environments.[9]

This ongoing vicious cycle, which am-
plifies urban overheating at various scales
- such as the building, neighborhood,
and city scale - subsequently impacts the

quality of urban environments and citizens’ well-being.[10,11] It is
well-documented that UHI leads to increased levels of both in-
door and outdoor thermal discomfort.[12,13] Furthermore, UHI is
linked with elevated levels of air pollution, which, in many cases,
exacerbate cardiovascular and respiratory diseases.[14] Citizens’
health is further threatened during the hot months of the year,
when heatwaves may occur and intensify the effects of UHI.[15]

This, in turn, can lead to high levels of morbidity and mortality
rates, as well as increase energy poverty levels, particularly among
vulnerable population groups.[16,17]

Over the past few years, numerous strategies and techniques
have been proposed and tested to mitigate the effects of urban
overheating and improve both indoor and outdoor comfort.[18]

These techniques are typically categorized into passive and ac-
tive cooling methods.[19] Passive cooling refers to heat sink
mechanisms that operate without the need for an external de-
vice, while active cooling necessitates external devices for heat
dissipation.[20] Therefore, in most cases, passive cooling strate-
gies are preferred as cost-effective and energy-efficient solutions
for widespread implementation. Passive cooling techniques for
built environment applications include, among others, cool coat-
ings, shading, natural ventilation, insulation, double glazing, and
green roofing.[21] However, reducing the skin temperature of a
building is considered a relatively simple and cost-effective mit-
igation solution. This can be applied to both new and existing
urban buildings, significantly increasing indoor comfort while
also minimizing the energy need for cooling and the consequent
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heat-related emissions.[5,22] Furthermore, it has recently been
suggested that a broad application of materials that significantly
reject solar radiation could substantially contribute to UHI miti-
gation at both city and global scales.[23]

Significant research has been conducted from a materials
science perspective toward the development of building skins,
known as cool skins or coatings, which can reject incident so-
lar radiation and stay cooler than conventional materials typi-
cally used in the built environment, such as concrete, masonry,
and steel.[10] The fundamental properties required for a building
coating to function as a cool one include high solar reflectance
and high infrared emission.[24] Indeed, conventional urban sur-
faces usually have high thermal inertia and consequently absorb
and store substantial amounts of solar energy, leading to elevated
surface temperatures and the excessive release of sensible heat
outdoors.[25] Unlike conventional materials, the first generation
of cool materials was developed to have white or light-colored
skin, thus exhibiting high solar reflectance, especially in the vis-
ible range, also referred to as albedo.[26] The second generation
of cool yet adaptive materials, i.e., thermochromics, was devel-
oped to adjust their skin color according to ambient temperature,
possessing a light color during the hot period of the year and a
darker color during the cold period.[27] The third generation of
cool materials was designed to exploit not only reflection as a so-
lar rejection mechanism but also the phenomenon of photolumi-
nescence, i.e., the re-emission of incident solar radiation in the
form of light.[28] Photoluminescent materials, from the nano to
intermediate scale, are reported to maintain lower surface tem-
peratures than bulk-colored surfaces.[29–31] The breakthrough in
cool materials development was reported in 2014 when Raman
et al.[32] developed the first Daytime Radiative Cooler (DRC), a
material capable of naturally performing radiative cooling under
direct sunlight and maintaining, for the first time, sub-ambient
skin temperatures under specific operating conditions. There-
fore, DRCs are currently considered the next generation of mate-
rials for super-cool skins in the built environment. They are ex-
pected to dominate the corresponding market once they become
cost-effective and technically scalable.[24,33,34]

Radiative cooling refers to the phenomenon where an object
emits more heat in the form of radiation than it receives from its
environment, thereby lowering its temperature.[35] This was first
reported in 1828 by Arago[36] concerning materials that exhibit
high thermal emission, particularly within the first atmospheric
window (8–13 μm), where the atmosphere is nearly transparent.
In other words, these materials can dissipate heat directly into
outer space, where the temperature is as low as 2.7 K.[35] Sub-
ambient radiative cooling, which can occur relatively easily dur-
ing nighttime due to the absence of sunlight, has been exper-
imentally demonstrated since the 1970s.[37] However, it wasn’t
until 2014 that an approximately 5 °C sub-ambient cooling effect
was experimentally demonstrated through the application of a
photonic-based multilayer structure under direct sunlight.[32] In
the years since, DRCs have gained tremendous popularity and
are being investigated for a wide range of applications, including
buildings, solar cells, the clothing industry, electricity generation,
water harvesting, and UHI mitigation.[24,38]

Recently, increased attention has been directed toward build-
ing roofs, as they often cover around 40% of the built environ-
ment and directly face the sun. An increasing number of re-

search groups are specifically focusing on the application and
investigation of DRCs. This passive cooling approach holds sig-
nificant potential for enhancing energy efficiency and facilitat-
ing a transition toward decarbonized built environments.[39–42]

DRCs intended for built environment applications can be divided
into two categories;[43] i) selective DRCs, i.e., DRCs designed to
emit almost specifically within the atmospheric window,[32,44,45]

and ii) broadband DRCs, i.e., DRCs designed to emit as much
as possible across the entire infrared spectrum.[46–48] More-
over, six different DRC categories can be identified with respect
to their designed structure; i) multi-layer DRCs,[49,50] ii) meta-
material/metasurface DRCs,[51,52] iii) RD structures with ran-
domly distributed particles,[53,54] iv) porous DRCs,[55,56] v) col-
ored/photoluminescent DRCs,[57,58] and vi) adaptive DRCs.[59,60]

Studies reporting on DRCs across all six categories have exper-
imentally demonstrated sub-ambient surface temperatures with
substantial cooling power. Therefore, the current advancements
in DRC technology are considered to be at the forefront of next-
generation building materials. They hold the potential to achieve
unprecedented cooling effects, thereby enhancing indoor com-
fort and energy efficiency without additional energy inputs. Such
innovation represents a significant step toward the decarboniza-
tion of the built environment.

Despite the significant potential of DRCs, their widespread
real-life application is still hindered due to several challenges.
These include the need for high cooling capability and sub-
ambient temperatures under real-life environmental conditions,
low fabrication and application costs, simple and scalable man-
ufacturing techniques, compatibility with both existing and new
building envelopes, long-lasting durability, and low maintenance
costs. Given this context, this paper offers an extensive review of
the literature dedicated to DRCs. First, DRC techniques are di-
vided into six sub-categories based on the specific characteristics
of the designed structures. Subsequently, the main findings of
the corresponding studies are presented, with a particular focus
on sub-ambient cooling effects, cooling power, optical properties
(i.e., reflectivity and emissivity), fabrication methods, and corre-
sponding modeling optimization techniques.[61] Finally, possible
future steps toward scaling up DRCs in the built environment
are presented and discussed.

2. Methodology

The methodology followed in this review is systematic method-
ology and is similar to the one followed in [11] and is illustrated
in Figure 1.

The main scientific question driving the review is:

• What are the progress and relevant advancements of DRC
techniques aiming to mitigate UHI?

The primary web databases used to identify relevant peer-
reviewed scientific articles were Web of Science (WoS) and Sco-
pus. Google Scholar, Science Direct, and ResearchGate also
served as supplementary databases for this analysis. All reviewed
studies met three eligibility criteria: i) they are peer-reviewed,
ii) they pertain to the application of DRCs in the built environ-
ment, and iii) they are written in English. A total of 55 articles
on DRCs were selected for review, covering different types of
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Figure 1. Methodology framework followed in the present review.

DRCs as partially identified in various studies.[22,24,62] This in-
cludes 12 articles related to multilayer DRCs, eight related to
metamaterial DRCs, eight related to DRCs with randomly dis-
tributed particles, 12 related to porous DRCs, nine reporting
on colored/photoluminescent DRCs, and six related to adaptive
DRCs. As a final step in this review, a feedback loop framework
is proposed for scaling up DRCs toward a broader real-life appli-
cation in the built environment.

3. Analysis of the Literature

3.1. Typologies of Daytime Radiative Coolers

3.1.1. Multilayer Radiative Coolers

Multi-layer DRCs consist of several layers, each specifically de-
signed to emit high levels of radiation either within the atmo-
spheric window or across the entire mid-infrared spectrum. The
number of layers varies among the reported DRCs, depending
on the fabrication characteristics and design properties that re-
searchers choose to pursue. Almost all multi-layer DRCs are sup-

ported by a bottom layer that reflects strongly within the solar
spectrum, typically made of silver or aluminum.

Dielectric multilayers can be tailored using Maxwell equa-
tion solvers to obtain spectral emissivity. They are characterized
by good mechanical properties, high corrosion resistance, and
tolerance to high temperatures. For instance, Raman et al.[32] de-
veloped the first DRC with experimental validation. They fabri-
cated a photonic DRC composed of seven layers of HfO2 and
SiO2, combining strong reflectivity in the solar spectrum, i.e.,
0.97, with strong emissivity specifically within the first atmo-
spheric window, i.e., up to 0.8. In field, they demonstrated a sub-
ambient cooling effect of 4.9 °C under direct sunlight and a cool-
ing power of 40.1 Wm-2. Ma et al.[63] developed a selective DRC
through optimization with the evolutionary algorithm to improve
their cooling capacity. The resulting structure consisted of seven
layers of SiO2 and Si3N4 and was tested in-field in Suzhou, CH.
Their DRC demonstrated a solar reflectivity of 0.98 and emissiv-
ity higher than 0.7 within the atmospheric window (8–13 μm).
The outdoor experiment showed a subambient cooling effect up
to 8 °C, which is among the highest with respect to a selective
DRC, and was ascribed to the combination of silica and silicon
nitride layers.

Conversely, designing polymer-based multilayer DRCs with
selective emissivity is challenging and rare in the literature. How-
ever, polymer-based DRCs offer low-cost, flexible solutions ideal
for application on non-planar surfaces. Zhou et al.[44] developed
a silicon-based DRC by merging a Polydimethylsiloxane (PDMS)
film with aluminum. They demonstrated both in-lab and in-field
subambient cooling effects of 9.5 °C and 11 °C, respectively, and a
cooling power of about 120 Wm-2. Most multilayer structures that
require nanometer-precision fabrication and complex manufac-
turing are intrinsically less cost-effective and flexible compared
to polymer-based solutions. Banik et al.[49] developed, through
electron beam evaporation and dip-coating, the first planar poly-
mer DRC capable of performing selective emissivity by merging
a polysilazane (PSZ) emitter with a silver-coated aluminum sub-
strate. The in-field experiments showed that the DRC, with a so-
lar reflectivity of 0.97 and an atmospheric window emissivity of
0.86, maintained a temperature up to 6.8 °C lower than the am-
bient temperature (Table 1).

3.1.2. Metamaterial Daytime Radiative Coolers

Similar to photonic structures, metamaterials can control in-
cident electromagnetic radiation over a very broad-band wave-
length range. Metamaterials have the advantage of supporting
both local and lattice modes of resonance. This characteristic pro-
vides them with design flexibility to achieve desired emission
wavelengths, bandwidth, and emission angular span, thereby
maximizing their cooling efficiency. Metamaterial DRCs typically
comprise a patterned surface, the emission properties of which
are tailored through nanofabrication techniques. This surface is
positioned on the upper part of the DRC. Much like multilayer
DRCs, the bottom layer of metamaterial DRCs is typically made
of silver and is highly reflective within the solar spectrum.

In 2017, Zou et al.[51] proposed a patterned metamaterial sur-
face for DRCs. The proposed DRC comprises a phosphorus-
doped silicon layer and a silver layer, combining high emissiv-
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Table 1. Multilayer DRCs. R denotes solar reflectance, Ein denotes emissivity in the AW, and exp denotes experiment.

Study Year no of
layers

City type av R av Ein type parasitic
insulation

period of
exp

(month)

duration of
exp

calculated net
cooling power

(W/m2)

DT surface DT
air

in-field in-lab

Raman et al.[32] 2014 7 Stanford, US film 0.97 0.5–0.8 S ✓ 12 10:00- 15:00 40.1 4.9 (max) – ✓ –

Kou et al.[46] 2017 2, 3 Pasadena, US film 0.90, 0.90 0.20–0.90,
0.90–0.99

B ✓ – 00:00- 24:00 107, 127 7.2 8.2 – ✓ –

Zhou et al.[44] 2019 2 Buffalo, US film – 0.95 S ✓ 2 11:00- 15:00 120 9.5 (in-lab)
11 (in-field)

– ✓ ✓

Ao et al.[47] 2019 2, 2 Beijing, CH film 0.94, 0.93 0.7–1.0,
0.65–0.75

B ✓ 11 00:00- 24:00 – 2.5, 1.5 – ✓ –

Chae et al. b[64] 2020 4 Seoul, KR film 0.95 0.87 S 5 72 h

Chae et al. a[65] 2020 2, 3,
3

Seoul, KR film – 0.61, 0.92,
0.91

S ✓ 3 09:00 24:00 62.5 89.5, 98.9 8.24, 8.75, 9.82 – ✓ –

Ma et al.[63] 2020 8 Suzhou, CH film 0.98 0.7–0.99 S ✓ 10,11 09:00- 24:00 87 8 – ✓ –

Tian et al.[66] 2021 2 Boston, US film 0.93 – S ✓ – 16:00- 13:00 104 5 – ✓ –

Banik et al.[49] 2021 3 Oldenburg, DE film 0.97 0.86 S 8 11:00- 18:00 93.7 6.8 – ✓ –

Kang et al.[50] 2020 2 Harbin, CH film 0.90 0.95 S – – 11:50- 12:30 – 4.5 – ✓ ✓

Kim et al.[67] 2021 6 Seoul, KR film 0.73 (av) >0.9 B ✓ 9 27 h 76-138 10.1 (max) – ✓ –

Ji et al.[68] 2022 3 Shanghai, CH film 0.94 0.79 B ✓ 6 10:00- 12:00 – 7.8 (max) – ✓ –

ity within the atmospheric window and high reflectivity. Their
simulations demonstrated that the developed DRC could achieve
daytime subambient cooling by about 7 °C.

The vast majority of reported DRCs consider and tailor only
the emissivity properties of the side exposed to the sky. However,
emissivity on the inner side can also be important in applications
such as building windows. With this in mind, Heo et al.[69] pro-
posed a DRC structure with a selective emitter on one side and a
broadband emitter on the other. This design can draw heat from
both the indoors and its surface, as the broadband side can ab-
sorb thermal input in a broad spectral range while the selective
side emits heat to outer space. The DRC consisted of an Ag–
polydimethylsiloxane layer on a micropatterned quartz substrate.
The subambient cooling effect and cooling power were found to
be 6 °C cooler and able to reject 58.1 Wm-2 for the selective emit-
ter, and 5 °C and 67.0 Wm-2 for the broadband emitter.

Unlike other relevant studies, Jeong et al.,[70] inspired by
the triangular prism shape of the Sahara silver ants, em-
phasized the geometric modification of a metamaterial DRC
as a way to improve its cooling capacity. They developed a
biomimetic DRC by combining an upper emissive layer of
PDMS and SiO2 and a bottom solar reflective layer composed
of silver (Ag). The resulting DRC remained 6.2 °C below
the ambient temperature in an outdoor experiment that took
place in Hong Kong, resulting in a 19.7 Wm-2 net cooling
power.

Similarly, Zhang et al.,[71] inspired by longicorn beetles’
dual-scale fluffs, fabricated a photonic film consisting of a
micropyramid-arrayed polymer matrix with random ceramic par-
ticles. The metamaterial DRC was found to maintain a temper-
ature up to 5.1 °C lower than ambient, resulting in an effective
cooling power of around 90.8 Wm−2 (Table 2).

Table 2. Metamaterial DRCs. R denotes solar reflection, Ein denotes emissivity in the AW, and exp denotes experiment.

Study Year City type av R av Ein type parasitic
insulation

period of
exp

(month)

duration of
exp

calculated net
cooling power

(W/m2)

DT surface DT
air

in-field in-lab

Zou et al.[51] 2017 – film – 0.7–0.95 S – – – 68.84 7.36 (sim) – – ✓

Jeong et al.[70] 2020 Hong Kong,
CH

film 0.95 0.98 S ✓ 6, 9 00:00- 24:00 19.7 6.2 – ✓ –

Zhang et al.[71] 2020 Shanghai, CH film 0.95 0.96 S ✓ 5 12:00- 14:30 90.8 5.1 – ✓ ✓

Heo et al.[69] 2020 Gwangju, SK film – 0.70-0.99,
0.75-0.99

S, B ✓ 1 14:00- 18:00 58.1, 67.0 6, 5 – ✓ –

Hossain et al.[72] 2015 – film 0.97 >0.8 S – – – – 9 (sim) – – –

Kong et al.[52] 2019 – film 0.95 >0.9 B – – – – 9.6 (sim) – – –

Mishra et al.[73] 2021 – film 0.94 0.96 B – – – 81.8 – – – –

Tian et al.[74] 2022 Boston, US film 0.99 0.90 B – 6 11:30- 13:00 104 5.1 – – –
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Table 3. DRCs with randomly distributed particles. R denotes solar reflection, Ein denotes emissivity in the AW, and exp denotes experiment.

Study Year City type av R av Ein type parasitic
insulation

period of
exp

(month)

duration of
exp

calculated net
cooling power

(W/m2)

DT
surface

DT
air

in-field in-lab

Zhai et al.[77] 2017 Arizona, US film 0.95 >0.93 B ✓ 10 72 h 93 – ✓ –

Huang et al.[53] 2020 Guangzhou,
CH

powder 0.98 0.91 B ✓ 8 09:00- 06:00 84.3 5.1 – ✓ –

Li et al.[79] 2020 Lafayette, US paint 0.95 0.94 B – 3 72 h 37 1.7 – ✓ –

Li et al.[78] 2021 Lafayette, US film, paint 97.6, 98.1 0.96, 0.95 B ✓ 3 72 h 117 4.5 – ✓ –

Liu et al.[80] 2020 Seoul, SK film 0.95 0.92 B ✓ 5 72 h 106.4 9.38 – ✓ –

Liu et al.[81] 2019 Nanjing , CH film – 0.6–0.9 S ✓ ✓ 00:00- 24:00 – 1.5 – ✓ –

Chen et al.[82] 2020 Harbin, CH coating 90 0.95 B ✓ 10 09:00- 14:00 – 8.3 – ✓ –

Chen et al.[54] 2020 Hangzhou, CH film 0.94 > 0.9 B ✓ – 48 h 65.3 6 – ✓ ✓

3.1.3. Randomly Distributed Particle Structures

DRCs with randomly distributed particles comprise two main
layers: i) an upper polymer layer where particles, such as SiO2
microspheres, are randomly distributed. This layer is responsible
for high infrared emission, and ii) a highly reflective bottom layer,
typically made with silver. Additionally, the inclusion of hierarchi-
cal nanoparticle sizes can enhance solar reflection and reduce the
cost, as no precise control of particle size is necessary.[75] When
randomly positioned electromagnetic resonators are collectively
excited, both the extinction and the optical path length in the ma-
terial are enhanced, resulting in nearly perfect absorption at the
resonance. This implies great potential for using randomly dis-
tributed optical resonators for effective radiative cooling.[76]

Incorporating dielectric microspheres into a polymer has
been widely adopted as an effective approach for dielectric
microsphere-based PDRC devices. These dielectric microspheres
can maintain the polymer’s excellent IR emittance and intrin-
sic physical properties (flexibility, permeability, and water repel-
lency). Thanks to the combined effects, hybrid materials offer
opportunities for these dielectric microspheres to enhance anti-
abrasion. For instance, Zhai et al.[77] developed a DRC by ran-
domly distributing SiO2 microspheres in a polymethylpentene
matrix backed with a silver layer. Thanks to the distributed micro-
spheres, the DRC presented greater than 0.93 emissivity within
the AW, while the silver layer offered a solar reflectivity of 95%.
Even though they did not report any surface temperature cooling
effect, they demonstrated that the developed DRC could result in
a 93 Wm-2 cooling power under direct sunlight.

Huang et al.[53] proposed a double scattering mechanism for
DRCs. They developed a DRC powder of calcium fluoride co-
modified crystal Ca0.5Mg10.5(HPO3)8(OH)3F3 (CFM) through
a hydrothermal method and applied it on ceramic tiles. They re-
ported a 5.1 °C subambient cooling effect for the tile and a cool-
ing power up to 84.25 Wm-2, attributing this to the microstruc-
ture of CFM particles that resulted in high reflections in the so-
lar spectral region. The vibration of multiple P-O split peaks and
lattice distortion simultaneously led to high emission in the at-
mospheric window.

One of the highest cooling performances for a thin-layer DRC
was reported by Li et al.[78] They developed and tested BaSO4
nanoparticle films and BaSO4 nanocomposite paints for DRCs.

The DRC film slightly outperformed the paints in an outdoor
evaluation, with a subambient cooling effect of 4.5 °C and a net
cooling power of 117 Wm-2.

In one of the few DRC studies emphasizing the utilization of
natural resources, Chen et al.[54] developed a high-performance
and inexpensive cooling DRC material by assembling delignified
biomass cellulose fiber and inorganic microspheres into a 3D net-
work bulk from the bottom up. Over a two-day outdoor experi-
ment, the reported DRC maintained up to 6 °C lower tempera-
ture than ambient under direct sunlight, while the corresponding
cooling power was found to be about 65.3 Wm−2 (Table 3).

3.1.4. Porous Daytime Radiative Coolers

Although photonic/metamaterial structures and polymer-
dielectric composites on metal mirrors are efficient in terms
of cooling capacity, they are costly and prone to corrosion. In
addition, they are pre-fabricated, hence, they cannot be directly
applied to existing urban surfaces, which have a variety of ge-
ometries, textures, and compositions.[83] Therefore, cost-effective
DRC paints or coatings, which can be easily applied to a variety
of urban surfaces, are a viable solution for real-life applications.

In this context, Mandal et al.[83] developed a hierarchically
porous poly(vinylidene fluoride-co-hexafluoropropene) [P(VdF-
HFP)HP] coating by replacing the dielectric pigments typically
used in reflective paints with light-scattering air voids. In fact,
the integration of light-scattering air voids in polymers, instead
of adding an extra reflective layer, does not require microfabri-
cation techniques, thereby decreasing the overall fabrication cost
and complexity without compromising the desired high reflec-
tivity. The resulting coating was reported to achieve both high
solar reflectivity (96%) and broadband infrared emissivity (0.97),
while minimizing the environmental footprint related to pig-
ments. They performed outdoor tests in Phoenix, New York, and
Chittagong, and demonstrated that the DRC coating achieved a
subambient temperature by almost 6°C and a cooling power of
96 Wm−2 under direct sunlight.

Instead of trying to reduce either solar absorption or parasitic
heat gains due to conduction, Leroy et al.[84] proposed a DRC con-
figuration comprising an optically selective and thermally insu-
lating cover made with a highly porous (>0.9) custom-fabricated
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Table 4. Porous DRCs. R denotes solar reflection, Ein denotes emissivity in the AW, and exp denotes experiment.

Study Year City type av R av Ein type parasitic
insulation

period of
exp

(month)

duration of exp calculated net
cooling power

(W/m2)

DT
surface

DT
air

in-field in-lab

Mandal
et al.[83]

2018 Phoenix, US, New
York, US,

Chattogram, BD

film 0.96 0.97 B ✓ – 12;00- 15:30 96 6 – ✓ –

Huang et al.[86] 2019 Guangzhou, CH powder 92.2 0.94 B ✓ 11 00:00- 24:00 78.18 4.1 – ✓ –

Wang et al.[55] 2020 Shanghai, CH film 97 >0.96 B ✓ 5 36 h 61 6 – ✓ –

Leroy et al.[84] 2019 – film 92.9 79.9 S ✓ 10 00:00- 24:00 96 13 – ✓

Nie et al.[56] 2020 Irvine, US coating 0.92 0.85 B ✓ – 08:00- 18:00 78 9 – ✓ –

Zhong et al.[87] 2020 Hong Kong, CH film 98 90 B ✓ 1 24 h 120.6 2.7 – ✓ –

Xiang et al.[88] 2021 Nanjing, CH film 96 95 B ✓ 10 22:00- 16:00 – 6.2 – ✓ –

Lee et al.[89] 2021 Pohang, SK film 86 0.96 B ✓ 5 24 h – 6.1 – ✓

Li et al.[90] 2021 Nanjing, CH film 96.3 0.78 S ✓ – 00:00- 24:00 110 5 – ✓ –

Wang et al.[85] 2021 Shanghai, CH film 0.95 0.98 B ✓ 10 24 h 85 5.5 – ✓ –

Lee et al.[91] 2022 Seoul, SK glass 0.95 >0.98 B ✓ autumn – – 6 – ✓ ✓

Cao et al.[92] 2022 Nanjing, CH film 0.98 – S ✓ 10:00- 15:00,
20:00- 02:00

–
summer

– ✓ ✓

polyethylene aerogel (PEA) placed above the emitter. They re-
ported a maximum daytime cooling power of 96 Wm−2 and a
subambient cooling of 13°C during solar noon. The proposed
configuration is modular and can be implemented on a variety
of existing surfaces.

DRCs are reported to perform substantial cooling effects in
arid environments, yet their cooling efficiency can be substan-
tially challenged in hot and humid environments due to the de-
crease of the AW transparency. One of the first studies investi-
gating DRC applicability in a hot and moist subtropical marine
monsoon climate was reported by Wang et al.[85] They fabricated a
hierarchically structured polymethyl methacrylate (PMMA) film.
Thanks to its dense micropore array combined with random
nanopores, it achieved sufficiently high solar reflectivity and ther-
mal emissivity to counterbalance the decreased AW transparency.
The developed DRC was found to maintain a temperature 5.5°C
lower than the ambient temperature, with an average cooling
power of 85 Wm−2 under a solar intensity of 900 Wm−2 (Table 4).

3.1.5. Colored/Photoluminescent Radiative Coolers

Colorizing DRCs is a necessity for real-life applications due to
aesthetics, cultural heritage obligations, or other prerequisites.
Consequently, several works have reported on the development of
colored DRCs. One approach to achieve color-preserving DRCs
involves the narrow band absorption in the visible spectrum of
nanoparticles embedded in polymer matrices. However, a critical
challenge remains: controlling the geometric characteristics of
these structural colors based on dielectric structures.

In this context, Jeon et al.[93] developed colored DRCs (green
and red) by embedding silica-coated lead halide perovskite
nanocrystals into a poly(dimethylsiloxane) (PDMS) polymer. The
perovskite nanocrystals, characterized by a high photon radiation
rate and low phonon generation, reduce the overall solar absorp-
tion compared to bulk colored counterparts. The results of 24

h outdoor experiments showed a subambient cooling effect of
2.2°C and 1.6°C for the green and red DRCs, respectively.

Xue et al.[94] developed a DRC using a commercially available
polystyrene-acrylates emulsion as the matrix material. They uni-
formly mixed TiO2 powder and glass microspheres as the func-
tional fillers, along with low-cost microsized fluorescent particles
(SrAl2O4:Eu2 +,Dy3 +,Yb3 +) as an additional filler. This mixture
reduced the heat generated by solar absorption through fluores-
cent emission. When backed by an aluminum plate, the DRC
yielded up to a 6°C subambient cooling effect and a cooling power
of 84.2 Wm−2 under direct sunlight.

Indeed, recent advancements in photoluminescent materials
have resulted in materials that absorb in the visible spectrum but
highly emit to the Near Infrared (NIR) spectrum.[30] Instead of
converting light to heat, they can counterbalance the effects of
coloration on the cooling capacity of DRCs.

Son et al.[95] developed one white, and two colored DRCs–
green and red emitters–made with silica-embedded perovskite
nanocrystals. In an outdoor experiment, they reported subambi-
ent cooling effects of 4.2, 3.6, and 1.7°C for the white, green, and
red DRCs, respectively.

Similarly, Yoon et al.[57] deposited colloidal inorganic quan-
tum dots with high photoluminescence quantum yield, such
as CuGaS2/ZnS (CGS/ZnS), CuInS2/ZnS (CIS/ZnS), and
CuInSe2/ZnS (CISe/ZnS), onto a white DRC substrate made
with colloidal hollow SiO2 (H–SiO2). The developed yellow and
red DRC films were found to maintain temperatures 3.3 and
0.5°C lower than the ambient temperature under direct sunlight
(Table 5).

3.1.6. Adaptive Daytime Radiative Coolers

A small number of studies have reported on dynamically switch-
able DRC structures that can modify their optical properties to
offset the overcooling penalty during colder periods of the year.
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– Developing low-cost and effective adaptive DRCs is a significant

challenge, and the corresponding research is still in its infancy.
The primary approaches in this direction include the develop-
ment of i) temperature-dependent switchable DRCs, ii) dielectric
DRCs that can modulate their properties through reversible wet-
ting, iii) polymer DRCs that can modulate their properties due to
their stretchability, and iv) DRCs that can modulate their proper-
ties through the incorporation of thermochromic microcapsules.

Zhao et al.[60] developed an adaptive DRC structure consisting
of a switchable silicone top layer and a bottom layer embedded
with carbon black particles (CBP). Due to the dynamic cavita-
tion of silicone, the DRC can switch from a highly porous, solar-
reflective state to a transparent solid state, i.e., solar-absorptive,
under mechanical stimuli such as stretching, scratching, or wip-
ing. Tang et al.[100] developed a temperature-adaptive DRC coat-
ing capable of switching its thermal emittance from 0.20 at
ambient temperatures below 15°C to 0.90 at ambient tempera-
tures above 30°C. This is due to a photonically amplified metal-
insulator transition driven by the incorporation of VO2.

Mandal et al.[59] developed porous dielectric polymer coatings,
such as poly(vinylidene fluoride-co-hexafluoropropene), whose
optical transmittance can change upon reversible wetting with
common liquids. They reported that solar and thermal infrared
transmittance can switch by up to 0.74 and 0.64, respectively.
Wang et al.[101] developed TiO2-free white coatings with re-
versible thermochromic chameleon microcapsules operating at
different critical thermochromic temperatures (Tc = 18°C, 22°C,
25°C, and 28°C) and colors (black, peacock green, violet, rose red,
pink, orange, and yellow (Table 6)).

3.2. Manufacturing Processes Toward the Scaling-Up of Daytime
Radiative Coolers

The fabrication methods of daytime DRCs vary widely in the lit-
erature, mainly with respect to the desired design (Table 7). In
general, the fabrication of multilayer photonic-based DRCs and
metamaterial DRCs requires advanced and highly sophisticated
techniques to achieve their patented, highly emissive mecha-
nisms (Figure 2). For instance, techniques such as electron beam
evaporation, magnetron sputtering, and plasma-enhanced chem-
ical vapor deposition are reported for the fabrication of multi-
layer RCs. Photolithography, reactive ion etching, and microfab-
rication are reported for the creation of metamaterial DRCs. On
the other hand, the fabrication of polymer-based DRCs can be
achieved with relatively simpler techniques. These techniques in-
clude, but are not limited to, roll-to-roll fabrication, infiltration,
electro-spinning, centrifugation, and basic mixing and coating.

3.3. Numerical Analysis for the Optimization of Daytime
Radiative Coolers

The vast majority of studies reporting on the development of
DRCs focus on their optimization through the application of a
variety of numerical solutions (Table 8). The primary objective
of applying numerical analysis is to determine and optimize the
number of layers and/or layer thickness and to investigate the
efficiency spectra of the cross-section.
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The most common approaches consist of performing
Finite-Difference-Time-Domain (FDTD) evaluations [66,70,71]

or Rigorous-Coupled-Wave Analysis (RCWA).[56,69,77] FDTD is
based on a direct numerical solution of Maxwell–s equations in
the time-dependent form, while RCWA is a semi-analytical
method for solving scattering from periodic dielectric structures.
Other reported numerical techniques include the Transfer
Matrix Method (TMM),[77,102] typically applied when studying
the propagation of electromagnetic waves through a stratified
material; the Needle Optimization Method (NOM),[32] based on
the interference effects among light waves reflected from layer
boundaries; and Particle Swarm Optimization (PSO),[64] which
applies evolutionary algorithms based on swarm intelligence.

Machine learning techniques[113] are also reported for train-
ing to predict the electromagnetic response of materials, while
in some cases Mie theory,[41,75] which solves Maxwell–s equa-
tions for the scattering of electromagnetic radiation by embedded
particles, is used. Finally, several studies also report the applica-
tion of Monte Carlo simulations[57,97] to track the propagation of
individual photons through the particle-embedded film.

Various commercial software solutions are reported in the
literature for applying numerical and computational modeling
techniques to optimize and evaluate the performance of de-
veloped DRCs (Table 9). Lumerical FDTD Solutions[114] is by
far the most commonly reported tool for optimizing optical
properties and/or determining the number/thickness of the lay-
ers, while other similar reported tools include the CST Studio
Suite[115] and the Coating Designer.[49] The atmospheric trans-
mission used for analytically solving the heat balance equa-
tion is almost always calculated either through MODTRAN[116]

or ATRAN.[98] COMSOL[117] is also used by some researchers for
identifying heat transfer within the developed structure, while
EnergyPlus[118] is used in some cases for quantifying energy
savings at a building level related to the application of the re-
ported DRC.

3.4. Daytime Radiative Cooling Application: Research Progress
and Future Steps

Scaling up DRCs for large-scale applications remains a signifi-
cant challenge.[119] Identifying the optimal DRC design approach
is also a critical issue. The selection of suitable components, de-
pending on the desired properties, is crucial for simultaneously
achieving the necessary optical properties, scalable low-cost pro-
duction, and long-term stability. Therefore, the choice of the ap-
propriate DRC type depends on the boundary conditions.[120,121]

Ensuring the high cooling performance of DRCs in the long run
and their compatibility under real-life conditions, while main-
taining easy and low-cost production and scalability, are the pri-
mary prerequisites that need to be addressed currently.

The current fabrication process of DRCs is quite complex.
Thanks to advances in nano-photonics, multi-layer and Metama-
terial DRCs can efficiently emit within the desired wave range.
Inorganic dielectric materials such as Al2O3, TiO2, and SiO2 are
chemically inert and stable, presenting confined thermal emissiv-
ity within the desired wave range due to the wide absorption band
of metal-O bonds. However, their multi-step micro-fabrication
requirements, such as etching and magnetron sputtering, are
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Figure 2. Manufacturing processes for DRCs. Electron Beam Evaporation) Reproduced with permission.[104] Copyright 2019, Elsevier. Magnetron Sput-
tering) Reproduced with permission.[105] Copyright 2017, Elsevier. Chemical Vapor Deposition) Reproduced with permission.[106] Copyright 2023, El-
sevier. Photolithography) Reproduced with permission.[107] Copyright 2023, Elsevier. Reactive Ion Etching) Reproduced with permission.[108] Copyright
2022, Elsevier. Electron Beam Lithography) Reproduced with permission.[109] Copyright 2016, Elsevier. Sol Gel) Reproduced with permission.[110] Copy-
right 2016, Elsevier. Roll to Roll) Reproduced with permission.[111] Copyright 2020, Elsevier.

Adv. Optical Mater. 2023, 2300123 2300123 (10 of 17) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advopticalmat.de

Table 8. Techniques for optimizing the optical properties of the DRCs.

Multilayer
RC

Metamaterial
RC

Randomly distributed
particle RC

Porous RC Colored
RC

Adaptive
RC

Finite-difference-time-domain (FDTD) [66] [52, 70, 71] [82] [55, 83, 85, 87, 91] [99] [59]

Rigorous-coupled-wave analysis (RCWA) [67] [69] [77] [56, 89] [98] [101]

Transfer matrix method (TMM) [77] [102]

Needle optimization method (NOM) [32]

Particle swarm optimization (PSO) [64]

Machine learning (ML) [113]

Mie theory [41, 75]

Finite Element Method (FEM) [49, 63] [72]

Coupled Mode Theory (CMT) [51]

Monte Carlo [75, 78, 79] [57, 97]

rather stringent and hinder their cost-effective large-scale pro-
duction. Consequently, their application is limited to specific ge-
ometries and textures.

On the other hand, DRCs with randomly distributed parti-
cles and porous DRCs rely on relatively low-cost polymer-based
technology, applicable to a variety of configurations. Addition-
ally, polymers inherently have high emission within the infrared
spectrum and in many cases coincide with the AW spectrum of
the Earth’s atmosphere. Therefore, they are excellent candidates
for DRC structures, as they can often achieve an average thermal
emissivity of around 0.95, as seen in the case of PDMS, PMMA,
and PVDF coatings.

A good example of a cost-effective technique for polymer-
based DRCs is the roll-to-roll method, which can produce ther-
moplastic polyolefin at a rate of 5 mmin-1.[77] Another example
is the phase inversion-based technique that is compatible with
various types of polymers, such as poly(vinylidene fluoride-co-
hexafluoropropene) and poly(methyl methacrylate). This makes
it ideal for both generic and specialized polymer-based DRC
solutions.[83]

Polymers used for DRCs are relatively inexpensive, and the
DRC structures can be straightforward to produce by painting,
dip-coating, or spraying onto a variety of substrates. Polymer-

based DRCs have the advantage of being lightweight and flexible,
allowing them to be applied as covers on building exteriors and
roofs.[77] Moreover, polymers like polymethylpentene have excel-
lent mechanical and chemical resistance, ensuring good durabil-
ity in the long run. Further structural optimization of polymer
technology could result in even higher cooling performance and
extend their applicability, which are crucial for real-life scale-up.

When a separate reflective layer is needed for solar reflection,
Silver or Aluminum are typically used as metal substrates. How-
ever, this confines the final structure to paint applications, and
solar reflection is prone to degradation due to pollution accumu-
lation and/or high humidity. The integration of light-scattering
air voids in polymers, instead of adding an extra reflective layer,
does not require microfabrication techniques and can thus re-
duce the overall fabrication cost and complexity without compro-
mising the necessary high reflectivity.

In fact, Mie scattering, which occurs due to the use of dielectric
or polymer microspheres, can result in solar reflectivity as high
as 95% or more. Additionally, local boundary conditions related
to moisture formation, the fraction of incident ultraviolet radia-
tion, and dust accumulation should be considered to ensure the
long-lasting, efficient cooling performance of DRCs. One solu-
tion could be to cover the structure with a thin polyethylene (PE)

Table 9. Commercial softwares implemented for evaluating the performance of DRCs.

Software optical properties optimize number/
thickness of layers

heat
transfer

building level
energy savings

atmospheric
transmission

ray
tracing

COMSOL [100] [32, 63, 69]

EnergPlus [32, 56, 100, 112]

MODTRAN [32, 44, 55, 57, 65, 79, 83]

Matlab’s PSO tooobox [64] [64]

Lumerical [55, 59, 66, 71, 83, 85,
87, 89, 91, 99, 101]

[55, 59, 66, 71, 83, 85,
87, 89, 91, 99, 101]

Coating designer [49] [49]

ATRAN [49, 98, 112]

CST Studio Suite [51, 72, 73] [51, 72, 73]

DifractMOD [69, 98] [69, 98]

LightTools [44]

OptiFDTD [41] [41]
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membrane for heavy-duty outdoor applications. This approach
not only protects the structure from dust and moisture but is
also nontoxic, hydrophobic, and transparent in both the visible
and thermal infrared regions.

In order to minimize solar absorption, the majority of reported
DRCs are white. However, in many real-life applications, DRCs
need to be colored. Conventional coloring of a surface requires
solar absorption in the visible spectrum, which would decrease
solar reflectivity and overall cooling performance if applied to
a DRC. To address this challenge, the utilization of plasmonic
nanoparticles has been proposed. These nanoparticles selectively
absorb narrowband visible spectrum wavelengths, allowing for a
bilayer configuration. The upper layer achieves selective absorp-
tion of the desired color spectrum, while the bottom layer main-
tains high reflectivity in the NIR spectrum to counterbalance vis-
ible absorption.

Another cost-effective technique for obtaining colored DRCs
is by introducing photoluminescent properties to the structures.
Unlike bulk-colored materials, the conversion of phonons to pho-
tons through photoluminescence minimizes heat gains associ-
ated with absorption in the visible spectrum, as the emitted light
is in the NIR range.

Here, an eight-step feedback loop framework is proposed for
the establishment of efficient design protocols for real-life DRC
applications (Figure 3). This framework aims to address the chal-
lenge of designing cooling systems that can operate effectively
during the daytime when ambient temperatures are critically
high. The proposed framework is designed to assist designers
in optimizing the cooling performance of their systems by con-
tinuously evaluating and refining their designs based on feed-
back from in-lab, real-world, and simulation testing. This itera-
tive process will help identify and address any design flaws or
inefficiencies, ultimately resulting in a more effective and effi-
cient cooling system. By employing this feedback loop approach,
designers can ensure that their cooling systems are optimized
for maximum performance, while minimizing the risk of unex-
pected failures and addressing concerns such as environmental
footprint and costs.

Modeling and simulation protocols should be guided by rele-
vant experimental protocols conducted in sophisticated climate
chambers within in-lab settings and specifically designed out-
door areas or pilot cases. Simulating AW transparency within cli-
mate chambers presents a significant challenge that, once over-
come, would allow testing of all types of DRCs under a variety of
microclimate conditions, maximizing their cooling capacity ac-
cordingly. Efficient evaluation of the various DRCs reported in
the literature necessitates the establishment of uniform in-lab
and in-field experimental protocols to be followed by the research
community. The current absence of such protocols often leads to
incomparable outcomes in many studies. For example, the major-
ity of DRC studies report on the cooling effect of specimens cov-
ering only a few centimeters, with monitoring carried out based
on the accumulated knowledge of each research group, thus in-
troducing potential biases. Factors such as sample thickness, in-
clination, insulation, elevation above sea level, sensor placement,
reference materials, and the optical and thermal characteristics of
nearby materials varied among studies, further rendering their
outcomes incomparable. To minimize these comparative biases
in the future, it is important to establish easy-to-apply proto-

cols that can be implemented in a variety of outdoor spaces, en-
abling their applicability in different urban contexts and architec-
tural settings.

The application of DRCs in existing building envelopes is in-
vestigated thanks to various potential factors: i) surface tempera-
ture reduction and direct contribution to UHI mitigation at mi-
croclimate scale, ii) energy savings via thermal performance en-
hancement of the building envelope, and iii) ambient air tem-
perature reduction.[122] However, the existing literature mainly
focuses on building-scale assessments, neglecting other scales
such as neighborhood, city, and global assessments. It is essential
to conduct modeling assessments at different aggregation scales
to obtain a more accurate evaluation of real-life DRC applications
within diverse urban microclimate contexts (Figure 4). The use of
acknowledged Urban Canopy Models (UCM)[123,124] can be ben-
eficial in this regard, coupled with WRF models to evaluate the
performance of DRCs with the desired spatial resolution. Addi-
tionally, conducting detailed Life Cycle Assessment and Life Cy-
cle Cost Analysis is necessary to assess and optimize the environ-
mental footprint and costs associated with DRC technologies.

4. Conclusion

Here, a review of the state-of-the-art of DRCs is presented. The
advancements in DRC technology are reviewed across six main
categories identified in the literature: i) multilayer DRCs, ii)
metamaterial DRCs, iii) DRCs with randomly distributed parti-
cles, iv) Porous DRCs, v) colored DRCs, and vi) adaptive DRCs.
This review also discusses the fabrication techniques and meth-
ods employed for DRC production, as well as the corresponding
numerical techniques used for optimizing the optical properties
and evaluating the performance of DRCs.

The main technical barriers currently hindering the
widespread application of DRCs in urban environments are:

1. The high fabrication costs
2. The lack of efficient design protocols for modelling and opti-

mization purposes
3. The winter penalty of the non-adaptive DRCs
4. The lack of design and monitoring protocols/standards that

will render the outcomes of different studies comparable

The main relevant research gaps that need to be addressed:

1. The lack of feasibility studies for application in the built envi-
ronment

2. The lack of in-field experiments comprising samples with di-
mensions close to the ones of real-life applications

3. The lack of a clear answer to the debate between the feasibility
of Broadband and Selective DRC for built environment appli-
cation with respect to the microclimatic boundaries

4. The lack of the investigation regarding the effects of indoor
thermal comfort with respect to the specific characteristics
and architecture of different building categories

5. The lack of pilot case investigation with varying weather and
climate conditions

6. The lack of estimation tools and large-scale implementation
7. The lack of city/regional/global impact studies with respect to

the specific boundary conditions that are necessary for evalu-
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Figure 3. A feedback loop eight-steps methodology for optimizing daytime radiative coolers. (Subfigures of RC type are partially reproduced with
permission.[8] Copyright 2023, Elsevier.)
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Figure 4. Examples of simulation softwares and framework for a multimodal optimization of daytime radiative coolers’s application into built environ-
ments.

ating the UHI mitigation potentiality of DRCs and tailor their
properties accordingly.

8. The lack of corresponding Life Cycle Assessments
9. The lack of corresponding Life Cycle Cost Assessments

In this study, a feedback-loop design framework is presented
as a solution to address the barriers and challenges hindering the
widespread application of DRCs in urban environments, based
on existing literature. This framework consists of eight intercon-
nected steps: i) identification of the desired DRC type, ii) selection
of the base material, iii) selection of the nanoparticle addition, iv)
addition of a color component (if applicable), v) development of
an adaptive mechanism (if applicable), vi) simulation analysis at
different scales, vii) Life Cycle Assessment analysis, and viii) Life
Cycle Cost Analysis analysis of the specific integration technique
in the built environment. The main objective of this scheme is to
make the design and fabrication of DRCs cost-effective, enabling
their wide application in the built environment. The findings of
this study can benefit both the academic community and the in-
dustry by advancing passive cooling techniques that aim to com-
prehensively mitigate urban overheating.
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