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Abstract: Daytime passive radiative cooling (DPRC) has remained a challenge over the past decades
due to the necessity of precisely defined materials with a significantly high emissivity of thermal
radiation within the atmospheric transparent window wavelength range (8–13 µm) as well as high
reflectivity in the solar spectrum (0.2–3 µm). Fortunately, recent advances and technological im-
provements in nanoscience and metamaterials are making it possible to create diverse metamaterials.
This enables the production of DPRC in direct solar irradiation. The development of a material
that is appropriate for effective DPRC is also a noteworthy development in this field of technology.
This review gives a thorough introduction and discussion of the fundamental ideas, as well as the
state-of-the-art and current trends in passive radiative cooling, and describes the cutting-edge materi-
als and various photonic radiator structures that are useful in enhancing net cooling performance.
This work also addresses a novel skylight window that offers passive cooling developed at the Åbo
Akademi (ÅA) University, Finland. In conclusion, nanomaterials and nanoparticle-based coatings are
preferred over all other approaches for commercialization in the future because of their low cost, the
ability for large-scale production, simplicity in fabrication, and great potential for further increasing
cooling performance.

Keywords: daytime radiative cooling; skylight; atmospheric window; solar irradiation; photonic
radiators; nanoparticles; surface coatings; energy savings; building thermal management

1. Introduction

The two greatest threats to human life posed by climate change in many parts of the
world in recent years have been energy scarcity and global warming. A major contributor
to climate change is anthropogenic greenhouse gas (GHG) emissions. In a study conducted
by the International Energy Agency (IEA), buildings currently utilize 20–40% of the world’s
energy with conventional HVAC systems engrossing most of its primary energy [1]. There
are numerous applications, including domestic, commercial, and industrial, where cooling
requires a substantial quantity of energy. Major reasons for the high-energy usage of
cooling are the growing population, improved living standards in developing countries—
particularly in hot climate regions—and industrial development [2]. Conventional cooling
systems utilize 15% of the world’s electricity and result in 10% of GHG emissions. The
global CO2 concentration is now 147% higher than it was before industrialization, and rising.
Emissions of gaseous refrigerants are predicted to make up 45% of all GHG emissions by
the end of 2050 [3]. Therefore, there is a pressing need for innovation in cooling technologies
to reduce both energy usage and GHG emissions.

The current ubiquitous vapor compression-based cooling technologies are facing
issues with energy usage and the global warming effect due to the refrigerants used, e.g.,
hydrofluorocarbons (HFCs), which consequently cause environmental problems. The
increased spotlight on the energy crisis and environmental concerns has upsurged an
interest in enhancing the efficiency of existing cooling systems and monitoring various
cooling technologies. Analysis of various cooling processes suggests that passive radiative
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cooling (PRC) is the most effective way to cool buildings. Further, PRC is a technology that
provides cooling alternatives to heat pumps. Recently, PRC techniques and their potential
applications have gained noticeable attention for energy-saving applications. The PRC
technique that cools with no power required could therefore make an exceptional difference
in energy usage and the reduction in emissions that cause global warming. The general
principle of passive cooling is the dissipation of heat from buildings to an environmental
heat sink. Many research studies address PRC strategies under different climatic conditions.
This technology can be used to reduce energy usage in both buildings and automobiles,
solve urban heat islands, and tackle water issues [2,4]. In spite of the possibility that
PRC approaches might be useful in building design, they are not widely used. Two cited
challenges in this area are technical and cost problems. Technical problems are low cooling
capacity, expensive specialized manufacturing techniques or suitable materials, challenging
system implementation, issues with durability, and maintenance concerns [5].

Thermal radiation depends on spectrum characteristics due to Kirchhoff’s law of
heat absorption, which links emittance to absorptance. A significant application of this
technology is that it is possible to alter the rate of radiative heat transfer between objects
by changing the spectral absorption or emissivity of these, which is dependent on how
electromagnetic waves interact with them. Increased reflectance on a surface, for example,
reduces heat absorption and hence prevents a temperature gain, which is critical in a radia-
tive cooling scenario. Reduced reflectance and greater absorption of incident power, on the
other hand, result in temperature increase, which is critical in radiative heating applications.
Accordingly, good thermal radiation control results in greater system efficiency and lower
maintenance costs of temperature control systems due to increased component lifespan
because of reduced thermal loads [6].

The field of radiative cooling has been the focus of many authors since the mid-20th
century. Nonetheless, it appears as if radiative cooling research has fallen very short
of its potential due to a lack of researchers engaged in this area, as well as a lack of
complete analysis of its diverse technological scope [7]. This idea provided the impetus for
the compilation of a review paper that includes thorough and methodical mathematical
descriptions of radiative cooling, information updates on various leading-edge radiator
materials, and introduces novel applications of PRC [8]. The research work conducted
by Lu et al. [9] concentrated on advancements in the PRC of buildings, including the
formulation of theoretical models and calculations, the structural design and configuration
of cooling systems, and the forecasting of potential and prospects. Muntasir et al. [10],
Sun et al. [11], and others later introduced the concept of radiative cooling from basic
fundamental principles, materials, and radiators. In their work, the main topic was the
progress of sophisticated materials and radiators that provide radiative cooling during
both day and night, together with metamaterials and photonic radiators. Sergi et al. [12]
conducted a thorough analysis of the PRC theory and nocturnal radiators, with particular
emphasis on atmospheric radiation and selective radiative emitters. Furthermore, their
work also covered several numerical simulation methods and radiative cooling prototypes,
but they did not address how to realize commercial applications. Researchers are still
having trouble sufficiently improving cooling performance during the daytime towards
implementation in a consumer product because it is impossible to ignore direct solar
irradiance. A substantial amount of research is yet to be undertaken on diurnal radiative
cooling, which is more challenging than nocturnal radiative cooling [13–15].

In fact, this article also provides a comprehensive analysis of the fundamental physics
underlying PRC, considering radiation to the atmosphere and space beyond that. Several
other variables, in addition to the incoming atmospheric radiation, have an impact on
a radiator’s cooling capacity. For instance, the effect of non-radiative heat transfer gain
from the environment (conduction and convection heat gain) on radiative cooling must be
taken into account [16]. Correspondingly, it has been possible to compile modern radiative
structures and exotic materials [2,9,17–19] which are discussed in further sections. The main
distinction between this work and others is demonstrated by an example provided in it,



Energies 2023, 16, 1975 3 of 59

namely a passive skylight window design that provides a passive cooling skylight prototype
developed at Åbo Akademi University (ÅA) in Finland [20]. This skylight provides passive
cooling at a rate of 100 W/m2 without external power. The core concept of that PRC skylight,
realized using widely accessible materials, could enhance the performance of current
cooling systems, which will enable next-generation thermal management of buildings.
Further sections concentrate on providing a brief overview of the nocturnal (nighttime) and
diurnal (daytime) materials as well as information on various investigations based on the
experimental findings for each structure and material to enhance net cooling performance.
The following sections go over advanced radiator types, metamaterial developments,
recent research on nanophotonic structures and nanoparticle-based techniques, challenges
and potential application developments and improvements in this technology, as well as
opportunities for radiative cooling. Finally, the discussion includes informative ideas and
suggestions for commercializing this technology. There are a few points to keep in mind
when promoting PRC technology on a large scale, such as the low energy density, low
cooling capacity, and constrained sky-facing area hampers the large-scale application of
PRC technology [2,21–23]. It is undeniable that further research into this technology is
required in order to develop a new generation of PRC coolers with high efficiency, less
energy usage, and the capability of maximizing net cooling performance at all times.

1.1. Passive Radiative Cooling

PRC is the phenomenon that reduces the temperature of a system by promoting heat
transfer with the sky. Our planet earth must eventually reemit all solar radiation absorbed
by it into space through heat radiation. If not, the earth would continue to heat. Figure 1
shows average heat flows in the earth–atmosphere energy balance. The average incident
radiation is 341.3 W/m2, of which the atmosphere reflects 79 W/m2 and the surface absorbs
161 W/m2. As shown in the figure below, radiative cooling transfers all heat from the earth
to space [20].
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Considering that the earth’s surface temperature is around 300 K, and the universe
is blackbody radiation at 3 K, it is possible to use this large temperature difference acting
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as a main driving force to cool the surface by radiating thermal infrared radiation to the
universe via the atmosphere. The atmosphere, which consists of several gases located
between the planet’s surface and the universe, participates in PRC via the superposition
of radiation to and from its constituent elements. A benefit is that our earth’s atmosphere
has an “atmospheric window”—a region from 8–13 µm where it is highly transparent.
Different gases can absorb and emit heat radiation in various parts of the spectrum. The
primary atmospheric gases’ absorption spectra are shown in Figure 2 sub-pictures. The
atmospheric window’s wavelength range can still fit into these various spectra. Due to its
limited transmittance in most wavelength bands, the atmosphere blocks heat radiation from
the earth’s surface to the universe. Regardless, the atmosphere serves as a semi-transparent
medium for radiative cooling applications [20].

Energies 2023, 16, x FOR PEER REVIEW 4 of 59 
 

 

universe via the atmosphere. The atmosphere, which consists of several gases located be-
tween the planet’s surface and the universe, participates in PRC via the superposition of 
radiation to and from its constituent elements. A benefit is that our earth’s atmosphere has 
an “atmospheric window”—a region from 8–13 μm where it is highly transparent. Differ-
ent gases can absorb and emit heat radiation in various parts of the spectrum. The primary 
atmospheric gases’ absorption spectra are shown in Figure 2 sub-pictures. The atmos-
pheric window’s wavelength range can still fit into these various spectra. Due to its limited 
transmittance in most wavelength bands, the atmosphere blocks heat radiation from the 
earth’s surface to the universe. Regardless, the atmosphere serves as a semi-transparent 
medium for radiative cooling applications [20]. 

 
Figure 2. Thermal radiation transmission by the atmosphere [25]. 

The principle of PRC relies on the fact that the atmosphere transmits about 87% of 
the outgoing radiation from the Earth in the “atmospheric window” region. Surfaces can 
exchange heat with cold space (3 K) through this atmospheric window region. If surfaces 
(or participating gases, for that matter) experience a mismatch between outgoing and in-
coming thermal radiation, they can reach a lower steady-state temperature than the ambi-
ent due to strong emission in this wavelength region and strong reflection outside of it 
[26]. 

Fortunately, the wavelength of the atmospheric window falls within the black body’s 
peak thermal radiation region at room temperature (300 K), as defined by Plank’s law. This 
property allows a passive cooling mechanism for a terrestrial body to operate at room tem-
perature by removing heat through the atmospheric window. The Earth’s atmosphere acts 
as a huge thermal reservoir that allows radiation to escape into space directly. Conse-
quently, any terrestrial object with a high emissivity in the atmospheric window can radi-
ate heat into space effectively. Even so, a number of factors, such as geographical location, 
cloudiness, and humidity levels, affect atmospheric window transmittance. When the sky 
is clear and dry, the atmospheric window transmittance is high [8]. 

When the sky is clear at night, PRC can produce around 100 W/m2 of net cooling 
power, which suggests that a relatively large surface area is required to deliver significant 
cooling power of a few kilowatts (kW) or more. Demanding a larger surface area in build-
ing applications certainly leads to the development of sophisticated material technology 
to produce suitable radiators, which entails high installation and production costs, and 
maintenance issues [5]. The main problem, however, is material science, i.e., finding prac-
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The principle of PRC relies on the fact that the atmosphere transmits about 87% of
the outgoing radiation from the Earth in the “atmospheric window” region. Surfaces can
exchange heat with cold space (3 K) through this atmospheric window region. If surfaces (or
participating gases, for that matter) experience a mismatch between outgoing and incoming
thermal radiation, they can reach a lower steady-state temperature than the ambient due to
strong emission in this wavelength region and strong reflection outside of it [26].

Fortunately, the wavelength of the atmospheric window falls within the black body’s
peak thermal radiation region at room temperature (300 K), as defined by Plank’s law. This
property allows a passive cooling mechanism for a terrestrial body to operate at room
temperature by removing heat through the atmospheric window. The Earth’s atmosphere
acts as a huge thermal reservoir that allows radiation to escape into space directly. Conse-
quently, any terrestrial object with a high emissivity in the atmospheric window can radiate
heat into space effectively. Even so, a number of factors, such as geographical location,
cloudiness, and humidity levels, affect atmospheric window transmittance. When the sky
is clear and dry, the atmospheric window transmittance is high [8].
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When the sky is clear at night, PRC can produce around 100 W/m2 of net cooling
power, which suggests that a relatively large surface area is required to deliver signifi-
cant cooling power of a few kilowatts (kW) or more. Demanding a larger surface area in
building applications certainly leads to the development of sophisticated material tech-
nology to produce suitable radiators, which entails high installation and production costs,
and maintenance issues [5]. The main problem, however, is material science, i.e., finding
practical window materials for effective cooling during day and night that can afford
outstanding performance at a lower cost; this technique will be a challenging solution to
PRC acceptability.

1.2. Classification of PRC

PRC research falls into two main categories: radiative cooling at night (nocturnal)
and radiative cooling during the day (diurnal). The design of PRC systems typically
involves adjusting the spectral reflection, emission, absorption, and transmission at various
wavelength intervals. While radiative cooling is difficult in the daytime, nocturnal cooling
has been an established practice for centuries. A considerable amount of research has
been conducted on nocturnal PRC materials, as well as on the potential uses of nocturnal
radiative cooling. According to Eriksson and Granqvist [27], the initial scientific study to
investigate the effects of nocturnal cooling in 1828, Arago revealed the existence of this
phenomenon. Arago recorded a temperature drop of 6–8 ◦C below the surrounding air
for the small amount of grass, cotton, and quilt placed outside in a tranquil environment
during the night. Later, Alan K [28] made the first suggestion for selective infrared (IR)
emitters to enhance PRC’s performance at night. Since then, several strategies have been
developed to improve radiative cooling.

There are actually two types of conventional radiators in use for overnight radiation
cooling. A thermal blackbody emitter is the first kind of radiator to have a high emissivity
in all thermal radiation bands. A selective radiator is another form of radiator that emits
significant heat solely through the atmospheric window wavelength. There is experimental
evidence that it is possible to achieve nocturnal cooling up to around 100 W/m2. Under
cloudless skies, radiative heat flux from a thermal blackbody emitter at near ambient
temperatures can reach up to 120 W/m2 [29]. The ability to reach a minimum temperature
below the surroundings is limited by the inverse effect of radiative thermal absorption
outside the 8–13 µm wavelength, which makes it difficult to attain temperatures lower
than 6 and 8 ◦C below the ambient. Thus, alternative methods for mitigating adverse
thermal absorption at sub-ambient temperatures include using metallic mirrors (typically
aluminum or silver) surrounded by thin layers of material that only absorb/emit within
the atmospheric window and are transparent to other wavelength regions. Metallic mirrors
reflect undesirable solar irradiation, while emitters transfer thermal energy to space by
emitting radiation within the range of the atmospheric window. For the top portion of the
emitting materials, a wide variety of materials have been suggested, including polymers,
pigmented paints, metal oxides, gas slabs, multilayer semiconductors, and metal–dielectric
photonic and plasmonic structures [30].

However, the challenge with daytime cooling is solar irradiation, and exposure to
direct sunlight during the daytime (around noon) reduces the effectiveness of the devices
and systems due to the need for much larger cooling power (up to 1000 W/m2). Around
noon, a small amount of solar absorption of 1000 W/m2 might be sufficient to counteract
the surface temperature dependent on the outgoing radiative cooling power of between
100 and 150 W/m2. The solar spectral region, which has shorter wavelengths between
0.2–3 µm, and the atmospheric transparency window, which has wavelengths between
8 and 13 µm, need to be addressed simultaneously in the development of effective high-
performance DPRC materials [2] (see Figure 3).
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To limit solar heating during the day, these materials must have low absorption (100%
reflectance) in the solar spectrum. In addition, they should also have high emissivity (≈1)
in the atmospheric transparency window in order to transfer excess heat effectively to
the sky and, eventually, to outer space as the final heat sink of radiative cooling. In the
early attempts to obtain these specific characteristics, a radiative cover shield was fixed
at the top of the radiative cooler. During the day, the radiative cooler beneath the cover
shield can emit radiation into space because it reflects solar radiation while remaining
transparent to long wavelengths inside the atmospheric window. Various researchers
have contemplated polyethylene foils covered or doped with TiO2, ZnS, and ZnO for this
application [32–34]. Nevertheless, it is difficult to achieve high solar reflectance and high IR
transmittance simultaneously. Furthermore, PRC systems are based on various materials
and structures such as bulk media (painted metal and gypsum), thin films (ZnS, CdTe, SiO,
PbSe, MgO), and gases (ammonia, ethylene, ethylene oxide), including functional films
coated with SiO and Si3N4, have been explored and tested. Although these radiators also
emit large amounts of radiation into the atmosphere, these materials perform poorly and
have limitations when exposed directly to sunlight during the daytime. So none of the
experiments using these materials and techniques has succeeded in obtaining sub-ambient
temperatures when exposed to direct sunlight [35].

Fortunately, the recent demonstration of effective DPRC under direct sunlight through
the development of innovative classes of selective infrared radiators, combined with
metamaterials, nanophotonic structures, nanoparticle methods, also cutting-edge design
methodologies enabled the fabrication of precise structures with tailored radiative prop-
erties for various energy applications. This also results in daytime cooling that results in
temperatures below ambient. During the daytime, these novel radiators provide significant
diurnal radiative cooling due to their high reflection capability within the range of solar
radiation and strong emissivity within the atmospheric wavelength.

The importance of this research has grown steadily over the past decade. In 2013,
Raman et al. [36] published the first theoretical design of a metal–dielectric planar photonic
structure for DPRC based on adjusting the spectral behaviour/responses of the material.
Later, in 2014, ref. [37] they achieved DPRC for the first time experimentally using a
precisely designed nanophotonic structure radiative cooler. In this photonic radiative
cooler, seven alternate dielectric layers are deposited onto a silver mirror, allowing it to cool
to 4.9 ◦C below the surrounding temperature by reflecting 97% of incident solar irradiance
while selectively emitting in the wavelength of the atmospheric transparency window.

Another effective example is the DPRC structure suggested and created by Zhai et al. [38]
using a polymer embedded with micron-sized dielectric spheres on top of a silver (Ag)
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substrate as the back reflector In spite of this, many photonic structures are not widely
used due to their high production cost, production complexities, and other complicated
manufacturing techniques [21,30,39]. Besides emissive properties, a DPRC must have
adequate heat-insulating properties to keep the temperature differential with the surround-
ings. Currently, the most prominent strategies combining the DPRC techniques are to
be solar irradiance backscattering, thin film forming, cooling coating, pumping of mid-
infrared thermal radiation from the radiator, and phonon control, all of which result in
continuous sub-ambient cooling during the day and at night. Backscattering is the most
popular method for obtaining material for DPRC, based on reflection [40]. It is possible to
achieve this by incorporating Titania (TiO2) and silica (SiO2) particles in high concentrations
(40–50% Wt) into a paint or coating. Several potential pigments, including TiO2, ZrO2,
ZnS, ZnSe, and ZnO, were tested with a pigment fraction of 0.10–0.15 in 400-µm-thick
polyethylene. In terms of radiative cooling properties, ZnS performed better, which had
84.9% solar reflectivity, but due to peak solar radiation, they were unable to achieve daytime
cooling at noon. TiO2 has higher solar reflectivity but absorbs UV radiation due to bandgap
overlap, whereas ZrO2 is lossless in UV but has a lower refractive index and thus reflects
less than titania. Many of the proposals suggested in the application of PRC in buildings
are still lacking research and development, mostly regarding the transmissivity/emissivity
of the material or the use of PRC to maximize net cooling performance. Inclusive of the
above, daytime radiative cooling still has three significant issues. To begin with, it is unclear
which structures are essential for radiative cooling to perform at it is their best. Secondly,
it is difficult to avoid the heat losses produced by the different available coolers, which
restricts both cooling power and temperature drop to less than 105 W/m2 and 10 ◦C, respec-
tively. Therefore, these materials should have substantial emissivity in other wavelengths,
preferably within the atmospheric window, while having extremely low absorptivity in the
intense solar spectrum [5,22].

1.3. Fundamental Physics of Radiative Cooling

Developing dynamic and efficient radiative coolers for specific applications requires
accurate engineering and design. This subsection discusses the design issues for radiative
coolers and the physics involved in PRC as described by the heat-transfer balance equation
(see Figure 4). In fact, estimating the incoming spectrum irradiation on a terrestrial body is
crucial for determining the cooling capability of radiative coolers. Generally, a terrestrial
body may partially absorb, reflect, or transmit the radiation. A body’s absorption (α),
reflection (ρ), and transmission (τ) are related as follows: α(λ) + ρ(λ) + τ(λ) = 1. Kirchhoff’s
law states that absorptivity and emissivity (ε) are equal α(λ) = ε(λ) for every object in
thermal equilibrium in all directions and for all wavelengths [30].

Let us consider a material that has similar absorption qualities to a black body with
α = ε = 1. It can predominantly absorb incident light from the surroundings and achieve
complete absorption across all spectral regions. Kirchhoff’s law would thus predict that
the material would also possess excellent thermal radiation emission properties. Conse-
quently, the following Equation (1) [41] represents spectral radiation from a black body at
temperature T:

IBB(T, λ) =
2πhc2

λ5
1

exp
(

h.c
λkT

)
− 1

(W/m2) (1)

where IBB represents the radiation intensity of the blackbody at a given temperature T (K), and
wavelength λ, h is a Planck’s constant and its value is 6.626 × 0−34 J·s, k = 1.381× 10−23 J/K is
Boltzmann’s constant, and c = 3× 108 m/s is the speed of light.

For a given temperature, certainly, a black body emits energy into its surroundings,
according to Equation (1). Furthermore, it may be possible for heat from the material to be
transferred by conduction and convection besides thermal radiation. To compute the net
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cooling impact of a radiative cooler, it is necessary to consider all heat transfer mechanisms,
which can be determined by using the formula below from Equation (2): [41]

Pnet = Prad − Patm − Pnonrad − Psolar (W/m2) (2)

where Psolar represents the power density of the sun (say, 1000 W/m2) and Prad is the
Radiative power emitted by the radiative cooler, given by the following:

Prad= 2π
∫ π/2

0
sin θ cos θ

∫ ∞

0
IBB(Trad, λ)εrad(λ, θ , dλ) dθ (W/m2) (3)

θ represents the zenith angle in the above equation.

Energies 2023, 16, x FOR PEER REVIEW 8 of 59 
 

 

Pnet = Prad − Patm − Pnonrad − Psolar (W/m2) (2)

where PSolar represents the power density of the sun (say, 1000 W/m2) and Prad is the Radi-
ative power emitted by the radiative cooler, given by the following: 

Prad = 2π sinθcosπ/2
0 θ IBB Trad,λ εrad

∞
0 (λ,θ,dλ) dθ (W/m2) (3)

θ represents the zenith angle in the above equation. 

 
Figure 4. Schematic representation of radiative cooling surface (adapted from [42]). 

Based on the above equation, the thermal radiative intensity of an object directly cor-
relates with its structure and shape as well as the temperature. It is therefore possible to 
use the shape and structure of the object to improve the thermal radiative power through-
out the effective area and control the emissivity ε λ, θ  of the radiative cooler in the 
appropriate wave band to achieve an optimal cooling capacity [21]. A radiative cooler’s 
performance, however, will be significantly impacted by weather factors like humidity 
and clouds [41]. 

1.4. Impact of Solar Irradiation on DPRC 
Solar radiation has a significant impact on how effectively radiative cooling operates 

throughout the day. A cooler’s cooling power also referred to as its total cooling heat flux, 
is the first determinant (Pnet). The emissivity of the structure should be close to that of a 
blackbody emitter in the 8–13 μm range and near zero at wavelengths where the atmos-
phere is strongly emitting. During the day, however, the structure’s solar absorptivity is 
the dominating factor that determines its cooling efficiency. Therefore, it is crucial that the 
structure’s solar heat absorption remains well below 10% during the daytime in order to 
achieve meaningful cooling. Another important criterion is the temperature difference 
that can be achieved by a radiative cooler (ΔT = Ts − Ta), where Ts represents the surface 
temperature and Ta is an ambient temperature. The temperature at which Pnet reaches zero 
is the lowest temperature difference that can exist (the cooler’s heat fluxes are then bal-
anced between absorbing heat and emitting heat) [30]. 

Let us consider that if solar radiation is 800 W/m2, a radiator with a 5–10% solar ab-
sorption will absorb 40–80 W/m2, which is close to or may exceed a radiator’s cooling ca-
pacity. Accordingly, the performance of the radiative cooler will decrease as more sun-
light is absorbed by the cooler. The power of the radiative cooler for absorbing solar radi-
ation (Psolar) can be determined using the following expression: [8] 

Psolar = A α(λ, 0) ∞
0 IAM1.5 (λ) dλ (W/m2) (4)

Figure 4. Schematic representation of radiative cooling surface (adapted from [42]).

Based on the above equation, the thermal radiative intensity of an object directly corre-
lates with its structure and shape as well as the temperature. It is therefore possible to use
the shape and structure of the object to improve the thermal radiative power throughout the
effective area and control the emissivity εrad(λ, θ) of the radiative cooler in the appropriate
wave band to achieve an optimal cooling capacity [21]. A radiative cooler’s performance,
however, will be significantly impacted by weather factors like humidity and clouds [41].

1.4. Impact of Solar Irradiation on DPRC

Solar radiation has a significant impact on how effectively radiative cooling operates
throughout the day. A cooler’s cooling power also referred to as its total cooling heat
flux, is the first determinant (Pnet). The emissivity of the structure should be close to that
of a blackbody emitter in the 8–13 µm range and near zero at wavelengths where the
atmosphere is strongly emitting. During the day, however, the structure’s solar absorptivity
is the dominating factor that determines its cooling efficiency. Therefore, it is crucial that
the structure’s solar heat absorption remains well below 10% during the daytime in order
to achieve meaningful cooling. Another important criterion is the temperature difference
that can be achieved by a radiative cooler (∆T = Ts − Ta), where Ts represents the surface
temperature and Ta is an ambient temperature. The temperature at which Pnet reaches
zero is the lowest temperature difference that can exist (the cooler’s heat fluxes are then
balanced between absorbing heat and emitting heat) [30].

Let us consider that if solar radiation is 800 W/m2, a radiator with a 5–10% solar
absorption will absorb 40–80 W/m2, which is close to or may exceed a radiator’s cooling
capacity. Accordingly, the performance of the radiative cooler will decrease as more sunlight
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is absorbed by the cooler. The power of the radiative cooler for absorbing solar radiation
(Psolar) can be determined using the following expression: [8]

Psolar = A
∫ ∞

0
α(λ, 0) IAM1.5 (λ)dλ (W/m2) (4)

where IAM1.5(λ) stands for the typical sun spectral irradiance (1000 W/m2) distribution
for reference and AM1.5 represents 1.5 air masses as the path through the atmosphere. A
global spectrum profile of AM1.5 is shown in Figure 5; the yellow color illustrates the sun’s
spectrum across various wavelengths together with the atmospheric window (blue) region.
In principle, the cooler must have high reflectivity in order to provide PRC during the day
by reducing the absorption of solar energy [21].
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The spectral energy of the solar spectrum can be measured experimentally using
spectro-radiometers. Later, by using the global AM1.5 spectrum, it is possible to validate
the applicability of this experimental method to local weather conditions [8]. On the other
hand, one of the accepted methods is the ASHRAE clear sky radiation model, which can be
used to determine the solar heat flux that eventually needs to be cooled from a surface or
from a volume of participating gas [43].

1.5. Influence of Atmospheric Radiation

The atmosphere between the surface of the earth and space is intricate; atmospheric
radiation is the result of the superposition of radiation from elements that exist in the
atmosphere. Nitrogen (N2) and oxygen (O2), the atmosphere’s gas composition, also
consists of water vapor, carbon dioxide (CO2), ozone (O3), hydrocarbons, nitrogen oxides
(NOx), etc. Therefore, it is in the atmosphere’s capacity to absorb/emit different infrared
wavelengths between 3 and 50 µm radiation that limits the cooling effect, inhibiting the
process of thermal radiation from terrestrial objects to space. Water vapor emits/absorbs
substantially at 6.3 µm and 20-µm. For CO2 the main IR emission characteristic is a
broadband-intensive emission band primarily focused at 15 µm. While water vapor and
carbon dioxide obscure most of the ozone emission bands in the infrared region, a narrow
emission bandwidth at 9.6 µm is eminent [30].

The atmospheric radiation in the zenith direction (AM1.0) is minimum. When the
air is dry in the wavelength range of 8–13 µm, the so-called atmospheric window al-
lows for practically complete transmission across the atmosphere without absorption.
Mainly, the CO2 and water vapor emission bands, however, are responsible for an overall
emission/absorption effect in this range [30]. Sky emission in the atmospheric window
wavelength is also highly dependent on air moisture content, ambient temperature, and
dew point temperature. Usually, the sky emissivity is greater at larger zenith angles be-
cause of the longer path length. Further, the second and the less considerable transparent
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window for low concentrations of water vapor in the atmosphere is present in the 16–22 µm
range. Atmospheric window transparency is only high in good weather. Moreover, if the
atmospheric window is blocked by clouds, rain, or humid conditions, radiative cooling
will have a lower cooling effect [30].

Then, in accordance with the thermal radiation theory, Patm is power absorbed by the
radiative cooler from the incident atmospheric radiation and is given by,

Patm= 2π
∫ π/2

0
sin θ. cos θ

∫ ∞

0
IBB(T, λ)εatm(λ, θ) dλ dθ (W/m2) (5)

Furthermore, both the angle and the wavelength have an impact on atmospheric
emissivity. The following Equation (6) emerges, by applying Kirchhoff’s rules.

εatm(θ, λ) = 1 − τa(λ)
1/ cosθ (6)

εatm(θ,λ) represents the spectral directional emissivity of the radiator, and τa(λ) denotes
the transmittance of the atmosphere in a specific direction [21].

Moreover, the atmosphere is almost a blackbody radiator with a temperature of 1–2 ◦C
below ground level ambient temperature for a cloudy sky, according to the measurements
on spectral atmospheric radiance made by Bell et al. [32]. This renders the PRC effect for
cloudy skies inappropriate. The atmosphere emissivity of a sky under various conditions is
a crucial consideration when evaluating PRC systems in order to assess the accuracy of the
radiative model. The two most significant variables in calculating sky radiation, besides
sky emissivity, are spectral emittance profile and atmospheric temperature. Imagine the
atmosphere to be a gray-emitting body at temperature (Ta), with an effective emittance
εa value of for a total hemispheric emittance (i.e., the ratio of the material’s total emissive
power to the total emissive power of an ideal black body). Atmospheric radiative heat flux
is then as follows [30]:

Pa = εσTa
4 (W/m2) (7)

Following Zevenhoven et al. [44], one shortwave (SW) band < 4 µm plus three long-
wave (LW) bands, including 4–8 µm, 8–13 µm (the atmospheric window), and >13 µm,
can be used to describe how thermal radiation travels through the atmosphere. The atmo-
sphere’s transmittance is τai = 1 − εai, (i = 1 to 4) for zero reflectance. Consequently, for all
four bands, the approximate atmospheric emittance values are with the values εa1 = 0.26
for SW radiation and εa2 =1, εa3 = 0.55, 0.65, and εa4 = 1, respectively [16], can used for LW
radiation. With the exception of wavelengths between 8 and 13 µm, Kondratyev treated the
atmosphere as opaque. Using the correlation shown below, a value for εa3 was determined
here using Equation (8), [44]

εa3 = 1 +
107, 952 × (1 − εa)

T2
a − 680.0 × Ta+73, 594.9

(8)

In recent years, several researchers have used empirical correlations to estimate the
atmospheric hemispherical emittance more precisely. Such relationships depend on direct
measurements of sky radiance and empirical equations to fit experimental observations.
For instance, Catalanotti et al. as well as other researchers also report approximate mea-
surements for the atmospheric emittance values. They endorsed total emittance values for
clear skies of 0.5–0.6 for arid areas at high elevation, 0.8–0.9 at sea level, and close to 1.0
for cloudy skies. Brunt et al. developed the following mathematical equation for the sky’s
total emittance based on the partial water vapor pressure in the atmosphere [30]:

εa = A + B
√

(p) (9)

where p stands for partial water pressure (mbar), and A and B are empirical constants with
values ranging from 0.34 to 0.71 and 0.023 to 0.110, respectively.
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Later, Murray [30], derived an empirical equation for total atmospheric emittance by
considering dew point temperature (Tdp in ◦C) and ambient temperature (Ta in ◦C). It is
given by the following:

εa = 0.741 + 0.0062Tdp (−) (10)

Tdp = 273.3 × ln(RH)+ axb
(a− ln(RH))+ axb

(K) (11)

a and b are considered empirical constants in the above Equation (11), and their values are
as follows: a = 1.727, 0 ≤ RH ≤ 1, and b = Ta/(Ta + 273.3), where Ta = ambient temperature.

Similar to this, Martin and Berdahl [30] presented an empirical equation for the
relationship between wavelength (λ), zenith angle(θ), and total sky emittance in the case of
spectral sky emittance.

ε(θ, λ) = 1 − (1 − εa.[t(λ)/tav]. eb(1.7−1/ cosθ) (−) (12)

εa = 0.711 + 0.56(
Tdp
100

) + 0.73 (
Tdp
100

)
2

(−) (13)

The values are t(λ)/tav, b implicitly dependents shown in tabular form in [30], valid
for −13 < Tdp < 24 ◦C, εa = total sky emittance, and Tdp = dew point temperature (◦C). The
above Equations (7)–(13) above are most commonly used to properly assess atmospheric
emittance and its parameters.

The use of the effective total emittance value (εa) and modeling the atmosphere as a
gray body at an ambient temperature mainly have two implications according to studies
conducted by a number of researchers (Ta). The first one is that, initially, many studies
made the wrong assumption that the sky emits as a black body outside the range of
atmospheric wavelengths. This led to inaccurate estimates of the high cooling capacities for
blackbody emitters used as nocturnal PRC. The second point of concern is that experimental
measurements presented in [30] showed that the amount of moisture and the zenith angle
have a significant effect on directional sky radiation within the atmospheric window
wavelength. The variation in atmospheric emissions caused by differences in water vapor
amounts, as well as their directional dependence, are greatly reduced when the sky is seen
as a gray body.

1.6. Non-Radiative Heat Transfer (Conduction and Convection)

Heat conduction and convective heat transfer affect radiative cooler performance,
in addition to its own heat radiation, solar radiation, and atmospheric heat radiation.
Convectional and conductional heat transfer from the surroundings is represented by the
Pnonrad, which is given by,

Pnonrad = h·(Trad − Tatm) (W/m2) (14)

The cooler temperature and atmospheric irradiance temperature are Trad and Tatm,
respectively, and h stands for the non-radiative heat transfer coefficient (W/m2K) that
results from the heat transfer mechanisms (natural plus forced convection and typically
much smaller conduction of heat) from the radiative cooler to its surroundings. A well-
controlled h value ranges from 2.0 to 6.9 W/m2 K. A higher value for non-radiative heat
coefficient (h) indicates greater conductive and convective heat exchange with the ground
level environment, and a radiative cooler (Pnonrad), which results in less cooling power
for the fixed temperatures Trad and Tatm. To obtain the highest cooling power (Pnet), it is
mandatory to increase the radiative power emitted by the radiative cooler (Prad), while
reducing the power absorption from the incident atmospheric gains for effective radiative
cooling, Prad >> Pnonrad. Thus, from the perception of the optimum radiative cooler design,
zero absorption (i.e., nearly 100% reflection) across the entire solar spectrum, selective
and nearly total absorption/emissivity across the wavelength region from 8 to 13 µm
matching the atmospheric transparence window, and reduced excessive energy dissipation
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by conduction and convection are the important factors [41]. In addition, several researchers
have put forth some of the equations for the radiative cooler’s non-radiative heat transfer
coefficient. The equations h = 5.7 + 3.8 V and h = 2.8 + 3.0 V, respectively, where V is wind
speed in m/s, have been suggested to describe a radiative cooler without the windshield
and with the windshield in [41]. Based on the outcomes of the simulation for a particular
case with the windshield, Rephaeli et al. [45] and Zhu et al. [36] determined that h = 6, 12,
and 40 [W/m2K] for the velocities at V = 1, 3, and 12 m/s, respectively. The values of h are
presented for the case of a radiative cooler without the windshield in [46] and [47], where h
= 1 + (6 V3/4) and h = 1.8 + (3.8 V), respectively—valid if V lies between 1.35 and 4.5 m/s.

Zeyghami et al. [30] calculated and compared the cooling characteristics of a broad-
band IR radiator and ideal IR emitter by considering three cooling surfaces in two scenarios
for surface temperatures T s ≤ Tamb and T ≥ Tamb. Cooling heat fluxes up to 80 W/m2

have been determined for a broadband IR radiator and an ideal IR emitter at room tem-
perature. The cooling heat flux decreases until zero as the surface temperature gradually
decreases. The ideal IR emitter has a ∆Tmin of −9 ◦C and the broadband IR radiator has
a ∆Tmin of −6 ◦C, i.e., when a radiative cooler is intended to produce cooling effects at a
temperature below ambient, non-radiative heat transfer has a significant impact on the
surface ability to cool. Reaching ∆Tmin −14 ◦C for a broadband IR emitter and ∆Tmin
−43 ◦C for an ideal IR emitter is possible by eliminating non-radiative heat transfer com-
pletely in the case of T ≥ Tamb. A value Pnet = 490 W/m2 was calculated for the broadband
IR radiator at ∆T = 20 ◦C higher than the surrounding temperature. A cooling heat flux
of up to 405 W/m2 was found for an ideal IR emitter under similar circumstances. It
makes sense that the non-radiative cooling effect would take over as the dominant cooling
phenomenon at higher surface temperatures. Similar research findings by Granqvist and
co-workers demonstrated that for an ideal IR emitter, increasing ambient temperature and
or a lower air humidity would improve the radiative cooler’s performance and raise Pnet
and ∆Tmin values [43].

However, the majority of current studies on radiative cooling assume that the cooler
surface temperature is the same as the ambient temperature and disregard non-radiative
heat transfer (Pnonrad). In real-world situations, this temperature difference is significant,
which lowers the cooling effect. Maintaining the temperature drop achieved by cooling
with radiant coolers that require effective heat convection insulation is crucial. In conclu-
sion, DPRC performance can be improved or optimized by utilizing four different ways.
(1) Improving the radiator’s ability to radiate heat effectively. (2) The radiative cooler’s
ability to reflect more sunlight. (3) Adjusting thermal radiation’s wavelength to focus in the
range of 8–13 µm. (4) Lastly, controlling the radiation of heat from the radiative cooler to
the environment, i.e., the sky through the atmosphere. When developing an ideal radiative
cooler, it is crucial to take the material, the structure, and the shape into consideration. By
choosing the right materials (today’s challenge is also from the material resources avail-
ability point of view), the radiative cooler should have high solar reflectivity. However,
the power of the sun’s radiation, the amount of water in the air, the speed of the wind,
and the pressure of the cloud cover all have a significant impact on how efficient radiative
coolers are. Certainly, it is essential to take into account the local climatic conditions when
developing future radiative coolers [21].

2. A Comparison of Active and Passive Daytime Cooling Technologies for Buildings

Solar energy can be used to provide electricity, heat, light, and cooling for both
residential and commercial buildings without harming the environment, apart from the
effects of constructing the equipment. In order to brighten the indoor environment, it is
possible to gather solar energy as daylight. A passive daytime system often also collects
and distributes sunlight for efficient interior building lighting. Daytime passive cooling
systems give both daylighting as well as cooling in order to achieve the goal of low-
energy buildings [48].
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Solar light is gathered and dispersed in a variety of ways; passive and active day-
lighting systems are extricated based on how light is gathered and dispersed. Skylight
windows, sliding glass doors, static waveguides, etc., are just a few examples of the
non-tracking, static designs used as part of passive daytime cooling systems to capture,
reflect, and disperse the sunlight into a building’s interior. In daylighting systems that
actively collect sunlight, mechanical and optical devices are equipped with sun-tracking
mechanisms that move with the sun and then distribute it through waveguides into
buildings’ structures [49,50]. The tracking device in an active daylighting system makes it
functional when daylight begins early in the morning and lasts until the evening, giving it
an edge over stationary passive daytime systems. An active daytime system does have a
drawback, though, in that it has a high initial installation cost, related maintenance, and
operating costs [48]. The use of passive daytime systems in sustainable building design
has a number of benefits, including affordability, simple installation, and aesthetic design
(good visual appearance). The following advantages can be mentioned:

(1) All types of buildings can have DPRC installed, and existing construction projects can
even use it at a reduced cost.

(2) Daytime cooling systems improve the quality of the indoor air because they do not
use forced air systems.

(3) The lack of mechanical components makes passive daytime systems easier to maintain
than active daylighting systems.

(4) Savings on electricity-driven cooling and heating expenses are among the long-term
advantages of passive cooling during the daytime [48,51].

Passive daytime cooling systems are little more expensive than buildings made only of
concrete and bricks, though they will end up costing less over time, according to specialists
in passive solar design. The incorporation of passive daytime systems into sustainable
building designs presents a number of difficulties:

(1) Due to the fact that glass types and qualities can vary widely, picking the right glass
to meet DPRC specifications can be challenging. When choosing materials for passive
daytime cooling homes, choosing the wrong glass or other high SW transmittance
material is an expensive mistake. The location (north, south, east, or west) and climate
of a building will determine the best type of glass to use.

(2) A strong connection exists between daylight and heat. The use of daytime lighting
during the summer or in areas where the climate is warm all year can increase the
amount of energy used by the air-conditioning systems.

(3) A poorly designed passive daytime system can produce a glare on household items
and appliances (furniture, televisions, refrigerators, and laptops). As a result, the
placement of items in the home necessitates careful consideration [48].

2.1. Technical Description of Passive Daytime Systems

Passive cooling skylights are used in buildings that do not have enough wall openings
so that sunlight can enter through the roof or other horizontal surfaces. Examples of passive
daytime cooling techniques include louvers, tubular daylight, skylights, slope glazing,
roof windows, solar lights made from soda bottles, windows, light shelves, reflectors, and
sawtooth roofs. This section describes a variety of skylight types and their advantages
since it is hard to list all kinds of passive daytime systems [52].

2.2. Types of Skylights

A skylight is a usually covered opening in a roof that allows sunlight to penetrate a
building from above and brighten it. The material selected for making skylights can have a
significant impact on both the quality of daylight and the energy efficiency of the building
structure. Polymers and glass in a range of colors and thicknesses are popular skylight
glazing materials. Installing pitched or dome-shaped skylights at the same height as a
building’s roof is standard practice. Light wells are an essential component while designing
the skylight. Light wells direct daylight into the building before it enters the interiors by
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channeling it via the roof and ceiling. A light well accomplishes two tasks: it diffuses light
and protects the observer from direct sunshine [53].

Fixed unit skylight: Generally, this type of skylight typically lacks ventilation and has
a structural perimeter frame that supports the light-transmitting portion, which is generally
constructed using plastic or glass [48].

Operable skylight: Residents can reach this type of skylight if it is accessible through
the roof. It rotates at the top and resembles a single-window frame that opens a few inches
higher to allow for greater air circulation and sunlight. Skylights that are operated manually
may feature manual locks that allow them to open and close at a specific level [48].

Tubular daylighting device: This fixed unit roof skylight captures sunlight and trans-
fers it to a light-diffusing element via some type of light conveyance optical conduit. This
system absorbs and transmits solar light via a roof-mounted dome measuring 0.254 m to
0.559 m in diameter. The building’s dome gathers light beams, which are then scattered
by a system of aluminum tubes and spread throughout it by a number of specular reflec-
tions. The size of the dome is determined by the building’s size and is made of acrylic or
polycarbonate to block UV light [48].

Retractable skylight: This type of skylight is made up of a single retractable window
frame or a group of retractable window frames positioned on top of a roof. When the
window is controlled, it slides out of the frame and onto a set of rails, enabling a full
opening to the exterior for direct sunshine or ventilation of the building’s interior. They
use a mechanical cable system to retract left and right as well as up and down [48].

Straight and splayed skylight: There are two types of skylights, straight and splayed.
Both of them allow light to enter the building from the rooftop. The spread skylight design
spreads light more widely across the building than the straight skylight design, which is
how these two designs differ from one another. On the other hand, spread skylights must
be closer together than straight skylights to produce the same amount of light [48].

Sloped glazing: When designing and developing sloping glazing assemblies for a
specific project, sections are often used. They combine several infill panels in a frame
structure. Single clear glass, single glazing with gray tint, double clear glass, double glazing
with gray tint, double glazing with selective tint, double glazing with reduced emissivity
(Low-E), and triple glazing with Low-E are some of the glazing types that are frequently
used in residential windows. It becomes more difficult to select the ideal glazing material
when both energy savings and natural light are taken into account simultaneously [54–56].

3. Transmissive Radiative Cooling Skylights

The structural and material engineering for PRC studies is essential, as discussed
above, and has been proposed and investigated since the second half of the 20th century.
As the first design of a radiative cooler in the 1980′s, silicon compounds like silicon dioxide
(SiO2) and silicon nitride (Si3N4) were produced on aluminum (Al) film-coated glass sub-
strates using the vacuum deposition technique. These designs successfully achieved PRC,
which in practice obtained a net cooling power of about 100 W/m2. Following the pioneer-
ing work and looking for window materials for skylights allowing passive cooling [57], ÅA
has developed and tested a skylight that offers nocturnal PRC up to ≈100 W/m2.

The possibility of running water through a double-glass window for simultaneous
water heating and air conditioning was presented by a few researchers in the past [58].
However, little research has been conducted concerning the use of so-called participating
gases inside skylights that interact with thermal radiation in specific, preselected wave-
length bands. Since then, ÅA has been researching PRC strategies to improve cooling
performance using skylights during the daytime, an approach that has received little at-
tention. So far, ÅA has investigated and published the fundamentals and possibilities of
this technology and its viability through simulations and experimental results [20]. See
Section 3.1 of a skylight filled with a participating gas that absorbs and emits thermal radia-
tion, with necessary high absorption, emission, and transmittance of gases and window
materials in the atmospheric window range of 8–13 µm.
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3.1. ÅA Skylight Prototype

This skylight model, the design and function of which was developed at ÅA, was
assessed for effectiveness as both a passive cooler during summer and a thermal insulator
during winter. The 10 × 10 × 10 cm3 small skylight setup for proof-of-concept experiments
is shown in Figure 6. Acrylic plastic (non-transparent for long-wavelength thermal radia-
tion, i.e., >4 µm) is used for the construction, except for two zinc sulfide (ZnS) windows as
top and bottom cover. The central window (which guides the convective heat flow inside
skylight) is constructed of acrylic plastic, which has a reflection coefficient of ρ = 0.9 at
all wavelengths. The central window divides the skylight into two sections that absorb
from below, emitting heat to the atmosphere and space above via thermal radiation-driven
(natural) convection while minimizing turbulence.
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Figure 6. Skylight prototype at the ÅA University, PST laboratory [20].

The circulation provides cooling to a room beneath the skylight. When this circulation
is interrupted, the skylight functions as a thermal insulator. The spaces between these
three windows are filled with GHGs, such as pure CO2, HFC-125, or NH3, other than air.
Therefore, the following are sections that provide detailed information about selecting the
proper gas and window materials.
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3.2. Selecting Participating Gas for Passive Skylight

When selecting a suitable participating gas, it is critical to take the following measures:

• The radiative pathway in the gas must be long enough for it to be capable of radiating
enough heat.

• The gas must have high absorptance in the spectral range of the atmospheric window
and highly transparent at visible wavelengths.

• In order to achieve adequate convective cooling, the gas thickness must be both large
enough to permit and small enough to inhibit convective heat transfer.

• The viscosity of the gas should be as low as practical in order to reduce fluid convective
flow limitations

• It is important that the gas has a heat conductivity that is low enough and to give
conductive heat transfer << convective heat transfer. Moreover, the gas needs to have
a high thermal capacity to minimize mass needed.

• It is critical that a gas’s boiling point (BP) is significantly lower than the lowest
temperature inside the skylight [20].

Health and safety standards: Consider any leaks near the skylight window in terms
of health and safety laws. It is necessary to carefully select gases for skylight windows.
The gas cannot be toxic or combustible. Therefore, according to the standards set forth by
the International Institute of refrigeration (IIR), gases classified as A2L are appropriate for
this application [59].

Effect of the gas on the environment: The potential threats of ozone depletion and
global warming from the gas need to be taken into account. Gases that damage the
ozone layer are outlawed with strict enforcement, especially in Europe. Consequently, the
gases required for a skylight should have a higher global warming potential (GWP) while
preferably being sensitive to conversion into harmless species if eventually released into
the environment and have no effect on the ozone layer. At ÅA, CO2 and HFC-125 were
considered; it was possible to compare the two gases (see Figure 7) by filling the skylights
with CO2 and HFC-125. The results from the experiments revealed that HFC-125 may
achieve temperatures lower than the surrounding air and has a noticeably larger cooling
effect compared to CO2 [60].
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Figure 7. Thermal infrared images of skylights after testing with air, CO2 and HFC-125 [20].

For CO2 gas to reach temperatures below the ambient, an elevated pressure may
be recommended which, however, would require thick glass with consequently lowered
transmissivity. In response to this, this led to the choice of HFC-125 refrigerant for skylight
construction. Other mixed refrigerants such as NH3 (strong pungent smell), HFC-32, HFC-
134A, HFC-143A, and SF6 were also studied or considered, but their flammability and other
safety reasons preclude their usage. Due to the recent phase-out of HFC-125 [61], R-32,
R-410a, R454b, and R449A are likely to be considered for the further scale-up of the skylight
window prototype at the ÅA-PST laboratory.
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3.3. Selection of Suitable Window Material

The basic and primary function of window materials is to keep the outside weather
from affecting the interior climate. A skylight should last for decades, and window material
should be mechanically sturdy enough to withstand exterior weather conditions (e.g., it
should be resistant to severe winds and snow, and it should not be soluble in rainwater).
In addition, direct sunlight must not damage the material. Zinc selenium (ZnSe), despite
its viability, was not chosen as a window material for ÅA skylight due to its high cost.
Actually, before we found the Cleartran, thin, low-density polyethylene sheets (LDPE) were
used as window materials [20]. Later, ZnS was a preferred material since it is transparent
to both long-wave and visible light heat radiation. It also possesses a transparency of
about 80% [62] in the atmospheric window region. Thus, this material can be used as a
several-mm-thick glass sheet that is similar to normal window glass.

3.4. Working Principle and Design Changes for Improving Passive Skylight

With a prototype skylight that contains a GHG-filled inter glazing space, it was
shown to be possible to control the radiative heat flux from a building to the sky and
ambient surroundings. The third center window and the gas regulate the balance between
insulation and cooling while its angle can be used to regulate the (natural) convection for
minimal turbulence.

The central window, as previously mentioned, divides the skylight into an upper
and a lower portion. The gas functions as the working fluid in a heat exchanger that
“connects” the room with the sky. An appropriate participating gas must have a higher
thermal emittance value in the atmospheric window’s wavelength (8–13 µm) range. The
developed skylight can be adjusted to work in either a cooling mode or an insulating mode
(see Figure 8) [20].
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When the skylight is in its cooling mode, heat from the below room is transferred to the
gas via the lower window (ZnS glass 1) via radiation, conduction and natural convection.
Due to the decrease in gas density, the heated gas travels to the upper compartment. The
radiative heat transfer through this makes it travel to the lower compartment from the
upper window (ZnS glass 2) and the atmospheric window to the cooler air masses in the
upper atmosphere, which cools the gas in the upper compartment. Additionally, above
the skylight, forced convective heat transfer typically occurs between the upper portion of
the skylight and its direct surroundings because of wind. The impact of this heat transfer
depends on the ambient temperature. When cooling is not required, the connection between
the two gas areas (gas layer 1 and gas layer 2) is closed, causing the roof’s components to
act as thermal insulators rather than passive radiative coolers.
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Figure 9a illustrates a side view of the ÅA proof-of-concept passive cooling skylight
presented recently. Its performance is comparable to that of a roof paint or other covering
material that, in addition to reflecting thermal radiation, has a high emissivity in the
wavelength range for the atmospheric window, as illustrated in Figure 9b [63].
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Figure 9. (a) A skylight design with reflective NPs on a ZnS substrate and (b) compared with a
rooftop reflecting and emitting coating material [63].

The skylight provides more heat transfer (per square meter) from the building envelope
to the outside top surface, which is governed by convective circulation heat transfer
inside the skylight. This is stronger than conductive heat transfer via the material of the
building roof (Qconv >> Qcond), and eventually the limiting heat flow will determine the
heat radiation to the sky (Qrad). Therefore, the building’s top surface must have direct
visual contact with the sky (and beyond that, this enables the skylight to illuminate the
room). The center window will no longer be necessary for future ÅA skylight designs
(ongoing work).

As said earlier, ZnS is widely used in long-wave infrared systems as an infrared trans-
mitting window material. Skylight passive cooling applications benefit from Cleartran’s
material’s excellent thermal, mechanical, and optical properties over a wide range of wave-
lengths. Because of its non-hygroscopic nature, high refractive index, thermal conductivity,
and thermal expansion, this substance was exceptional and frequently used in engineering
design applications [64]. However, difficulties with ZnS identified are as follows: (1) it
requires an external sunshade to minimize the solar radiation absorbed by the radiative
cooler because of its noticeably high solar absorptivity of ≈0.13. (2) When exposed to direct
solar irradiation, ZnS heats the radiative coolers. Thus, ZnS is not ideally effective for estab-
lishing DPRC as intended, particularly during the day (around noon), and therefore tough
challenge persists. Further investigation into finding suitable materials is necessary in
order to create surface coatings such as single-layer/multi-layer radiative cooling coatings
or additives on ZnS glass.

The development of sustainable PRC technology demands a significant amount of
research work, and efficient methodologies must be refined, possibly through experiments,
mathematical modeling, and validation of the obtained experimental data by building
the models using numerical simulation software (Ansys Fluent/Comsol Multiphysics).
Another motivating factor is the fact that PRC applications have developed significantly
and ingeniously in recent years. As a result, ÅA PST is currently developing a PRC skylight
that should be capable of dissipating a few 100 W/m2 of cooling during daytime, which
can be used to lower the energy required to meet a building’s heating and cooling needs. It
is possible to classify PRC methodologies into two Groups:
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Group 1: fundamental principles such as the emissivity properties of radiative cooling
surfaces and the wavelength dependence of radiative cooling surfaces. The main goal here
is to find a suitable PRC method—even though many studies focus on cooling technologies,
there is a scarcity of research offering PRC approaches that lower energy usage. As a result,
the focus of this study is on enhancing the impacts of PRC strategies to increase building
energy performance [2].

Group 2: this is a practical research phase. The second area of research focuses on
finding suitable materials with preferred radiative properties, investigating diurnal cooling
for energy-saving applications (such as cooling of residential and commercial buildings,
and solar cells), and maximizing net cooling power. The idea is to use the most recent
developments in material technology to design and fabricate a skylight using various
metamaterials, photonic structures, and thin films with precisely designed nanoparticles
(TiO2, SiO2, Al2O3, and AgNO3) dispersed on the surfaces [2].

According to previous research by a few researchers, PRC systems made of various
materials are capable of influencing system performance, and it is a notable technique to
achieve perfect sub-ambient radiative cooling. Although the research is progressing toward
a more comprehensive and coherent theory for developing PRC technologies, the findings
remain diverse and even fragmented.

Motivated by such considerations, ÅA PST’s current research activity will involve
finding the suitable material used as top and bottom window glass surface for reasonable
PRC during both daytime and nighttime, and then combining the materials in a design that
can turn into a commercial product.

One benefit is that this skylight PRC system could reduce the need for conventional
cooling systems, resulting in savings, but is also applicable for the refrigeration of food
products and vehicle applications. In addition, it is very likely to expand this PRC skylight
to provide engineering designs for passive cooling systems for cars or trucks parked in the
sun. ÅA [65] has already reported work on this. That research showed that the passive
cooling effect of almost 27 W/m2 from the vehicular skylight is achievable for the summer
season in Finland. Therefore, when a car is equipped with a skylight for passive cooling, its
annual energy usage may decrease while it is inside temperature is controlled, also while
being parked in the open air under solar irradiation.

4. Radiative Cooling Materials

The concept of radiative cooling has been largely limited to nocturnal radiators thus
far. Natural materials typically exhibit poor radiative cooling efficiency and do not have
both a significant high emissivity in the atmospheric window and very high reflectivity in
the solar spectrum wavelength. That means a lucrative DPRC structure should have a solar
reflectivity much higher than 90% (preferably > 97%) together with a large emissivity value
(>0.9) in the atmospheric window. The ability to modify a material structure at the nanoscale
and enhance electromagnetic radiation emissivity and spectral absorption, however, is now
possible due to the most neoteric developments in material science and the rapid upgrading
of nanofabrication technologies. There is speculation that a variety of photonic structures,
including multilayer planar photonic thin films, metamaterials, 2D and 3D photonic devices,
and plasmonic structures, can be adapted to increase either emissivity of the material in the
atmospheric window or increase reflectivity in the solar spectrum [66–68].

While solar radiation at high intensity is present during the day, many of the proposed
photonic structures have been able to operate at temperatures lower than ambient tempera-
tures. These radiators, designed to reduce costs and complexity in polymer photonics, use
electromagnetic resonators that are generally excited inside a polymer surface, resulting in
a very high emissivity in the wavelength of 8–13 µm. Conversely, more recently developed
PRC systems—like advanced paints—attempt a high potential for radiative cooling at a
significantly lower cost. However, problems that need to be resolved include optical aging
brought on by dust accumulation, other atmospheric constituents adhering to paints, and
unwanted cooling during the heating period [69]. Due to the extensive research focused
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primarily on advanced photonic and plasmonic surface technologies, metamaterials led to
the development of sub-ambient DPRC. It appears that these developed technologies can
indeed increase buildings’ daytime cooling capacity.

There are, as said, two kinds of PRC materials to provide cooling for nocturnal and
diurnal periods. During the night, achieving sub-ambient temperatures is very straightfor-
ward, but under direct sunlight, it is quite challenging due to the material requirements.
Thus, this section aims to summarize materials for PRC during the day and at night.
Nevertheless, it mainly focuses on highlighting the most significant advantages and disad-
vantages of DPRC materials and their potential applications in building cooling. Besides
that, their scalability as well as various materials’ effectiveness are investigated for produc-
ing diurnal and nocturnal PRC capabilities. The following section covers more detail on
the materials and structural categories [19].

4.1. PRC Materials for Nighttime (Nocturnal) Cooling

In the past few decades, most nocturnal PRC research has focused mainly on a partic-
ular surface in the atmospheric window to reach higher sub-ambient temperatures. The
following are some types of materials:

4.1.1. Polymer-Based Materials, Including Paints Made from a Polymeric Binder and
Various Pigments, Composite Polymer Materials, and Polyvinyl Chloride (PVC),
Polymethyl Methacrylate (PMMA), and Modified Polyphenylene Oxide (PPO) Resin

A thin layer of polymer and a reflective metal are typically the components of polymer-
based radiative cooling materials (e.g., aluminium). Prior to now, Catalanotti et al. [70]
developed a 12.5-µm-thick polyvinyl-fluoride (PVF) film with an aluminum back coating.

The results revealed strong emissivity within the atmospheric window (8–13 µm)
and high IR reflectivity for other wavelengths. This PRC was able to cool to almost 15 ◦C
below ambient temperature using a thermally insulated box covered in IR transparent PE
film. Certain polymer films, such as PPO and polymethyl pentene (PMP or TPX), also
demonstrated their effectiveness at nighttime cooling [2].

Likewise, composites that combine nanoparticles and IR-transmitting polymers have
the potential to produce polymer-based materials. Due to the narrow absorption bands that
these nanoparticles typically have within the atmospheric window, the composite material
can have its absorption spectrum completely within the atmospheric window by adjusting
the nanoparticle concentration. Amorphous silicon carbide (SiC) nanoparticles were doped
into a 25-µm PE film at a 20% concentration (see Figure 10) in a composite material created
by Gentle et al. [71]. Nanoparticles produce a considerably higher absorption in the
8–13 µm range in comparison to a pure PE film (highly transparent) in the atmospheric
window. Besides Si2N2O3, SiO2, and carbon-based nanomaterials such as nanodiamonds
and multilayer carbon nanotubes, carbon black also served as effective materials [72–74].

4.1.2. Thin-Film Inorganic Coatings of Materials Such as Silicon Monoxide (SiO), Silicon
Dioxide (SiO2), Silicon Oxynitride (SiOxNy), Silicon Nitride (SiN) and White
Pigmented Paints

Since the Si-N and Si-O bonds are both absorptive at 11.5 µm and 9.5 µm, respectively,
silicon-based oxide and nitride thin coatings (SiO, Si3N4, and SiOxNy) have a relatively high
mid-IR emissivity [75,76]. SiO film that is 1 µm thick is optimized to reduce IR reflection
through destructive interference while increasing emissivity [77]. A bilayer of SiO2 and
SiO0.25N1.52 on aluminum is depicted in Figure 11 as an example of computed spectral
reflectance in the 5 to 25 µm wavelength range [78,79].

Ceramic materials with PRC capabilities include lithium fluoride (LiF) and magnesium
oxide (MgO), when supported by an IR-reflective layer, silicon-based thin film. A nearly
20 ◦C sub-ambient cooling temperature was observed on the 1.1-mm-thick MgO film during
a dry, clear sky night [80].
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4.1.3. Ammonia (NH3), Ethylene (C2H4), and Ethylene Oxide (C2H4O) Emit IR When
Enclosed in an IR Transparent Container, Which Makes IR Emissivity Possible

To produce spectrally selective infrared emissivity, a slab of selectively infrared-
emitting gas can be contained within an infrared transparent container. Strong infrared
absorption is obtained for certain molecular stretching and rotation modes within the
8–13 µm wavelength. For instance, the C = C bond absorbs the light strongly between
10 µm and 12.5 µm. As C-O and C-N stretching bonds absorb from 8 to 10 µm, and as OH
deformation vibration absorbs between 8 and 10 µm, these bonds emit IR absorption [81,82].
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Granqvist et al. looked into the viability of using various confined gases, such as NH3,
C2H4, and C2H4O, or mixtures of them, as PRC materials [82,83]. Figure 12, which shows
the optical transmission spectrum for C2H4 with a good level of a thickness (up to a few
cm), suggests that these molecules could be suitable PRC candidates.
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When the solar light is shaded during the day, experimental results showed that
12–18 ◦C sub-ambient cooling is possible. The key benefit of using such a gas slab on a
solid PRC surface is that no additional heat transfer fluid is required to build an efficient
cooling device [84]. The aforementioned materials demonstrate that selective emitters have
been developed and successfully tested for nighttime radiative cooling at both ambient
and below-ambient temperatures. However, the inherently low cooling power density of
radiative coolers makes them inefficient for nocturnal applications.

4.2. Nocturnal Cooling Structures for Energy-Efficient Buildings

Due to its outstanding PRC capabilities, this DPRC technology hopes to have a signifi-
cant influence in a variety of fields, including those pertaining to energy-efficient buildings,
also known as smart buildings. It has been extensively studied and used in practice to use
nocturnal PRC systems. The building incorporated PRC systems fall into two categories
based on how the cooling process operates, as shown below [8].

4.2.1. Air-Based Cooling (ABC) Systems

The ABC system, which uses air as the heat exchange medium, is a straightforward
way to integrate PRC with a building cooling system. It is mainly composed of a connection
loop, a driving fan, and a radiative cooling surface. Prior to entering a building, either the
air is cooled naturally or using a fan-driven sky radiant cooler attached to the roof [9,85].
In these systems, it is actually necessary to have a small air passage beneath the radiator
and a large surface area in order to cool the exchange the air effectively.

Illustrated by Figure 13, Lu et al. [9] compared three different ABC systems with
various system configurations. While Figure 13b,c incorporate an air conditioning system
for auxiliary cooling, Figure 13a is a relatively straightforward system that directly cools
the roof by using it as a radiator.
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Figure 13. Different air-based system configurations [2].

Kimball et al. [86] developed a PRC-based air box convector. The component comprises
two heat exchangers connected in series with a fan for cooling and dehumidification in
tropical climates. Their experimental findings showed that this innovative system, when
used in conjunction with PRC, could reduce the energy used to maintain an ideal indoor
environment by 14–18%. Likewise, The National Solar Test Facility (NSTF) of Canada tested
various transpired solar collectors to evaluate the volume of air that could be cooled at night
and the temperature difference from ambient as measured. The experiments demonstrated
that nocturnal PRC reduces ambient air temperatures by up to 4.7 ◦C [87]. The patented
ABC system invented by the company Conserval Engineering comprises perforated metal
panels that operate at night through radiant cooling and in the daytime through above-
the-sheathing ventilation [9]. In a theoretical study, Zevenhoven et al. presented the
idea of regulating passive skylights for cooling purposes via radiative cooling, and the
performance was tested using weather data from Helsinki [88].

Overall, ABC is a concise design that offers instant cooling. Additionally, if it combines
well with PRC material and has the advantage of reduced installation and maintenance
costs. However, due to the air’s poor heat transfer efficiency and low specific heat capacity,
it is challenging to meet the building’s cooling needs when using natural air circulation.
There might be a slight cooling enhancement by including a driven fan, but only by
20–30 W/m2 [89]. When it comes to cooling large buildings, a simple combination with
an air-based ventilation system can be difficult. Due to the substantial occupied space, as
well as the introduction of ducts and other hardware, the integration of the ABC systems in
buildings is also inferior. Its usage is currently restricted to the upper floors of multi-story
or residential buildings.

4.2.2. Water-Based Cooling (WBC) Systems

Some studies recommended using PRC in conjunction with WBC systems because
ABC systems, as discussed in 4.1.1, are insufficient to meet most buildings’ needs. A WBC
system can provide around 40 W/m2 of cooling. Again, depending on how they operate,
these cooling systems can be defined as either closed-loop or open-loop systems. An
open-loop system such as a rooftop pool transfers heat between the interior and exterior
via thermal radiation and phase change evaporation. However, in arid areas, open-loop
water-based systems can only be used to a certain extent [8,90].

According to Figure 14, a closed-loop cooling system integrates closed pipes in a flat
plate radiant system to cool water using water as a heat carrier [91]. Pumps typically move
the cooling water back and forth between the storage tanks and pipes. Sodha et al. [92]
and Nahar et al. [93] studied the water cooling of an open-air roof pond system with
movable thermal insulation through evaporation and nocturnal radiation, experimentally
and analytically.
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With the aid of experiments, Chen et al. validated the model set up of a roof pond
that was connected directly to a room where water was sprayed over floating-coated
insulation [9]. In a roof pond consisting of gunny bags floating on the water’s surface, Tang
et al. [94,95] presented the theoretical analysis and experimental study of WBC systems
by use of night sky thermal radiation and evaporation. To increase the efficiency of the
WBC systems, Spanaki et al. [96] introduced 12 different types of rooftop pools, inspected
their benefits and drawbacks, and went over the detailed design requirements. Roof ponds
may be one of the more effective PRC methods, but there are still a number of significant
problems limiting their widespread use.

Meiret et al. [15] used an open-loop radiative system in Oslo that consisted of a 5.3 m2

radiant and a 280 L tank to confirm that it can provide the cooling requirements of the
majority of standard homes, with the exception of the midsummer time when relative
humidity is high. Despite the fact that these are affected by outside humidity, open-
loop cooling systems are still capable of achieving efficient PRC. However, according to
Givoni [88], the wet-bulb temperature (WBT) of the environment must be less than 20 ◦C for
the system to work effectively. This led to a further study of closed-loop WBC systems. In
the intervening years, Goldstein et al. [97] proposed a non-evaporative water-cooled panel
system with a cooling power of 40–70 W/m2 and a temperature of the water reduction up
to 3–5 ◦C for particular water flow conditions. The installation of this system in a two-story
building can cut summertime electricity usage by 21%. The system suggested by Zhao
et al. [98] produces water that is 10.6 ◦C cold under direct sunlight with the use of glass
polymer. This system’s nocturnal cooling capacity was found to be 1296 W at a rate of 64%
to 82% energy savings. WBC systems use nocturnal radiation to store energy and produce
cold water for DPRC. Although achieving a lower outlet temperature and pursuing a greater
cooling intensity conflict, a lower outlet temperature results in inadequate cooling of cold
water, which limits the application. Two processes of heat transfer are involved in the
space’s heat dissipation in WBC systems: first, heat is transferred to the water in circulation,
and then, via the radiator, heat is released into the atmosphere. Therefore, WBC systems
are frequently integrated with other advanced technologies because of these factors.

A summary of the materials, structures, and radiative properties of the radiators
designed for nocturnal cooling can be found in Table 1.
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Table 1. An overview of the material composition, structures, and characteristics of a radiator
designed for nocturnal cooling.

Authors Structure of
Radiative Cooler

∆Tbelow ambient
/Pnet

Results

Zou et al.
[68]

This kind of
metamaterial/plasmonic emitter,
mounted on a silver back reflector,
contains phosphorus-doped n-type
silicon cubes coated with silver.

∆T = −10 ◦C

The emittance outside the 8–13 µm
is high according to the
measurement results, which are
nearly ideal according to
simulation results.

Miyazaki et al.
[99]

A thin layer of Si2N2O was applied
to an Al substrate. ∆T > −1 ◦C

The structure’s ability to keep cool
at night was tested for topcoat
thicknesses ranging from 6.5 to
35 µm. The findings indicate
ineffective cooling.

Hossain et al.
[100]

A 7-layer, 2D, alternating
germanium (110 nm thick) and
aluminum (30 nm thick)
metal–dielectric conical
nanostructure on an
aluminum substrate.

∆T = −12.2 ◦C and −9 ◦C
during night & day, respectively,

Pnet = 116.6 W/m2

The requirement to assemble a
broadband mirror on the structure
and use it for DPRC is not practical,
even though the reflectivity profiles
provided show high potential for
nighttime PRC.

Tazawa et al.
[101]

Bilayers of tungsten-doped
vanadium dioxide (V1−xWxO2) and
silicon oxide on an
aluminum substrate.

Not Available

The findings showed that the
developed material could reach a
stable surface temperature that is
based on the V1−xWxO2 film’s
transition temperature.

Diatezua et al.
[79]

Multilayer SiO2 and SiOxNy
structures are applied to an
aluminum substrate.

Temperature drops
are 52, 48, and 56 ◦C (from

Tamb of 27 ◦C),

Corresponding calculated
maximum cooling heat flux
ranges are 125, 118, and
119 W/m2, respectively.

Kimball et al.
[102] Black paint and TiO2 white paint

∆T = −6 ◦C for
Black Paint and

∆T= −11◦C for TiO2 paint

In the IR thermal range, white TiO2
paint has been reported to have an
emissivity that is nearly equal to
that of a blackbody.

Eriksson et al.
[81]

SiO0.6N0.2, a silicon oxynitride thin
film (1.3 µm), has been deposited
on an aluminum substrate.

∆T = −16 ◦C

Experimental results showed that
low temperatures can be achieved
with PRC, but they do not represent
the full potential because materials
are required for effective IR
transparent convection shielding.

Eriksson et al.
[78]

SiO2 and SiO0.25N1.52 bilayers, each
measuring 0.7 µm thick, are applied
to an Al substrate.

∆T = −20 ◦C and
Pnet ≈ 100 W/m2

Depicted with the outcomes for the
1.5-µm-thick SiO0.6N0.2 layers
that were vapor-deposited. In terms
of cooling efficiency, oxynitride
clearly outperforms
nitride/dioxide bilayers.

Lushiku et al.
[82]

Ammonia (NH3), ethylene (C2H4),
and ethylene oxide (C2H4O) gas
slabs with a reflective Al plate
backing are available in thicknesses
ranging from 0.1 to 50 cm.

∆T = −10 ◦C in
full daylight

Due to the atmosphere’s 82%
relative humidity, the net cooling
capacity is not as effective. Better
climatic conditions will lead to
better results.

Granqvist et al.
[103]

SiO vapor-deposited in a thin
(1-µm) layer on an
aluminum substrate.

∆T = −14 ◦C
Pnet ≈ 61 W/m2

The maximum practicable
temperature difference is
constrained by the
non-radiative exchange.
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Table 1. Cont.

Authors Structure of
Radiative Cooler

∆Tbelow ambient
/Pnet

Results

Catalanotti et al.
[70]

TEDLAR (polyvinyl fluoride
plastic) thin film (12.5 µm) coated
on an Al substrate produced
through vapor deposition.

∆T = −12 ◦C
Pnet ≈ 100 W/m2

Conducted daytime tests reporting
a 15 ◦C drop in temperature when
compared to the substrate that was
not covered.

Hu et al.
[104]

A combined solar heating and
radiative cooling system (SH-RC)
based on the composite surface was
installed alongside a conventional
flat plate solar heating system.

Pnet ≈ 50.3 W/m2

(clear sky) and
Pnet ≈ 23.4 W/m2

(cloudy sky)

In this case, better performance
could be expected if the collector
was fitted at a tilt angle of <32◦. The
traditional flat plate collector for
solar heating, on the other hand,
had a very poor radiative
cooling performance.

Etzion et al.
[105] The material used: Polycarbonate. Pnet ≈ 90 W/m2

∆T = −10 ◦C to −14 ◦C
Nighttime LWIR in hot and dry
climates using Rooftop ponds.

Berdahl et al.
[106]

Selective emitters made of 12 µm
aluminized PV films are unable to
outperform white paint based
on TiO2.

∆T = −5 ◦C
To improve cooling performance,
better selective coolers should
be developed.

R T Dobson
[107]

Radiator panels, a single water tank,
indoor air-water heat exchangers
with natural convection or
convectors, and other components.

Pnet = 60.8 W/m2

The use of a special PE cover film to
reduce the convective heat transfer
coefficient can improve the cooling
efficiency of radiator panels.

Dimoudi et al.
[108] Water-based radiator. Average Pnet= 55.9 W/m2 and

twater drop = 6.5◦C

If the temperature of the radiator is
kept higher than the dry bulb
temperature, the cooling capacity
can be increased due to the lower
convection losses.

Gentle et al.
[109]

The performance of a WBC system
using a high emittance-radiating
surface is evaluated under various
atmospheric conditions.

Pnet = 55 W/m2 at
Tamb.

The use of HDPE mesh covers over
a radiative cooling system reduces
convective heating, which confines
the cooling efficiency.

Okoronkwo et al.
[110].

Water-based radiator for
space cooling.

Pnet = 66.1 W/m2

∆T = −1.4 ◦C

The maximum Tamb was about
34 ◦C, the room temperature was
kept between 26 and 28 ◦C.

Gonzalez et al.
[111]

The solar passive cooling system
(SPCS) under hot and
humid climates.

Pnet = 19.4 W/m2

(August) and 24 W/m2

(January).

The roof of one cell is very well
insulated, while the roof of the
other cell has an SPCS made of a
thermal mass (water) that is cooled
by evaporation and LWIR
night radiation.

Zevenhoven et al.
[112]

The passively cooling skylight
containing the gas
Pentafluoroethane (HFC-125)
between two zinc sulfide
(ZnS) windows.

Pnet ≈ 100 W/m2

The skylights made of
ZnS windows, CO2, and HFC-125
were examined. Further
demonstrated that the chosen
materials were appropriate for
nocturnal cooling.

Dartnall et al.
[113]

The panel is made of an Al sheet
with a surface coating laminated
with insulation made of ethylene
vinyl acetate foam.

Pnet = 105 W/m2

∆T = −13 ◦C

It is possible to use the
phenomenon on cold surfaces
and/or liquids, which can then be
used in air
conditioning applications.
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Table 1. Cont.

Authors Structure of
Radiative Cooler

∆Tbelow ambient
/Pnet

Results

Gentle et al.
[114]

Two different kinds of multilayers:
(a) a highly reflective nanolayer and
(b) a layer with a significantly
higher index than the other. Surface
phonon resonance in the desired
absorption band is provided by
type (a) materials in the form
of nanoparticles.

Pnet = 135 W/m2

∆T = 10 ◦C below ambient

Two different kinds of multilayers:
(a) a highly reflective nanolayer and
(b) a layer with a significantly
higher index than the other. Surface
phonon resonance in the desired
absorption band is provided by
type (a) materials in the form
of nanoparticles.

Zhou et al.
[115]

Planar polydimethylsiloxane
(PDMS)/metal thermal emitter thin
film structure fabricated using a
rapid solution coating process.

Pnet = 120 W/m2

∆T = 9.5 ◦C to 11 ◦C

The estimated cooling power
calculated under maximum sun
irradiance is 76.3 W/m2. Suitable
spectral materials are indeed
required to improve
cooling performance.

Cunha et al.
[116]

Multilayer design for passive
selective radiative cooling made of
Al/SiO2/SiNx/SiO2/TiO2/SiO2
that were produced using a DC
magnetron sputtering process.

Pnet = 43 W/m2

∆T = 7.4 ◦C

The coating’s low solar radiation
reflectance of 88%, which is
insufficient to achieve significant
radiative cooling, results in low
cooling efficiency.

4.3. PRC Materials for Daytime (Diurnal) Cooling

DPRC is more fascinating than nocturnal cooling, however, it also poses quite a
challenge due to the need to design, fabricate, and optimize structures that can reflect
sunlight as well as maximum emission within the entire atmospheric window wavelength.
Several advanced materials, including metal oxides, nano-photonic structures, bio-mimetic
(manmade) materials, polymer-based porous films, metamaterial, paints, and coatings are
described that are efficient at meeting sub-ambient daytime cooling under direct sunlight.
It is, therefore, the purpose of this section to discuss recent developments in radiative
cooling materials, particularly DPRC materials.

Owing to its high reflectivity within the visible wavelength range, a number of metal
carbonates and oxides, such as those of aluminum, zinc, titanium, and silver, are found to be
suitable for this application [117]. Besides that, a few other researchers tried to study PRC
during the day and used various shields to avoid solar irradiation. In many applications,
especially those involving large surfaces, it is impractical to shade the radiative cooling
surface from the sun. A nanostructured metamaterial, for instance, has the ability to both
reflect solar irradiance and emit strong thermal radiation throughout the entire atmospheric
window wavelength. Ideal absorbers, reflectors, and spectral filters can now be developed
using metamaterials. These artificial structures are capable of realizing a wide range of
optical properties that do not exist in nature. In addition, with the competence to collectively
activate the electromagnetic resonators within random metamaterial structures to procure
ideal emissivity, random optical metamaterials can significantly reduce the temperature
during the day by radiative cooling [2,117].

To cope with sometimes extremely high temperatures, certain insects (Saharan silver
ant shown in Figure 15a) have thick hairs that are highly reflective at solar wavelengths
(0.4–1.7 µm) and emitting at IR wavelengths of 2.5–16 µm (see Figure 15b). The wings
of Bistonina butterflies (see Figure 15c) also have special nanostructured patches that
emit strongly in the mid IR range to dissipate heat and have high reflectivity across the
solar spectrum to keep the wings cool. They rely on the PRC mechanism to survive in
hot weather. Another example of daytime PRC is the silk moth cocoon (see Figure 15d),
consisting of disordered threads that protect pupae from overheating when exposed to
direct sunlight. This shows that nanophotonic structures can have both exceptional optical
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qualities and different thermal radiation properties for the progress of daytime radiative
cooling [117].
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Figure 15. Daytime radiative cooling in nanostructured animals, the body surface of the Saharan
silver ant investigated for reflectivity spectra in the (a) visible, near infrared (0.4–1.7 µm), and
(b) mid-infrared (2.5–16 µm) regions, with and without hair, respectively. (c) Infrared absorptivity
(=emissivity) spectra of various regions of the Bistonina intact forewing. (d) Reflection, transmission,
and absorption spectra of a cocoon shell from 400 nm to 14 µm, demonstrating high solar reflectance
and thermal emittance [118–120].

The thermal radiation properties of nanophotonic structures with structural/optical
properties on the wavelength or sub-wavelength scale may be different. Based on this
insight, Rephaeli et al. presented a metal–dielectric nanophotonic structure in 2013 and
postulated the potential for radiative cooling during daytime. The proposed photonic
structure consists of a two-dimensional (2D) periodic column array with quartz and silicon
carbide (SiC) as the top two layers over a silver (Ag) substrate coated with high and low
refractive index dielectric materials (see Figure 16a).
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and atmospheric window transmittance (blue) [45].
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Due to the phonon–polariton resonance of quartz and the SiC layer, the proposed
photonic structure increases the thermal emissivity over the entire wavelength of the
atmospheric window, allowing a net cooling power of more than 100 W/m2 at ambient
temperature in the sun [45].

Furthermore, Raman et al. performed an experimental demonstration of sub-ambient
daytime radiative cooling in 2014 using a built-in photonic thermal radiative cooler, (see
Figure 17). The photonic structure is capable of reflecting 97% of incident sunlight; it
consists of seven alternate layers of silicon dioxide (SiO2) and hafnium dioxide (HfO2)
stacked at an ideal thickness on top of a silicon wafer coated with silver (Ag) at a thickness
of 200 nm. It was found that exposure to direct sunlight exceeding 850 W/m2 contributed
to a 4.9 ◦C decrease in temperature and gave a net cooling power of 40.1 ± 14.1 W/m2.
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Figure 17. DPRC multilayer structure of SiO2 and HfO2 on the Ag-coated substrate [37].

This work has resulted in a breakthrough in DPRC. HfO2 absorbed little UV light,
whereas SiO2 was optically transparent. The top three layers are thicker (designed for
thermal radiation), while the bottom four layers are thinner (used for solar spectrum
reflection). The figures in [37] show the emissivity and absorptivity of the proposed diurnal
radiative cooler in the infrared and mid-infrared ranges.

Intriguing structures, as just described, led some other researchers to investigate
nanophotonic structures, such as metal–dielectric multilayer conical pillar arrays, metal-
loaded dielectric resonator metasurfaces, multilayer pyramidal nanostructures, metal
di-electric metal resonators, and embedded nanoparticle double-layer coatings, which
displayed high reflectivity in the solar spectrum and large emissivity in the entire region of
the atmospheric window [2].

Min Gu et al. [100] designed and developed a thermal emitter (see Figure 18a) with con-
ical metamaterial pillars comprising alternating layers of aluminum (Al) and germanium
(Ge) with a thickness of around 30 nm and 110 nm, correspondingly.



Energies 2023, 16, 1975 30 of 59

Energies 2023, 16, x FOR PEER REVIEW 28 of 59 
 

 

Due to the phonon–polariton resonance of quartz and the SiC layer, the proposed 
photonic structure increases the thermal emissivity over the entire wavelength of the at-
mospheric window, allowing a net cooling power of more than 100 W/m2 at ambient tem-
perature in the sun [45]. 

Furthermore, Raman et al. performed an experimental demonstration of sub-ambient 
daytime radiative cooling in 2014 using a built-in photonic thermal radiative cooler, (see 
Figure 17). The photonic structure is capable of reflecting 97% of incident sunlight; it con-
sists of seven alternate layers of silicon dioxide (SiO2) and hafnium dioxide (HfO2) stacked 
at an ideal thickness on top of a silicon wafer coated with silver (Ag) at a thickness of 200 
nm. It was found that exposure to direct sunlight exceeding 850 W/m2 contributed to a 4.9 
°C decrease in temperature and gave a net cooling power of 40.1 ± 14.1 W/m2. 

 
Figure 17. DPRC multilayer structure of SiO2 and HfO2 on the Ag-coated substrate [37]. 

This work has resulted in a breakthrough in DPRC. HfO2 absorbed little UV light, 
whereas SiO2 was optically transparent. The top three layers are thicker (designed for 
thermal radiation), while the bottom four layers are thinner (used for solar spectrum re-
flection). The figures in [37] show the emissivity and absorptivity of the proposed diurnal 
radiative cooler in the infrared and mid-infrared ranges. 

Intriguing structures, as just described, led some other researchers to investigate 
nanophotonic structures, such as metal–dielectric multilayer conical pillar arrays, metal-
loaded dielectric resonator metasurfaces, multilayer pyramidal nanostructures, metal di-
electric metal resonators, and embedded nanoparticle double-layer coatings, which dis-
played high reflectivity in the solar spectrum and large emissivity in the entire region of 
the atmospheric window [2]. 

Min Gu et al. [100] designed and developed a thermal emitter (see Figure 18a) with 
conical metamaterial pillars comprising alternating layers of aluminum (Al) and 
germanium (Ge) with a thickness of around 30 nm and 110 nm, correspondingly. 

 
Figure 18. (a) Thermal emitter design utilizing multilayer conical metamaterial pillar (CMM) arrays
(b) Calculated spectral radiance of the CMM structure at 300 K ambient temperature and the percent-
age of atmospheric radiance that is absorbed within the structure are shown in the shaded green area
(shaded gray) [100].

The optical properties of the structures were tested, and the results demonstrated that
the designed structures could produce high emissivity in the atmospheric window and
low emissivity in other regions. This emitter has the ability to deliver a significantly high
cooling power of ≈116.6 W/m2 and to cool to 12 ◦C below the ambient temperature with
the help of a solar reflector that can reduce total solar power absorption by up to 3%.

Takahara et al. [121] have fabricated embedded metal-dielectric-metal (EMDM) struc-
tures that have an average absorption coefficient of 0.85 within the atmospheric window,
which makes them suitable for use as ultra-wideband absorbers. Their results suggested
that these types of periodic 3D EMDM structures are promising candidates for ultra-
wideband absorbers and radiative cooling devices.

The unique properties of high order resonance in the magnetic and electric modes
of polar dielectric sio2 nanoparticles make them ideal for embedding randomly in TPX
polymer to enhance infrared emissions. Zou et al. [68] proposed a dielectric resonator
meta-surface (see Figure 19a,b) and demonstrated that this type of meta-surface can achieve
strong broadband emissivity over a large angle within the atmospheric window (see
Figure 19c,d) and can allow for cooling to 10 ◦C below the ambient temperature [68].
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According to the research by Huang et al. [66], a low-cost two-layer coating with
encapsulated nanoparticles can reduce radiant heat both during the day and at night.
The acrylic resin that makes up the top and bottom layers of the window’s atmospheric
transparency contains embedded particles of titanium dioxide and carbon black that, in the
wavelength range of 8 to 13 µm, reflect and emit heat, respectively. The black carbon layer
is referred to as the black substrate. They investigated various TiO2 particle sizes for the top
layer and found that a radius of 0.2 µm offers the best cooling efficiency. In most directions,
the atmospheric transmittance window has an average emissivity > 0.9, reflecting more
than 90% of solar irradiation. Furthermore, the results showed that at ambient temperature,
a net cooling capacity > 100 W/m2 obtained during the day and >180 W/m2 at night.

Dongwu et al. [122] studied a multilayer all-dielectric micro-pyramid structure (see
Figure 20a) to gain high mid-IR selectivity in planar photonic devices. The optimized
structure achieved an average net cooling capacity of 122 W/m2, based on broadband
selective emissivity in the 8–13 µm wavelength range and very low absorption in the
0.2–3.0 µm range (full solar spectrum).

Energies 2023, 16, x FOR PEER REVIEW 30 of 59 
 

 

structure achieved an average net cooling capacity of 122 W/m2, based on broadband se-
lective emissivity in the 8–13 μm wavelength range and very low absorption in the 0.2–
3.0 μm range (full solar spectrum). 

 
(a) (b) 

Figure 20. (a) Radiative cooling using a micro pyramid structure with multiple layers of all-dielectric 
material. (b) The all-dielectric multilayer micro pyramid structure’s absorption/emissivity [122]. 

Further, considering the cost and scalability of the material, Zhai et al. [38] developed 
a one-of-a-kind metamaterial—see Figure 21a—using randomized, glass-polymer hybrid 
metamaterials with SiO2 microspheres randomly distributed in TPX material to exhibit 
efficient radiative cooling during the day and night. It gives almost zero losses in the solar 
spectrum with its polymer matrix metamaterial encapsulating SiO2 microspheres (4 μm). 
This metamaterial emits significant amounts of thermal emission within the atmospheric 
window and low emissivity in the other infrared ranges due to its strong phonon reso-
nance. The average emissivity of this thin film was greater than 0.93 during the day, with 
almost 96% of solar irradiance reflected by silver (Ag) as a reflective layer. The average 
radiative cooling power in a 72-h experiment was >110 W/m2. Besides that, when exposed 
to direct sunlight, the hybrid metamaterial thin film of glass and polymer can generate a 
radiative cooling power of 93 W/m2 at midday. This device can cool to a temperature of 
more than 10°C below the ambient, which is sufficient for commercialization. TPX is also 
resistant to mechanical and chemical attacks, making it suitable for outdoor applications. 

 
Figure 21. (a) Random NP-based designs for radiative cooling using SiO2 microparticles and (b) 
Photonic random media based on SiO2 microspheres [38,69]. 

For daytime cooling, Atiganyanun et al. [69] developed photonic random media 
made of SiO2 microspheres that outperform commercially available solar-reflective white 
paints—see Figure 21b. 

Other than thermal radiation, the desirable quality for daytime cooling is to signifi-
cantly reflect or scatter sunlight to reduce solar heating. The low refractive index of these 
particles increases emissivity in the atmospheric window wavelength range by reflecting 
or scattering incident sunlight. Furthermore, under sun irradiation, SiO2 microspheres can 
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material. (b) The all-dielectric multilayer micro pyramid structure’s absorption/emissivity [122].

Further, considering the cost and scalability of the material, Zhai et al. [38] developed
a one-of-a-kind metamaterial—see Figure 21a—using randomized, glass-polymer hybrid
metamaterials with SiO2 microspheres randomly distributed in TPX material to exhibit
efficient radiative cooling during the day and night. It gives almost zero losses in the solar
spectrum with its polymer matrix metamaterial encapsulating SiO2 microspheres (4 µm).
This metamaterial emits significant amounts of thermal emission within the atmospheric
window and low emissivity in the other infrared ranges due to its strong phonon resonance.
The average emissivity of this thin film was greater than 0.93 during the day, with almost
96% of solar irradiance reflected by silver (Ag) as a reflective layer. The average radiative
cooling power in a 72-h experiment was >110 W/m2. Besides that, when exposed to direct
sunlight, the hybrid metamaterial thin film of glass and polymer can generate a radiative
cooling power of 93 W/m2 at midday. This device can cool to a temperature of more than
10 ◦C below the ambient, which is sufficient for commercialization. TPX is also resistant to
mechanical and chemical attacks, making it suitable for outdoor applications.
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For daytime cooling, Atiganyanun et al. [69] developed photonic random media
made of SiO2 microspheres that outperform commercially available solar-reflective white
paints—see Figure 21b.

Other than thermal radiation, the desirable quality for daytime cooling is to signifi-
cantly reflect or scatter sunlight to reduce solar heating. The low refractive index of these
particles increases emissivity in the atmospheric window wavelength range by reflecting
or scattering incident sunlight. Furthermore, under sun irradiation, SiO2 microspheres can
drop the temperature of a black substrate below the ambient level by up to 12 ◦C without
the use of costly silver coatings. The coating also reduced the surface temperature by 4.7 ◦C
below that of a commercial solar-reflective white paint during intense solar irradiation.

Gentle et al. [123] demonstrated cooling of 2 ◦C under direct sunlight without the use
of sunshade protection by precisely applying a 200 nm thick layer of silver to a polyester
reflector. This roof can be manufactured on a large scale and is referred to as a super cool
roof. However, glare was one issue the authors found with this roof. Therefore, additional
adjustments are required to reduce the reflection and avoid a glare problem.

A life cycle analysis (LCA) on the use of cool roof paints by Zhang et al. [124] found
that annual cooling energy savings of $33/m2 are possible. According to another study
by Testa and Krarti [125] that examined the benefits of cool roofs, the annual energy costs
saved by cool roofs range from $0.16/m2 to $0.36/m2. The energy-saving benefits are
obvious, but there are also the following issues with super cool roofs:

(1) Cool roofs can make winter heating more effective. This issue is even more serious
in regions where the summer season lasts longer than the winter season. The cool
roof is less effective at reducing energy usage at high latitudes because there is less
solar radiation there. It is crucial to make sure that cool roofs can run all year long,
producing good results in the summer and minimal losses in the winter. The cool
roof idea is simple to implement at low latitudes where cooling buildings are a crucial
factor. A switchable cool roof that can change its reflectance when a building switches
from cooling to heating mode is a good solution for high latitudes [124].

(2) A major disadvantage of super cool roofs is the visual discomfort caused by highly
reflective roofs. Research efforts to increase solar reflectance and heat emission, two
methods of solving this problem, have not influenced the choice of roof color, which
balances aesthetics with lowering roof temperatures [36,126].

(3) The supercool roof’s performance may be affected by dust accumulation over time
and material deterioration. Additionally, the inflation of dirt and soot on the roof can
reduce solar reflectance by almost 0.15. It is still possible to restore solar reflectance
that has degraded due to soiling by washing, but it is usually more difficult to restore
degradation brought on by the material itself. The thermal emissivity of the cool
roof material, fortunately, does not deteriorate noticeably over time [127,128]. The
widespread use of cool roofs can benefit not only buildings but also urban areas by
reducing the urban heat island effect. According to Oleson et al. [129], using white
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roofs can lower urban daily maximum temperatures by 0.6 ◦C and daily minimum
temperatures by 0.3 ◦C.

Yang et al. [130] showed that a polytetrafluoroethylene (PTFE) sheet placed on top of
a silver (Ag) film creates a double-layered structure that has a 99.1% solar reflectance (see
Figure 22a). Here, the PTFE thickness is between 0.24 mm and 1 mm thick. The theoretical
analysis sheds light on both the fundamental ideas of the two-layer design as well as
the radiation characteristics of sintered PTFE. In addition, PTFE’s emittance of 0.9 (see
Figure 22b) in the mid-infrared spectrum outside of the solar spectrum is helpful for DPRC.
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Consequently, the two-layer structure enables energy-saving outdoor thermal man-
agement and direct sunlight cooling for buildings.

The DPRC mechanism’s most affordable and straightforward route is through paints
and coatings. Commercial pigments, like white paint, are made of hollow spheres with
a low refractive index (RI) of 50–150 µm [131] and titanium dioxide (TiO2) nanoparticles
in the size range of 200–250 nm [132]. In the 8–13 µm, these pigment types have a very
high emissivity. There are some restrictions, such as the fact that hollow spheres cannot
scatter sunlight as effectively as TiO2 nanoparticles can because TiO2 completely absorbs
ultraviolet (UV) light.

According to [69], the main determinants of performance in photonic media are silicon
dioxide (SiO2) microspheres with various filling factors and proportions of microspheres
(see Figure 23a). The proposed material’s highly reflective and emissive qualities were
effective in producing diurnal PRC in the sub-ambient. Moreover, their studies noted that
elastomer-based materials are necessary for real-world applications that consider resilience
and soil resistance.
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The method of using a double-layer coating (see Figure 23b) with nanoparticles by
Bao et al. [26]. TiO2, SiO2, and SiC nanoparticles can be used to make double-layer coatings



Energies 2023, 16, 1975 34 of 59

with an upper reflective layer and lower-emitting layer that have high solar albedo. These
coatings’ spectral radiation properties were assessed after being applied to substrates
(low and high emissivities). The coating of TiO2 and SiO2 on a reflective substrate has
excellent selective emission properties for radiative cooling (theoretically) under dry air
conditions and assuming convective heat transfer coefficient of h = 4 W/m2K. Despite this,
solar absorption remained within the wavelength range of 0.3–0.4 µm. TiO2 + SiO2 and
TiO2 + SiC could achieve temperatures of approximately 17 ◦C below ambient at night and
5 ◦C below ambient under direct sunlight.

Alden et al. [117] used white silicon-based coatings surrounded by randomly placed
microbubbles that, when exposed to direct sunlight, could produce highly effective DPRC.
These kinds of surfaces are suitable for rooftop applications where the coating’s thickness
is less important than its net cooling capacity.

Optimized SiO2 microspheres for DPRC in the bottom layer and the intrinsic narrow
absorption of the plasmonic nanospheres for the color of the thin top layer were used by
Meijie et al. [133] to develop a straightforward, affordable, and scalable method to fabricate
a colored DPRC coating in two layers. White SiO2 DPRC coatings can have Rsolar of 94.2%
(see Figure 24a) by adjusting the sphere size. There is a slight reduction in the Rsolar of
colored coatings with Au or Ag layers, to 85.9% and 82.2%, (see Figure 24b) respectively.
These coatings have mid-infrared thermal emittances of 0.93 at 300 µm thickness.
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Figure 24. (a) Spectral reflectance (Rsolar = 94.2%) and longwave infrared emissivity (εLWIR = 0.93)
using SiO2 sphere DPRC coatings and (b) Coloured DPRC coatings based on Au-Ag spheres (note:
white and colored coatings are 300 µm and 310 µm thick, respectively) [133].

In contrast to the 7.5 ◦C (with an Au layer) and 5.1 ◦C (with an Ag layer) temperature
reductions that the colored DPRC coatings achieved under direct solar irradiation of
881 W/m2, the white DPRC coating does so up to 10.9 ◦C. Compared to a commercial white
coating, the DPRC performance of this two-colored Au and Ag coating is better. Its high
storage stability is also a result of the SiO2 coating’s optimal radius of 0.4 µm. The coating’s
high fire resistance, excellent water repellency, and good substrate confirmability also make
it possible and practical for use in commercially profitable, sustainable applications.

Within the range of wavelength λ = 0.2–3 µm, RSolar represents the ratio of reflected
solar irradiation with respect to total solar irradiation intensity [41]:

RSolar =

∫ 2.5
0.3 ISolar(λ)ρ(λ) dλ∫ 2.5

0.3 ISolar(λ) dλ
(W/m2) (15)

In this equation, ISolar(λ) refers to the solar intensity spectrum and ρ(λ) represents the
coating’s spectral reflectance. Similarly, εLWIR is as follows [41]:

εLWIR =

∫ 13
8 Ibb(T, λ)ε (T, λ) dλ∫ 13

8 Ibb(T, λ) dλ
(−) (16)
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where Ibb(T, λ) refers to the spectral intensity emitted by a blackbody at temperature T(K)
and ε(T, λ) denotes the material’s spectral emittance.

The possibility of self-adaptive PRC materials at low ambient temperatures (especially
at night and during the winter season) when DPRC may not be strongly required is
intriguing. By utilizing phase change materials (PCM) with 11 top layers of a self-adaptive
photonic structure made of Ge/MgF2, Ono et al. [134] contributed a novel concept of
self-adaptive PRC. Figure 25a,b below shows the precise arrangement of the three bottom
layers (VO2/MgF2/W). The absorption/emissivity of VO2 changes as it transitions from
an insulating to a metallic state, but there is a significant change in the mid-infrared
(atmospheric window) wavelength range (8–13 µm), as shown in [134].
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Chae et al.  
[136] 

This DPRC structure has a thin silver layer of 200 nm
on a substrate of 1312 nm Al2O3, 312 nm Si3N4, and 276 
nm SiO2. 

ρ = 0.948 and 
ε = 0.87 

ΔT = 8.2 °C and 
Pnet = 66 W/m2 

Figure 25. (a) Material thickness for the proposed DPRC material and (b) self-adaptive diurnal
radiative cooling structure [134].

Future daytime radiative cooling metamaterials based on polymers are likely to be
used extensively as they provide significant cost and manufacturing efficiency advantages
over other non-polymer nanophotonic materials [19]. However, there is still reliability as a
pressing issue. It might not be difficult to keep the atmospheric window’s infrared emissiv-
ity high. The degradation of the polymer and the metallic solar reflectance layer, such as
the silver layers shown in Figures 22a and 23b, makes it much more difficult to maintain a
high solar reflectance. The functionality of long-term solar reflectance is jeopardized by
oxidation of the metal coating caused by oxygen and moisture entering from the front and
back surfaces. There are several approaches to dealing with this. One alternative is to use a
barrier polymer, such as polyvinylidene chloride (PVDC) or polychlorotrifluoroethylene
(PCTFE), to prevent oxygen and moisture from perforating, while another is to increase the
thickness of the emissive polymer layer and/or the metal layer [2].

Conversely, a thin layer of barrier material can be applied to the polymer and metal
layers. It is worth noting that a study by Mandal et al. [135] showed that high solar
reflectivity can be obtained without backing the polymer layer with a reflective metal layer,
for instance, by generating micro- and nanoscale pores in polymers that strongly scatter
and reflect light in all directions using the phase inversion technique. In contrast to metal-
supported radiation-cooled polymeric metamaterials, this type of radiation-cooled polymer
may be a better alternative. It must, however, be improved considering its reliability,
including dust and moisture penetration issues. The defense of the polymer layer against
UV radiation and chemical deterioration is another factor in long-term dependability.
Polymer degradation caused by UV is a frequent challenge. Some polymers, like PET and
PTFE, are resistant to UV ray deterioration. It is thus possible to make the product more
durable by adding anti-UV additives.
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A summary of the materials, structures, and radiative properties of the radiators
designed for diurnal cooling presented in Table 2.

Table 2. An overview of the material composition, structures, and characteristics of a radiator
designed for diurnal cooling.

Authors Structure of
Radiative Cooler Properties of the Structure ∆Tbelow ambient

/Pnet

Chae et al.
[136]

This DPRC structure has a thin silver layer of 200 nm
on a substrate of 1312 nm Al2O3, 312 nm Si3N4, and
276 nm SiO2.

ρ = 0.948 and
ε = 0.87

∆T = 8.2 ◦C and
Pnet = 66 W/m2

Li et al.
[137]

This multi-layer structure consists of an optimized
coating of 1.5 µm overlapping MgF2 and Si3N4 layers.

ρ > 0.95 and
ε > 0.75

∆T = 6.8 ◦C and
Pnet = 62 W/m2

Rephaeli et al.
[45]

1D-photonic structure is composed of three groups of
five layers of MgF2 (low-index) and TiO2 (high-index)
on a silver substrate, as well as two laminated SiC and
quartz layers.

ρ = 0.965 and
ε = 0.1 to 0.95

∆T = Not Available
Pnet = 105 W/m2

Lee et al.
[138]

The top surface of 200-µm-thick planar
polydimethylsiloxane (PDMS) is a pyramid structure
(chemically stable and inexpensive).

ρ = 0.95 and
ε = 0.98

∆T = 6.2 ◦C and
Pnet = 20 W/m2

Hossain et al.
[100]

Alternating layers of germanium and aluminum make
up this metal–dielectric CMM pillar structure.

ρ = 0.97 and
ε = 0.99

∆T = 9 ◦C and
Pnet = Not available

Raman et al.
[37]

Seven layers of HfO2 and SiO2 make up this
nanophotonic radiative cooler, which also functions as
a thermal emitter and photonic solar reflector.

ρ = 0.97 and
ε = 0.5 to 0.8

∆T = 5 ◦C and
Pnet = 40 W/m2

Kecebas et al.
[139]

Thin film coatings with a combination of SiO2, and
TiO2 layers. Then, significant performance
improvements can be achieved by adding
Al2O3 layers.

ρ = 0.94 and
ε = 0.84

∆T = Not available and
Pnet = 103 W/m2

Fan et al.
[140]

The DPRC structure is an 8 Wt% yttria-stabilized
zirconia (8YSZ) coated SiO2 (glass)/Ag that serves as
a reflecting layer.

ρ = not given and
ε = 0.88

∆T = 10.3 ◦C and
Pnet ≈ 95.1 W/m2

Zhang et al.
[141]

Tridymite-type AlPO4 powder coating tested
performance for DPRC.

ρ = 0.97 and
ε = 0.90

∆T = 4.2 ◦C and
Pnet = Not available.

Mandal et al.
[135]

Hierarchically porous polyvinylidene
fluoride/hexafluoropropylene)
[P(VdF-HFP)HP] coatings.

ρ = 0.96 and
ε = 0.97

∆T = 6 ◦C and
Pnet = 96 W/m2.

Xu et al.
[142]

Powdered nanoporous crystals Mg11(HPO3)8(OH)6,
which are applied to the floor tiles, are made up of
[MgO6] octahedrons and [HPO3] tetrahedrons.

ρ = 0.922 and
ε = 0.94

∆T = 4.1 ◦C and
Pnet ≈ 78 W/m2

Cheng et al.
[143]

Single-layer radiative cooling coating mixed with TiO2
(d = 0.4 µm) and SiO2 (d = 5.0 µm).

ρ = 0.956 and
ε = 0.95 Not Available

Liu et al.
[144]

TPX bilayer selective emitter film coated with
nanosized 15% SiO2 and 15% CaMoO4
(volume fraction).

ρ = 0.94 and
ε = 0.85 Pnet = 47 W/m2

Zhai et al.
[38]

A metamaterial with a polymer layer containing SiO2
microspheres and a thin silver layer on top of it.

ρ = 0.96 and
ε = 0.93

∆T = 8 ◦C and
Pnet ≈ 93 W/m2

Huang et al.
[66]

The acrylic resin makes up the top and bottom layers,
and it contains embedded nanoparticles of carbon
black and titanium dioxide.

ρ = 0.9 and
ε > 0.9

∆T = 6 ◦C and
Pnet ≈ 100 W/m2
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Table 2. Cont.

Authors Structure of
Radiative Cooler Properties of the Structure ∆Tbelow ambient

/Pnet

Gentle et al.
[71]

This DPRC material is composed of 25 µm PE on
aluminum and a blend of 5% SiC and 5% SiO2
nanoparticles.

ρ = 0.9 and
ε = 0.35–0.95

∆T = 12 to 25 ◦C and
Pnet = 50 W/m2

Song et al.
[145]

Polyvinylidene fluoride-co-hexafluoropropylene
(PVDF-HFP) nanofiber membrane using
electrospinning technology.

ρ = 0.96 and
ε = 0.97

∆T = 10 ◦C and
Pnet = 85 W/m2

Kou et al.
[67]

Polymer-silica-mirror produced by coating a 4 in.
fused silica wafer with a 100-µm-thick
polydimethylsiloxane (PDMS) film as a top layer and a
120 nm thick silver film as a back reflector.

ε ≈ 1

∆T = 8.2 ◦C (daytime)
and

8.4 ◦C (nighttime)
Pnet = 127 W/m2

5. PRC Application in Buildings to Enhance Performance

As mentioned in previous sections, advances in nanophotonics and nanomaterials
technology have aided in increasing the net cooling capacity of PRC materials. However,
in most cases, the material has two parts that need to be improved: (1) emitter material and
(2) convection cover material.

5.1. Improvements in PRC Emitter Materials

The three main objectives of research studies based on PRC emitters are to improve
performance in humid environments, develop a material that is both affordable and scalable,
and improve net cooling performance during the day. The material technologies for PRC
were divided into four categories in the work presented by Zhao et al. [8], namely natural
emitters, film-based emitters, nanoparticle-based emitters, and nanophotonic emitters.
Different emitters can be seen in Figure 15a,c, Figure 21a,b and Figure 24a,b. However,
this section discusses only a few materials relevant to the application of radiative cooling
in buildings.

According to earlier discussions, thin film-based radiative emitters can cool buildings
between 2 and 9 ◦C during typical sunny weather conditions [115]. Furthermore, direct so-
lar irradiation with a photonic radiator can achieve a net cooling capacity of 110 W/m2 [146].
Using nanoparticle-based emitters, Liu et al. [144] and Kim and Lenart et al. were able to
achieve daytime temperatures that were 25.5 ◦C and 35 ◦C below ambient temperature,
respectively [5]. The PRC emitters in the research conducted by Jeong et al. [147] achieved
an impressive result during the daytime in subtropical (humidity is 60 to 70%) climates,
using a multilayer passive TiO2-SiO2 (see Figure 26a) radiator to achieve 7.2 ◦C below
ambient temperature. This PRC radiator, with an average emissivity of 0.84 between the
wavelengths of 8 and 13 µm, reflects 94% of incident solar energy. This photonic radiative
cooler has a net cooling power of 136.3 W/m2 at a temperature of 27 ◦C, a significant
improvement of 90 W/m2 over the photonic radiative cooler made of HfO2 and SiO2.
However, when the humidity is high during the day, it is difficult to achieve the desired
PRC results [140,148,149].

The 3M Enhanced Specular Reflector (ESR) material [150]—which is a high reflectivity
(>98.5%), mirror-like optical enhancement film—multi-layer polymer technology, and non-
metallic thin film construction, produced perfect results when tested with PRC materials for
highly humid climatic conditions. This material may be better able to cool to sub-ambient
temperatures under highly humid conditions and cloudy nights [148,149].

Many researchers, however, have focused on improving PRC performance during the
day and at higher humidity levels, while very few have focused on materials affordability.
Using a technique called roof radiation trap, Givoni et al. [47] developed an innovative
system to improve PRC that consists of a fixed insulation layer between the roof and the
fixed insulation, protected by a hinged panel between them. This fixed insulation layer is
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safeguarded by a white corrugated metal sheet that can also be used as a nocturnal radiator
in the summer [5].
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Erell et al. [151] suggest rooftop ponds for providing thermal comfort in hot and dry
climates as a low-cost and efficient method. The nocturnal longwave radiation is responsible
for cooling these ponds. In contrast to other materials, their research produced PRCs with
poor cooling performance (90 W/m2) under typical desert meteorological conditions. PRC
materials with advanced performance levels are expensive to produce and have a short
lifespan. Zhang et al. [141] used aluminum phosphate (AlPO4), an innovative inorganic
DPRC material, for improving daytime cooling. A tridymite-type AlPO4 fabricated at
700 ◦C has a high solar reflectivity of 97% and selective emission with an emissivity of
0.90 across 8–13 µm. When incorporated into the coating, the optimum cooling effect could
achieve a temperature drop of 4.2 ◦C lower than the ambient temperature and 4.8 ◦C lower
than a commercial heat-insulating coating when exposed to intense sunlight.

The cooling performance of PRC in direct sunlight has, as shown, significantly evolved.
Non-radiative heat transfer can give a maximum temperature drop of 2–10 ◦C in cooling
performance. Under ambient conditions, cover shields or covering materials are the main
contenders for achieving significant PRC performance. For this, the spectral properties of
convective covers are being modified, for example by using the chemical solution separation
method by Benlattar et al. [152,153]. They developed CdS (1 mm) and CdTe (9.7 µm) thin
films (see Figure 27) on silicon substrates that are transparent for IR radiation as well as
predicted a temperature difference decrease of 65 K when comparing between covered and
uncovered emitters.
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Figure 27. Schematic diagram of convective shielding to improve performance [152].

In a comparison of 30 potential thin-film PRC materials (a combination of 16 different
thin-film materials) for passive cooling applications, Naghshine et al. [154] concluded that
structures with cubic ZnS multilayers (see Figure 28a) effectively shielded the PRC emitter
from parasitic heating loss leaking in both during the day and at night.
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Figure 28. (a) An arrangement of thin-film multi-layer structure [154] and (b) radiative surfaces
protected by cover shields [155].

Research studies conducted by Bathgate et al. [155] on the durability of the convective
cover materials found that ZnS, which is mechanically stronger than PE, is a suitable
candidate for the PRC emitter cover depicted in Figure 28b.

5.2. Improvements to PRC Material Design

If daytime cooling is the objective, it is essential to improve both the PRC systems’ and
PRC materials’ designs. As a result, researchers have proposed PRC design improvements.
The two main areas of the PRC system that need to be improved are emitter isolation
and emitter contact with the working fluid. Dimoudi et al. [108] investigated radiative
cooling with a prototype roof component consisting of a radiator that uses water as a
fluid medium. One of the most crucial features in a roof-integrated PRC system was the
concept of emitter insulation, which was created and developed by Khedari et al. [156].
Four types of roof-mounted emitters were constructed using standard building materials.
Three different sky types were considered: clear, cloudy, and rainy. Under clear and cloudy
skies, the experimental results showed that the various surface temperatures dropped by
1–6 ◦C below the ambient temperature. However, the temperature of the various roof
radiator surfaces and the surrounding temperatures were very similar under rainy skies.

Later, Craig et al. [157] suggested that improving roof RC insulation not only improves
performance but that by adapting the roof insulation, a conventional roofing material can
acts as a PRC emitter. Figure 29 shows a honeycomb-shaped open-cell insulation that
could replace standard insulation. While suppressing convection, the vertical cells would
transmit longwave radiation.
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In order to reduce the parasitic thermal load on the emitter and safeguard the insulation
against convection between the emitter material and the cover shield, some researchers
recommended using a vacuum. Indeed, Chen et al. [158] tested an enhanced PRC emitter
in a vacuum. The proposed emitter design demonstrated that a selective thermal emitter
could reduce the temperature significantly. By removing the parasitic thermal load, it was
possible to achieve a maximum temperature of 42 ◦C below ambient under exposure to
solar radiation.

Tso et al. [159] investigated three different PRC designs. Non-vacuum and vacuum
systems with seven potassium chloride (KCl) IR-pass windows (heat-absorbing filters) are
among the three designs, as is a system with a single KCl IR–pass window. Authors were
unable to produce a PRC effect during the day but were able to produce PRC at night in a
very humid climate in Hong Kong. Figure 30 depicts their design, which produced a net
cooling capacity of 38 W/m2.
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Figure 30. Vacuum chamber design as insulation and part of the convection cover for the
PRC radiator [159].

Zevenhoven et al. developed a design (see Figure 31) using a novel approach. A triple-
glazed skylight with high absorption capacity was their suggestion. A participating gas
inside the skylight reduces heat gain in the building by blocking IR radiation from the sun,
while at night heat is released by radiating to space. Subsequently, with this new design, the
skylight can be modified according to the desired size without sacrificing performance [160].

Energies 2023, 16, x FOR PEER REVIEW 39 of 59 
 

 

 
Figure 30. Vacuum chamber design as insulation and part of the convection cover for the PRC radi-
ator [159]. 

Zevenhoven et al. developed a design (see Figure 31) using a novel approach. A tri-
ple-glazed skylight with high absorption capacity was their suggestion. A participating 
gas inside the skylight reduces heat gain in the building by blocking IR radiation from the 
sun, while at night heat is released by radiating to space. Subsequently, with this new 
design, the skylight can be modified according to the desired size without sacrificing per-
formance [160]. 

 
Figure 31. Triple glazing skylight (a) in cooling mode (b) and in insulating mode [160]. 

The design appearance of the PRC emitter needs to be appealing to architects and 
research addresses improving the transmitter’s aesthetic quality. Lee et al. [126] and Son 
et al. [161] fabricated the colored emitters using different techniques. They developed PRC 
emitters by arranging photonic nanosheets in the form of metal–insulator–metal (MIM) 
under the emitter. 

Based on an optical thin-film resonator surrounded by an effective heat-emitting 
structure, for aesthetic reasons, Lee et al. [126] introduced the colored passive radiative 
cooler (CPRC); it has distinctive areas with subtractive primary colors (cyan, magenta, 
and yellow) on a background of silver, where the former area stands in for a conventional 
daytime radiative cooler. 

The CPRC (see Figure 32a) is made up of an Ag film (100 nm) deposited on a silicon 
substrate, which serves as the metal reflector, and a selective emitter made of a double 
layer of SiO2 (650 nm) and Si3N4 (910 nm) materials. To produce radiant colors at desired 

Figure 31. Triple glazing skylight (a) in cooling mode (b) and in insulating mode [160].



Energies 2023, 16, 1975 41 of 59

The design appearance of the PRC emitter needs to be appealing to architects and
research addresses improving the transmitter’s aesthetic quality. Lee et al. [126] and Son
et al. [161] fabricated the colored emitters using different techniques. They developed PRC
emitters by arranging photonic nanosheets in the form of metal–insulator–metal (MIM)
under the emitter.

Based on an optical thin-film resonator surrounded by an effective heat-emitting
structure, for aesthetic reasons, Lee et al. [126] introduced the colored passive radiative
cooler (CPRC); it has distinctive areas with subtractive primary colors (cyan, magenta,
and yellow) on a background of silver, where the former area stands in for a conventional
daytime radiative cooler.

The CPRC (see Figure 32a) is made up of an Ag film (100 nm) deposited on a silicon
substrate, which serves as the metal reflector, and a selective emitter made of a double
layer of SiO2 (650 nm) and Si3N4 (910 nm) materials. To produce radiant colors at desired
locations, a thin-film resonator made of a metal–insulator–metal structure (MIM) is posi-
tioned underneath the selective emitter. By varying the thickness of the insulator layer,
color generation can be precisely controlled. The MIM structure determines each color
by intervention in the 1D stacked layers (i.e., SiO2 cavity). This proposed approach and
confirming experiments showed that CPRC can be used to achieve cooling by decreasing
the temperature to 3.9 ◦C below ambient during day.
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Son et al. [161] investigated colored radiators (see Figure 33) for improving daytime
radiative cooling, which was designed with perovskite nanocrystals embedded in silica
and colored with high light–photon conversion in the solar spectrum rather than light–heat
conversion, and applied to a white radiator with average IR radiation. When measured
outdoors, the fabricated white, green, and red radiators for daytime radiative cooling can
give cooling temperatures of 4.2, 3.6, and 1.7 ◦C below ambient, respectively.
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6. The Effect of Cover Shields on PRC

Ideally, a cooling power of more than 100 W/m2 is achieved at ambient temperature,
and a very significant temperature reduction of up to 60 ◦C below ambient should be
possible [158]. With a typical maximum temperature of up to 10 ◦C below the ambient [37],
experimental cooling performance is still significantly below average. This is primarily
due to non-radiative heat exchange [26]. The most common approach to sub-ambient
PRC are infrared-transmissive and convection-suppressive cover shields, which provide
better cooling performance [42]. At the same time, it safeguards the radiator’s underside
by keeping out dust and condensed water vapor [71]. Furthermore, some selective cover
shields can act as a solar reflector for the radiator, improving cooling performance and
reducing the need for solar reflective radiators [162]. Generally, cover shields fall into three
categories: non-selective, mid-infrared selective, or atmospheric window selective [42].

6.1. Nonselective Cover Shields

A non-selective cover shield is the most common type, which can be further divided
into single flat films and specially shaped films.

6.1.1. Single Flat Thin Films

The wavelengths at which polyethylene (PE) does not absorb light are 3.4, 3.5, 6.8, 7.3,
13.7, and 13.9 µm, respectively. Moreover, these absorption peaks are smaller, so they have
little impact on the radiative cooler [163].

Figure 34 displays the overall transmittance spectrum of PE layers at various thick-
nesses. It is evident that, aside from the 420-µm-thick PE behaviour, the absorption peaks
are nearly identical. The transmittance decreases with PE thickness; it therefore must be
thin. The 10-µm-thick PE has the highest average transmittance up to 90% (black curve) [42].
Between the 20-µm- (red curve), 30-µm- (blue curve), and 50-µm-thick (green curve) PE
layer, there is no discernible difference with a transmissivity above 80%. The transmittance,
however, decreases to 75% for a 100-µm-thick PE (purple curve) [32,155,164,165].
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According to Ali et al. [166], cooling performance increased by 8.6% when the PE
film’s thickness was decreased from 50 to 25 µm. However, PE films must be both thin
enough to transmit IR radiation yet thick enough to withstand extreme weather conditions.
The average overall transmittance of 420-µm-thick PE films (yellow curve), in comparison
to thin PE films, and is only 50%. There are more absorption peaks, which is likely a result
of impurities [42]. To fully understand the durability of PE, Ali et al. also investigated the
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effects of aging on the transmissivity of a 50-µm-thick film PE after aging for 5, 30, and
100 days. Average overall transmittance decreased from 72% to 69% and from 57% to 42%,
respectively. The cooling performance also decreased by 33.3% over the course of 100 days.
In addition, dust buildup and condensation in humid environments may have an impact
on PE transmittance [167]. Water condensation reduces PE film transmittance by 9–19%,
which lowers the net cooling capacity, according to experimental evidence [168,169].

6.1.2. Special-Shaped Films

Generally, thin film PE is not suitable for areas larger than 0.06 to 0.08 m2 due to its low
durability and mechanical weakness [170]. Researchers, therefore, suggested multilayered
films, referred to as “specially shaped films”, to allow better outdoor sustainability by
withstanding bad weather conditions.

The cover shields are uniquely shaped structures, such as crossed layers of V-waves [32]
and wind shields [171]. The self-supporting high-density polyethylene (HDPE) mesh has a
porosity of 41.6%, a hole size of 0.8 × 0.4 mm2, and a filament diameter of 0.15 mm [170].
This mesh can increase PE’s lifespan to more than five years, according to the authors’
experimental results. The meshed PE led to a further temperature reduction of 2 ◦C below
ambient and a measured transmissivity of 87.2% [32].

The IR transmissivity of V-shaped HDPE films is 73%, but because of the way the
structure is designed, water tends to collect, and PE ages more quickly [32]. By separating
the main airflow from the emitter surface, a metal strip windshield shown in [171] was
used to suppress the non-radiative heat exchange in order to improve the radiative cooling
performance. Passive cooling frequently makes use of the cover shields mentioned above.
Despite their daytime cooling capability, this cannot achieve sub-ambient radiative cooling
unless a sunshade or other sun reflector is used to reflect direct sunlight.

6.2. Selective or Mid-Infrared Cover Shields

Due to the demands for low transmittance in the solar spectrum and high transmit-
tance in the other wavelength range, particularly in the atmospheric window, selective
covers continue to present a challenge. There have been several approaches to achieve
spectral selectivity, including pigment-embedded polymers, nanoparticle coating, mul-
tilayer inorganic film, and nanoporous material. Therefore, this section focuses only on
nanoparticles and nanoporous cover shields shown in Figure 35a,b.
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6.2.1. Nanoparticle Coatings

Using particle coatings to achieve spectrum selectivity in cover shields is possible
without doping the polymer matrix with solar irradiation (SWIR) reflective particles (see
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Figure 35a). Nanocrystalline coatings are much finer (nanoscale) than embedded particles
as these can perform as desired in terms of scattering solar radiation.

For instance, the optical spectra of 250 nm TiO2 particles embedded on polyethylene
films are contrasted with those of 60 nm TiO2 coatings on a PE matrix [172] in Figure 36. As
the coating thickness increased, so did the solar reflectance, while the atmospheric window
transmittance decreased at the same time. All coatings, however, were more transparent
than the pigment-coated sample, whose average transmittance to atmospheric windows
was below 40%. The coating that was 1.82 µm thick had the highest solar reflectance, 76%,
as well as the lowest transmittance, 54.6%.
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Figure 36. (a) Solar spectrum reflectivity and (b) the IR transmissivity spectrum of TiO2 coating films
of various thicknesses [42,172].

Furthermore, as shown in Figure 37, BaF2, ZnS, and PE coatings demonstrated spectral
emission selectivity. A 3 cm-thick 150 nm BaF2 coating with a porosity of 99% should be
able to achieve a maximum temperature drop of 35 ◦C and cooling power of 120 W/m2 at
an ambient temperature of 300 K during daytime, according to modeling results.
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6.2.2. Nanoporous Polyethylene (PE) Shields

A polished aluminum direct sunlight reflector was used in conjunction with a double-
layer nanoporous polyethylene (NanoPE) film to reduce the effect of incoming diffuse solar
radiation, which accounts for about 10% of solar radiation [174].The total transmittance
in the atmospheric window was up to 92%, while the solar reflectance was only about
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55%, with a 6.4 mm air gap separating the two layers. Experimentally, the maximum
temperature drop was 2 ◦C higher than a 50-µm-thick LDPE cover shield and 6 ◦C below
ambient temperature (ρ0.25–2.5µm = 39%, τ8–13µm = 67%). The modeling results suggest that
a maximum temperature drop of 20 ◦C might be achievable with NanoPE’s solar reflectivity
(SW) raised to 80% [174].

Two distinct types of customized nanoporous materials made of PE have been de-
veloped by Leroy et al. [175], who recommended a thermally induced phase separation
(TIPS)-based optically selective and thermally insulating covering. Leroy reported a maxi-
mum temperature drop of 13 ◦C around noon and a maximum net cooling performance of
96 W/m2 during the day at ambient temperature, which is 22% better than the coverage
previously reported using a 15-µm-thick PE film [98].

Figure 38 displays the optical characteristics of 6-mm-thick polyethylene aerogel
sample (PEA). The PEA has a high atmospheric window transmittance of 79.9% and a high
solar irradiation reflectance of 92.2%. In spite of this, PEA’s mechanical strength may be
problematic since it is extremely porous (>0.9). Due to this, it is necessary to attach it to the
radiator’s surface when used in practical applications.
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Torgerson et al. also demonstrated a polymer filter, in fact, a spectrally tuned all-
polymer technology for inducing cooling (STATIC) that blocks solar radiation while trans-
mitting infrared radiation. Figure 38 also displays the optical characteristics of STATIC.
The average solar reflectance of the STATIC 250-µm-thick film is 95%, while the average
transmittance in the atmospheric window is more than 75%. A maximum temperature
drop of 7.5 ◦C resulted in a net heat flux of more than 110 W/m2 [146].

As mentioned above, the combined requirements for mechanical strength and optical
properties of the cover shield limit the development of the cover shield and result in a
significant difference between the experimental results and the theoretical potential. As
shown in Figure 29, the rigid cover shields provide excellent spectral selection performance,
resulting in increased cooling efficiency. In theory, rigid cover shields could operate at
ambient temperatures up to 67 ◦C by suppressing non-radiative heat transfer. To reduce the
impact of non-radiative heat exchange on cooling performance, the radiator cooler needs to
be properly isolated in a vacuum environment. Suitable candidates for this include ZnSe,
ZnS, and BaF2 [42].

So far, convection shields generally consist of the materials mentioned above. However,
thin PE films, such as ZnSe, ZnS, or CdS, are not suitable because they require additional sun
shading for use during the day. Furthermore, the use of PE in multilayer films, corrugated
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structures, and grids is also undesirable, limiting its application. Therefore, Hu et al.’s [177]
proposal is a spectrally selective and mechanically robust convection shielding made of a
nanoporous composite fabric (NCF) of 200 µm thickness made from inexpensive materials
through a scalable fabrication process (see Figure 38).

NCF (see Figure 39) exhibits excellent UV resistance, mechanical strength, hydrophilic-
ity, and thermo-stability in addition to nearly perfect spectral selectivity with 95% solar
reflectance and 84% IR transmittance. Additionally, continuous cooling performance be-
low ambient temperature was found to give an average cooling of 4.9 ◦C below ambient
temperature and an average net radiative cooling capacity of 48 W/m2 over a 24-h period.
Furthermore, modeling results revealed that under a direct solar irradiance of 850 W/m2 a
cooling effect of 10 ◦C and a net radiative cooling capacity of more than 100 W/m2 could
be achieved. The main idea here is that this convection shield can prevent non-radiative
heat exchange from a warmer environment [177].
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7. Applications and Challenges in Evolving DPRC

A number of DPRC materials and structures have been developed with attractive
optical properties, but designing a PRC system requires considering a number of crucial
factors, including system configuration and control, end-user cooling load profiles, weather
effects, system costs, and payback time. This section discusses a few DPRC applications [35]:

7.1. Cooling of Solar Cells

The effective operation of any thermal system depends on heat dissipation. For
instance, higher operating temperatures significantly shorten the service life of photovoltaic
systems while also reducing their efficiency. The efficiency of a silicon-based solar cell,
which has a 22% efficiency, decreases by 0.1% when the temperature rises by 1 ◦C because
silicon solar cells typically have a negative temperature coefficient of 0.45% [178,179].
The actual spectral range of Si-based solar cells, according to more research, is between
0.3 and 1.1 µm, and the remaining solar energy is transmitted, either reflected or converted
into heat, further lowering the conversion efficiency of solar cells. Thus, in photovoltaic
systems, thermal management is crucial. The solar cell’s operating temperature is greater
than the surrounding temperature, making it feasible to dissipate heat without creating a
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barrier to non-radiative heat transfer. Simultaneously, due to Si’s significant absorption dip
around the wavelength of 9 µm, the emissivity of Si-based solar cells can reach 85% in the
long wave (LWIR) transmission window [180].

The development of a special DPRC coating that can both strongly reflect solar ra-
diation in the sub-band gap and ultraviolet regions as well as strongly radiate heat by
thermal emission is one approach. Utilization of such a cooler with a solar PV module (see
Figure 40) has experimentally demonstrated a temperature decrease in the Si cell of more
than 5.7 ◦C.
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Due to the high cost and insufficient processing technology for photonic structures,
it has been challenging to commercialize photonic selective reflective structures. Another
strategy is to use DPRC to remove excess waste heat from solar cells; a thin coat of DPRC
can achieve this [35,182–184]. DPRC coatings are traditionally applied to solar cells via
a direct method. Following the experimental demonstration that a temperature drop of
36 ◦C was sufficient for concentration photovoltaics, the open-circuit voltage of gallium
antimonide (GaSb) cells increased by 27%, and it was anticipated that the lifespan would
increase four to fifteen times [181].

7.2. Power Generation

With DPRC coatings, it is possible to passively lower a surface’s temperature, which
can be deployed for the generation of electricity. By using thermo-electric (TE) generators,
this temperature difference is directly converted into electricity. TE generators have re-
ceived much attention as a way to generate usable energy from waste heat or from solar
heat. The DPRC technology can provide a cold source and be integrated with traditional TE
generators to produce electricity, unlike traditional TE generators [185,186]. When photo-
voltaic systems are not functioning at night, TE can be used in conjunction with the cooling
effect in DPRC to produce electricity. Applications for nighttime power generation include
sensors and lighting, among many others. A commercial TE generator, for example, has
been experimentally combined with a reflective cooling coating to produce 25 mW/m2 at
night, which can be used to light the room (see Figure 41a). Besides that, a spectral-angular-
selective radiator (see Figure 41b), which operates close to the thermodynamic Carnot limit,
was able to produce a high electrical power density > 2 W/m2. These findings suggest that
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optimizing the radiator will increase the power density for electricity generation based on
radiative cooling [187,188].
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The TE device is equipped with a selective emitter, which has high reflectance/low
emissivity in the solar spectrum and high emissivity in the atmospheric window. Addition-
ally, the DPRC continuously cools the top of the TE generator.

As a result, electricity has continued to be generated continuously at a constant rate. If
the broadband radiator is attached to the TE device and has high emissivity/absorbance in
both the solar spectrum and the atmospheric window, it will be heated by solar absorption
during the day and cooled by thermal radiation through the atmospheric window at night.
As a result, the maximum temperature gradually rises from night to morning and the
temperature difference disappears. The power of TE generation becomes zero then.

The power would also be completely zero due to weather effects like clouds. It is
therefore of utmost importance to carefully consider the temperature difference achieved
during the day when considering continuous power generation based on radiant cooling
and current/voltage intensity. This is yet another way to utilize TE to generate electricity
throughout the day (see Figure 42) [189].
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Thermal control of spacecraft is one of the crucial applications, due to extreme tem-
perature variations. In order to maintain a desired temperature where radiative cooling
and heat gain are balanced, temperature control is necessary; typically, this is done at
high temperatures. Taylor et al. proposed a switchable coating of metal dielectrics based
on VO2. These structures have a high IR reflectance in wavelength range of 5–25 µm
below 341 K and are emitting above it, as shown in [190]. Similarly to this, Sun et al. [191]
suggested using aluminum-doped zinc oxide (AZO) instead of traditional rigid quartz tiles
for spacecraft cooling because it would be lighter and less expensive to launch.

Hu et al. suggested a combined photo-thermal and radiative cooling module for zero-
energy building applications for daytime and nighttime heating and cooling, respectively.
The module comprises ultra-white glass glazing and a solar selective absorbing coating,
separated by an air tunnel, which transports thermal loads during the day for photo-thermal
heating and at night for radiative cooling.

8. Technical Challenges in Commercializing Especially for DPRC

The text given above points out a number of technical difficulties. Prior to implementa-
tion, the biggest obstacles were cost, an optimized design, operational reliability, and DPRC
material durability. Particularly for developing nations like India, affordability is a crucial
factor. Low-cost materials, easy accessibility, and the manufacturing process all contribute
to affordable devices. There have not been any studies on the DPRC materials’ stability or
durability apart from technical limitations. The management and disposal of production
by-products and end-of-life waste materials is another challenge. The radiative cooling
system faces as main challenges the low energy density and possibly high atmospheric
humidity. Low energy density requires a large area of heat transfer fluid to be circulated in
an active system, which requires pumping power (resulting in a non-passive system [98].

The short life cycles of the primary developed materials, which must and can be im-
proved by polymers and materials similar to plastic, is a cause for this. Due to higher heat-
ing energy requirements and visual inconvenience from mirror reflection, roof-integrated
radiant coolers raise energy costs. The albedo/reflection decreases very quickly in the
beginning due to dirt accumulation on the open radiant cooling surface. Hand washing
with soap can fix this problem, however, the development of a self-cleaning material is
still required [127,135].

High humidity and dense clouds hamper the performance of the radiative cooler, so it
is less effective along coastlines. According to a study by Bijarniya et al. [192], DPRC is less
efficient in coastal cities or in cities with high levels of humidity. This presents a significant
challenge because the coastal region is home to many populated cities throughout the
world. Due to the relatively high wind speed in coastal regions, minimizing convective
heat transfer is another implementation challenge. Another negative effect of radiant
cooling can be frost formation. In cold weather, IR emission cooling causes frost to form on
car windshields, for example. One method for removing the frost is by heating, but the
low-emitting SnO2 coating does not require heating. The fact that DPRC only reduces tem-
perature makes it unsuitable for most air conditioning systems because both temperature
and humidity control is necessary. This is a drawback in commercializing this technology
although it applies to most air-conditioning, heating, and ventilation equipment with
temperature as the control parameter [22].

Significant challenges also come from maintenance and integration with building
infrastructure. Therefore, the ability to achieve a desired PRC effect during the day largely
depends on the material itself, and the production of a material that closely resembles the
properties of an ideal selective material is still in the coming decades. Increasing solar
reflectance while specifically modifying thermal radiation at particular wavelengths offers
new possibilities. Additionally, non-reciprocal materials that might defy Kirchhoff’s law for
different wavelengths can achieve a disparity between directional spectral emissivity and
absorptivity by managing thermal radiation, which may offer new insight into achieving
significant cooling during the day [193].



Energies 2023, 16, 1975 50 of 59

The limitations of space and available surface present another technical challenge.
When it comes to managing most of a building’s cooling load, radiative cooling requires
a large amount of surface area. A roof should be horizontal or moderately sloped if
the cooling panels are to be merged into it. Due to the low roof-to-floor area ratio in
multi-story buildings, this technology is unable to satisfy cooling requirements. Thus, the
technology is intended for shorter, smaller, and mid-sized buildings [9]. Other technical
issues include the intricate and integrated design of PRC systems, and parasitic energy
losses in each heat transfer process, such as those that occur in water storage tanks and
between radiating surfaces and heat transfer fluids. Retrofits are often not an option for
PRC systems because of their complexity, and building maintenance and operations staff
typically find it challenging to fully understand and control the system and its parts [34].

8.1. Limitations via Geographical Conditions

When using PRC systems in buildings, geographic conditions are critical. Some of
these, such as atmospheric constituents (e.g., CO2 and H2O), sky condition (e.g., cloudy
vs. clear), wind speed, and humidity situation, are discussed in the sections above (see
Section 2). Water vapor content (see Section 1.5) is the most important factor for atmospheric
radiation in the 8 to 13 µm range. By calculating the cooling potential at varying relative
humidity at two Australian mid-latitude sites, Hossain et al. [10] investigated the impact
of humidity on radiative cooling. Specifically, they found that atmospheric water vapor
could significantly affect the performance of selective radiators. Furthermore, when the sky
is cloudy, the atmosphere becomes completely IR-impermeable, making effective cooling
impossible because of an increased sky temperature. Therefore, low humidity and little
cloud cover are the conditions where PRC performs best [10].

The amount of thermal radiation that might potentially pass through the atmospheric
window is based on weather conditions, temperature of the sky, and surface objects. As
shown in Figure 43, the atmosphere absorbs 30 to 40% of the thermal radiation from
black bodies (or gray bodies) between 30 and 60 ◦C. Furthermore, for radiation emitted
from surfaces hotter than 40 ◦C, the intensity increases from 60 W/m2 for cold surfaces
to >200 W/m2 for hot ones. Zevenhoven et al. [194] tested their passive skylight during
the night and concluded that in a country like Finland, with very short nights during the
summer, the nighttime passive cooling potential is limited.
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Accordingly, the following summer characteristics are those where radiative cooling
would have a limited impact listed in [34]:

• Locations in which most of the summer nighttime hours are humid and hot over 80%
relative humidity, with temperatures over 24 ◦C.

• Locations where most summer nighttime temperatures are very warm (above 27 ◦C).
• Compact buildings with low cooling loads in maritime climates.
• Locations with a lot of hot summer days and fewer short summer nights.

8.2. Affordability Issues

The use of PRC systems in comparison to three different system configurations—cool
roofs, conventional radiators, and photonic radiators—is discussed in this section regarding
the potential cost savings.

Building cooling systems for commercial use are expensive to install, and examples
of PRC commercialization in buildings involve cool roofs. Levinson et al. [195] calculated
prototypical energy savings and heating costs per unit of conditioned roof space and
concluded that modifying 80% of the 2.58 billion square feet of conditioned roof space
on commercial buildings in the United States would save $735 million in annual energy
costs. Hossein et al. [196] used DOE-2.1E (a building energy analysis software that predicts
energy usage and costs for all types of buildings which makes use of a description of the
building layout, construction, operating schedules, and HVAC systems) to show that a cool
roof could reduce the total annual energy cost of retail buildings by up to $60/100 m2 of
roof area for cool roofs operating in cold climates.

The rooftop radiator, radiative cooling panels, thermal storage, insulation, and con-
necting piping are a few of the conventional radiator system’s expected components, all of
which have high initial costs. According to cost information from the late 1990s, a system
involving a water radiator coupled with a cooling panel, which was assessed at the Athens
Renewable Energy Facility, is said to cost 116 €/m2. Further, Heliocoil and polycarbonate
are two novel radiators tested in Sde-Boqer, priced at 60 and 50 €/m2, respectively [197].
An economic analysis of a field trial of a closed water-based PRC system in hot climatic
conditions revealed that it’s payback time was approximately 6.8 years. Rooftop spray
cooling systems are a favorite among commercial technologies due to their low cost when
compared to covering a significant portion of the roof with radiators and using pipes for
water flow. Installation costs for the spray cooling system for the Whitecap rooftop system
were estimated to be $400 per 1000 ft2 (roughly 90 m2) of roof area [198,199].

The cost of production-scale photonic products is currently unknown for novel pho-
tonic systems, as the technology is still in the laboratory prototype stage. The cost advan-
tages of photonic radiation systems were compared to several reference systems, including
volume air volume (VAV) systems and custom emitters with high-end and medium surface
properties, in a simulation run by [34]. In comparison with VAV systems, the novel photonic
system reduced electricity usage by 24 to 103 MWh. An acceptable maximum incremental
cost of switching from night cooling to photonic radiant cooling should range from $8.25
and $11.50/m2. Furthermore, it has a short five-year payback period [34].

The application of PRC systems in buildings, perhaps while primarily daytime PRC
would be needed, appears to still be in its infancy from the discussion above, and the
low cooling potential per unit area means that the energy savings may not be sufficient to
justify the high initial cost. Mass production and the enhancement of the novel material’s
optical properties, with nanoparticles seemingly offering the best features, are primarily
responsible for the potential cost savings.

9. Conclusions

The content of this paper uses a brief summary of research conducted at Åbo Akademi
University as a starting point to had better describe thermal radiation heat transfer through
double glass windows and passive cooling skylights. Using DPRC skylights to reduce
energy usage can contribute to a reduction in overall energy use. The existing ÅA skylight
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prototype will be designed further to reflect more sunlight than a typical roof, which will
result in less solar energy being absorbed. This shall lead to a drop in temperature inside the
building. In general, the surface of conventional roofs can reach temperatures of up to 65 ◦C
or higher on a hot summer afternoon. This skylight allows a building’s inside temperature
to remain cooler in the same circumstances by reducing heat flow from the rooftop into the
outer space; this can save energy and money in buildings with air conditioning or improve
human comfort in buildings without air conditioning.

Primarily, this review provides a synopsis of the evolution of DPRC technology,
beginning with the fundamentals of PRC and progressing to the designs, materials, func-
tionalities, and effectiveness of various radiative coolers (both nocturnal and diurnal
applications). Foregoing studies concentrated on nocturnal radiative cooling with black
and/or infrared selective emitters [21]. Recent advances in nanophotonic emitters and
metamaterials have been used to demonstrate DPRC. Certainly, there is evidence for
metamaterial/nanophotonic-based radiative cooling in many different configurations, in-
cluding simple and multilayer films, intricate nanostructured surfaces, and randomly
arranged nanospheres. However, the expensive procedures required for the nanofabri-
cation techniques required to create selective emitters include electron beam lithography
(EBL), reactive ion etching, roll-to-roll nanoimprint lithography, and others [30]. This study
examined several techniques and concludes that nanoparticles or nanospheres are the most
commercially viable because they can be produced in large numbers, are simple and cost-
effective to produce, and can be applied to different surfaces. In any case, it is challenging
to choose the right material and optimize nanospheres sizes and filling fractions in order to
achieve effective radiative cooling [31].

The current review can conclude with the following findings:
There are many uses for especially DPRC, including personal thermal management,

power generation, photovoltaic system/solar cell cooling, and energy-efficient buildings,
as described in the above sections. The effectiveness of PRC systems in the real world will,
however, depend on further research in the following key areas:

• The solar reflectivity and thermal IR emissivity of a radiative cooler are currently very
close to being equal to one. However, heat losses, such as convection and conduction
through the cooler, must be deployed to enhance PRC performance. Therefore, ad-
dressing the heat-loss issue is the most effective way to improve the radiant cooler’s
overall performance [30].

• In the case of applications below ambient temperature, it is still difficult to find a
long-lasting convection cover shield that does not greatly affect outgoing radiation.
Without effective suppression of the non-radiative heat transfer modes, even an ideal IR
selective radiator cannot provide enough cooling at sub-ambient temperatures [30,42].

• It is necessary to conduct more research on the regional applicability of radiative
cooling, especially with regard to diurnal radiative cooling. The influence of sky
conditions, a thorough integration of geographical locations, climatic conditions, and
other factors, is a crucial parameter for PRC improvement [21].

• It is crucial to reduce the impact of wind, water vapor, dirt accumulation, rain, and
other environmental factors on the effectiveness of the new generation of radiative
coolers. A deeper understanding of surface topology and attributes is still required. A
closed surface is less susceptible to wind and dirt, for example, while a hydrophobic
surface is less susceptible to water vapor and rain [21,30].

• Glass-type or other suitable window materials with high transmittance in the at-
mospheric window wavelength range need to be developed and produced via low-
cost routes.
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