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Abstract. We demonstrate a simple, low-cost, and passive radiative cooler based on a monolithic design consisting
of thin nanoporous anodic alumina (NAA) films grown on aluminium sheets. The NAA/Al structure maintains a
high broadband reflectivity close to 98% within the solar spectrum (0.4–2.2 μm) and simultaneously exhibits a high
average emissivity of 88% within the atmospheric infrared (IR) transmission window of 8–13 μm with the peak IR
emission approaching 99% at a wavelength of 10 μm. Optical modelling of the system using optical parameters of
the materials confirms that the high solar reflectance arises due to the transparent nature of NAA and high reflectivity
of bottom Al, while the large thermal IR emissivity arises from the interference effects of the NAA film and the
high absorption of IR light due to phonon resonances in alumina at wavelength larger than 10 μm. Further, we
estimate the average cooling power of NAA/Al to be about 136 W m−2 at ambient temperature even after including
the contribution to heat input from external non-radiative processes. This robust and lightweight NAA/Al can be
projected as an excellent alternative to optical solar reflectors used in spacecraft for thermal heat management and
rooftop cooling green technologies.
Keywords. Nanoporous anodic alumina; passive radiative cooling; spectral emissivity; homogenisation;
anisotropic.
PACS Nos 78.67.Pt; 71.36.+c; 44.90.+c; 61.46.+w

1. Introduction
Cooling of a surface by the emission of black-body
radiation can have profound implications, for example,
in maintaining the temperature of the Earth’s surface.
All electronic equipments produce copious amounts of
heat, which in a spacecraft, would eventually need to be
removed by infrared emission. For the performance and
long life of electronic devices, maintenance of the temperature within acceptable levels is important. Use of
passive radiative cooling for air conditioning can reduce
power consumption and emission of green house gases
[1]. This is particularly important as about 30–40% of
the world’s energy was utilised for heating or cooling
applications in buildings as found in a survey by the
United Nations Environmental Programme in 2007 [2].
We note that outer space is an excellent cold sink with
a temperature of about 3 K which can enable radiative
cooling to extract and emit energy from surfaces that
can be colder than the ambient. This process, however,
critically depends on the transparency of the Earth’s
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atmosphere. It is interesting that a transparency window occurs at 8–13 μm in the Earth’s atmosphere which
coincidentally overlaps substantially with the spectrum
of black-body radiation emitted by objects near ambient
temperature of 300 K. Hence passive radiative cooling
of rooftop surface at 320–340 K temperature range can
be very important for energy efficient thermal management of a building. As solar influx radiation is one of
the prime heat inputs to a rooftop, a highly reflective
surface at visible-to-short wave infrared frequencies is
also desirable. Traditionally, passive radiative coolers
were extensively developed for cooling the surfaces in
the absence of solar radiation, i.e., during the night [3–
6]. However, it is necessary for the device to function
both during night and day, as the demand for cooling is
high, particularly during the peak hours of the day. An
efficient daytime radiative cooler should satisfy certain
conditions simultaneously: First, it should highly reflect
the light incident from the Sun (0.3–2.5 μm), secondly,
it must be a highly efficient emitter of the thermal radiation in the atmospheric infrared transmission window
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of 8–13 μm and thirdly, the surface should have high
reflectance in the 5–8 μm water vapour absorption band
to limit the absorption of heat from the atmosphere. The
simultaneous requirement of a broadband solar reflector
and a strong thermal radiator puts substantial limitations
on the choice of coating materials for a day-time radiative cooler.
Since 1970s, there were significant improvements in
passive radiative coolers for use even during the peak
hours of the day time due to new developments in materials and designs [7–11]. White paints containing TiO2
[11] and phononic materials such as SiO [7] were initially utilised in the earlier radiative coolers. There are
reports of passive cooling of an underlying object using
polymer foils with embedded non-absorbing pigments
such as ZnS, ZnSe [12], TiO2 or ZnO2 [9]. It was difficult to fulfill the requirement of high emissivity in the
atmospheric transmission window with a single material
as the spectral response of these materials was limited
only to the phononic resonance bands. Besides, the cooling obtained by using these materials during the peak
hours of the day was not up to expectations as these
materials could not exhibit maximum solar reflectance
[9]. Recently, Raman et al [13] reported a day-time passive radiative cooler using a thermal photonic approach
with seven layers of SiO2 and HfO2 , and experimentally obtained a temperature nearly 5◦ C colder than the
ambient air temperature. In another simple approach
followed by Kou et al [14] using fused silica coated
with a polymer and a metal, the equilibrium temperature of the cooler was obtained to be 8.2◦ C below the
ambient temperature under direct sunlight. In a recent
research by Chen et al, an average decrease of 37◦ C in
the presence of high vacuum is obtained below ambient temperature by using a selective emitter. Due to
recent advancements of micro–nano fabrication tools,
researchers have utilised structured metamaterials with
resonant absorption to develop radiative coolers. Sun
et al [15] developed metasurface-based optical solar
reflectors using transparent oxides to reduce the temperature of spacecraft. Hossain et al [16] employed
an array of symmetrically shaped conical metamaterial
pillar to achieve a temperature of 12.2◦ C below ambient air temperature. However, these microstructured
coolers have various fabrication and scale-up issues
for production. Besides, metamaterial absorbers display
absorption from higher-order resonances which can
significantly cut down the reflectance of the solar spectrum [17]. With the involvement of multilayer thin
films, metamaterial or plasmonic structures, the cost of
fabrication is highly increased as the development
of these requires high vacuum thin film deposition
systems and lithographic techniques. Recently, Fu et al
[18] have demonstrated a radiative cooler using a single
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layer of nanoporous alumina with thickness of around
60 μm. With thicker porous alumina films, the issue
of mechanical and thermal stability always occur. The
thicker alumina layer itself may absorb more power in
the visible range which is not preferable for radiative
passive cooling process. The homogenisation process
adopted in the work fails to explain the optical properties of porous alumina at the visible and ultraviolet
wavelength as the pore diameter and lattice periodicity
of the fabricated structure is comparable to the operating wavelength. The large sized nanopores also would
lead to scattering losses.
In this work, we present a simple, compact and lowcost radiative cooler based on a thin layer of nanoporous
anodic alumina film on aluminium sheet prepared by
chemical anodisation method. A film of 6.5 μm thick
nanoporous alumina is formed on an aluminium substrate that exhibits high emissivity in the atmospheric
infrared transmission window (8–13 μm) along with a
high broadband reflectivity within the solar spectrum
(0.4–2.5 μm) and the 5–7μm bands. These spectral
characteristics are very close to the ideal parameters
that surface requires for radiative cooling. We estimate
a maximum cooling power of 136 W m−2 for our NAA
cooler using the measured emissivities at ambient temperature. This surface can be manufactured over large
areas with minimum cost and high throughput. The
material can withstand extreme environmental situations and has high potential for commercial applications.

2. Power balance equation and the experimental
details
We consider a radiative cooler at temperature T with a
spectral and angular emissivity of ε(λ, ). The cooler
is considered to face the clear sky with ambient atmospheric temperature taken as Tamb . As the cooler is
exposed to the clear sky, it absorbs radiation from the
incoming solar flux as well as from the surrounding
objects via atmospheric thermal radiation. The cooler
also radiates thermal radiation by virtue of its surface emissivity at temperature T . So the total cooling
power (Pcool ) of the radiative cooler per unit area can be
expressed as follows [19,20]:
Pcool = Prad (T )− Psolar − Patm (Tamb )
−Pnonrad (T, Tamb ),

(1)

where the power radiated by the cooler is expressed by
the first term


π/2

Prad (T ) =
0

∞

d(sin2 ())

ε(λ, ) I B B (T, λ)dλ.

0

(2)
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The second term in eq. (1) is the radiation absorbed by
the cooler due to sunlight and is given by
 ∞
Psolar =
ε(λ, 0) IAM1.5 (λ) dλ.
(3)
0

In eq. (3), IAM1.5 (λ) represents the solar irradiance of
the air mass coefficient 1.5 (AM1.5) which is defined
as the ratio of path length of light coming from Sun
through Earth’s atmosphere at a zenith angle 48.19◦ to
the path length of light when Sun is directly overhead.
The contribution to the power absorption in the cooler
from the atmospheric radiation at ambient temperature
(Tamb ) is given by the third term which is as follows:
 π/2
 ∞
2
d(sin ())
ε(λ, )
Patm (Tamb ) =
0

0

× εatm (λ, ) × I B B (Tamb , λ) dλ.

(4)

 π/2
Here 0 d(sin2 ()) is the hemispherical angular
integration assuming an unobstructed view of the sky.
I B B (λ, T ) = [(2π hc2 )/λ5 ](1/(ehc/(λkB T ) −1)) accounts
for the spectral irradiance of a black-body at temperature
T , where c is the speed of light, h is the Planck’s constant and kB is the Boltzmann’s constant. To simplify
calculations, the sample cooler is assumed to be normal to the Sun, the contribution from the hemispherical
integration is not considered in eq. (3) and the coolers
emissivity is considered as ε(λ,  = 0). IAM1.5 (λ) gives
the solar illumination intensity and is typically considered as 964 W/m2 . εatm (λ, ) is the emissivity of the
atmosphere that depends upon the angle of incidence
and is given by [1 − t (λ, 0)1/cos() ], where t (λ) represents the transmission of the surrounding atmosphere.
The term 1/ cos() originates from the thickness of the
atmosphere [19]. The last term in eq. (1) with thermal
coefficient h c , gives the contribution from all the nonradiative process due to conduction and convection and
the power gain due to this is given by
Pnonrad (T, Tamb ) = h c (Tamb − T ).

(5)

Based on eq. (1), an ideal radiative cooler can be
realised by designing a structure that reduces the incident solar radiation, PSun , and maximises, Prad − Patm ,
with strong value of ε(λ, ) in the atmospheric transmission window (8–13 μm). Furthermore, the structures
should not absorb the radiation from the surrounding
environment where the atmosphere is non-transparent
(5–8 μm).
We have developed a simple approach to meet the
above criteria of an ideal radiative cooler using a NAA
membrane supported by a thick aluminium substrate.
The structures are fabricated using a chemical method
that involves two-step anodisation process [23,24]. Figure 1 shows the schematic of the home-made set-up
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Figure 1. Set-up for the anodisation process.

prepared for the anodisation process. Aluminium (Al)
sheets of 99.999% purity are purchased from Alpha
Aesar. Before anodisation, the aluminium sheets are
de-greased in acetone and cleaned. Al sheets are first
electropolished in a mixture of perchloric acid and
ethanol to obtain smooth and mirror shiny surfaces [25].
After electropolishing the Al sheet, anodisation is carried out at 25 V in a 0.3 M sulphuric acid solution
prepared in deionised water (DI) contained in ice bath to
keep the temperature constant at 0◦ C [24,26]. The whole
ice bath was covered with a thermal insulator. The back
face of the Al sheet and a small portion of the Al sheet
at the solution–air interface are covered with lacquer
to protect one side of the sheet and from faster anodisation at the solution–air interface respectively. A tantalum
(Ta) plate is used as a counterelectrode. The sulphuric
acid solution is continuously stirred to maintain a uniform temperature inside the solution. First anodisation
is carried out for 10 min, after which the nanoporous alumina layer is etched off in a mixture of chromic acid and
phosphoric acid solution and cleaned with the DI water
[25,27]. Now second anodisation is carried out in the
same sulphuric acid solution keeping is all the parameters same. This allows a uniform growth of the NAA
giving rise to an optically transparent layer [23]. After
the second anodisation, the sample is again washed in
DI water and dried for further characterisation.
Figure 2a demonstrates the schematic view of the
proposed design showing the simultaneous reflection
of the incoming solar radiation back to the incident
medium and emission of the infrared radiation. The
spectral radiance of a black-body at room temperature is
shown in figure 2b, which coincidentally peaks within
the long-wave infrared (LWIR) transmission window of
the Earth’s atmosphere (red dashed line in figure 2b).
We show the scanning electron microscopy (SEM)
cross-section images of the fabricated NAA/Al sample in figure 2c. The top nanoporous alumina which
stands on the aluminium sheet has a thickness of about
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Figure 2. (a) Schematic of the NAA backed by an aluminium substrate, (b) solid black curve shows the spectral radiance
of a black-body (ε = 1) calculated at room temperature (T = 300 K). The atmospheric transmittance obtained from Gemini
observatory [21] is plotted as the grey covered area and (c) SEM cross-section image of the fabricated NAA.

6.5 μm and average pore diameter of about 15 nm
with an inter pore distance of 60 nm. NAA/Al ensures
strong broadband reflectance of the incident solar radiation along with a high emission of the IR light in the
atmospheric transmission window (figure 3). The top
alumina is optically transparent resulting in a strong
reflection of the incoming sunlight back to the incident medium from the aluminium substrate. We measure
the spectral emissivity/absorptivity of NAA/Al at IR
wavelengths spanning over 1.6 μm to 25 μm using a
Fourier transform infrared (FTIR) spectrometer (Make:
Agilent, Model: Cary 660). The surface of the NAA
is illuminated by a normally incident light, and the
reflected intensity from the sample is detected by a
doped triglycine sulphide detector attached to the FTIR
spectrometer. The reflected power from the sample
is normalised with the reflectance power of a highly
reflecting silver mirror. Then the wavelength-dependent
absorptivity/emissivity is obtained as ε(λ) = 1 − R(λ),
as the transmission through the NAA/Al is zero because
of the thick aluminium substrate. The spectral response

of the fabricated NAA/Al at visible wavelengths (0.4–
0.9 μm) is measured using optical microscopy (Olympus BX51), and the reflected light from the sample is
detected with a spectrometer (Ocean optics HR 2000+)
coupled to the microscope with a fibre. We show the
emissivity of the sample in figure 3 in wavelengths
ranging from 0.4 μm to 25 μm. The fabricated cooler
exhibits a broadband high reflectance of about 98% in
the solar wavelengths (0.4–2.2 μm) and a high value of
emissivity 88% on average throughout the atmospheric
transmission window (8–13 μm).
We also obtained the spatial emissivity of the fabricated cooler by capturing the thermal images of the
sample using a LWIR camera (spectral wavelength
range 8–13 μm, Xenics make, Gobi 640-GigE model)
(figure 4). We compared the captured thermal images
of three different samples having different level of
emissivity of each; a black soot with unity emission
throughout the wavelength band, a high quality electropolished Al mirror showing high reflectance in the
IR with emissivity close to 2% and a NAA/Al cooler
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Figure 3. Experimental emissivity (solid red curve) of the NAA/Al cooler within the wavelength range 0.4–25 μm. The
atmospheric transmittance obtained from Gemini observatory [21] is plotted as the grey covered area. Cyan colour shows the
AM 1.5 solar spectrum obtained from the solar spectrum calculator, PV Lighthouse [22].
LWIR camera images

Visible camera image

NAA cooler
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T=30O C
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h
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Figure 4. Images captured in a visible camera. (a) Black soot, (b) polished aluminium, (c) NAA/Al cooler. Infrared images
of samples captured in a LWIR camera under identical conditions of gain, contrast etc. (d)–(f) at T = 30◦ C and (g)–(i) at
T = 90◦ C.

which absorbs/emits in selected bands at infrared wavelengths. Thermal images of the samples are captured
at room temperature (T = 30◦ C) and at a higher
temperature (T = 90◦ C) for comparing their surface
emissivities. As the images show, the black soot and
NAA/Al emit more infrared radiation with increase in
the sample temperature (at T = 90◦ C) compared to

their surface emission at room temperature. However,
at T = 90◦ C, the radiation coming from the electropolished Al remains low due to its highly reflecting spectral
characteristics at the IR wavelength region. The visible
camera images of the samples, i.e., black soot, polished Al and NAA/Al cooler are shown in figures 4a–4c
respectively. As observed from the images taken using
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the visible camera, the surface of the NAA/Al cooler
(figure 4c) looks shining as the surface of the polished
Al substrate (figure 4b) confirming the high reflectance
of visible light in both the cases.

3. Homogenisation of the nanoporous alumina and
calculated emissivity
To calculate the material properties of the NAA, we
used the Bruggeman homogenisation procedure [29].
The components of effective permittivity tensors are
given by
εa − εiB H
εiB H + L i (εa − εiB H )
+

fa

ε b − εiB H

εiB H + L i (ε b − εiB H )
(i ∈ x, y, z),

f b = 0,
(6)

where f is the fill fraction, and the indices a and b
correspond to the two constitutive materials, alumina
and air. The L i ’s are the depolarisation factors given by
[30]
Li =


U x U y Uz ∞
2
0

(i ∈ x, y, z),

(s + Ui2 )



ds


,

s + Ux2 (s + U y2 )(s + Uz2 )

(7)

where Ux , U y and Uz are the shape factors. For the cylindrical inclusions, the depolarisation factors L x = L y =
1/2 and L z = 0. In our system at the mentioned parameters, the average nanopore diameter was 15 nm, and the
interpore distance was 60 nm. At these structural parameters, we get the fill fraction (porosity) and the number
density of the nanopores as 6% and 3.2 × 1010 /cm2
respectively. For our calculations, we took data of host
alumina thin film from the work of Kischkat et al [28].
Figure 5a shows the real and imaginary parts of the
effective refractive index of the fabricated NAA. Along
with the effective index of the nanoporous alumina, the
refractive index of the host alumina is also shown for
comparison. Very similar average material parameters
are obtained by the Maxwell–Garnett homogenisation
process as well [31].
As the filling fraction of the film is low, i.e., close
to 6%, the indices of the NAA slightly differ from the
original non-porous alumina. Using the effective refractive index that is shown in figure 5a and thickness of the
NAA (estimated from SEM cross-sectional image) as
the input parameters, we calculated the absorptivity (or
emissivity) in the geometry shown in figure 2a. We have
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shown the calculated emissivity in figure 5b and compared the calculated results with the results obtained
from the experiment. The calculations are performed
for a normal incidence of light using calculations based
on the transfer matrix method [32]. We have calculated the emissivity from NAA/Al cooler with varying
thicknesses (8.5 μm, 6.5 μm, 4.3 μm) of the top porous
alumina that is grown on the aluminium substrate. The
emissivity mostly peaks between 9.5 and 10 μm and it
remains independent of the thickness of the NAA film.
However, the peak emissivity broadens with thicker
NAA film. For 8.5 μm NAA film, the Fabry–Perot resonances become extremely close to being resolved at the
lower wavelength (solid black curve). The calculated
results show high emissivity at LWIR frequencies with
high reflectivity at visible frequencies. The calculated
emissivity exhibits good similarity with the experimental results and the fringes formed in the NAA cavity can
be seen in the calculated graph (solid blue curve in figure 5b). The experimental (solid red curve in figure 5b),
as well as the calculated results, show that the fringes
become so close at visible wavelengths that it is difficult to distinguish the individual fringe from each other.
Needless to say that the same optical response, i.e., high
emissivity in the atmospheric transmission window and
broadband reflectance in the solar spectrum could also
be obtained with a simple alumina film coated on top
of an Al substrate. However, coating an optically transparent alumina film of thickness close to 6.5 μm seems
a difficult task because as with thicker dielectric films
there are difficulties of non-uniformity and poor adhesion in addition to the formation of mechanical cracks
due to strain. Hence, the porous alumina membranes,
which are robust and can be produced inexpensively
with high throughput using inexpensive chemical methods, holds high potential for use in radiative cooling
applications.

4. Results and discussion
We shall first discuss the working principle of structures with strong solar reflectance and high emittance of
the cooler within the atmospheric transmission window.
The top air-filled porous alumina is a lossless dielectric
at visible wavelengths resulting in a highly transparent media for light within the solar spectrum (0.3–
2.2 μm). The incident solar radiation passes through
the porous alumina and gets reflected from the bottom
Al substrate with minimal attenuation. As seen in figure 3, the NAA/Al exhibits weak emissivity with an
average value of about 2 to 3% in the wavelength spanning over 0.4 μm to 2.2 μm. As a result, the incident
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Figure 5. (a) The solid curves show the effective refractive index (both real and imaginary parts) of the nanoporous anodic
alumina obtained using Bruggeman formalism. The dashed curves show the refractive index (both real and imaginary parts)
of the pure alumina film obtained from ref. [28] and (b) calculated and experimental emissivity of the NAA/Al.

solar radiation will heat the NAA/Al sample minimally. The structure shows a sharp resonance in the
measured emissivity results around wavelength 3 μm,
because of the embedded OH bonds in NAA [33]. The
sample maintains an average value of emissivity less
than 20% within the wavelength (5.6–7.7 μm) where
the atmosphere is non-transparent. This feature is crucial as the structure will not absorb the radiation from the
external environment where the atmosphere is opaque,
thus restricting the emission of the cooler within this
band. This feature of the fabricated structure is unique
owing to the fact that the previous multilayered photonics approach shows high emissivity in the wavelength
region (5.6–7.5 μm) [34]. However, the emissivity of
the NAA cooler suddenly rises to 90% around 7.8 μm
and preserves a high value within the atmospheric transmission band (8–13 μm). The structure maintains an
average value of emissivity close to 88% within 8–13
μm wavelength band with the peak emissivity rising
close to 99% at about 10 μm wavelength. The top porous
alumina ensures that only light within the LWIR will
get absorbed in the structure and the light with wavelength lower than this band gets reflected to the incident
medium with nominally small absorption. The reason
for such a strong emissivity/absorptivity of the structure originates from the natural phononic resonances of
the alumina in the LWIR frequencies and can be confirmed from the optical refractive index of the alumina
plotted in figure 5a. The phononic resonance of alumina
contributes to the increase of the imaginary part of the
refractive index (solid green curve in figure 5a). The
NAA/Al surface also shows high emission/absorption
of the infrared absorption in the second atmospheric
opaque window, i.e., from wavelength 14 μm to 16 μm
which may affect the performance of the NAA/Al
cooler. However, the spectral emittance of any object

at ambient temperature (300 K) within the wavelength
bands (14–16 μm) is low compared to its value at the
peak radiation which arises around wavelength 9.6 μm
(figure 2b). So the presence of high absorption in the
band from 14 μm to 16 μm may only minimally affect
the overall performance of the device.

5. Cooling power calculation
We evaluate the net cooling power, Pcool , of the fabricated NAA/Al cooler incorporating its experimental
emissivity in eq. (1), with or without the influence of the
parasitic non-radiative cooling. There are two essential
criteria that decide the cooling performance of an efficient cooler; one being the cooling temperature, and the
other, the maximum cooling power [34]. The cooling
temperature is the temperature of the radiative cooler
when the system is at thermal equilibrium with the external environment, i.e., Pcool is zero. Maximum cooling
power is the total power of the cooler when its temperature T matches with the temperature of the ambient air
(Tamb ). For calculating the net cooling power, Pcool , we
have obtained the value of the solar spectrum, IAM1.5 (λ)
as 960 W/m2 for the wavelength within 0.35 μm to
2.2 μm [22] and the atmospheric transmission [t (λ)]
window spectra from Gemini observatory [21]. In figure 6, we present the calculated results for Pcool as a
function of the temperature of the NAA/Al cooler while
keeping the ambient temperature Tamb as 300 K. Here,
we show the plots of Pcool vs. the temperature of the
cooler for three different values of thermal coefficient
h c ( 0, 6 and 12 W m−2 K−1 ) [9,35,36]. The maximum cooling power obtained using our NAA cooler
is 136 W/m2 at ambient temperature. With increasing
value of h c , the zero of the net cooling power occurs
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larger than reported by others in literature. The spectral
response of the cooler is compelling for its use in radiative cooling, principally passive cooling of rooftops and
cooling applications in space technology and satellites.
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Figure 6. Calculated cooling power (Pcool ) vs. the temperature of the NAA/Al for different thermal coefficients (h c ).

at a temperature near the ambient temperature. sFor
instance, when h c =12 W m−2 K−1 , the system achieves
the equilibrium temperature with zero cooling power
Pcool at a temperature 10◦ C below the ambient temperature (Tamb = 300 K). However, if one considers zero
power gain due to non-radiative contribution, i.e., for
h c = 0, the equilibrium temperature can be achieved
considerably below the ambient temperature. Achieving
Pcool as zero at such low temperatures can be possible if
the experiments are carried out in high vacuum so that
the heating owing to the convection and conduction is
minimised.

6. Conclusions
In conclusion, we have demonstrated a simple and costeffective structure consisting of nanoporous alumina
films on aluminium substrate. The NAA/Al cooler satisfies the essential criteria for its use as an ideal passive
radiative cooler. The cooler acts as an optical solar
reflector with a high broadband reflectivity within the
region between 0.4 μm and 2.5 μm nm and it also
strongly emits the LWIR radiation in the IR atmospheric
transmission window (8–13 μm). Transfer matrix calculations of reflectance using the calculated homogenised
effective refractive indices of the nanoporous alumina
support the measured spectral responses of the surface. The thermal images confirm the black-body-like
appearance, whereas the pictures that are taken using
a visible camera supports the highly reflective nature
of the surface for visible light. We also estimated the
average cooling power of cooler to be about 136 W/m2
at ambient temperature even after taking into account
the heat input from the external non-radiative processes.
This cooling power at ambient conditions is about 10%
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