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ABSTRACT. Radiative cooling exploits the imbalance between the thermal emission from the
radiative cooling surface and the downward atmospheric emission. Since the atmos-
pheric emission power is polar angle-dependent, a mirror structure can be used to
increase this imbalance and to amplify the net cooling power. The degree of ampli-
fication is determined by various parameters, such as the sky emissivity, the geom-
etry of the mirror structure, and the degree of thermal insulation. A parametric study
of aperture mirror-enhanced radiative cooling is presented using a model atmos-
phere, characterized by an average sky window emissivity and the ambient temper-
ature. A counterintuitive finding is obtained: the aperture mirror structure is more
effective in the tropics than in the desert, both in terms of the cooling power and
the temperature reduction. The power enhancement obtainable from a relatively
simple mirror structure can be significant. For example, in the tropics, the cooling
power can be enhanced by more than 40%. The aperture mirror structure holds the
potential to be a practical augmentation to improve the stagnant temperature and
the response time of radiative cooling devices.
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1 Introduction

The energy demand for cooling increases as the temperature on the Earth constantly rises due to
the greenhouse effect.'™ The use of compression-based systems, such as air conditioners,
accounts for an estimated 20% of electricity consumption in buildings globally.* However, the
compression-based systems merely move heat from one place to another, causing environmental
problems such as the urban heat island® and more greenhouse gas emissions, which accelerates
global warming. As a zero-energy, passive cooling solution that does not release heat into the
environment, radiative cooling®?° is considered promising. When objects on the Earth, around a
300 K temperature, emit toward the extreme coldness of the outer space, at a 3 K temperature, the
object can cool below the ambient temperature passively without any energy input.”'>? Radiative
cooling devices offer a distinct advantage of dissipating heat to the sky, not to the environment,
and the capability of providing a cooling power at a sub-ambient temperature, albeit a passive
cooling mechanism.

The outer space temperature of 3 K is effectively screened from the terrestrial level by the
atmosphere acting as a greenhouse; therefore it is not directly accessible as a heat sink for radi-
ative cooling. The thermal radiation from the Earth can escape the atmosphere because within the
wavelength band between 8 and 14 microns wavelength the atmosphere is less emissive and
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absorptive than the blackbody at ambient temperature. This wavelength band is called the sky
window (often a smaller wavelength band is used, such as 7.9 to 13 microns).'*!? Due to the sky
window, the downward thermal radiation, called downwelling, is out of thermal equilibrium and
does not follow the Planck spectrum. As a result, the sky usually appears colder than the atmos-
phere, although at a temperature higher than 3 K. Radiative cooling exploits the imbalance in
the thermal radiation in the sky window. Using a substrate absorbing and emitting efficiently in
the sky window, heat can be pumped radiatively toward outer space through the atmosphere.

The downwelling within the sky window wavelength range is polar angle-dependent, weak-
est in the zenith direction, and strongest in the direction close to the horizontal.?®> Based on this
property of the atmosphere, the imbalance in the thermal radiation can be increased using a heat
mirror structure, and the radiative cooling power can be amplified.® The heat mirror structure can
direct the emission from the radiative cooling surface closer to the zenith direction and block the
downwelling at an oblique angle from being incident on the radiative cooling surface. For exam-
ple, planar mirrors were disposed near an upright radiative cooling surface to guide the thermal
radiation upward and to exploit radiative cooling of both sides of the radiative cooling surface.>*
A reflecting parabolic trough structure was placed around a pipe with a radiative cooling coating
to reject the thermal radiation from the oblique angle and the ground.?>?° For a planar radiative
cooling surface facing the zenith direction, an aperture mirror structure in the shape of a tapered
waveguide,”* a truncated cone'®?’" and a parabola,’! reminiscent of the concentrating mirror
structures from solar thermal harvesting,32 was used.

This report explores an aperture mirror structure disposed around a radiative cooling sur-
face. Since the enhancement originates solely from the optical arrangement around the existing
radiative cooling surface, the use of a heat mirror structure has a significant engineering impli-
cation and offers practical advantages in thermal management exploiting radiative cooling. The
cooling power from the radiative cooling surface scales with the surface area directly facing the
sky, and the aperture mirror structure provides a higher cooling power from the fixed surface
area. A higher cooling power would lower the reachable steady-state stagnant temperature and
decrease the time to cool down a given thermal mass, thereby offering a broader range of options
for the design of a passive cooling system in terms of the target temperature and the time constant.
Although the mirror structure increases the volume occupied by the radiative cooling device for a
given area, the added volume is shielded from the movement of air and therefore works to mitigate
the convective heat gain and can serve as a structure to support additional convective cover.* In the
case of the mirror structures being deployed on the roof,* the restriction in space in the vertical
direction is of relatively less concern. Also, in an urban area with densely packed building struc-
tures with different heights, the top surface of each building may not have a full hemispherical
access of the sky. This aperture mirror structure addresses this issue by reimaging the view from
the radiative cooling surface on the roof to a small solid angle near the zenith direction. Therefore,
the enhancement of radiative cooling power using heat mirror structures holds promise in the pas-
sive thermal management system aided by radiative cooling.

The enhancement from using the aperture mirror structure results from the interplay of its
geometry, the emissivity of the radiative cooling surface e, (5, 1), and the emissivity of the atmos-
phere ¢, (7, A), where 7 is the polar angle from the zenith direction and 4 is the wavelength. The
emissivity spectrum of the radiative cooling surface e (57, 1) can be measured, and the aperture
mirror can be analyzed using ray tracing.”®*° Obtaining the atmospheric emissivity spectrum
e,(n,1) calls for a practical strategy because it depends on the local climate, the exact time
of the day, and the weather conditions.'®** Although the full spectrum of the atmospheric
emissivity can be measured, a constant monitoring is often not viable. Since the relationship
between the hemispherical average value of the sky emissivity and the dew point temperature
is empirically known and an interpolated curve is available,*’ the average atmospheric emissivity
can be deduced from the dew point temperature measured at each time point. The full atmos-
pheric emissivity spectrum can be simulated'®**~* using the MODerate resolution atmospheric
TRANsmission (MODTRAN) programs,*!*? but the simulation results may only provide a rea-
sonable estimate for a stationary and uniform sky. The use of a model atmosphere, characterized
by the average sky window emissivity and the ambient temperature, can be a practical alternative
as it provides immediate insight into the dependence on the sky conditions without the need for
an extensive simulation.*®
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In this report, a detailed parametric study of an aperture mirror-enhanced radiative cooling
system is presented. The analysis of Smith* is revisited and augmented by including the “recip-
rocal ray” contribution,* which can be significant, especially when the radiative cooling surface
is a blackbody emitter. The resultant formulation is applied to the two extreme cases, a blackbody
emitter and a selective emitter, and one realistic emitter example, the 3M specular reflector. The
dependence of the aperture mirror enhancement on the regionality, the mirror geometry, and
the degree of thermal insulation are investigated in detail.

2 Modeling Atmospheric Emissivity

A simple model is used to characterize the atmospheric spectrum dividing the wavelength range
into two sections: outside the sky window, the atmosphere is a blackbody at the ambient temper-
ature and, throughout the sky window, the atmosphere is taken to be a gray body with a single
average value of emissivity.'**** Within the sky window, a net outgoing thermal radiation
results, whereas outside the sky window, the outgoing thermal radiation and the downwelling
mostly balance out. According to this model, the emissivity of the atmosphere e, (7, 1) is calcu-
lated as follows:

€qnsw(,4) = 1 outside the sky window,
easwin) 1 —(1- eavg,sw)ﬁ within the sky window, (1)

where e,,, s is the average sky window emissivity in the zenith direction with = 0. The result-
ing atmospheric spectrum, both absorption and downward emission, is given as e, (1, 1) P(1, T,),
where P(4,T,) is the Planck spectrum at ambient temperature T,. The atmospheric emission
spectrum outside the sky window is approximated as the Planck radiation spectrum at ambient
temperature 7, P(4,T,), regardless of the angle . The advantage of this simple model is that,
based only on two parameters, the ambient temperature 7, and the average sky window emis-
Sivity €,y sw> the atmospheric spectrum can be characterized in enough detail. For evaluating the
net radiative cooling power, the detailed spectral features, such as the known ozone peak at
9.6 um, are not considered if the radiative cooling surface is emissive throughout the sky win-
dow. In relation to the polar angle dependence of the emissivity in the sky window, the empirical
“cosine approximation”, the angle dependence of 1/cos # power to the transmissivity of
1 = eqvg sws 18 used.** One of the most determining factors for the sky window transparency
is known to be the water vapor content in the air of the region, correlated with the local
humidity.?***¢ Therefore, in this atmospheric model, the regionality and the changing weather
conditions are represented in the average sky window emissivity e,y ¢ Since the average sky
window emissivity e,y o Can be measured directly, as discussed in more detail in Sec. 8, the
atmospheric model also lends itself to being an alternative way of measuring the sky emissivity
rather than using a pyrgeometer.”>*’

3 Aperture Mirror Structure

Figure 1 shows the basic geometry of the configuration under discussion. A planar radiative
cooling surface, at temperature 7', is disposed normal to the zenith direction, under ambient
conditions at temperature T ,. The aperture mirror structure is disposed around the radiative cool-
ing surface to expose the radiative cooling surface into the zenith direction, # = 0, but to limit the
solid angle of the view around the zenith direction to the maximum angle #,,,.. The aperture
mirror structure redirects the thermal emission from the radiative cooling surface toward the
zenith direction and blocks the oblique downwelling incident outside the angle #,,,x. The internal
surface of the aperture mirror structure must be a good heat mirror, such as polished aluminium
surface, to maximize the specular reflection and to minimize the diffuse scattering, which is
incident on the radiative cooling surface. Using hand-polishing to produce an aluminium surface
with 95% total reflectivity and 90% specular reflectivity over the thermal wavelength band is
relatively straightforward.” In this report, an ideal reflector is assumed for simplicity to provide
an upper bound of the enhancement effect. The shape of the aperture mirror structure is not fixed
to a specific geometry, but two conditions are required, namely that the downwelling incident
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Fig. 1 Geometry of the aperture mirror structure.

outside the maximum angle #,,,, is blocked from being incident on the radiative cooling surface
and that the thermal emission from the radiative cooling surface is redirected in the zenith direc-
tion with atmospheric emissivity e, (0, 4). The latter condition is strictly met when a parabolic
mirror is used and the radiative cooling surface is positioned at the focus of the parabolic mirror.
If the lateral extent of the radiative cooling surface exceeds the area covered by the focal volume
or if another shape of the aperture mirror structure is used, for example, a truncated cone, the rays
from the radiative cooling substrate can be distributed within a finite solid angle about the zenith
direction. Even in this case, it is a good approximation that the thermal emissions are redirected
in the zenith direction because the emissivity changes slowly with angle #, in particular, quad-
ratically because e, s (17) & €ayg sw — % (I = €aygsw) IN(1 = €44 o )*. For example, for an opaque
sky window, where the average sky window emissivity €,,s , = 0.6, even with a 36 deg spread
about the zenith, the emissivity e, (% ,4) is only 5% smaller than that in the zenith direc-
tion ¢,(0, 1).

4 Net Radiative Cooling Power

The net radiative cooling power P4(T,,T,) as a function of the ambient temperature 7, and
the radiative cooling substrate temperature 7, is given as

Prad(Tav TY) = Pl (TY) - PZ(Ta) - P3(Ta) - Pparasitic(Ta’ T‘Y)’ (2)

where P; is the power radiated from the radiative cooling substrate at temperature 7', given as

P(T,) = A 2 d(sin? ) A T AP T, )e,(n,2), 3)

where e,(n, 1) is the angle-dependent emissivity spectrum of the radiative cooling surface and
P(2,T,) is the Planck spectrum. P, is the downwelling absorbed by the radiative cooling sub-
strate within the acceptance angle #,,,, of the aperture mirror structure, given as

Py(T,) = / "™ d(sin® n) / ® WP(LT,)ea(n Aey(n. )

/2
= [Pt ( [ G0~ (0= ) e 1.2
0 SW
+/ dAP(2, Ta)es(n,/l)>, 4
NSW
where SW represents the wavelength range of the sky window and NSW represents the

wavelength range outside the sky window. P5 is the “reciprocal rays” term,*® which accounts
for the downwelling in the zenith direction incident on the radiative cooling surface by being
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reflected by the aperture mirror structure and absorbed by the radiative cooling surface. It is
calculated as

PA(T,) = / 7 d(sin ) / * WUP(LT,)eq(0. D)ey(n. )

Mmax

/2 .
:/ d(sin? ) (/ dAP(A,T,)eqyg swes (1. A) —|—/ dAP(4,T,)e (n, /1)) 5)
Moo SW NSW

Note that P; accounts for the downwelling that would not have been incident on the
radiative cooling surface if the aperture mirror structure was absent.™ Poarasitic 18 the parasitic
heat gain into the radiative cooling surface via conduction and air convection and is given as
Ppaasitic(Ta» Ts) = hegt (T, — T ), where heg is the heat transfer coefficient, which characterizes
the degree of thermal insulation.

5 Two Extreme Cases: Blackbody Emitter and Selective Emitter

As illustrative examples, two extreme cases for the radiative cooling surfaces are considered: a
blackbody emitter and a selective emitter. Both are assumed to be perfectly absorptive within the
sky window, e,(5,4) = 1, as is required for strong radiative cooling. For the blackbody emitter,
it is assumed that e,(n, 1) = 1 and is independent of angle  and wavelength A. For the selective
emitter, it is assumed that e, (7, 1) = 0 outside the sky window and is independent of angle #.
When the parasitic heat gain P, is disregarded for simplicity, Eq. (2) simplifies to Eqgs. (6)
and (7) for the blackbody and the selective emitter cases, respectively:

P?aﬁ(Ta’ Ts) = GT? - GT‘a‘{Sinz nmax(l _psw(Ta)) + Isw(’[max)psw(Ta)}
- O-Ti(] - Sin2 nmax){psw(Ta)ea,sw(O) + (1 _psw(Tu))}' (6)

Prsa]:::lL(Tav T‘v) = O-T?psw(Ts) - 6T§ISW (nmax)psw(Ta) - O'Ti(l - Sin2 nmax)psw(Ta)ea.sw(0)~ (7)

Pew(T) and I, (nmax) are as defined in Ref. 43: p,(T) is the fraction of the total
energy under the Planck spectrum at temperature 7" within the sky window and ranges from
0.3 to 0.35 around ambient temperature. I, (77,.), the aperture factor, is given by
Loy (Mmax) = [{™d(sin? n)e, 4 (1), which accounts for the energy of the downwelling within
the sky window wavelength range received by the radiative cooling surface, without being
reflected by the concentrator.

6 Regional Dependence of Enhancement of Blackbody Emitter
and Selective Emitter

The average sky window emissivity e, , depends strongly on the meteorological conditions of
each geographical region, especially local humidity.***° The regional dependence of the net cool-
ing power and the minimum achievable temperature is investigated here. Three representative sky
conditions are considered: e,y o = 0.13 at T, = 290 K for the dry climates, Cavgsw = 0.53 at
T, = 300 K for equatorial tropical climates,” and €avgsw = 0.33 at T, = 295 K for intermedi-
ate, mid-latitude climates. Two different degrees of thermal insulation, which determine the para-
sitic heat gain, are considered: Ao = 0 and hge = 10 Wm™2 K™, hg = 10 Wm 2K is a
typical value readily achievable at ambient conditions by disposing an infrared-transmitting
cover to prevent the convective heat gain*® and enclosing a structure to reduce the radiative and
conductive heat gains from the surrounding area.'® /. = O represents a limit at which the con-
ductive and convective parasitic heat gains are completely suppressed from the radiative cooling
surface. The degree of thermal insulation approaching this limit can be obtained using a high
vacuum chamber.'®*#*%% For example, with a vacuum chamber pumped down to 10~ torr,
the estimated heat transfer coefficient /.4 = 0.2 — 0.3 Wm=2K~! was demonstrated.'®>

6.1 Net Cooling Power as a Function of Temperature Reduction

Figure 2 shows the net cooling power Pq(T,, T,) of the blackbody emitter according to Eq. (6),
in black lines, and the selective emitter according to Eq. (7), in blue lines, plotted as a function of
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Fig. 2 (a)-(f) The net cooling power as a function of the temperature reduction from the ambient
temperature.

the temperature reduction of the radiative cooling surface from the ambient temperature,
AT =T, — T,. The solid lines, ny,,x = 7 or 90 deg, correspond to the case in which the radiative
cooling surface has a hemispherical access to the sky and no aperture mirror is used. The dotted
lines are for ny,,, =% or 45 deg, a representative opening angle for an aperture mirror.
Figures 2(a)-2(c) correspond to the cases with . = 0, and Figs. 2(d)-2(f) correspond to the
cases with A = 10 Wm™2 K. Figures 2(a) and 2(d) are for dry climates, Figs. 2(b) and 2(e)
are for intermediate climates, and Figs. 2(c) and 2(f) are for tropical climates.

The y-axis intercept of each curve corresponds to the cooling power, which is the net cooling
power P4 at ambient temperature, 7, = T,. This definition of the cooling power is commonly
used in the literature. The cooling power according to this definition corresponds to, for example,
the instantaneous radiative cooling power at the onset of the radiative cooling effect or the radi-
ative cooling power of a surface thermalized to the ambient. For clarity, the radiative cooling
power according to Egs. (2), (6), and (7) at a temperature other than the ambient temperature,
T, # T,, is referred to as the “net cooling power” to avoid confusion with the conventionally
defined “cooling power.” The x-axis intercept is the maximum temperature reduction from the
ambient temperature at the steady-state minimum temperature AT = T, — Ty, Which occurs
when P (Ty, T min) = 0. T min represents the minimum temperature achievable with no cool-
ing load. Figures 2(a)-2(f) clearly show that the cooling power and the maximum temperature
drop decrease as the average sky window emissivity e, . decreases. This suggests that a given
radiative cooling device provides more cooling power and a higher temperature reduction in a dry
climate than in a humid climate. Therefore, the performance of a radiative cooling surface is
intricately coupled to the regional climate and the weather conditions. This evident point is often
overlooked in the current literature, in which the performance of a radiative cooling substrate is
evaluated under certain atmospheric conditions and reported as if due only to the intrinsic proper-
ties of the substrate.’’

The maximum temperature drop, the x-axis intercept, of the selective emitter is larger than
that of the blackbody, as is well understood.’> At a given temperature below ambient, the selec-
tive emitter is always superior to the blackbody emitter in terms of the net cooling power because
there is a warming contribution outside the sky window on the blackbody emitter below the
ambient temperature. Importantly, given the same conditions, namely the same sky emissivity
and the same aperture mirror geometry, the cooling power, the y-axis intercept, is the same for the
selective emitter and the blackbody emitter. This would not be the case if the “reciprocal ray”
term P; was not considered. Similar analyses without the inclusion of the “reciprocal ray” term
P5, as shown in Ref. 43, predict that the cooling power of blackbody is larger than that of the
selective emitter and that there can be a cross-over point temperature before which the net cooling
power of the blackbody emitter is larger than that of the selective emitter. The inclusion of P;
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. .
renders the cooling power of the blackbody emitter and the selective emitter the same. This is

deemed physically correct considering that, for both emitters, there is zero net thermal radiation

for the wavelength band outside the sky window: the blackbody emitter, at ambient temperature,

emits the same amount of thermal radiation as the incoming atmospheric radiation and the selec-

tive emitter fully reflects the incoming atmospheric radiation. Therefore, the net gain in cooling

power occurs only within the sky window and is equal for both the blackbody emitter and the

selective emitter.

As observed by comparing Figs. 2(a)-2(c) with Figs. 2(d)-2(f), respectively, the temperature
reduction is enhanced by improving the thermal insulation, whereas the cooling power, the y-axis
intercept, is not affected. The enhancement of the temperature drop is most effective in the dry
climate, where for the selective emitter with a mirror aperture with 45 deg opening angle, AT is
increased by a factor of 9.3 to reach 80°C. This suggests that, in arid regions, a substantial net
cooling power can be obtained even at far below the freezing temperature and the dew point
temperature, which is often sub-zero in such regions. A zero-energy refrigeration device or a

water-harvesting device can be envisioned using a radiative cooling device aided by a vacuum
shield.

Hwang: Climate-dependent enhancement of radiative .cooling with mikror s

6.2 Cooling Power as a Function of Opening Angle

It has been established that, under the same sky conditions and for the same mirror geometry, the
cooling power is independent of whether the emitter is blackbody or selective and of the degree
of thermal insulation. The cooling power itself, however, can be enhanced by an aperture mirror.
Figures 3(a)-3(c) show the plots of the cooling power as a function of the opening angle of the
aperture mirror 77,,,,,, under three different sky conditions. #,,,, = 0 corresponds to the case of no
aperture mirror being used and 77,,c = 7 or 90 deg, corresponds to the limit in which the aperture
mirror is sufficiently deep such that the radiative cooling surface is exposed to the sky only in the
zenith direction. Manufacturing and deploying the aperture mirror in this limit is not practical;
it is considered here to be a reference point for the maximum obtainable power. In practice, the
opening angle 1., can range from 40 deg to 60 deg to provide an enhancement effect close to
but smaller than this limit, as shown in Figs. 3(a)-3(c). The use of the aperture mirror enhances
the cooling power for all three sky conditions, each to a different degree. The maximum enhance-
ment obtainable, given by the ratio of the cooling power at #y,x =5 to that at 7y, = 0,
are 10.4%, 26.0%, and 43.9%, for the desert, the intermediate, and the tropics, respectively.
The absolute increments of cooling power from 7y, =75 10 7y =0 are 11.6 W/ m?,
21.5 W/mz, and 24.3 W/ m? for the desert, the intermediate, and the tropics, respectively.
This suggests that the use of the aperture mirror is most effective in the tropical climate for
enhancing the cooling power.

It is to be noted that the enhancement of the cooling power evaluated here relates to dis-
posing a mirror structure around a given radiative cooling surface. However, as shown in Fig. 1,
the aperture mirror structure increases the footprint of the system and, when the space is limited,
the total cooling power generated within a given area, the cooling power density, may be a param-
eter of interest. For the aperture mirror structures with the shapes, such as the paraboloid or a
truncated cone, the increase in the footprint is larger than the corresponding cooling power
enhancement in the practical ranges of opening angles #,,,,. Considering the parabolic mirror

(a) €avg,sw = 0.13, desert (b) €ayg,sw = 0.33 (c) €avg,sw = 0.53, tropics
1 70 <
110 %
—~ 108 — ~65
£ 108 E8 E
= = =%
- 104 = 80 = 55
a® 102 o’ o
75
100 %
70 45
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Nmax (%) Nmax (°) Nmax (°)

Fig. 3 (a)-(c) The cooling power of the blackbody emitter and the selective emitter as a function of
the opening angle of the aperture mirror under three different sky conditions.
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with the maximum opening angle #,,.x depicted in Fig. 1 as an example, the ratio of the total
footprint area of the paraboloid to the area of the plane intersecting the focus of the paraboloid is
given by Cot?(17,nax /2)- The plane intersecting the focus is taken here to be the maximum area of
the radiative cooling surface. This ratio is 1.44 for a low aspect-ratio mirror structure with
Nmax = 719 deg. It is reminded that 43.9% is the maximum predicted power enhancement in the
tropical climate. This suggests that for most practical opening angles 7,,.x, the cooling power
enhancement does not compensate for the increase in the footprint, in terms of the cooling power
density. The ray tracing analyses for truncated cone-shaped mirror structures seem to point to a
similar evaluation.*® Therefore, the mirror structures may not be an optimal choice in increasing
the total cooling power density of a radiative cooling system. However, this power density is
evaluated at ambient temperature and the enhancing mirror structure offers the distinct advantage
of enhancing the achievable sub-ambient temperature such that a finite cooling power is provided
at a sub-ambient temperature unreachable without that enhancing structure. Therefore, the
enhancing mirror structures are to be strategically placed for applications requiring a lower
sub-ambient operating temperature, as discussed in the next section.

6.3 Maximum Achievable Temperature Reduction as a Function of Opening
Angle

Figures 4(a)-4(d) show the plots of the maximum achievable temperature reduction as a function
of the opening angle of the aperture mirror #,,,,, under three different sky conditions. Figures 4(a)
and 4(b) correspond to the cases of the selective emitter and the blackbody emitter, respectively,
in vacuum with A = 0, and Figs. 4(c) and 4(d) correspond to the cases of the selective emitter
and the blackbody emitter, respectively, with /. = 10 Wm™ K~!. For the selective emitter in
vacuum, shown in Fig. 4(a), the maximum enhancement obtainable, given by the ratio of the
temperature reduction at 7,,, = 5 to that at n,,, = 0, are 25.3%, 44.0%, and 64.3%, for the
desert, the intermediate, and the tropics, respectively. The corresponding absolute increments
in the temperature reduction are 17.5°C, 17.1°C, and 14.0°C. For the blackbody emitter in vac-
uum, shown in Fig. 4(b), the maximum enhancement obtainable is 13.3%, 33.2%, and 56.3%
for the desert, the intermediate, and the tropics, respectively. The corresponding absolute incre-
ments in the temperature reduction are 2.6°C, 4.3°C, and 4.4°C. For the selective emitter with
hege = 10 Wm—2K™!, shown in Fig. 4(c), the maximum enhancement obtainable is 11.9%,

(a) Selective Emitter (b) Blackbody Emitter
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Fig. 4 (a)-(d) The maximum achievable temperature reduction of the selective emitter and the
blackbody emitter as a function of the opening angle of the aperture mirror under three different
sky conditions.
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30.5%, and 53.2% for the desert, the intermediate, and the tropics, respectively. The correspond-
ing absolute increments in the temperature reduction are 1.0°C, 1.8°C, and 2.0°C. For the black-
body emitter with s,z = 10 Wm™2K~!, shown in Fig. 4(d), the maximum enhancement
obtainable is 11.9%, 30.6%, and 53.4% for the desert, the intermediate, and the tropics, respec-
tively. The corresponding absolute increments in the temperature reduction are 0.8°C, 1.4°C, and
1.5°C. With the exception of the selective emitter in vacuum in terms of the absolute increment in
the temperature reduction, the use of aperture mirror was most effective in the tropical climate in
all other cases. Therefore, a conclusion similar to that of the cooling power can be drawn, namely
that the use of the aperture mirror is most effective in the tropical climate for enhancing the
temperature reduction.

In summary, our analyses with the blackbody emitter and the selective emitter show that the
performance of an aperture mirror-enhanced radiative cooling system exhibits a clear dependence
on the regional climate. By including the “reciprocal ray” contribution in the net cooling power,
the physical requirement of the cooling power is met. Given the same conditions, namely the
same sky window emissivity and the same aperture mirror geometry, the temperature reduction
by the selective emitter is always larger than that of the blackbody emitter, but the cooling power
is the same for both emitters. Improving the degree of thermal insulation enhances the temper-
ature reduction but not the cooling power. The enhancement of the temperature reduction
obtained by suppressing the parasitic heat gain is the largest in the dry climate, where for the
selective emitter in vacuum with a mirror aperture with 45 deg opening angle, the temperature
reduction from the ambient temperature is over 80°C. Rather counterintuitively, the use of an
aperture mirror structure is most effective in the tropical climate, both in terms of the cooling
power and the temperature reduction. In particular, the cooling power enhancement in the tropi-
cal climate can be as large as 43.9%. Therefore, the use of an aperture mirror can be a useful
augmentation to aid in overcoming the emissive sky of the tropical climate.

Hwang: Climate-dependent enhancement of radiative .cooling with mirror s

7 Regional Dependence of Enhancement of a Realistic Emitter:
3M Specular Reflector

For the blackbody emitter and the selective emitter according to Egs. (6) and (7), the emissivity
spectrum e (1) was assumed to be angle independent. However, the emissivity spectrum e (7, 1)
of most realistic radiative cooling surface depends on both angle  and wavelength A.>* In this
case, the atmospheric model according to Eq. (1) can be applied to evaluate the net cooling
power according to Eq. (2). As an example of a realistic radiative cooling surface, the
3M™ enhanced specular reflector film,>* referred to here as the specular reflector, is considered.
A mass-produced product with known optical properties,”° it was demonstrated as an
effective radiative cooling substrate.>>” The angle-dependent emissivity spectrum e (n, 1) of
the specular reflector published in Ref. 15 is used for numerical evaluation. The hemispherical
emissivity is € = 0.60 at T, = 300 K according to &£ = S/zd(sin2 n) [PdAP(2,T,)e,(n,)/oT4.
The emissivity within the sky window is egw = 0.79 at T, = 300 K according to egw =

[52d(sin ) [ ¢ dAP (A, To)e (1, 4) /] [qwdAP(4, Ty).

7.1 Net Cooling Power as a Function of Temperature Reduction

Figure 5 shows the net cooling power P 4(T,, T) of the specular reflector according to Eq. (2)
plotted as a function of the temperature reduction of the radiative cooling surface from the ambi-
ent temperature, AT = T, — T ,. Figures 5(a)-5(c) correspond to dry, intermediate, and tropical
climates, respectively. The solid lines correspond to the case of no aperture mirror, #7,,, = 7 or
90 deg. The dotted lines correspond to an aperture mirror with 77,,,c = 7 or 45 deg. The blue lines
represent the case with no parasitic heat gain, h.¢; = 0, and the black lines correspond to the cases
with A = 10 Wm™2 K~!. Many of the observations from the blackbody emitter and the selec-
tive emitter examples in Sec. 6 hold also for the specular reflector. For example, the cooling
power and the maximum temperature drop decrease with the increase in average sky window
emissivity e,y s The enhancement of the temperature drop, by suppressing the parasitic heat
gain, is most effective in the dry climate, where, with a mirror aperture with 45 deg opening
angle, AT is increased by a factor of 5 to reach over 33°C.
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Fig. 5 (a)-(c) The net cooling power of the 3M specular reflector as a function of the temperature
reduction from the ambient temperature.

It should be mentioned that the heat gain due to the solar absorption is omitted for simplicity
in the net cooling power according to Egs. (2), (6), and (7). Since the recent demonstration of
the daytime radiative cooing under direct sunlight,'*!” radiative cooling has attracted a broader
interest. The key technical challenge for the daytime radiative cooling is to prevent the heat gain
from solar absorption by reflecting the incident solar irradiation. There have been considerable
efforts to optimize the radiative cooling surface with an ultimate end-goal of a unity reflectivity in
the solar spectrum,’®>? and recently a solar reflectivity of 99.6% has been demonstrated.®” Any
solar heat gain would shift the curves of Figs. 2 and 5 to be in the negative y-direction, thereby
reducing the cooling power and the maximum temperature reduction. For example, Fig. 5(c)
shows the case of the specular reflector without any aperture mirror or vacuum thermal insu-
lation, represented by the black solid curve, in which a realistic 3% absorption of the irradiation
of one Sun, 1000 W/m?, would reduce the cooling power from 36 W/m? to 6 W/m? and
reduce the achievable temperature reduction from 2.7°C to 0.5°C. Considering that other
imperfections and compromising factors can be present, such as cloud coverage, the observation
of the sub-ambient temperature during daytime remains a challenge in the equatorial tropical
climate®¥%12 or even in tropical and humid sub-tropical climates.****=% Figure 5(c) hints that,
by improving the thermal insulation with a high vacuum chamber and the use of an aperture
mirror structure, sub-ambient radiative cooling is possible, as was demonstrated during the
daytime under a cloudy sky in Singapore.”

7.2 Cooling Power as a Function of Opening Angle

Figures 6(a)-6(c) show the plots of the cooling power as a function of the opening angle of the
aperture mirror #,,,,, under three different sky conditions. The opening angle #,,,, ranges from
15 deg to 85 deg as in the data used for the emissivity spectrum e,(5, 1)."> The maximum
enhancements obtainable, given by the ratio of the cooling power at 7, = 85° to that at
Nmax = 15 deg, are 11.2%, 29.6%, and 52.7%, for the desert, the intermediate, and the tropics,
respectively. The corresponding absolute increments of cooling power from 7,,,, = 85° to
Nmax = 15° are 8.9 W/m?, 17.0 W/m?, and 19.5 W/m?. This shows that, also for the specular
reflector, the use of the aperture mirror is most effective in the tropical climate for enhancing
the cooling power.

(a) €avgsw = 0.13, desert (b) €avgsw = 0.33 (c) €avgsw = 0.53, tropics
1 AR 750--... s5(° e,
o ¢ ~ 70 ®e < ®
£ 8 ° ° N§ . & 50 o
EU 84 . s S 65 *s % 45 N
[ B ° 8
o 82 . 1% e0 . % 40 s
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20 30 40 50 60 70 80
Nmax (°)

20 30 40 50 60 70 80
Nmax (°)

20 30 40 50 60 70 80
Nmax (°)

Fig. 6 (a)-(c) The cooling power of the 3M specular reflector as a function of the opening angle of
the aperture mirror under three different sky conditions.
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Fig. 7 (a) and (b) The maximum achievable temperature reduction of the 3M specular reflector as
a function of the opening angle of the aperture mirror under three different sky conditions.

7.3 Maximum Achievable Temperature Reduction as a Function of Opening

Angle
Figures 7(a) and 7(b) show the plots of the maximum achievable temperature reduction as a
function of the opening angle of the aperture mirror 7,,,,, under three different sky conditions.
Figure 7(a) corresponds to the cases in vacuum with A = 0, and Fig. 7(b) corresponds to the
cases with A = 10 Wm=2K~!. For the specular reflector in vacuum, shown in Fig. 7(a),
the maximum enhancements obtainable, given by the ratio of the temperature reduction at
Nmax = 85 deg to that at ., = 15 deg, are 14.4%, 35.2%, and 58.8%, for the desert, the inter-
mediate, and the tropics, respectively. The corresponding absolute increments in the temperature
reduction are 4.3°C, 6.6°C, and 6.3°C. For the specular reflector with Ay = 10 Wm=2 K1,
shown in Fig. 7(b), the maximum enhancements obtainable, given by the ratio of the temperature
reduction at 7,,,, = 85 deg to that at #,,, = 15 deg, are 11.3%, 29.9%, and 53.1%, for the
desert, the intermediate, and the tropics, respectively. The corresponding absolute increments
in the temperature reduction are 0.7°C, 1.3°C, and 1.4°C. The aperture mirror is in general effec-
tive in the tropical climate in terms of enhancing the temperature reduction, although a clear
conclusion can be drawn only for the case with e = 10 Wm2 K~

To summarize, the 3M specular reflector with the average emissivity of 0.60 and the emis-
sivity within the sky window of 0.79 was applied to the model atmosphere as an example of a
realistic emitter surface. Many conclusions from the analyses of the blackbody emitter and the
selective emitter example also hold: the cooling power and the maximum temperature reduction
decrease with a higher average sky window emissivity and improving the thermal insulation
enhances the temperature reduction but not the cooling power. Also as in the blackbody emitter
and the selective emitter, the enhancement of temperature reduction obtained by suppressing the
parasitic heat gain is the largest in the dry climate. For the specular reflector in vacuum with a
mirror aperture with a 45 deg opening angle, the temperature reduction from the ambient temper-
ature is over 33°C. For the realistic emitter also, the use of an aperture mirror structure is most
effective in the tropical climate, both in terms of the cooling power and the temperature reduc-
tion. In particular, the cooling power enhancement in the tropical climate can be as large as
52.7%, amplified from 37.0 W/m? to 56.5 W/m?. The daytime radiative cooling in the equa-
torial tropical climate remains a challenge, if not impractical, due to the highly emissive sky and
the solar trajectory through the zenith. The analyses presented herein shed light on the strategy,
namely the combination of the thermal insulation using a high vacuum and the aperture mirror
structure.

8 Real-time Monitoring of the Average Sky Window Emissivity

The atmospheric spectrum can be characterized according to Eq. (1) with the knowledge of two
parameters: the ambient temperature T, and the average sky window emissivity e,ys - The net
cooling power according to Eq. (2) and the steady state temperature, Ty when P4(T,, T,) = 0,
can be evaluated with the knowledge of one more parameter: the angle-dependent emissivity
spectrum of the radiative cooling substrate e,(n, A).

The change in time of the atmospheric model according to Eq. (1) can be obtained by meas-
uring the average sky window emissivity e,y s in real time. This can be achieved by measuring
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g Sa=r_/
7 .
the thermal radiation power within the sky window wavelength range, within a small solid angle

in the zenith direction,” for example, with an infrared thermometer*’ with the active range lim-

ited to be within the sky window and with a small field of view. Many infrared thermometers are

equipped with a bandpass filter with a passband overlapping the sky window for the long-range

applications. For example, an IR pyrocouple (Calex PC151LT-0mA) with an active response in

the 8 to 14 um wavelength range, a fixed emissivity of eg = 0.95 and a field of view 15:1 is

commercially available. The infrared power received by such an IR thermometer corresponds to

the P, of Eq. (4) with 5 = 1/15, €4,(n,4) = er = 0.95, and e, 5 (7,4) =0

Mmax . ©0
PlRTherm = SIRA d(SIHZ '7)/) dﬁp(i’ Ta)ea (777 A)es(nvﬂ)

Hmax . 1
= SIRA d(snlz’]) AW dAP(4,T,) (1 -(1- eavg.sw)m '7> X ER AW dAP(4, Ta)eavg,sw-
(11)

The last approximation is based on the case of n,,, = 1/15, / gr"*“d(sin2 1) ~ Nrax and
1/¢os fmax ~ 1. The power detected by the infrared thermometer is therefore directly propor-
tional to the sky window emissivity in the zenith direction, e, - In practice, the IR thermom-
eter directly outputs a signal corresponding to the sky window temperature gy, which is
calibrated to the received infrared power within the 8 to 14 ym wavelength range of
er P(4, Tsw). The sky window emissivity in the zenith direction, e,y s can be obtained from
the sky window temperature Tsy With €,yq o = [swdAemP (4. Tsw)/ [swP (4. T,)dA.

Figure 8 illustrates the relationship between the average sky window emissivity e,y ¢ and
the sky window temperature T'sy. The example relates to the MODTRAN simulation results*!
with the pre-set locality of “tropical atmosphere” with the following parameters: “CO2 400ppm,
CH4 1.7ppm, Troposphere Ozone 28 ppb, Altitude 0 km looking up, Stratosphere Ozone scale 1,
Water vapor scale 1, Freon scale 1, No clouds or Rain.” The purple solid line is the MODTRAN
simulation result for the atmospheric radiation toward the Earth at ambient temperature
T, =299.7 K. The Planck spectrum at the ambient temperature is shown as the black dotted
curve. Outside the sky window wavelength range of 8 to 14 ym, the MODTRAN atmospheric
spectrum closely follows the Planck spectrum. The ratio of the atmospheric emission to the
Planck spectrum is shown as the purple solid line in Fig. 8(b). As discussed in the Eq. (11),
the infrared thermometer measures the emission power over the sky window and outputs a cor-
responding temperature. For the atmosphere represented by the MODTRAN simulation results
presented in Fig. 8(a), the infrared thermometer pointing toward the zenith direction would mea-
sure —8.5°C, in other words, the sky window temperature, T'sy, of 264.5 K. The Planck spectrum
at this temperature is shown as the blue dotted line in the left panel. The atmospheric model
according to Eq. (1) is shown as the red solid line in Figs. 8(a) and 8(b). In Fig. 8(a), the atmos-
pheric emission spectrum follows the Planck spectrum at the ambient temperature P(4,T,)
outside the sky window and the Planck spectrum at the sky window temperature P(4, Tsw)
within the sky window. In Fig. 8(b), the emissivity spectrum of the atmosphere is e,y ow>

(a) (b)

3.x107 ~ Se——Ambient Temperature 1
MODTRAN ‘\‘ P(1,Ty)
E simulation Sky Temperature 0.8 —— Atmosphere Model Emissivity
e 2.x107 P(4, TSky) %‘ eq ,1)
% 0.6
% Atmosphere Model 2 “~—— €avg.sw
g ; (0, )P(A,T,) E o4 g
Z 1.x10 als rla - <+—— MODTRAN simulation / P(4,T,)
o .
/' IRThermometer ~*~- 02
er P(A, Tsw) . "
0 10 20 30 40 10 15 20 25 30
Wavelength (um) Wavelength (um)

Fig. 8 (a) and (b) lllustration of the atmospheric model and the method to measure the average
sky window emissivity using an infrared thermometer, in reference to the Planck spectrum and
a simulated atmospheric spectrum.
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a single measured value within the sky window and unity outside the sky window. The average
sky window emissivity e,y < according to the MODTRAN simulation is 0.52, as shown in the
right panel of Fig. 8(b).

The sky window temperature, Ty, is to be differentiated with the conventionally defined
“sky temperature,” Ty, defined as Ppyoe, = o-T‘Slky, where Ppye, 1s the atmospheric emission

over the hemisphere as measured with a pyrgeometer. The power measured by a pyrgeometer
corresponds to P, of Eq. (4) with the hemispherical acceptance #,,,, = 7/2, assuming the receiv-
ing substrate to be a black body, e,(17, 1) = 1. Ppyyge, is calculated as

/2 . o)
Poygeo = / d(sin? ) / UP(A.T,)eq(n. ey (n. 2)

- /ﬂ/z d(sinzn)/oc dAP(A.T,)e (1. 4)
0 0

/2
:/ d(sinzn)</ dAP(A,Ta)<1—(1—eavg,sw)ch>+ dﬂP(/l,Ta)>
0 SwW NSwW
/2
= oT4 - / d(sin® ) < / dAP(2, Ta)(l—eavgysw)ﬁ> (12)
0 SW

The thermopile inside a pyrgeometer measures a quantity corresponding to the second term of the
last line of Eq. (12). The second term also represents the long wave imbalance, the net difference
between the blackbody emission at the ambient temperature 7', and the atmospheric emission.

Figure 8(a) illustrates the relationship between the sky window temperature T'gy according
to the atmospheric model of Eq. (1) and the conventionally defined sky temperature T, .
Assuming a uniform sky, the total hemispherical atmospheric emission Ppy., and the sky
temperature T, evaluated based on this atmospheric model according to Eq. (12) is
Tyy = 289.9 K. The Planck spectrum at the sky temperature P(4, Ty ) is shown in the left panel

as a brown solid line. It is noted that the definition of the sky temperature, Ppyrge, = aT;‘ky,
assumes that the overall atmospheric emission follows a Planck spectrum with the total power
Ppyroco- Therefore, the area under the atmospheric spectrum, either from the MODTRAN
simulations (purple solid line) or from the atmospheric model of Eq. (1) (red solid line), equals
the area under the Planck spectrum at the sky temperature P(4, Ty ). As a result, the ambient
temperature T, is higher than both the sky temperature Ty, and the sky window temperature
Tsw. The sky window temperature Ty is lower than the sky temperature Tg,.

It is to be noted that the range of the sky window in the example of Fig. 8 was set to be in the
8 to 14 um wavelength range to match the active range of the example infrared thermometer,
whereas for the results presented in Figs. 27, the sky window was set to be in the 7.9 to 13 um
wavelength range for direct comparison with Ref. 43. The exact range of the sky window may
slightly differ in each report, but these differences cause only a minor adjustment of the average
sky window emissivity e,y v and do not change the area under the atmospheric spectrum,
represented in Fig. 8(a) as the red, purple, and brown lines. Therefore, the same results are
obtained in terms of the performance measures, such as the net cooling power and the minimum
achievable temperature.

If the sky condition is uniform throughout the hemisphere, the average sky window
emissivity ey, can be estimated with the measurement of the sky temperature, Ty, and vice
versa. However, when the sky condition is not uniform, any irregular cloud pattern, especially
the presence of the low-lying cloud patches, would increase the discrepancy between the two
measurements. This is because the pyrgeometer measurement corresponds to the integration over
the hemisphere and over the whole infrared spectrum, so the spectral and angular information are
obscured, whereas the infrared thermometer measures in the zenith direction and within the sky
window. For example, the pyrgeometer measurement would not differentiate between a sky with
a single, thick cloud patch blocking the zenith direction and a sky with widely distributed thin
clouds, which would lead to very different radiative cooling performances. The atmospheric
model according to Eq. (1), combined with the measurement with an infrared thermometer
discussed here can be a way to realistically characterize the sky condition for radiative cooling.
In particular, for the radiative cooling devices with an aperture mirror structure described herein,
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the direct measurement of the average sky window emissivity €,y ¢ can provide a more accurate
evaluation of the relevant sky condition because it is responsive only within the sky window and
a small solid angle around the zenith. For example, it is known that the radiative cooling surface
warms up when the cloud screens the clear sky,'*** but no detailed studies are available on
the cloud base temperature. The direct measurement infrared power within a small solid angle
around the zenith can provide the cloud base temperature, which varies depending on the cloud
height, thickness, and layer compositions.”>’! When the clouds are constantly moving in and out
of the field of view of the radiative cooling setup, the cloud base temperature measured by the
infrared thermometer can be taken to be the effective sky window temperature 7'sw, and the sky
window emissivity e,y, ¢ i8 evaluated for the cloud base.”’

Hwang: Climate-dependent enhancement of radiative cooling with mirror st

9 Conclusion

The net cooling power of an aperture mirror-enhanced radiative cooling substrate was investi-
gated. The dependence on various parameters was explored; this included the sky window emis-
sivity, the opening angle of the aperture mirror, and the degree of thermal insulation. The cooling
power and the temperature reduction were the highest in a dry climate, but the aperture mirror
structure was most effective in a humid climate.

Many currently proposed radiative cooling surfaces for the large-area radiative cooling are in
the form of a paint, a polymeric film, or a ceramic plate, and additional measures are rarely
considered for the geometrical amplification or for the fortified thermal isolation. This is moti-
vated mainly by the scalability, affordability, and convenience of handling the radiative cooling
material. The efforts for optimization are often directed to the development of the radiative cool-
ing surface itself, mainly the improvement of the solar reflectivity for daytime radiative cooling.
However, the unity emissivity and unity solar reflectivity are not the ultimate end goal: even after
perfecting these spectral properties, the cooling power and the temperature reduction can be
pushed further using enhancing measures. As shown in the analyses presented here, there still
exists significant room for improvement in the parameter space for th geometrical amplification
and thermal insulation. Although the additional structures for the fortified thermal insulation and
the geometrical amplification would add to the cost and the complexity, these are not fundamen-
tal limitations and should be viewed as potential engineering challenges. For example, the high-
vacuum packaging is common in the field of solar thermal harvesting, and the aperture mirror
structures can be mass-produced with the help of 3D printing.

The enhancement obtained by an aperture mirror structure can be critical for practical appli-
cations, for example, building structures in which a higher cooling power can lower the target
temperature and shorten the time constant for a given thermal load. Therefore, using the results
presented in this work, a systemic approach can be taken in the design of the radiative cooling
device including reflector structures and thermal insulation layers, considering the local climate.
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