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Radiative cooling and thermoregulation

in the earth’s glow

Jyotirmoy Mandal,#48* Jyothis Anand,® Sagar Mandal,> John Brewer,” Arvind Ramachandran,*

and Aaswath P. Raman2/.*

SUMMARY

Efficient passive radiative cooling of buildings requires an unim-
peded view of the sky. However, vertical facades of buildings mostly
see terrestrial features that become broadband-radiative heat sour-
ces in the summer and heat sinks in the winter. The resulting sum-
mertime terrestrial heat gain by buildings negates or overwhelms
their narrowband longwave infrared (LWIR) radiative cooling to
space, while the wintertime terrestrial heat loss causes overcooling.
We show that selective LWIR emitters on vertical building facades
can exploit the differential transmittance of the atmosphere toward
the sky and between terrestrial objects to achieve higher summer-
time cooling and wintertime heating than conventionally used
broadband emitters. The impact of this novel and passive thermo-
regulation is comparable to that of painting dark roofs white and
is achievable with both novel and commonplace materials. Our find-
ings represent new and remarkable opportunities for materials
design and untapped thermoregulation of entities ranging from
buildings to human bodies.

INTRODUCTION

With global increases in temperatures posing fundamental economic, health, and
security risks to human civilization, maintaining habitable built environments has
become one of the most important challenges of our times. Cooling and heating
buildings currently consumes 12% of energy globally, with energy use for cooling
in particular expected to grow dramatically by 2050." Unfortunately, prevalent ther-
mal management methods, such as air conditioners (ACs) and heaters consume
large amounts of electricity and fuel, generate their own heat, and cause direct
and indirect greenhouse gas emissions. Furthermore, in urban areas, the net heat
from AC units and the prevalence of human-made structures that trap solar heat
and inhibit evaporative cooling all lead to exacerbated local heating. Indeed, active
thermoregulation methods may exacerbate climate change® and the resulting cool-
ing needs.>™ Therefore, they are not sustainable solutions for large-scale heat man-
agement in built environments.

A central mechanism to reduce the need for active cooling and heating is the control
of radiative heat flows into and out of buildings. To this end, decades of research
have explored strategies to control solar heat gain through different components
of the building envelope (e.g., roofs, walls, and windows). Innovations in materials
and optical design have enabled tailored responses to different bands of the solar
spectrum (UV, visible, and near-infrared wavelengths). However, the built environ-
ment also radiatively emits and absorbs heat from its immediate environment over
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the thermal infrared (TIR) wavelengths (A ~2.5-40 pum). This ubiquitous heat ex-
change has, in large part, not been leveraged to enhance efficiency in buildings.

One important exception has been the radiative cooling of sky-facing building fa-
cades, which involves the radiation of heat through the long-wavelength-infrared
(LWIR; X ~8-13 um) atmospheric transmission window into outer space. Because
the earth is at a higher temperature (~290 K) than outer space (~3 K), the radiative
heat loss can be large if a sky-facing surface has a high emittance (¢) in the LWIR
wavelengths (e,wir). If it also has a sufficiently high solar reflectance (Rso,), it can
lose heat and radiatively cool to sub-ambient temperatures even under sunlight.®
The fundamentally passive nature and net cooling effect of radiative cooling make
it a sustainable alternative to active cooling systems. Research on the topic has
yielded a range of sky-facing designs, such as traditional white paints,””” porous

6,10 15-17 and

polymers, silver-backed multilayer films,"" polymers,u’w4 dielectrics,
polymer-dielectric composites.’?'®?" These designs encompass both selective
LWIR emitters, which can achieve deep sub-ambient temperatures, and broadband
thermal emitters, which are suitable for operation at or near ambient temperatures.
Other works have also identified strategies to tune radiative cooling to different

weather and climate conditions.?> %%

While radiative cooling has been well studied for horizontal, sky-facing surfaces,
most of the surface area of a typical building may be vertically oriented. Controlling
the temperature of vertical facades is far more challenging, since they see not only
the cold sky, but also the terrestrial environment, which becomes warm during the
summer and cold during the winter. The thermal glow from terrestrial features can
drastically reduce, or even reverse, radiative cooling in the summer, while its reversal
can cause overcooling in the winter. To our knowledge, the impact of seasonally
varying terrestrial irradiance on vertical surfaces has not been considered in prior
works.?>~?® Therefore, identifying a mechanism to passively thermoregulate vertical
facades that see the earth’s glow remains an important, unaddressed challenge.

In this report, we demonstrate that scalable, selective LWIR-emissive materials can
achieve passive and seasonal radiative thermoregulation when vertically oriented
and hold the potential for substantial, untapped energy savings in buildings. To
our knowledge, this is a novel phenomenon that we report for the first time. Our
approach is based on the differential transmittance of the atmosphere toward the
sky (narrowband, LWIR) and between terrestrial objects (broadband), which makes
buildings susceptible to seasonal terrestrial heat flows. Our proposed solution, se-
lective LWIR emitters, reflect large bandwidths of broadband radiative heat flows
to and from the earth when vertically oriented, even as they radiate and lose LWIR
heat into the sky. Consequently, compared to broadband emitters, they can yield
considerably greater cooling in the summer and heating in the winter. This is signif-
icant for buildings, as traditional construction materials,”” white paints®®?? and
composites,'” are broadband emitters. Furthermore, in optimizing seasonal radia-
tive heat flows with a static design, our approach represents a fundamentally
different, subtler, and yet easily achievable thermoregulation than those of adaptive
or dynamic designs.

We first develop a theoretical model and show that standard cooling potentials show
that, relative to vertical broadband emitters, LWIR emitters achieve summertime
cooling of up to ~50 W m~2 and wintertime heating of ~15 W m~2. The values
are similar in magnitude to absolute cooling potentials of sky-facing designs.®'"-"?

This is validated by proof-of-concept experiments, which show that vertically
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Figure 1. The seasonal thermal environment observed by vertical building facades

(A) Panoramic LWIR thermographs of locations in Tempe, Princeton, and Sedona in the United States and Chattogram in Bangladesh, representing rural
and urban locations in different climate zones from the vantage point of a vertical wall. Further examples are shown in Figures ST and S13. The color bar
represents effective radiative temperatures assuming € = 1 for the environment (Note S1). During the summer in Tempe, Sedona, and Chattogram, the
ground and other terrestrial features become considerably warm radiators during the day, while the sky, depending on the total precipitable water
(TPW) in the atmosphere, exhibits varyingly cold LWIR temperatures. Thus, during summer days, terrestrial features may warm objects like walls and
humans in their view. In the winter, the terrestrial environment becomes a cold heat sink for buildings, as shown in the thermograph for Princeton.
Figures ST and S13 show more such environments.

(B) Schematic showing the radiative heat transfer between a vertical wall and the ground and sky in its view.
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Figure 1. Continued

(C) The radiated power (lemitter) from a perfect broadband emitter at the ambient temperature 32°C and hemispherical irradiances from the ground
(learth, at radiative temperatures 55°C (hot) and 26°C (cold), and the sky (/s,) as seen through the atmosphere (Figure S3). Cases for two different
humidities (low and very high TPW values of 10.5 and 58.6 mm, respectively) are shown. Shaded areas show the possible heat loss to the sky (blue) and
gain/loss to the ground (red/blue) under full view.

oriented selective LWIR emitters completely exposed to the weather stay
~0.43°C-0.86°C cooler than broadband emitters in the summer and 0°C-0.21°C
warmer during the winter. The large differential heat flows for buildings, which these
temperature differences represent, are demonstrated with power flow experiments,
which show ~21 W m~2 relative cooling and ~10-30 W m~2 relative heating by se-
lective LWIR emitters in hot and cold terrestrial environments, respectively. Building-
level energy simulations show that using our approach on walls and windows can
lead to substantial energy savings, equivalent to US$10'-10%/year in cost and
1-10 tons/year in CO, emissions. This is comparable to or greater than savings
achievable by painting dark roofs white. Crucially, this approach is complementary,
and not an alternative, to the benefits of high solar reflectance on roofs and walls.
Our analysis also shows that this thermoregulation persists for dark-to-highly so-
lar-reflective (Rsoar = 0.50) vertical facades that are directly sunlit and even darker
solar-reflective facades that are diffusely lit (Ryo/s; < 0.40). Furthermore, in hot and
congested urban environments with a narrow view of the sky, the cooling effect is
heightened.

Motivated by the possibilities, we explored both novel and known LWIR emitters,
like metallized polypropene (PP), paint resins, and ceramics, which have the selective
eLwir needed to outperform conventional broadband emitters and whose scalability,
costs, and compatibility with buildings could see them quickly implemented, espe-
cially in resource-poor settings where the need for thermoregulation is most acute.
These results, which are founded on a new insight into the interplay of atmospheric
optics and seasonality of the radiant environment, highlight a remarkable opportu-
nity for radiative thermoregulation of built environments worldwide: immediate and
untapped gains in building energy efficiency, achievable by replacing conventional
vertical building envelopes with selective LWIR emitters.

RESULTS AND DISCUSSION

Theoretical model

Research on radiative cooling typically assumes a scenario where a horizontal radi-
ative cooler radiates heat to an unobstructed view of the sky. However, this assump-
tion neglects a large fraction of the surface area for radiative heat transfer in build-
ings: walls and other vertical facades. Walls have at least half of their field of view
subtended by terrestrial features. The panoramic thermographs in Figures 1A and
S1 represent examples of different landscapes and weathers across the world. The
presence of terrestrial objects in the field of view has two effects. First, it reduces
the spatial window for heat loss into the sky. Second, terrestrial objects themselves
radiate significant amounts of heat, especially under the summertime sun (e.g.,
>60°C for dry, non-vegetated surfaces).’”*" Effectively, this replaces the heat sink
of the sky with heat sources. Consequently, the cooling potential (Pcojing) of a verti-
cal surface, usually defined as the difference between the radiated power from the
surface (lemitter) at ambient temperature and the downwelling hemispherical atmo-
spheric irradiance (Ig,) (Figure 1B), now takes the form:

Pcool[ng = Iemitter - I’sky - /earth ~ ’emiter - Vlsky - (1 - V)Iear‘th~ (Equation 1)

Here, I’S,(y and I . represent the sky and terrestrial irradiances on the surface, learth
represents the “earth glow” or hemispherical irradiance from the earth (Figure 1B),
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and the sky view factor v is <0.5. A detailed version is provided in Note S3. The
problem is further compounded by the semi-transmissive atmosphere, which is thick
(>20 km) along skyward directions between buildings and space and thus appre-
ciably transparent only in the LWIR wavelengths, but much thinner (~10°-102 m)
and thus transparent across the thermal infrared wavelengths between buildings
and their environment (Figure S3). As a result of this atmospheric bias, radiative
heat loss to outer space occurs mainly in the narrow LWIR band (A ~8-13 um)
(Figures 1B and 1C, top), but radiative heat gain from terrestrial sources is broad-
band (A ~2.5-40 pum) (Figures 1B and 1C, bottom), i.e., both inside and outside
the LWIR band.

The effect of these heat flows on the summertime cooling performance of broad-
band-emissive radiative coolers like paint coatings can be significant. As shown in
Figure 1C, since radiated heat scales as T%, even moderately above-ambient terres-
trial heat sources can have a broadband heating potential that counters or out-
weighs the narrowband LWIR cooling potential of the sky, especially when it is hu-
mid. This is observed in the above-ambient pyrgeometric temperatures of the
thermal environment as seen by vertical facades in warm locations (Note S2;

32734 terrestrial ob-

Table S1). Given that vertical facades have broadband-emissive
jects in the field of view, and have building envelopes that are broadband thermal
emitters/absorbers,'”?” broadband heat radiated from terrestrial features can

greatly reduce, or even reverse, radiative cooling in the summer.

In the winter, the radiative environment changes: long nights and weak sunlight
mean that the ground is often at sub-ambient temperatures due to radiative cool-
ing29 and acts as a broadband heat sink (Figures 1A, Princeton, and 1C). Thus,
broadband-emissive building envelopes experience undesirable heat gain in the
summer and loss in the winter (Figure 1B).

Our solution to the undesirable heat flows experienced by vertical surfaces arises
from the differential atmospheric transmittance that allows narrowband LWIR heat
loss to the sky and broadband terrestrial summertime heat gain and wintertime
loss. We propose that radiative coolers that selectively emit and absorb radiation
in the LWIR atmospheric window, and reflect other thermal wavelengths, can opti-
mally harness this phenomenon to enable improvements in the net heat flows into
and out of buildings. To illustrate this capability, we choose the case of a vertical sur-
face similar to that in Figure 1B, which has equal views of the cold sky and a hot
ground (Figure S2). As shown in Figure 2A, broadband emitters like traditional build-
ing envelopes absorb and emit thermal radiation both within and outside the LWIR
window. Consequently, for a perfect broadband emitter (Figure S4), the skyward
LWIR radiative heat loss (blue shaded area) is negated or outweighed by the sum-
mertime terrestrial radiative heat gain (darker and lighter red shaded areas), leading
to heating. However, if heat is gained or lost only in the LWIR window and reflected
elsewhere, broadband heat gain can be minimized (to the darker red shaded area)
without reducing LWIR heat loss to space, resulting in a large relative cooling
compared to those achievable by broadband-emissive radiative coolers.

In the winter, the broadband emitter loses LWIR heat to the sky and broadband heat
to the ground (green shaded area) (Figure 2B). In this scenario, the selective emitter
reduces broadband terrestrial heat loss, enabling a relative heating effect. The se-
lective emitter, therefore, achieves a passive radiative thermoregulation, arising
purely from the atmosphere’s spectral transmittance and seasonal variation in terres-
trial irradiance.
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Figure 2. Physical mechanism of thermoregulation by selective LWIR emitters relative to broadband emitters

(A) The maximum possible heat gain (red) from the ground (Tground ~55°C) and heat loss (blue) to the sky during a summer day, as shown for ideal
broadband and selective emitters (Figure S4) at ambient temperature (T, ~32°C) under desert (TPW 10.5 mm) and exceptionally humid tropical
(TPW 58.6 mm) climates. Note that the irradiances Isx, and lears are hemispherical values. For a vertical emitter with equal views of the sky and the earth,
the red and blue areas are weighted by % to get Iy and I, .., and the difference represents the net cooling potential. By reflecting thermal radiation
outside the window, the selective emitter filters out much of the broadband thermal radiation from the ground and enables greater cooling when the
ground in view is hot.

(B) Analogous scenario for a winter night (Tgroung ~8°C below T,mp), where the selective emitter prevents broadband radiative heat loss to the ground,
leading to a seasonal thermoregulation capability.

(C) Differences between Pcojing of an ideal selective LWIR emitter and a broadband emitter as a function of Tg,oung @and Tomp. Values corresponding to
the data in (A) are represented by open circles. Individual cooling potentials of the two emitters are presented in Figure S5.

(D) Analogous differences between steady-state temperatures of an ideal selective LWIR emitter and a broadband emitter assuming zero conductive
heat flows and gentle winds. Individual steady-state temperatures of the two emitters are presented in Figure Sé. It is clear from (C) and (D) that a
selective LWIR emitter has a large relative cooling effect during hot weather and relative heating effect in cold weather—signifying a passive seasonal
thermoregulation capability. For terrestrial-view factors >0.5, the cooling potential is heightened (Note S3; Figure S10). Cooling potential and steady-
state temperature differences for two non-ideal emitters (Figure S7) are shown in Figures S8 and S9.

The cooling/heating potential of a vertical surface (Equation 1) depends on several
factors, such as temperature of the emitter (Temitter), the ambient air (T,,p), and the
ground (Tgroung); Meteorological variables; view factors of objects in the environ-
ment; and conductive and convective coefficients (h) of materials. Together, these
determine lemitter, lsky. learth, their view, and non-radiative heat flows. In this study,
we choose the illustrative case of a vertical surface with equal views of the ground
and the sky (i.e., v = 0.5) (Note S3), which corresponds to the minimum view factor
of the terrestrial environment for a vertical surface. Compared to higher terrestrial
view factors such as in congested cities, v = 0.5 is a conservative choice (Note S3).
Calculations of theoretical cooling potentials and steady-state temperatures
assuming negligible conductive heat flow show that a selective LWIR emitter can
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have considerable benefits. As shown in Figure 2C, a selective LWIR emitter achieves
a significantly greater Poqjing than a broadband emitter when T4 is considerably
greater than T,,p, as might occur on sunny summer days. In deserts, where lower
total precipitable water (TPW) levels enable greater LWIR heat loss into the sky, rela-
tive Peooling can exceed 50 W m~2, which is comparable to the absolute Peyoling Of
white paints.”” A similar cooling effect occurs even in exceptionally humid
conditions. Furthermore, in hot and congested urban environments (v ~ 0.2-0.3),

the relative cooling increases by >10 W m™2

(Note S3). Conversely, when
Tground< Tamb, as is typical for winters or cold nights, a selective emitter shows a rela-
tive Peooling Of ~ =15 W m~2, i.e., a lowered heat loss. We note here that the values
calculated here are for emitters held at T,,5. For building facades, which can be
cooler than T, in the summer and warmer in the winter (Figure 1A; Note S5), these

values would be greater.

A similar trend is seen in the differences in steady-state temperatures (Figure 2D).
Under mild winds (h ~10 W m~2 K™"), a selective LWIR emitter stays ~3°C cooler
when the ground is hotter and at negligibly different temperatures from that of
the broadband emitters when the ground is colder than the ambient air.

It should be noted that the results in Figure 2 are calculated independent of solar
heat gain, i.e., assuming an Ry, of 1, or 0 solar absorption. Additional analysis
shows that the relative summertime cooling by selective LWIR emitters over broad-
band emitters persists for solar heat gains as high as 50-100 W m~2 (Note S7). This is
because the large difference in the ambient thermal irradiance (vig, + (1 — V) learth)
absorbed by selective and broadband emitters is not easily overwhelmed by
sunlight. Indeed, surfaces with Ry, .= 0.90 can achieve thermoregulation even
when directly sunlit. When solar illumination over 24 h is considered, we find
Rsoiar = 0.50 to be sufficient for surfaces that see direct sunlight and much lower
for surfaces that are diffusely lit (Note S7). Crucially, drops in summertime cooling
due to sunlight are often offset by enhanced wintertime heating, meaning that the
overall benefits are quite robust under solar absorption.

Verifying the phenomenon: Steady-state temperature measurements

To verify the theoretical results with proofs of concept, we performed a series of ex-
periments where we exposed vertically oriented selective and broadband thermal
emitters to summer and wintertime environments in Los Angeles and Princeton (Fig-
ures 3 and 4). A 508-um-thick silvered poly(4-methyl-1-pentene) (PMP) sheet (Fig-
ure S7), first demonstrated as a radiative cooler by Grenier,® was chosen as the se-
lective emitter, and a 127-pm-thick silvered poly(vinylidene difluoride) (PVdF) sheet
(Figure S7) was chosen as the broadband emitter. The setup in Figure 3A was
exposed to the environment, either at night or facing away from direct sunlight to
avoid the compounding effects of different R, of the samples. Details about the
experiments are presented in Note S4. Notably, the samples were completely
exposed to the air, making convective effects significant.

Experiment |, which conclusively demonstrates the thermoregulation effect, was
performed at night (T, ~11°C, TPW 11.5 mm, windspeed 0-1 m s in Los An-
geles, on a roof that had radiatively cooled to sub-ambient temperatures (by
~5°C) at night and also had a mildly warm pool (by ~11°C), allowing us to mimic
both mild winter and mild summer conditions (Figure 3A). Initially, the samples
were placed above the cold ground to represent mild winter conditions, and as
shown in Figure 3B, the selectively emissive PMP sample was 0.21°C warmer than
the broadband-emissive PVdF over an ~¥2 h period. The samples were then moved
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Figure 3. Proof-of-concept demonstration of the passive thermoregulation by selective LWIR emitters under partially controlled conditions

(A) Experimental setup.

(B) Experiment I. (Top) Pyrgeometric thermal irradiance measured along the horizontal direction and Tgoung relative to Tomp (11°C). (Bottom) The PMP
selective emitter was 0.21°C warmer than the PVdF broadband emitter when facing the cold ground mimicking mild winter conditions and became
0.16°C cooler when facing the warm pool mimicking mild summer conditions, conclusively showing the thermoregulation effect.

(C) Experiment VI, performed at night with the samples facing a ground simulator mimicking hot summertime terrestrial conditions. (Top) Pyrgeometric
thermal irradiance measured along the horizontal direction. (Bottom) The T,,,, and temperatures of the broadband and selective emitters, the latter
being 0.86°C cooler. The experiments are detailed in Note S4 and Table S2 and compared with the theory in Figure 4C.

to face the warm pool to mimic the mild summer environment (the configuration
shown in the inset of Figure 3A), causing the thermal irradiance on the samples to
jump by 34 W m~2 from the terrestrial contribution (Figure 3B, top). Immediately,
the relative temperature dropped, steadying with the PMP becoming ~0.15°C
cooler than the PVdF over an ~1", h period, conclusively showing the thermoregu-
latory potential of selective LWIR emitters (Figure 3B; Table S2). Experiment I, done
with the setup facing the warm pool mimicking mild summer conditions over an
extended 8 h period (T,mp ~17.5°C, TPW 28 mm, windspeed 0-1 m s~ "), showed
an average relative cooling of 0.26°C by the PMP (Table S2). To represent a scenario
with a hotter ground, experiment VIl was done with the PVdF emitter and a selective
emitter made from Scotch tape (Figure S27) placed in front of a ground simulator
mimicking a summertime ground ~38°C hotter than T, (Figure 3C; Table S2).
For the given meteorological conditions (T,mp ~0°C, TPW 5 mm, windspeed
<0.5 m s7"), the selective emitter was found to be ~0.86°C cooler than the broad-
band emitter over a 2 h period.

We also performed further experiments in summer and winter weather conditions.
Experiment lll was performed during a summer day on a parking lot (Note S4). There,
under exposure to a hot environment (Tgroung ~57°C, Tamp ~31.6°C, TPW 31 mm,
windspeed 0.5-2 m s™"), the PMP selective emitter was 0.43°C cooler than the
PVdF (Figure 4A), even under considerable winds, and despite the PMP absorbing
~4 W m~2 more of the downwelling diffuse and terrestrially reflected sunlight.
Experiment [V, which was done on a summer day on a roof in even windier conditions
(Tground ~55°C, Tomp ~21°C, TPW 15 mm, windspeed 1-3 m s "), showed relative
cooling of 0.47°C by the PMP selective emitter (Figure 4C), including periods
when cooling was as much as ~0.75°C under calmer winds (Note S4). Experiment
V, which was done under mild winter conditions (Tg,oung ~11.5°C, Tomp ~15°C,
TPW 17 mm, windspeed 0-1m s Nona rooftop, showed a very slight relative warm-
ing by the PMP (~0.02°C). Experiment VI, which was performed in colder and more
representative winter conditions (Tgroung ~2.4°C, Tomp ~7°C, TPW 7.5 mm, wind-
speed 0-0.5m s™"), showed a relative warming of 0.13°C by the PMP (Figure 4B).
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(A) Experiment Ill representing summertime conditions. (Top) Pyrgeometric thermal irradiance and solar irradiance measured along the horizontal
direction. (Bottom) As expected, the PMP selective emitter is ~0.43°C cooler than the PVdF broadband emitter despite convective effects and greater

solar heating.

(B) Experiment VI representing wintertime conditions. (Top) Pyrgeometric thermal irradiance measured along the horizontal direction. (Bottom) As

expected, the PMP selective emitter is ~0.13°C warmer than the PVdF broadband emitter.

(C) Results of all the experiments compared against the theoretical predictions. As evident, the set of seven measurements is consistent with and
validates the theory. Error bars represent the uncertainties in the experimental and theoretical results. Details of the theoretical predictions are

presented in Note S4. All experiments are detailed in Table S2.

Accounting for uncertainties in the modeling and experimental measurements (Note
S4), the eight experimental measurements presented here are all consistent with
the theoretical predictions (Figure 4C). Given that consistency is observed across
different seasons and locations characterized by different Tground, Tamp, TPW, and
windspeeds, we believe that the results conclusively validate the radiative thermo-
regulation capability of the selective LWIR emitters that we propose.

It should be noted that the differences in steady-state temperatures observed can
seem deceptively modest. This is, in small part, due to the fact that PMP and
PVdF are non-ideal selective and broadband emitters, respectively, and as used
were off-the-shelf materials not optimized for performance. But the results have
more to do with the nature of the experiment and should not be conflated with
the performance of radiative coolers on buildings, which have an indoor environ-
ment and large thermal inertias (Note S5), unlike the setup in Figure 3A or previous
demonstrations in the literature.®""'? It is also important to distinguish relative cool-
ing/heating of vertically oriented emitters (which can be low even for sky-facing de-
signs”®) from the absolute sub-ambient cooling by sky-facing emitters (which are
often aided by convection shields, unlike our designs).>""'? The purpose of exper-
iments |-VI was to verify the theory, and in doing so, they confirm that selective and
broadband emitters experience a large difference in heat flows through them (Fig-
ure 2; Note S6), which we demonstrate below.

Measuring differential power flows

To experimentally demonstrate that the observed temperature differences in Fig-
ure 4C indicate substantial differences in heat flow, we measured heat flows through
broadband and selective emitters exposed to hot and cold ground conditions. For
the hot ground experiment, a Scotch tape selective emitter (Figure S27) and the
PVdF broadband emitter, both previously cooled to sub-ambient temperatures,
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Figure 5. Experiments demonstrating the significant differential heat flows through the selectively LWIR-emissive PMP and broadband-emissive
PVdF emitters

(A) When exposed to a hot ground simulator, a broadband emitter gains heat at a faster rate than a selective LWIR emitter.

(B) Based on smooth mathematical fits of the temperature profile, the radiative heat gains of the two emitters were calculated as a function of AT =
Temitter — Tamb, Showing a theoretically consistent difference in cooling potential of 20.7 + 1.5W m~2.

(C) Under cold conditions, a selective PMP emitter exhibited warmer temperatures than a broadband PVdF emitter when subjected to the same heat
flow. Shaded areas show that at the same temperatures relative to T,p, the PVdF has greater radiative heat loss than the PMP, as expected in the winter.
(D) The differential radiative heat losses of selective PMP and broadband PVdF emitters. The PMP has a lower heat loss, e.g., by ~12 W m™2 when 5°C
warmer than T,,p and by ~33.5W m~2 when 15°C warmer. Accounting for experimental uncertainties, and the complex environment, the results are
consistent with the theory. Further details are provided in Note S4 and Figures S11 and S12.

were vertically exposed to and radiatively heated by a warm ground simulator 38°C
above Ty, (Figures 5SAand S12). It was observed that when at the same temperature
relative to the environment, the selective emitter gained heat at a considerably
slower rate than the broadband emitter (Figure 5A). Derivations of radiative heat
gain at T,mp (i.e., Peooling) showed that the selective emitter had an ~20.7+ 1.5 W
m~2 lower radiative heat gain (Figure 5B), consistent with a theoretical prediction
of 18.9+1.4 W m~2 for the meteorological conditions (T,mp ~0°C, Tground ~38°C,
TPW ~5 mm, windspeed <0.5 m s~"). This ~20 W m~2 relative radiative cooling
was seen across the range of near-ambient temperatures of the emitters.

For the cold ground experiment, we heated the PMP and PVdF samples at different
rates under vertical exposure to the outdoor environment during a winter night in
Los Angeles. As shown, the selectively LWIR-emissive PMP stays warmer than the
broadband-emissive PVdF when heated at the same rate (Figure 5C) or, conversely,
has a lower heat outflow for a given temperature (Figure 5D). The differences in heat
outflow, e.g., ~12 and 33.5 W m~? when both emitters are respectively 5°C and 15°C
warmer than the cold air (which was still throughout the duration of the experiment),
are radiative and significantly large. More importantly, they are close to theoretical
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Figure 6. Potential modes of application of selective emitters and calculated energy savings

(A) Potential ways in which selective LWIR emitters could be applied onto vertical facades made from different materials.

(B) Peak summer and wintertime energy savings enabled by an ideal selective LWIR emitter over an ideal broadband emitter in arid and very humid
locations for the different modes in (A).

(Cand D) Analogous case forideal selective LWIR and broadband emitters with Rsja, ~0.8 (or for transparent designs a;o,r ~0.2) on a west-facing facade
(C) and LWIR-emissive PMP (Figure 7A) versus typical building envelopes (ep0adband ~0.9) on a west facing facade, assuming Rsojar ~0.88 or atgopar ~0.12
for both (D). Details of the model are provided in Notes S6 and S7, Figures S14-519, and Tables S3-5S5. Note: while the arid cases had typical
atmospheric TPW levels (10.5 mm), the tropical TPW was exceptionally high (58.6 mm), especially for winter (Figure S23). Typical savings in the tropics

may thus be higher, particularly in the winter. The dotted lines, which indicate savings for white roofs on single-family houses during peak summer and

winter, are derived from data for Phoenix (desert) and Miami (tropical) in a work by Baniassadi et al.’®

predictions (Figure 5D;Notes S3 and S4) and substantiate the large difference in heat
flows predicted by our model. Promisingly, the large power flow differentials also
hint at the achievable building energy savings, since, like the samples in Figure 5D,
building facades can be 3°C-20°C warmer than T, in the winter (Figure 1A; Note
S5). In the next section, we look at this in detail.

Implications for buildings—Energy savings model

The thermoregulatory capability of LWIR emitters on vertical building facades can
yield significant energy savings. The precise amount depends on factors like
geographic location, landscape (e.g., urban versus rural), and seasonal and diurnal
variations of the atmospheric and terrestrial spectral irradiances. Here, as the first
effort of its type, we integrate our spectral model (Figure 2) with a previously vali-
dated heat-transfer model developed by Anand and Sailor®’ to estimate raw build-
ing energy savings (Note S6). Our model assumes a constant indoor temperature of
25°C and a diurnally and seasonally varying outdoor environment, separated by
different vertical walls/windows. Bearing in mind scenarios in both developing and
developed countries, we chose four globally prevalent facade types—wooden walls
with R13 insulation (which is recommended in most US climate zones), brick walls
(common in South and South-East Asia), single-pane glass (the most common
transparent facade), and corrugated metal sheets (used in resource-poor settings)
(Figure 6A). As locations, we chose the arid southwestern United States (TPW
~10.5 mm) and a subtropical South Asian region that experiences exceptionally hu-
mid spells (TPW ~58.6 mm). Further details are provided in Note Sé.
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Our model shows that during peak summer in locations representing dry to
extremely humid conditions, the ideal selective LWIR emitter can reduce building
heat inflows by ~0.01-0.13 kWh m~2 day " for walls, depending on the insulation;
~0.18-0.27 kWh m~2 day ™" for windows; and ~0.23-0.32 kWh m~2 day ™' for metal
sheets (Figure 6B). During winter, the ideal selective LWIR emitter can reduce heat
outflow by ~0-0.06 kWh m~2 day~" for walls, ~0.13-0.17 kWh m~2 day " for win-
dows, and ~0.11-0.16 kWh m—2 day ™" for metal sheets (Figure 4B). We note here
that the savings for windows are an underestimate, as glass windows have a lower
broadband emittance than we assumed.*” To put these values into context, the
dotted linesin Figures 6B—6D represent energy savings per unit area when dark roofs
of residential buildings are painted white in similar arid (Phoenix) and humid (Miami)
locations and correspond to ~175 kg/year reduction in CO, emissions and ~US$56/
year savings for an ~110 m? roof.?® On a per-unit-area basis, the energy savings we
show are comparable or several times larger. If one also accounts for the fact that
buildings have wall-to-roof area ratios of ~2-10, then, assuming typical roof sizes
(~100-1,000 m?), it can be conservatively estimated that for small to moderately
large buildings, our approach could reduce CO, emissions by ~0.1-5 tons/year
and save ~US$50-1,000/year. In resource-poor settings that lack HVAC controls
and high insulation, the thermoregulation effect may lead to more habitable living
environments by reducing temperature fluctuations and reduce health risks arising
from extreme weather.

While the results in Figure 6B represent the raw energy savings for ideal selective
and broadband cases, Figure 6C shows the savings when west-facing facades
that see the greatest heating loads are modestly solar reflective (Rgo.r ~0.8) or,
for transparent facades, tinted (solar absorptance asylsr ~0.2). While the summer-
time savings for such modestly solar-reflective west-facing facades are lower than
in Figure 6B, they nonetheless remain high for brick, glass, and metal facades,
while the wintertime savings fall slightly or rise depending on the climate. How-
ever, the overall decrease in thermoregulatory benefit is small. In fact, for low-insu-
lated facades like brick walls and windows, which constitute most global building
facades, Ry can be considerably lower than 0.5 before the thermoregulatory
benefits disappear (Note S7). For facades that have lower solar heating loads—
e.g., north- and south-facing facades in low-to moderate latitudes—the thermo-
regulatory benefits would be even greater and robust under sunlight. Indeed,
the leeway on Ry, could allow the use of solar-infrared-reflective and/or fluores-
cent “cool colors” or dark-tinted glass, an intriguing possibility in terms of es-
thetics.*>** It should be noted, however, that using too dark a surface is inadvis-
able, as the combination of high solar absorptance and direct strong sunlight
during part of the day can make the facade hotter than the ambient environment.
At those times, a selective emitter would cool at a lower rate than a broad-
band one.

To show energy savings that may be immediately achievable, we compare the unop-
timized, off-the-shelf PMP selective emitter we used in our experiment (Figures 3A
and 7A) against typical building facades like white paint (egroadband ~0.9). Both the
PMP and the traditional facade are assumed to have Ry, ~0.88, like the most reflec-
tive commercial paints,29 or for transparent facades, agojsr ~0.12. As shown, even in
the unoptimized form, the PMP still achieves considerable summer and wintertime
savings for facades with low insulation, which can lead to cost and CO, emissions re-
ductions comparable to or greater than painting roofs white (Figure 6D) and which,
given the availability of PMP and materials like PP (Figure 7A), could be realized in
the near future.
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Figure 7. Selective LWIR emitters for thermoregulation of vertical facades can be realized in different forms
(A) Common examples include poly(4-methyl-1-pentene), poly(propene), alumina, and poly(vinyl fluoride) and are available in white, silvery, and

transparent forms as shown in the pictures. Further examples are provided in Notes S10 and S11 and Figures S24-528.

(B) The LWIR selectivity of different materials, characterized using the figure of merit 7 = e.wir/€non Lwir (Note S1). Note that the values of n we
demonstrate are for materials obtained off the shelf and could be higher if optimized for optical thickness. *Calculation from experimentally derived

complex refractive index.

Crucially, the energy savings we calculate here are untapped and complementary

rather than an alternative to those of current solar reflection-based methods for walls

and windows. Given that our approach is intended for vertical facades, it is a natural

complement to previously reported super-white roof coatings and other sky-facing
radiative coolers.®'>"7?? For walls, it can be the extension of white and colored cool
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that retains the benefits of solar reflectance while enabling radiative ther-
moregulation (Note S8). If made visibly transparent, selective emitters could also be
used on windows and steel-and-glass architectures (Note S8). The variety of facades
and the two weather extremes we model in Figures 6B—6D show the tremendous
global promise of selective LWIR emitters on vertical building facades in terms of en-

ergy savings and thermal comfort.

LWIR-emissive materials for radiative thermoregulation

The building-level energy savings implications of the novel radiative thermoregu-
lation effect we elucidated further motivated us to explore selective LWIR
emitters for use on vertical facades. Given the intense and current global need
for building thermoregulation, particularly in resource-poor settings, our
focus was not on material innovation, but rather on previously known or unex-
plored selective LWIR emitters that could foreseeably be scaled and deployed
on buildings in the near future. Accordingly, we investigated a range of selective
LWIR emitters, including plastics, polymer resins, and ceramics, for potential use
on buildings.

Figures 7A, S24, S25, and S27 show some examples, which are either made from
common materials or already commercially available. Of these, PMP (more
commonly known as TPX) was first demonstrated as a radiative cooler by Grenier
in 1979,% while poly(vinyl fluoride) (PVF) was demonstrated by Catalanotti et al. in
1974.%® Based on our prior work,'? and prior'* and subsequent*” reports, we also
note that thin films of common paint resins based on poly(methyl methacrylate)
(PMMA) and poly(dimethylsiloxane)/silicone (PDMS) exhibit selective LWIR
emittances (Figure S24), as do commercial films, like Scotch tape, that contain these
materials and can be readily metallized (Figure S27). We also show, for the first time
to our knowledge, metallized PP, biaxially oriented poly(ethene terephthalate)
(BoPET, commonly known as Mylar), and alumina (Al,O3) ceramic tiles as selective
emitters. The last of these combines shortwave Mie scattering and far-infrared Rest-
strahlen reflectance in a novel way to achieve a simultaneous Rsj,r and selective
eLwir Without using metal.>®

Figure 7B shows the selectivity (quantified as 7 = e wir/€non— Lwir) of commercially
available variants of these materials derived from their emittance spectra (Notes
S1 and S10). Despite being off the shelf and not optimized for optical properties,
the selectivity of these materials (n = 1.3) compares favorably with those of reported
selective designs in the literature®*—suggesting their immediate suitability and po-
tential for further optimization from an optical standpoint. In particular, PP’s combi-
nation of high e;wir and 7, even when unoptimized, is exceptional34 and, given its
ubiquity, represents a major material insight.

The materials we propose are perhaps some of the most scalable selective emitters
currently available, as indicated by the conveniently created or acquired samples
(/4 to 1 ft? large) in Figure 7A. PMP and PVF are already produced at scale, with
the latter made in metallized forms for building facades.'”*'™>* PMMA- and
PDMS-based paint resins are well known for their long-standing use on building fa-
cades and could have an immediate impact on buildings. Among the new materials
we show as selective emitters, PP and poly(ethene terephthalate) (PET) are the sec-
ond and sixth most widely used plastics in the world,>* produced in their metallized
forms at >108 m? scales per year,>® and sufficiently common to be sourced from plas-
tic waste.”® The spectrum for PP in Figure 7A was obtained from a discarded food
container, which opens an intriguing possibility of extending lives of discarded
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plastics by repurposing them into building envelopes. Aluminum oxide is a
commonly used ceramic®® and can be formed into commercially available tiles suit-

able for radiative cooling using conventional techniques (Figure 7A). Notably, some

35,48,57 and

6,12,13,19,29

of these materials have long been established as radiative coolers
recently used as components in large-scale broadband-emissive designs.
Further discussions about their scalability, and cost relative to exterior paints, are
included in Note S10.

In terms of applicability and esthetics, it is noteworthy that the proposed materials
can come in silvered, white, and (in the case of alumina and transparent conductor-
backed polymers) transparent variants (Figures 7, S24, and S25). These make the
designs suitable for a wide range of building facades such as walls and windows
(Note S8; Figures S20 and S21). For white or silvered designs on walls, possible
modes of application include silver or white “wallpapers” (e.g., metallized PMP,
PVF, PP, Mylar, and their white porous or polyethene-coated variants, Note S10;
Figure S26) and white tiles (e.g., Al,O3 ceramics, Figure 7A). Metal facades,
which are intrinsically broadband reflective, could have plastics like PVF lami-
nated®® or PDMS/PMMA painted onto them. It should be noted that, as they
are, the materials we show have Ry, of 0.90-0.99 (Note S11). But since our
approach accommodates a range of Ry, values (>0.50 for directly and lower
for diffusely sunlit surfaces) (Note S7), our designs could be colored with IR-trans-
parent dyes and pigments to widen their esthetic appeal.*® In specific cases where
solar reflection from walls is an issue, retroreflective® or darker variants may be
used (Note S8).

For transparent facades, potential designs include transparent polymers laminated
or painted, or SiO,N,'® (Figure S25) or Al,O3 vapor deposited, onto low-emittance
(low-¢) glasses that contain IR-reflective metal or oxide films.>”° For Al,O3, which
intrinsically reflects 2 >13 pum (Figure S25) without the aid of metal, ordinary glass
would suffice.>® Another possibility is widely available semi-transparent metalized
Mylar and PP films, variants of which are already in use as solar-reflecting window
laminates.””

Collectively, the designs we present combine high scalability, low cost, and ready
availability, with versatility of application and appearance. In addition, PP’s high
eiwir and 7, and the metal-free selective emittance of white Al,Oj tiles for walls
and transparent Al,O3 for windows, represent important insights into known mate-
rials. Since our designs could be foreseeably applied on vertical building facades
worldwide (Figures 6A and 7A), and enable major, untapped energy savings
(Figures 6B-6D), they could significantly impact building design and associated ma-

terials industries®'¢?

and particularly benefit resource-poor settings that do not use
insulation. Furthermore, the thermoregulation capability of selective LWIR emitters
could motivate future design and optimization of highly scalable LWIR emitters ap-

proaching near-ideal & wir and 0.3

Outlook

In this work, we have outlined a previously unexplored phenomenon in which the dif-
ferential transmittance of the atmosphere to skyward and terrestrial radiative heat
flows and seasonal variations in the earth’s environment allow selective LWIR emit-
ters on vertical facades of buildings to achieve a novel radiative thermoregulation.
Our work elucidates and verifies the phenomenon, shows that it can enable substan-
tial and untapped energy savings, and shows a range of highly scalable LWIR emit-
ters toward this goal. Thus, this work exemplifies how subtle radiative phenomena in
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Table 1. Comparison between selective LWIR emitters and other designs for vertical surfaces; radiative cooling textiles are also included

Selective LWIR
emitters for radiative
thermoregulation

Broadband-radiative
coolers and
envelopes®'?%?

Low-¢ glasses

VO,-based broadband
thermochromic
windows?&44

Radiative cooling
textiles?>~2765

Optical design

In warm weather

In cold weather

Modes
Appearance
Materials

Fabrication and
scalability

Cost

Suitability for
resource-poor
settings

selective e ywir
(and variable Rspjar)

reduced broadband
terrestrial heat gain

reduced broadband

terrestrial heat loss

walls, windows, textiles
versatile

common, commercially
available, and sourceable
from waste

currently produced at
very large scale,
>10® m?/year

low
high

broadband ¢
(and variable Ryyar)

broadband terrestrial
heat gain overwhelms
radiative cooling

broadband terrestrial
heat loss causes
overcooling

walls, windows
versatile

common and
commercially
available

currently produced
at very large scale
for buildings
worldwide

low

high

visible (semi-)
transparency

(and solar absorption),
and TIR reflectance

no access to LWIR
atmospheric window

Qsolar and low e leads
to unwanted selective
solar heating

negligible heat loss
to earth and sky

windows
tinted

commercially available

currently produced
at very large scale
for buildings

high precision
required

high

moderate

high ¢ above and low
£ below a transition
temperature Tirans

T > Tirans, broadband
terrestrial heat gain

T < Tirans, heating due

to asoar and low ¢ likelier
because of high Tirans
(~60°C)

reduced heat loss to
earth and sky

windows
yellow tinted

VO, is costlier and
unstable in air®®¢’

currently small
scale, <10% cm?

precision required for
large optical switching

high

low

broadband TIR
transmittance

or absorptance or
controllable

direct exposure of skin

broadband terrestrial
heat gain

broadband terrestrial
heat loss causes
overcooling

textiles
preferably white
commercially available

currently produced at
commercial scale

N/A for buildings
N/A

our environment can be harnessed to complement existing solar-reflectance-based
strategies on buildings and opens up new avenues for designing selective emitters
for thermal comfort and energy efficiency in buildings.

So far, we have compared our approach with traditionally used broadband-emissive
building envelopes and radiative coolers. Table 1 shows additional comparisons
with low-¢ glasses and VO,-based thermochromic designs. As stated in Note S9, un-
like our approach, broadband reflectors like low-¢ glasses cannot access the cold
heat sink of outer space (Figure S22), making them less effective in most summertime
sky and terrestrial conditions. Furthermore, the as(ar (=0.15) and low & can inadver-
tently turn low-¢ glasses to heat sources in the summer,®® although they are highly
effective in the winter. This also applies to aluminum facades, which come the closest
to being feasible broadband reflectors for walls. Our design also compares favorably
with thermochromic window coatings,”® whose susceptibility to broadband terres-
trial heating when broadband emissive and selective solar absorption due to tinting
when IR reflective are two major limitations on performance. Our approach is also
fundamentally different, as it involves a static rather than adaptive emitter that opti-
mizes heat flows in a dynamic environment—a subtler but practically simpler
approach.

Perhaps the most important difference our approach brings is its simplicity and syn-
ergy with current possibilities in building design. The common materials and long-
established industrial techniques that can yield selective emitters could be more
readily implementable than high-end, precision-engineered, and often air-sensitive
thermoregulators recently proposed in the literature (Table 1). Given that the world’s
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most acute building thermoregulation needs are in resource-poor settings where
building insulation is uncommon, this simplicity can go a long way toward real-life
impact and addressing issues of equity.®®“? Furthermore, the thermoregulation
capability of our approach effectively reduces the need for thick insulation in build-
ings—opening an intriguing possibility for reducing associated environmental im-
pacts and space constraints. We also note that reflection of the earth’s upwelling
non-LWIR glow by selective emitters could cool urban canyons faster.

In addition to use on vertical facades of buildings, selective LWIR emitters could also
be used on vehicles, a significant fraction of whose surfaces are vertical. Another
promising use could be in radiative cooling textiles. As evident from the thermal
environment around the human beings in Figures 1A and S29, textiles like broad-
band-emissive fabrics or IR-transparent polyethene (which exposes the broad-
band-emissive skin underneath) can resultin a net heat gain (Figure S30), particularly
in hot urban environments. In colder environments, the same designs would be sus-
ceptible to overcooling (Figures 1A and S30). This makes radiative thermoregulation
with broadband designs virtually impossible (Note S12), a fact that has been largely
overlooked.?>?"> Selectively LWIR-emissive textiles, which could potentially be
created by metallizing commercial PP or PMP fabrics (Figures 7A and S31), offer a
fundamental advance in this regard, with thermally reflective textiles being another
option for wintertime environments. Another possibility is the integration of LWIR
emitters with phase-change materials or fluidic designs,”®** which could amplify
their thermoregulation potential. A last, intriguing possibility would be to design
emitters that are both selectively LWIR emissive and directionally emissive toward
the sky. This can lead to highly efficient cooling in particular, as non-LWIR heat
gain from both the ground and the sky would be minimized, making it a potentially
fruitful research direction.

Since Trombe's seminal study of radiative cooling,”® subsequent works have primar-
ily focused on LWIR heat loss through the atmosphere toward the sky. Our explora-
tion of the role of differential atmospheric transmittance and seasonal terrestrial irra-
diance, and selective LWIR emitters, which can thermoregulate buildings as the
environment changes around them, could have major impacts and applications
beyond those of sky-facing radiative cooling designs. We hope that this work will
spur further research in scalable selective LWIR emitters for thermal comfort and
regulation in the built environment and beyond.
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