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Radhika Khosla®'2%, Nicole D. Miranda'?, Philipp A. Trotter®'24, Antonella Mazzone®'?,
Renaldi Renaldi'?, Caitlin McElroy'?, Francois Cohen®'25, Anant Jani', Rafael Perera-Salazar'® and
Malcolm McCulloch'?

The unprecedented rise in cooling demand globally is a critical blind spot in sustainability debates. We examine cooling as
a system comprised of active and passive measures, with key social and technical components, and explain its link to all 17
Sustainable Development Goals. We propose an analytical and solution-oriented framework to identify and shape interventions
towards sustainable cooling. The framework comprehends demand drivers; cradle-to-cradle stages; and system change levers.
By intersecting cooling stages and levers, we discuss four specific, exemplary interventions to deliver sustainable cooling. We
propose an agenda for research and practice to transition towards sustainable cooling for all.

R. Khosla et al. Nat. Sustain. 4.3 (2021)
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The Future of Cooling

Opportunities for energy-
efficient air conditioning
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CO, emissions of cooling sector

Climate impact of cooling sector
Megatons (Mt) in CO2 equivalent
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the vicious circle between cooling and heating

+3 °0

06/28/19 08:18am
B - .1“?" .;-

| SRR e ek =
i it iy Y
TN DA, SO 1 Yt B AN e

source: NASA ECOSTRESS project




heat exchange modes

e conduction
e convection

e radiation







Black-body spectrum
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blackbody radiation
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thermal

emissivity

good absorbers
are good emitters

e(A) = a(l)

ice 0.97

pure water 0.96
snow 0.8-0.9
glass (flat) 0.95
grass 0.98

soil 0.93
aluminum foil | 0.03
asphalt 0.88-0.94
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cold space as a renewable thermal sink

Heoat loss by convecton
from B wader 10 the ar

1 Wim2
.

Outer space 3K
“ice house” in Meybod, Iran

IV century b.C.

XXII. The Procefs of making Ice in tbe Eaft Indies. By
Sir Robert Barker, F. R. §. in a Letter to Dr.
Brocklefby.,

TO DR. RICHARD BROCKLESRY, F.R.S.

SIRy %ﬁ?aﬁm

Redde, Mar. g, TI—]E procefs of making ice in the Eaft
R Indies having become a fubjeét of fpe-
culation, I beg permiffion to prefent you with the me-
thod by which it was performed at Allahabad, Mootegil,
and Calcutta, in the Eaft Indies, lying between 2 5% and
237 degrees of North latitude. At the latter place I have
never heard of any perfons having difcovered natural ice
in the pools or cifterns, or in any waters colleéted in the
roads; nor has the thermometer been remarked to de-
. - fcend to the freezing point; and at the former very few
E art h's su rf ac | only have difcqvert_ad ice,and that ‘bu!: feldom. Butin the
. procefs of making ice atthefe places it was ufualto colledt
300K a quantity every morning, before Sun-rife (except in
fome particular kinds of weather, which I fhall fpecify
in the fequel), for near three months in the year: viz.
from December till February.

source: L Wei & S Fan. OPN 30.11 (2019) ' Which phace ool ol s o e
afuf-

R Barker. Phil. Trans. 65 (1775)




cold space as a renewable thermal sink

Outer space 3K

Atmosphere

Earth's surtacH
300K

source: L Wei & S Fan. OPN 30.11 (2019)




fine prima parte

domande?




the sky transparency window

source: www.beautyofscience.com/seeing-heat
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nature 22 September 2014.

Passive radiative cooling below ambient air Stanford

University

temperature under direct sunlight

Aaswath P. Raman', Marc Abou Anoma?, Linxiao Zhu’, Eden Rephaeli’ & Shanhui Fan'
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... Sky is the limit?
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... Sky is the limit?
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meanwhile... 40 years before (!)

THE RADIATIVE COOLING OF SELECTIVE
SURFACES

S. CATALANOTTL, V. CUOMO, G. PIrO, D. RUGGI,
V. SiLvESTRINI and G. TROISE
Istituto di Fisica Sperimentale dell'Universita di Napoli, Via Antonio Tari 3, 80138 Napoli. Italy

(Received 22 March 1974; in revised form 26 August 1974)

Abstract—We have realized a selective surface with optical properties matched to the atmospheric window 8-13 pm.
With respect to a black radiator, this surface is considerably more effective for cooling by exposition to the clear sky:

in particular, a cooling effect is obtained also during the day. .
Theoretical results and experimental data are presented. 05 Prof. Salvatore Califano
Wil 1931 — 2022

Acknowledgments—The measurements of the optical properties
of the components of our set-up were performed in the
laboratories headed by Prof. Califano (University of Florence)
and by Prof. Paiaro (University of Naples). We particularly want
to thank Prof. Sarofim (M.L.T., Boston, U.S.A.) for useful discus-
sions and for a critical reading of the manuscript.

Professore Emerito di
Chimica Fisica all’Universita
- degli Studii di Firenze,
fondatore del LENS
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what about «white» paints?




what about «white» paints?




an «expolosion» of different materials ...

Reflected

PDMS film

1‘ '6‘ ~n‘{

Li et al. Science 364.6442 (2019) Cai et al. Adv
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... and measurement methods
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... measuring what?

cooling performance of 5 °C under a solar irradiance of 834 W/m?2

highly selective emissivity of 88.7% temperature drops of 30 °C compared to black paint

radiative cooling power of 104 W/m? under a solar intensity of 671 W/m?

making the coating 3.3 °C cooler than commercial white paints under a high solar flux of 1100 W/m?2

our BaSO,-acrylic paint shows a figure of merit of 0.77 drop of 48 °C was achieved with convection shield

sub-ambient cooling of 2.8 °C for surface cooling and 1.0 °C for space cooling

average cooling power of 117 W/m?
emitter surface decreased by 21.4 °C comparing to the bare ones at noon veras N9 POV

increasing emissivity from 0.9 to 0.97 had little impact
5.5 °C even under solar intensity of 930 W/m?2 and relative humidity of 64%
the net cooling power can reach 59.04 W/m? under the conditions of the American standard atmospheric model

a net cooling power of 19.7 W/m?2 in a non-vacuum setup during the peak daytime with shading
cooling power of 951 W/m?2 under direct AML15 solar irradiation and dry environment

drop by 10.3 °C below the ambient under direct solar irradiation and 1 m/s wind speed



several factors
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one of many possible applications: cooling of water

Without Reflector With Reflector

Fluid inlet

Acrylic Polyethylene cover

Fluid outlet
walls Radiative cooling surface {
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Polystyrene insulation Plate heat exchanger

E.A. Goldstein et al. Nature Energy 2 (2017) J. Peoples et al. Appl. Ener. 310, 15 (2022)
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