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the World faces a looming “cold crunch”

EU: 3x nuovi condizionatori entro il 2050

80 GW di nuova capacità di potenza
richiesta solo per il settore residenziale

today

8%

10/s

3.3TW



so
u

rc
e:

 t
h

e 
G

re
en

 C
o

o
lin

g 
In

it
ia

ti
ve

so
u

rc
e:

 O
ce

an
 Im

ag
in

g 
C

o
rp

.

so
u

rc
e:

IN
SE

E,
 L

e 
M

o
n

d
e

so
u

rc
e:

 C
en

te
r 

fo
r 

C
lim

at
e 

an
d

En
er

gy
 S

o
lu

ti
o

n
s

CO2 emissions of cooling sector hydro-fluorocarbon leakages and incorrect disposal

thermal discharges in the environment health risks during heat waves



source: NASA ECOSTRESS project

+5 °C
the vicious circle between cooling and heating



heat exchange modes

• conduction

• convection

• radiation



YOU ARE HERE



blackbody radiation
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blackbody radiation



blackbody radiation

𝑇?

thermal
emissivity

good absorbers
are good emitters

Material Emissivity, ε

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

𝜖bb = 1

𝜖1 = 0.1

𝜖2 = 0.01 𝜖 𝜆 = 𝛼(𝜆)

𝑇bb = 𝑇1 = 𝑇2



blackbody radiation

T ?

thermal
emissivity

good absorbers
are good emitters

Material Emissivity, ε

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

𝜖 = 1

𝜖 = 0.1

𝜖 = 0.01 𝜖 𝜆 = 𝛼(𝜆)



blackbody radiation thermal
emissivity

good absorbers
are good emitters

Material Emissivity, ε

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

𝜖(𝜆)

𝜖 𝜆 = 𝛼(𝜆)
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source: L Wei & S Fan. OPN 30.11 (2019)

cold space as a renewable thermal sink

“ice house” in Meybod, Iran
IV century b.C.

R Barker. Phil. Trans. 65 (1775)



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

cold space as a renewable thermal sink



domande?

fine prima parte



source: www.beautyofscience.com/seeing-heat

the sky transparency window
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-40 °C

Z Chen et al., Nat Commun 7.1 (2016)

… sky is the limit?



source: Scopus

-40 °C

Z Chen et al., Nat Commun 7.1 (2016)

… sky is the limit?

May 2020
ACS AMI 12.22



meanwhile… 40 years before (!)

Prof. Salvatore Califano
1931 – 2022

Professore Emerito di 
Chimica Fisica all’Università 
degli Studi di Firenze, 
fondatore del LENS



X Yu et al., Nano Energy 88, 106259 (2021)

an «expolosion» of different materials …



what about «white» paints?



what about «white» paints?



Li et al. Science 364.6442 (2019)Hsu et al. Science 353.6303 (2016)

Zhai et al. Science 355.6329 (2017)

Cai et al. Adv Mater 30.35 (2018) Mandal et al. Science 362.6412 (2018)

Peng et al. Nat Sust 1.2 (2018)Zhao et al., Appl Mater Today 26 (2022)

Zhou et al. Nat Sust 2.8 (2019)

Li et al. Sci Adv 8.6 (2022)

an «expolosion» of different materials …



… and measurement methods



cooling performance of 5 °C under a solar irradiance of 834 W/m2

radiative cooling power of 104 W/m2 under a solar intensity of 671 W/m2

highly selective emissivity of 88.7%

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

our BaSO4-acrylic paint shows a figure of merit of 0.77

average cooling power of 117 W/m2

5.5 °C even under solar intensity of 930 W/m2 and relative humidity of 64%

emitter surface decreased by 21.4 °C comparing to the bare ones at noon

drop of 4.8 °C was achieved with convection shield

temperature drops of 30 °C compared to black paint

making the coating 3.3 °C cooler than commercial white paints under a high solar flux of 1100 W/m2

increasing emissivity from 0.9 to 0.97 had little impact

the net cooling power can reach 59.04 W/m2 under the conditions of the American standard atmospheric model

a net cooling power of 19.7 W/m2 in a non-vacuum setup during the peak daytime with shading

cooling power of 95.1 W/m2 under direct AM1.5 solar irradiation and dry environment

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

… measuring what?
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several factors to be considered …



2 Universities

1 association

2 companies

9 NMIs

3 research institutes

the                                   partnership



A. Aili et al. En. Conv. Manag. 186, 15 (2019)

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

R. Mokhtari et al. Appl. Therm. Eng. 211, 5 (2022)

one of many possible applications: cooling of water



experiments in Florence

G.E. Lio J. Werlé



grazie!
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