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The cool roof picture 

What is a Cool Roof ?
A cool roof reflects and emits
the sun’s heat back to the sky
instead of transferring it to the
building below. 

“Coolness” is measured by two
properties, solar reflectance and
thermal emittance. Both proper-
ties are measured from 0 to 1
and the higher the value, the
“cooler” the roof. 

What are the Benefits of a Cool Roof?
A COOL ROOF CAN:
■ Increase occupant comfort by keeping the building cooler 

during hot summer months. 
■ Cut costs by:

• reducing the need for air-conditioning, and extending the life
of cooling equipment. Studies have shown typical cooling
energy savings of 10-30% in cooling energy and an extension
in the life of cooling equipment. 

• decreasing roof maintenance costs (cool roofs are expected to
last longer than the average roof).

■ Address air pollution and Global Warming concerns by lowering CO2 and other
emissions associated with fossil fuel-generated electricity used for air-conditioning.

■ Reduce the “Urban Heat Island Effect” by reflecting heat back to the atmosphere.
An Urban Heat Island occurs when a city is hotter than the surrounding rural areas
due to dark surfaces, like roofs and roads that absorb heat from the sun, and less
shading vegetation.

■ Help with local code compliance since a growing 
number of building codes have cool roof requirements.

Black surfaces in the
sun can become up to
90¡ F hotter than the
most reflective white
surfaces (LBNL Heat
Island Group).

These values reflect 1997 energy
prices; current values are higher.

Nationwide implemen-
tation of cool roofs
could mean an annual
savings of $1 billion in
cooling costs!
(LBNL Heat Island Group).
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Thermal emittance accesses 
another ‘resource’ 

What is a Cool Roof ?
A cool roof reflects and emits
the sun’s heat back to the sky
instead of transferring it to the
building below. 

“Coolness” is measured by two
properties, solar reflectance and
thermal emittance. Both proper-
ties are measured from 0 to 1
and the higher the value, the
“cooler” the roof. 

What are the Benefits of a Cool Roof?
A COOL ROOF CAN:
■ Increase occupant comfort by keeping the building cooler 

during hot summer months. 
■ Cut costs by:

• reducing the need for air-conditioning, and extending the life
of cooling equipment. Studies have shown typical cooling
energy savings of 10-30% in cooling energy and an extension
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Radiative cooling to below ambient air 
temperature 

What is a Cool Roof ?
A cool roof reflects and emits
the sun’s heat back to the sky
instead of transferring it to the
building below. 

“Coolness” is measured by two
properties, solar reflectance and
thermal emittance. Both proper-
ties are measured from 0 to 1
and the higher the value, the
“cooler” the roof. 

What are the Benefits of a Cool Roof?
A COOL ROOF CAN:
■ Increase occupant comfort by keeping the building cooler 

during hot summer months. 
■ Cut costs by:

• reducing the need for air-conditioning, and extending the life
of cooling equipment. Studies have shown typical cooling
energy savings of 10-30% in cooling energy and an extension
in the life of cooling equipment. 

• decreasing roof maintenance costs (cool roofs are expected to
last longer than the average roof).

■ Address air pollution and Global Warming concerns by lowering CO2 and other
emissions associated with fossil fuel-generated electricity used for air-conditioning.

■ Reduce the “Urban Heat Island Effect” by reflecting heat back to the atmosphere.
An Urban Heat Island occurs when a city is hotter than the surrounding rural areas
due to dark surfaces, like roofs and roads that absorb heat from the sun, and less
shading vegetation.

■ Help with local code compliance since a growing 
number of building codes have cool roof requirements.
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Talk Outline 

•  Radiative Cooling Fundamentals & History 
•  Cooling Under Sunlight: The Challenge 
•  Our Solution: Design & Results 
•  Outlook 
 



Electromagnetic waves carry energy: 
Thermal Radiation 

Frequency (Hz) 

Wavelength(m) 

106 −109 3×1013

102 −10−1 10×10−6 ~ 0.5×10−6

6×1014



Photonics: Controlling Light with Nano-/
Micro-structures  

Reflectance and Thermal Emittance are not just single numbers:  
We can design photonic structures to cause them to vary over the 
above spectrum in remarkable ways 
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Sky-facing surfaces at night 

What is a Cool Roof ?
A cool roof reflects and emits
the sun’s heat back to the sky
instead of transferring it to the
building below. 

“Coolness” is measured by two
properties, solar reflectance and
thermal emittance. Both proper-
ties are measured from 0 to 1
and the higher the value, the
“cooler” the roof. 

What are the Benefits of a Cool Roof?
A COOL ROOF CAN:
■ Increase occupant comfort by keeping the building cooler 

during hot summer months. 
■ Cut costs by:

• reducing the need for air-conditioning, and extending the life
of cooling equipment. Studies have shown typical cooling
energy savings of 10-30% in cooling energy and an extension
in the life of cooling equipment. 

• decreasing roof maintenance costs (cool roofs are expected to
last longer than the average roof).

■ Address air pollution and Global Warming concerns by lowering CO2 and other
emissions associated with fossil fuel-generated electricity used for air-conditioning.

■ Reduce the “Urban Heat Island Effect” by reflecting heat back to the atmosphere.
An Urban Heat Island occurs when a city is hotter than the surrounding rural areas
due to dark surfaces, like roofs and roads that absorb heat from the sun, and less
shading vegetation.

■ Help with local code compliance since a growing 
number of building codes have cool roof requirements.

Black surfaces in the
sun can become up to
90¡ F hotter than the
most reflective white
surfaces (LBNL Heat
Island Group).

These values reflect 1997 energy
prices; current values are higher.

Nationwide implemen-
tation of cool roofs
could mean an annual
savings of $1 billion in
cooling costs!
(LBNL Heat Island Group).
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Radiative Cooling Mechanism 

Sky-‐facing	  surface	  
5 8 13 15 20 25 30

Wavelength (µm)

Tsurface = 28°C 



5 8 13 15 20 25 30
Wavelength (µm)

Radiative Cooling Mechanism 

Sky-‐facing	  surface	  

Tsurface = 28°C Atmosphere	  

cold outer space
(3 K)

In the infrared transparency window the sky’s thermal radiation is much cooler  

Tamb = 28°C 
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Radiative Cooling Mechanism 

Sky-‐facing	  surface	  

Atmosphere	  

cold outer space
(3 K)

In the infrared transparency window the sky’s thermal radiation is much cooler: 
The sky has low emittance!  

Tsurface = 28°C 
Tamb = 28°C 

Net	  	  
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Humidity affects infrared 
atmospheric properties 

•  Radiative cooling works best in dry climates 
•  But, it works even better when it’s hotter 

312 P. BERDAHL and 

(12) and (13) is due to the direct transmission of the solar 
radiation through the filtered silicon dome. The other 
part is due to the solar heating of the dome, causing an 
apparent increase in the sky radiance. The size of the 
difference is consistent with the previous discussion of 
the effects of solar radiation upon the pyrgeometer. 

7. COMPARISON WITH SELECTED EXPERIMENTAL 
AND THEORETICAL RELATIONS 

The correlation of sky emissivity vs dewpoint for 
night-time measurements is compared with the results of 
others in Fig. 17. Each empirical curve is extended over 
roughly the dewpoint range present in each experimen- 
ter's data. The curve ascribed to Sellers[13] is the 
median curve based on the results of a number of 
studies. The recent measurements of Clark and Allen [22] 
agree with our measurements for dewpoint temperatures 
above 0°C, but disagree at low dewpoints. The dis- 
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Fig. 17. Comparison of our night-time correlation (heavy line) 
with experimental results of others. The result ascribed to 
Sellers[B] is based on median parameters drawn from data 
published by a number of other authors. Each curve extends 

over the approximate range of dewpoint of the observations. 

R. FROMBERG 

agreement exceeds the estimated systematic error of 
approximately 0.03 thought to be present in each 
measurement set. All of the other measurements shown 
appear to be consistent with our own, even when no 
allowance is made for site-to-site differences. 

Clark[39] recently investigated several possible 
explanations for the difference between the Clark and 
Allen results and our own. The discussion below is based 
in part on his analysis. A likely source of error is the 
measurement of air temperature. Our sensor is radiation 
shielded and aspirated. The sensor in their experiment 
was not aspirated; it was mounted in the void of a large 
clay brick[40]. The conditions of clear skies and low 
dewpoint temperatures of importance here are just those 
during which the radiative cooling of the brick would 
make the air temperature sensor indicate too low. If 
Clark and Allen's air temperatures were about 3°C too 
low for dewpoint temperatures near 0°C (typical winter 
dewpoint at San Antonio), their reported emissivities 
would be too large by 0.04-0.05, which would explain the 
discrepancy. It seems unlikely that this is the entire 
explanation, there being many sources of experimental 
error. However, the discrepancy is unlikely to be due to 
climatic differences. Clark[39] reports preliminary 
measurements at San Antonio that support our relation- 
ship (ll). Also, preliminary analysis of our data, collec- 
ted at San Antonio, likewise tends to confirm eqn (ll). 

The day-time and night-time correlations of clear sky 
emissivity with dewpoint temperature are compared with 
several theoretical estimates in Fig. 18. Each theoretical 
estimate of sky emissivity required assumptions for the 
"typical" profiles of temperature and humidity in the 
atmosphere. For our LOWTRAN estimates, the six 
model atmospheres present in the computer model were 
employed[25], together with the urban aerosol model 
with a visibility of 23 km. The LOWTRAN model is in 
striking, and possibly fortuitous, agreement with the 
measurements for each atmosphere except for the 
subarctic winter atmosphere. The relatively large emis- 
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Fig. 18. Comparison of our day-time and night-time correlations with theoretical estimates. Each theoretical estimate 
incorporates (slightly different) estimates of temperature and humidity profiles above the point of observation. The 
LOWTRAN results (circles) are based on our calculations with LOWTRAN 3B using the 6 model atmospheres. The 
properties of these atmospheres are listed in several references[25-27,30]. From left to right the LOWTRAN 
atmosphere names are Subarctic Winter, Midlatitude Winter, U.S. Standard, Subarctic Summer, Midlatitude Summer, 

and Tropical. 

Berdahl	  and	  Fromberg,	  
Solar	  Energy	  (1982)	  	  

(Clouds too) 



Atmospheric transparency window 
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When going subambient the benefits of a  
selective thermal emitter 
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Power balance equation 

Figure 1(a), represents a strong departure from previously published systems. Rather than designing

a cover filter which is spatially separated from a black emitter we introduce an integrated thermally

selective emitter atop a broadband mirror. Doing so enables us to exploit near-field coupling

between material layers, leading to stronger control over emission, absorption and reflection.

Using nanophotonic concepts, our photonic structure is able to strongly suppress solar absorption

while enhancing thermal emission in the atmospheric transparency window: an ultrabroadband

performance, shown in Fig. Figure 1(b), capable of achieving a net cooling power exceeding

100W/m2 at ambient temperature.

Radiative cooling devices operate at near-ambient temperatures and therefore do not suffer from

many of the difficulties associated with other thermal applications of photonic structures which

have typically involved high temperature operation. These difficulties include numerical uncertainty

associated with the temperature-dependence of optical properties, material cohesion, small-feature

evaporation, and durability that affect other thermal applications.30 Our approach and design is

thus a departure from previous work in using nano- and micro-photonic structures for thermal

applications.

To begin our analysis, we consider a photonic structure at temperature T whose radiative

properties are described by a spectral and angular emissivity e(l ,q). The structure is exposed to a

clear sky subject to solar irradiance, and also atmospheric irradiance corresponding to an ambient

temperature Tamb. The net cooling power Pnet(T ) of a structure with area A is given by

Pnet(T ) = Prad(T )�Patm(Tamb)�Psun, (1)

where

Prad(T ) = A
Z

dWcosq
Z •

0
dl IBB(T,l )e(l ,q), (2)

3
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selective emitter atop a broadband mirror. Doing so enables us to exploit near-field coupling

between material layers, leading to stronger control over emission, absorption and reflection.

Using nanophotonic concepts, our photonic structure is able to strongly suppress solar absorption

while enhancing thermal emission in the atmospheric transparency window: an ultrabroadband
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Radiative Cooling Surface

Cooling Power: Net radiating flux out of surface 
 

Steady-State Temperature: T when Pcool = 0 

reflects 97% of incident sunlight while emitting strongly and selectively in the atmospheric

transparency window. When exposed to direct solar irradiance of greater than 850 W/m2

on a rooftop, the photonic radiative cooler achieves 4.9�C below ambient air temperature,

and has a cooling power of 40.1 W/m2 at ambient. These results demonstrate that a tailored,

photonic approach can fundamentally enable new technological possibilities for energy effi-

ciency, and further indicate that the cold darkness of the universe can be used as a renewable

thermodynamic resource, even during the hottest hours of the day.

Consider a radiative cooler of area A at temperature T , whose spectral and angular emis-

sivity is ✏(�, ✓). When the radiative cooler is exposed to a daylight sky, it is subject to both solar

irradiance and atmospheric thermal radiation corresponding to ambient air temperature T
amb

. The

net cooling power P
cool

of such a radiative cooler is given by

P
cool

(T ) = P
rad

(T )� P
atm

(T
amb

)� P
sun

� P
cond+conv

. (1)

In Eq. 1,

P
rad

(T ) = A
Z
d⌦ cos ✓

Z 1

0

d�I
BB

(T,�)✏(�, ✓), (2)

is the power radiated out by the structure. Here
R
d⌦ = 2⇡

R
⇡/2

0

d✓ sin ✓ is the angular integral over

a hemisphere. I
BB

(T,�) = 2hc

2

�

5
1

e

hc/
�
�kBT

�
�1

is the spectral radiance of a blackbody at temperature

T , where h is Planck’s constant, k
B

is the Boltzmann constant, c is the speed of light and � is the

wavelength.
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Radiative (sky) cooling: A long history 
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FIG. 20. Upper part shows temperatures of the selective Isell and blackbody 
Ibbl cooling plates as a function of time during 25-26, 1980. At 
the points denoted A-D we fed in the indicated electriC powers P<i' Lower 
part shows ambient temperature To and relative humidity IR.H·1 

17 .c. Radiative cooling now brought down the temperature 
at a rate of - 1 ·C/min. As expected, the initial decrease was 
most rapid for the blackbody surface. The panels were then 
left for about 2 h to reach their minimum temperature. The 
ambient temperature changed by less than 1 ·C during this 
period. The cooling rate was seen to diminish faster for the 
blackbody surface than for the infrared selective one, and 
after about 1 h the selective surface began to show the lowest 
temperature. This cooling run was interrupted at 004°, when 
the temperature difference Ll T =Ta - Ts was 13.8 ·K for 
the infrared selective plate and 13.4·C for the blackbody 
plate. This small difference between the two types of 
ings may seem discouraging, but it is important to bear In 

mind that the performance of the infrared selective surface 
was by no means optimal, as will be discussed below. 

Cooling power versus temperature difference was stud-
ied by successively heating the plates and noting the stagna-
tion temperatures pertaining to the different electrical power 
inputs (Pel)' Figure 20 shows the result of increasing Pel in 
four steps. We allowed at least 30 min to reach approximate 
thermal equilibrium in each case. It is seen that a certain 
input yields a larger temperature rise for the infrared selec-
tive surface than for the blackbody surface, which is expect-
ed since the radiated power is largest in the latter case. We 
continued the heating sequence after 03°° in still more steps 
up to plate temperatures approaching or exceeding Ta. 
These final experiments were somewhat troubled by falling 
ambient temperature accompanied with increasing relative 
humidity which gave some condensation of water vapor on 
the top polyethylene covers. However, this effect was not 
sufficiently serious so as to make measurements impossible. 

C. Comparsion with theoretical predictions 
The raw data for radiative cooling shown in the preced-

ing section are plotted in Fig. 21 in a way which facilitates 
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FIG. 21. Measured cooling power vs temperature difference for two types of 
surface. The data are based on measurements presented in Fig. 20. The 
symbols within parentheses are uncertain since the polyethylene covers 
were in these cases covered with thin layers of condensed water vapor. 

comparison with theory. The stagnation temperatures 
reached after sufficient periods of constant electrical heating 
give certain values of Ll T. The corresponding cooling powers 
are governed by 

Pc =Pel = Prad - Ploss' (28) 
The relations between these two quantities are found to be 
approximately linear. As expected, the infrared selective 
surface displays a smaller slope and a lower intercept at 
LlT= O. 

We first consider the values at Ll T = 0, since only radia-
tive exchange with the atmosphere takes place in this case. 
The approximate blackbody radiator, having = 0.9, 
yields Pc = 84 W 1m2

• Comparison with the model calcula-
tions in Sec. III C leads us to estimate that €a, :S 0.1 which 
seems unlikely with regard to the high ambient temperature 
and relative humidity. The most probable explanation is that 
some radiation comes also from parts of the polystyrene 
block which are in close vicinity of the cooling plate. The 
infrared selective surface shows Pc = 61 W 1m2 which is 
also higher than expected from the experimental value 

= 0.45 for the SiO coating. This, again, points at the im-
of stray radiation. The best relieffor such obscur-

ing "edge effects" would be to work with cooling panels 
much larger than the present ones. 

When the range Ll T> 0 is considered it is essential to 
include also nonradiative losses. The upper dashed curve in 
Fig. 22 indicates Ploss vs Ll T for K = 2.5 Wm - 2K - I. This 
magnitude of the heat transfer coefficient applies to the two 
test panels. The solid lines denote Prad =Pc + Ploss, with Pc 
taken from Fig. 21. The intersections of the solid lines and 
the upper dashed one clearly represent the lowest obtainable 
temperatures. If nonradiative losses were absent, Fig. 22 pre-
dicts that Ll T = 32 ·C could be reached for the SiO-coated 
surface and Ll T = 22.5 ·C could be reached for the painted 
surface. A comparison with the results shown in Figs. 6 and 
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L'appareil est représenté figure 24. Le PVC ra-
diateur en 2 est entouré de deux films de poly-
éthylène de 30 [x - 3.4. La température est mesurée 
à l'intérieur du PVC. L'ensemble est protégé du 
soleil par des ailes réflectrices 7 et 8 en aluminium, 
reposant sur un calorifuge 9? qui est recouvert côté 
soleil d'une peinture sélective. L'appareil se pro-
longe suivant le profil indiqué perpendiculairement 
au plan du dessin. 

Avec un tel dispositif on a enregistré en plein 
jour 32 °G de chute dans la cavité limitée par le 
PVC. 

Les refroidissements que nous avons obtenu par 
rayonnement du corps noir sur l'espace sont sus-
ceptibles d'être considérablement augmentés si 
l'on opère dans des régions très sèches et à une 
altitude suffisante pour que la quantité de vapeur 
d'eau de la colonne atmosphérique soit très faible 
(de l'ordre du millimètre). Dans ces conditions le 

rôle du gaz carbonique dans le spectre d'émission l 

atmosphérique devient prépondérant et l'effet de 
serre par le CO2 pur plus efficace. 

Il n'est pas impensable d'espérer atteindre à 
haute altitude (par exemple dans les Andes à 
6 000 m) des températures de l'ordre de — 80 à , 
— 90 °C avec des décalages par rapport à la tem- [ 
pérature ambiante dépassant 60 °C. Le problème 
sera celui du gaz carbonique dont le point d'ébul-
lition sous la pression atmosphérique est à 
— 78 °C. On devra l'utiliser dilué dans un gaz non 
condensable. Un programme de recherche dans le 
nord du Chili est envisagé. 

Sur le plan pratique les résultats précédents 
conduisent à d'intéressantes perspectives. Si l'on 
obtient un décalage de — 20 à — 25 °C par rap-
port à la courbe de température journalière qui 
elle-même à une amplitude de l'ordre de 20 °C, il 
sera possible de stocker des frigories entre 0 et 

20 h 21 10 h 

FIG. 23. — Effet de serre négatif artificiel obtenu dans le gaz carbonique pur avec un radiateur du type figure 22. 
t ambiante 
t calculée 

t des étages 1, 2, 3 et 4 

1306 R. G. T. N° 70 
OCTOBRE 1967 

878 P. BERDAHL, M. r.,fARTIN and F. SAKKAL

windscreen convection coefficient in the computer
model. Of course, in anexperiment,the effect of wind
can bemuchgreaterifit causesthe windscreen to move.
The relativeinsensitivityofthe plots of" vs r to changes
inatmosphericconditionssuggests thatexperimentsto
determineperformanceof panelsneed only determine
the slope and intercept of such a plot. Such a
determinationis analogous to the standardefficiency
plots forsolarpanels [37].

6. SELECTED RESULTS

We shall reviewmeasurementsof cooling rates by
LandroandMcCormick[17] andthenreportselected
measurementsof ourown.

Landroand McCormickreportedmeasurementsof
cooling rates of 12JImaluminizedPVFbeneatha thin
(12 JIm) polyethylene cover. This apparatus was
insulatedon the sides andbackwith 5emofpolystyrene
foam. The samplearea was only 0.01 m2• Edge effects
complicatethe interpretationof their results,but they
showed clearly that PVF can produce lower
temperaturesthana blackpaintedsurface.Theresults
for PVF(from their Fig. 8) have beenreplottedhere in
Fig. 7.The sky emissivity wasestimatedby the use of
equation(2) based on thereportedvalues of absolute
humidity converted to dewpoint temperature.Note
thatthe datameasuredat different values ofdewpoint
fall on the same curve.Thus the procedureof plotting
'I vs r haseliminatedthe sky emissivitydependenceof
the results. Alsonoteworthyis the factthatthe appar-
ent efficiencies exceed unity. The reason for this
contradictoryaspect of thedatais not clear. However,
thesubstantialedge effectsoffera possibleexplanation.
Ourmeasurementsfor 12JImaluminized PVFand

white paint radiators were performed with our
radiative cooling panel test facility [28, 29]. The
radiatorsare 53ernwideand94 em long. Bothradiators

were covered with a 50JIm thick polyethylene film
suspended2.7 emabove theradiators.The thickness of
the plastic foaminsulationon the backandsides is 10
em. The sky emissivity wasmonitoredusing an Eppley
pyrgeometer. We estimate the accuracy of the
pyrgeometermeasurementto be 0.02 emissivity units.
Due to the relatively large sizeofourradiatorplates, the
viewfactorcorrectionissmall.Thegrossradiatingarea
is0.506m2, andthe net effectivearea,afterallowancefor
blockingof the sky at theradiatoredges, is 0.474 m2•

Duringthe measurementsthe heaterpower was held
fixed for 120min,andthenchangedby anominal20W
m-2• The difference betweentemperaturedepressions
T.- T,achievedon heatingand cooling was used as a
measureof the departurefrom thermalequilibriumat
the end of the 120min period.Thusfor thePVFpanel,
temperaturedepressions T.- T, were increased by
0.6°C if theexperimentalpointwas reached by cooling
(after areductionin heater power), anddecreasedby a
like amountif the pointwas reachedby warming. The
corresponding correction for the white-painted
radiatorwas0.3°C.These values areconsistentwith the
known radiatorheat capacitiesandemissivities.
The results of themeasurementsareshownin Fig. 8,

where they arecomparedwith numericalresults. For
the calculationspertainingto white paint, thenormal
emissivity was taken equal to 0.9,independent of
wavelength.Forthecalculationspertainingto the PVF
radiator,spectrumB in Fig. 3 was employed.For the
numerical calculations, uncertaintiesin the spectral
emissivities of the radiatorsare probably the most
significant errors. For the experimental results,
uncertaintyin themeasuredsky emissivity isprobably
themost significanterror. Ingeneral the agreementof
theexperimentwith thecalculatedresults isquitegood,
within theuncertaintiesknown to be present. Since the
measurementswereobtainedon the same night for the
datashown, thecomparativeresults forPVFvs white
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FIG.7.Performancecurve based on ref. [17].Measuredvalues
of cooling efficiency as a function of dimensionless
temperaturedifference for analuminizedPVF radiatorwith a

12JIm polyethylenecover.
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FIG. 8. Comparison of measured and calculated cooling
efficiencies for a surface painted white and for a 12Jlm
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temperature was in the range 22± ICC, the dewpoint
temperaturewas O± ICC, and the sky emissivity was 0.73
±O.OI. The lowpoint (open circle at r= 0.58) was probably
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Berdahl, P., Martin, M. & Sakkal, F. 
International Journal of Heat and Mass 
Transfer 26, 871 – 880 (1983). 

Author's personal copy

high emittance surface. Thus the mesh worked well in relatively
still conditions.

3.1. Tests and simulation procedures on a roof

A large area mesh was placed on one roof of the two otherwise
identical experimental mini-building test structures in Fig. 3, on
our rooftop laboratory. The mesh was mounted on wooden frames
approximately 10 cm high set around each side of one roof. Since
we wished to focus on the mesh properties it was necessary to
avoid additional convective exchange so all sides of the frame
were closed. This arrangement would be modified in practice if left
in place during the daytime to enable heat to escape from the top
by natural convection so as to limit any additional temperature
rise caused by the mesh. Top venting should have little night time
impact. Thus the following daytime roof temperature data will be
above what is likely to occur in practice.

Temperature and weather data including total down-welling
thermal radiation, was collected for a number of days and nights.
Performance of the mesh-covered roof and neighbouring bare roof
where compared. For extrapolating to the longer term and for
better understanding of the various influences on this data, com-
puter simulation was carried out. The main factor of interest was to
quantify the effective convective permeability pn of the mesh under
various conditions. pn is an input to the simulation programme we
adapted for this study (EnergyPlus). It links to actual convective
exchange rates not just geometry and may depend onwind speed v,

and temperature differentials ΔΤ of the roof surface from ambient.
Initially we aimed to explore wind speed impact but results clearly
show that we have to keep track of ΔΤ due to its impact on pn. The
quantity pn(v, ΔΤ) thus describes how pn changes as wind speed and
ΔΤ changes. pn(v, ΔΤ) also varies noticeably between day and
nightwhile the ΔΤ dependence means a feedback impact exists.
We collected data over three sequential days and nights on both the
covered roof and the neighbouring bare roof. This data was used for
computer model calibration and to show that the mesh led to a
significantly cooler night roof than its neighbour without the mesh.

Optical and thermal data on all materials was also used. The
accuracy of simulation, and hence settings for these building's key
parameters, had been extensively tested in prior studies against
data sets obtained long term day and night with bare roofs. A
special adaptation of EnergyPlus was needed to study the impacts
of mesh over a roof. The only option for a mesh structure in this
package is for energy flows across a complex window system
where a mesh covers a window. This was adapted for use within
the “RoofBox” module. The way we proceeded was to make the
whole roof a “Window RoofBox” with zero transmittance set at
roof tilt. The predictions of this special “roof” simulation model for
roof temperatures with no mesh had to be calibrated against
actual and simulated standard roof data. The un-calibrated opaque
“window-roof” model gave correct temperature-time profiles but
a correction factor was needed to align these plots for “no mesh”
with observed uncovered roof data. These calibration factors
differed slightly day and night but seemed to be independent of
wind speed.

Simulation wind speeds were based on Sydney Representative
Mean Year (RMY) weather data [17]. To simplify the study of wind
speed impact on effective permeability two distinct sets of days
were set up and modelled, one with high wind speed and one with
low to still wind conditions. The average speed on the high wind
speed days was in the range 6 ms−1 to 7 ms−1. On the low speed
days it ranged between still and 1.5 ms−1. Other weather para-
meters were fixed to simplify the wind comparison.

3.2. Mesh impacts: measured and simulation data

For this roof tilt, inward and outward convective flow processes
can differ. Hence the mesh acts differently in the day and the
night. In the day the heat flow by convection is away from the roof,
thus it cools. Residual convection suppression means the roof gets
warmer. At night the roof is colder than ambient and any
convective heat flow that occurs is inwards and also warms. We
require this night warming to be significantly less than that
occuring in the absence of suppression. It is also of interest to
see how the degree of suppression compares to that from a non-
porous cover. To establish effective mesh porosity and impact of
mesh relative to a non-porous cover the IR transmittanceof mesh
and impermable PE covers are fixed in the models at their
measured values.

Data was acquired with mesh on the west roof of Fig. 3 and
with no mesh on the matching east roof. Two days and nights
were clear and the third was partly cloudy. Roof outside surface
temperature is plotted in Fig. 4. It can be seen that there is a
temperature difference between the surface with a mesh cover
and bare surface during the day and night for clear skies. Both
roofs have solar reflectanceof 0.78. During the day that with mesh
cover and no additonal openings gets warmer for 3 h around
midday with the largest relative increase ∼10 1C and average
relative rise∼5 1C. It is worth noting that the small average rise
over a few hours due to the mesh is over a shorter time and less
than that occuring in the majority of bare home roofs whose
albedos are 0.2 or more lower. As noted earlier this mesh related

Fig. 4. Simultaneously measured data on the two side-by-side identical structures
in Fig. 3 except that one has a mesh cover and one is bare.

Fig. 3. Identical experimental structures, one of which was covered with mesh in
simultaneous studies.
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Gentle, A., Dybdal, K. L. and Smith, G.B. 
Solar Energy and Materials (2013). 



The challenge: going subambient under 
sunlight 

Daytime Radiative Cooling Surface
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Our approach 
•  Deliberately chosen materials and thicknesses to make possible 

both high solar reflectance and selective thermal emission 
•  Deposited by e-beam evaporation on 200 mm Si wafers 
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Spectral characteristics 
•  97% solar reflectance 
•  Selective emissivity within the atmospheric window  

Strong solar reflection Strong and selective thermal emission 



Spectral characteristics 
•  Strong selective emissivity to relatively large angles for a 

thin-film stack 
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Rooftop testing 
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Performance under direct sunlight 



Performance under direct sunlight 

A. Raman et al., Nature, 515, 540-544 (2014) 
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Cooling power measurement 
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Theoretical model: cooling power 

reflects 97% of incident sunlight while emitting strongly and selectively in the atmospheric

transparency window. When exposed to direct solar irradiance of greater than 850 W/m2

on a rooftop, the photonic radiative cooler achieves 4.9�C below ambient air temperature,

and has a cooling power of 40.1 W/m2 at ambient. These results demonstrate that a tailored,

photonic approach can fundamentally enable new technological possibilities for energy effi-

ciency, and further indicate that the cold darkness of the universe can be used as a renewable

thermodynamic resource, even during the hottest hours of the day.

Consider a radiative cooler of area A at temperature T , whose spectral and angular emis-

sivity is ✏(�, ✓). When the radiative cooler is exposed to a daylight sky, it is subject to both solar

irradiance and atmospheric thermal radiation corresponding to ambient air temperature T
amb

. The

net cooling power P
cool

of such a radiative cooler is given by
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Theoretical model: temperature 

reflects 97% of incident sunlight while emitting strongly and selectively in the atmospheric

transparency window. When exposed to direct solar irradiance of greater than 850 W/m2

on a rooftop, the photonic radiative cooler achieves 4.9�C below ambient air temperature,

and has a cooling power of 40.1 W/m2 at ambient. These results demonstrate that a tailored,

photonic approach can fundamentally enable new technological possibilities for energy effi-

ciency, and further indicate that the cold darkness of the universe can be used as a renewable

thermodynamic resource, even during the hottest hours of the day.

Consider a radiative cooler of area A at temperature T , whose spectral and angular emis-

sivity is ✏(�, ✓). When the radiative cooler is exposed to a daylight sky, it is subject to both solar

irradiance and atmospheric thermal radiation corresponding to ambient air temperature T
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Recent demonstrations by other 
researchers: 

Gentle and Smith, Advanced Science (2015) 



Outlook 

•  Challenges to direct application for roofing: cost, durability, 
appearance, wind shielding 

 
•  What’s new: Electricity and water-free way of dissipating heat 

loads to below ambient 

•  Rejecting interior heat loads and directly substituting for A/C 
electricity and water use: beyond the envelope 



Tuning thermal emittance by 
design 
•  Tuning and optimizing thermal emittance makes 

possible new efficiency gains by using the sky’s 
‘resource’ more effectively: new energy opportunities! 

•  One example: cooling solar cells 
     (lower operating temperature 10+°C) 

A. Raman*, L. Zhu* and S. Fan (in review) 
L. Zhu, A. Raman, K. Wang, M. Anoma & S. Fan,  
Optica, 1 (1), 32 (2014) 
 



Direct roof applications? 
Uninsulated structures, especially off-grid could directly benefit 
from a subambient cool roof: direct air flow beneath a sub-
ambient cooling roof surface 

(in western Kenya) 



Some potential takeaways to 
consider for cool roofs 
•  Recent developments from the photonics and optics world 

could be leveraged to assist or improve cool roofs 
•  Deterministically manipulating (and increasing/decreasing) 

thermal emittance at certain wavelengths while increasing 
solar reflectance: new possibilities 

•  Subambient cooling by a module would be best achieved on a 
cool roof: complementary 

•  Night sky radiative cooling is already accessible and prominent 
in arid climates: opportunities to reconsider in today’s energy 
and buildings landscape? 
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Summary 

•  Recent developments from the photonics and optics world 
could be leveraged to assist or improve cool roofs 

•  Subambient surfaces can benefit from having spectrally 
selective thermal emittance behavior  

•  The coldness of the universe is an under-exploited 
thermodynamic resource for energy processes on Earth 

1 A. Raman, M. Anoma, L. Zhu, E. Rephaeli & S. Fan, Nature, 515, 540-544 (2014) 
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