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ABSTRACT

The objective of this paper is to present the potential of daytime radiative cooling
materials as a strategy to mitigate the Urban Heat Island effect. To evaluate the cooling
potential of daytime radiative cooling materials, 15 theoretical materials and seven
existing materials were simulated: two radiative cooling materials, a coolmaterial, two

white paints, a thermochromic paint and a construction material. The novelty of this
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study is that it shows that the optimal spectral characteristics of radiative cooling
materials depending on the climate conditions and the type of application. A sensitivity
analysis was performed to evaluate the impact of each wavelength emissivity on the
ability to achieve sub-ambient radiative cooling. The sensitivity analysis comprised a
total of 90 theoretical materials with 15 different wavelength combinations and 6
emissivity values. The heat transfer model, which includes conduction, convection, and
radiation, was developed using a spectrally-selective sky model. Two conditions were
considered: a very conductive surface and a highly insulated one. All the materials
were simulated in two cities that suffer from the Urban Heat Island effect—Phoenix and
Sydney. The mean surface temperature reduction achieved was 5.30 °C in Phoenix
and 4.21 °C in Sydney. The results presented suggest that the type of application
(active or passive) is a determinant factor in the design of radiative cooling materials.
Modifying the spectra of the materials led to a substantial change in the cooling
potential. A material that performs well in a dry climate as a passive solution could

perform poorly as an active solution.

HIGHLIGHTS

Daytime radiative cooling materials are studied in two cities with Urban Heat

Island

e Contribution of wavelength band to the ability to achieve sub-ambient
temperatures

¢ Materials studied under highly-insulated and highly-conductive conditions

e Material’s behavior strongly depends on the location and the type of application
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Nomenclature

c Fraction of sky covered by clouds
E, Blackbody radiation W /m?

G Irradiance W /m?

h Convective heat transfer W /(m?K)
I Solar irradiation W /m?

Ji Radiosity W /m?

q Heat flux W/m?

T Temperature K

v Wavenumber 1/m

Greek letters

€ Emissivity
Subscripts
cd Conduction
cv Convection
r Radiation
s Surface studied
sun Solar
Av A wavenumber range or band

1. Introduction

Nowadays, half of the world’s population lives in urban areas (World Urbanization
Prospects, 2014) and consumes 75% of the primary energy sources, emitting between
50 and 60% of greenhouse gases (“Energy — UN-Habitat,” n.d.). Furthermore, the
world’s urban population is expected to increase by more than two-thirds by 2050,

reaching 6.3 billion (World Urbanization Prospects, 2014), with nearly 90% of this rise

3/36



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

taking place in cities across Asia and Africa. CO2 emissions increase proportionately
with population due to energy use (O’Neill et al., 2012). A 1% increase in the urban
population is estimated to increase energy consumption by 2.2% (Santamouris et al.,
2001). The global energy demand is predicted to increase by more than 25% if the
IEA’s New Policies Scenario (rising incomes and an extra 1.7 billion people) is followed

(International Energy Agency, 2018).

Higher urban temperatures are due to the positive thermal balance of urban areas in
comparison with rural areas, caused by (i) the significant release of anthropogenic
heat, (ii) the excess storage of solar radiation by city structures, (iii) the lack of green
spaces and cold sinks, (iv) the non-circulation of air in urban canyons, and (v) the
reduced ability of emitted infrared radiation to escape into the atmosphere (Oke et al.,
1991). This phenomenon, known as the Urban Heat Island (UHI), is well documented
in more than 400 cities around the world (Santamouris, 2019), and the total number of
reported cities is increasing rapidly. The average UHI varies between 0.5 °C to 7 °C,
where 90% of the data is below 4.5 °C (Santamouris, 2020). As ambient air
temperature increases, the carrying capacity of electric power cables decreases, a
phenomenon that occurs more during the summer with the increase in electricity load
caused by air-conditioning usage (Bartos et al., 2016). Moreover, UHI and heatwaves
have a relevant environmental and financial impact, especially on vulnerable and low-
income populations (Santamouris and Kolokotsa, 2015). Additionally, exposures to
high ambient temperatures represent a serious health danger (Anderson G. Brooke

and Bell Michelle L., 2011).

The urban climate is strongly determined by morphological characteristics and the
properties of the materials comprising the urban landscape (Lemonsu et al., 2015).
Many strategies focusing on new material developments have been proposed to
mitigate the rise in cooling demand, and the increase in urban temperatures. Increasing

the global albedo of the city has resulted in a reduction in the peak ambient
4/36
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temperature of up to 3 °C and a 20% reduction in peak cooling demand in residential
buildings (Santamouris et al., 2018). Cool roofs have been widely studied for reducing
the cooling demand (Bell et al., 2003; Berdahl and Bretz, 1997; Erell et al., 2006;
Kolokotroni et al., 2013; Kolokotsa et al., 2018; Miller et al., 2015; Radhi et al., 2017;
Santamouris, 2013; Santamouris et al., 2008). Green roofs and vegetation have been
proposed as a mitigation strategy as well (Foustalieraki et al., 2017; Herrera-Gomez et

al., 2017; Kolokotsa et al., 2013; Zinzi and Agnoli, 2012).

Recently developed radiative cooling materials have achieved daytime sub-ambient
temperatures even under direct solar radiation. Radiative cooling is the physical
phenomenon by which an object dissipates heat as infrared radiation. Over mid-
infrared wavelengths, between 8 and 14 um, the Earth’s atmosphere is transparent to
electromagnetic radiation. Radiative cooling was applied as a nocturnal passive system
for cooling in some experimental buildings and prototypes (Yellot, 1976; Yellot, John I.,
1976). The results showed a limited nocturnal cooling capacity since longwave
radiation from commonly-found materials can rarely achieve cooling powers of more
than 100 W-m2, even under ideal meteorological conditions (Erell and Etzion, 1992).
Material sciences have significantly evolved since the first designs were researched in
the early ’70s and radiative cooling materials have recently been developed (Kou et
al., 2017; Li et al., 2017; Raman et al., 2014; Rephaeli et al., 2013; Shi et al., 2018;
Zhai et al., 2017; Zhu et al., 2019, 2015). Novel materials such as photonics,
metasurfaces, and polymers have already achieved 120 W-m2 under direct sunlight
(Santamouris and Feng, 2018). Besides material development, aperture dependency
and geometrical designs have been studied. This kind of device was introduced by
Trombe in 1967 (cited by (Smith, 2009)) by placing blackbody materials facing the sky
and protecting them from the environment. Several authors have continued this line of
research (Aviv and Meggers, 2017; Smith, 2009; Zhou et al., 2019a, 2019b), showing
temperature drops of up to 11 °C below ambient temperature.

5/36



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

In order to achieve daytime radiative cooling, the optical properties in each wavelength
of a material are determinant. The material needs to emit highly in the atmospheric
transparency window (7.9-14 um) and reflect at least 94% of incident sunlight (0.3-3
pm) (Raman et al., 2014). Absorbing 10% of incident solar radiation is approximately
100 W-m2 and therefore, the thermal equilibrium is reached at a higher temperature
than the ambient temperature. Daytime radiative cooling materials have been coupled
to air-conditioning (AC) systems to evacuate the excess heat to space instead of to the
ambient air (Aili et al., 2019; Goldstein et al., 2017; Wang et al., 2018; Zhang et al.,
2018). In (Zhao et al., 2019), the authors compared an air radiative cooling system with
other materials and systems (shingle roof, attic ventilation, and coolroof). Using their
proposed radiative cooling system, they achieved a reduction in the attic air
temperature of 15.5-21 °C. Another system using the material developed by (Zhai et
al., 2017) reduced the energy consumption and achieved savings from 26% to 46% for

the modeled locations (Zhang et al., 2018).

Radiative cooling depends on the optical properties of the material and the thermal
exchange with the surroundings. The effect of climatic parameters such as the effect of
air temperature, solar radiation, and ambient radiation have recently been discussed
(Feng et al., 2020). Moreover, the contribution of convection has been vastly
researched (Chen et al., 2016; Cui et al., 2016; Huang and Ruan, 2017; Kou et al.,
2017). Various studies have calculated the radiative cooling potential of several
devices and materials in different cities (Feng et al., 2020; Vall et al., 2018), countries
(Li et al., 2019), and areas of the world (Argiriou et al., 1992). Nevertheless, a more
detailed study showing the impact of the optical properties of each wavelength band on

the ability to achieve sub-ambient cooling has not yet been presented.

This research aims to study the impact of the different spectral selectivity
configurations in the cooling potential of radiative materials by conducting a sensitivity

analysis. The effects of each wavelength’s band emissivity on the ability to achieve
6/36



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

sub-ambient cooling was determined. The authors compared the performance of
several theoretical radiative cooling materials with newly developed ones and typical
construction materials. The materials were studied under two conditions to assimilate a
passive and active solution (for future integration in AC systems). Firstly, the passive
solution was designed as a highly insulated surface on one side (an almost adiabatic
condition). Secondly, the active condition was assimilated to a very conductive surface.
Besides, several convective values were simulated to determine the maximum sub-
ambient cooling. As a result, considerations for choosing the appropriate spectral
emissivity configuration are given for each location. The restrictions to achieving

daytime radiative cooling are detailed for both conditions.

The main novelty of this study is that it shows that the desired spectral emissivity
characteristics of radiative cooling materials depend on the climate conditions and the
type of application. It was discovered that the best spectral characteristics are different
for a dry or humid climate and if the application is for a passive system or an active
one. In-depth study of these two aspects is required in future research to establish the

level of importance of these two observations using broader statistical data.

2. Methodology

The research methodology described was followed to determine the impact of the
spectral emissivity configuration on the possibility of achieving sub-ambient
temperatures. First, a heat transfer model was developed. This model simulated a
horizontal flat plate, in which the conductive heat transfer was calculated using the
finite difference method (implicit method). The boundary conditions on the lower side
were convection and the temperature of a fluid. For a highly insulated condition, a
nearly zero value is defined for the convective heat transfer coefficient. For the upper
side, the boundary conditions defined were convection with air, incident solar radiation,
and radiation exchange with the atmosphere. The optical properties varied spectrally,

and the model considered this variation for both solar radiation and atmospheric
7136
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radiation. Atmospheric radiation is based on the spectrally selective sky model
presented by Berger and Bathiebo (Berger and Bathiebo, 1989), where the sky
conditions were defined as clear sky, completely covered sky, and partially covered

sky.

The model can perform transient and steady-state simulations with time steps specified
at the beginning of each simulation (for this study, a 1-minute time step was used in all
cases); the summary results presented are hourly, however. The main variables
obtained in the results are surface temperatures and heat transfer on the surface. The
heat transfer is discretized for each transfer mechanism: conduction, convection,
radiation from the atmosphere, and solar radiation absorption. The power at the end of
the hour is given for each heat transfer mechanism. Moreover, the cumulative energy
transferred during the hour is presented. The previous results are used to obtain other
related parameters, such as the hourly difference between air temperature and surface
temperature, the daily mean of this difference, daily mean temperatures, and

cumulative daily heat transfer.

The model was validated using outdoor experimental data from two newly developed
radiative cooling materials (Raman et al., 2014; Zhai et al., 2017). Following the
validation, the sensitivity analysis was conducted with 90 theoretical materials and
seven existing materials in two locations: Sydney, with a mild climate and Phoenix, with
an arid climate (Cfa and Bsh respectively according to (Kottek et al., 2006)). Moreover,
the two boundary conditions—a high insulated and a very conductive surface—were
simulated. Finally, the results are compared according to their radiative cooling
potential and the surface temperature they reached. The suitability, restrictions, and

limitations for each are presented for each location and boundary condition.

2.1. Heat transfer model
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The objective of the heat transfer model is to simulate the thermal behavior of a
horizontal surface that exchanges heat with its surroundings by convection and
radiation. Radiation is divided into two components: solar radiation and radiation with
the surroundings. The surrounding radiation will be assumed to be only from the sky.
The heat transfer model calculated the heat transferred by conduction from the surface
down with the finite difference method. The emphasis of the model is on the two
radiation components, since it considers the spectral characteristics of the surface, sky

and solar radiation; therefore, only this component will be explained.

The radiosity of a surface with a view factor equal to one with the sky can be

represented by:

Js(@) = es(W)E, (v, T) + (1 — £5(¥)) G5 (v) 1)
Where J;(v) is the radiosity of the surface for the wavenumber v, &,(v) the emissivity of
the surface for the wavenumber v, E, (v, Ts) the blackbody radiation in the wavenumber
v when its temperature is Ty, Gs(v) the irradiance received by the surface at a

wavenumber v.

As the sky is the only radiation emitter that the surface faces, the irradiance received

by the surface is:

Gs(v) = Esky (WEp (v, Tair) 2)

Therefore:

]s(v) = Ss(v)Eb (17, Ts) + (1 - gs(v))gsky(v)Eb (U, Tair) (3)

On the other hand, the radiation heat flux in the surface for the wavenumber v is:
Qrsv = Is ) - G (v) (4)
Qrsy = &s (U) (Eb (U, Ts) - Ssky(U)Eb ('U, Tair)) (5)

For the wavelength bands between wavenumbers between v; and v the heat flux is:
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Ar,sav = f : &(v) (Eb w,T,) — Esky (W)Ep (v, Tair)) dv (6)

i

v]- 1.7]'
Grsa = f £ (V) Ey (v, T,)dv — f 4 (1)€s1y (V) Ep (4, Tagy) @)
141 v

Selecting a range or band Av where both &,(v) and &g, (v) can be considered

approximately constant yields the following expression:

Vj Vj
Qr,s,av = Es,Av [f Ep(v, Ts)dv — Esky,Av f Ep(v, Tair)dv] (8)
Vi Vi

The previous equation makes it possible to calculate the heat flux exchanged by
radiation with the sky for each band in which the emissivity of the sky and the surface
can be considered constant. The total heat flux is therefore the summation of the heat
flux of each band:
qr = Z Ar,s,Av; (9)
Av;
The second component of radiation is the solar radiation. In this case the heat can be

calculated with:

Gsun = Jy &) [(W)dv (10)
And similar to the previous considerations, if there are bands where emissivity can be

considered as constant, the previous integral can be approximated by a summation:

Qsun = Z Ss,Avi IAvi (11)

Av;

10/36



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

qsun

Q?" qCU

cd

Figure 1. Heat flux in the surface

Finally, the balance of heat flux at the surface, following the schematic representation

of Figure 1, can be expressed as:

Aed = 9r + Qsun T qev (12)
Where:
qev = hcv(Tair - Ts) (13)

And q.4, as stated above, is calculated using the finite difference method.
2.1.1. Sky model review and development

Calculating the heat transfer with the atmosphere using equation 8 requires the

spectral emissivity of the sky (&sxy,4) to be known.

Although there is a vast literature on sky models (30 evaluated in (Vall and Castell,
2017), 35 in (Algarni and Nutter, 2015) and 70 in (Antonanzas-Torres et al., 2019))
both for clear sky conditions and cloudy conditions, most of them refer to global
emissivity. Clouds act as a barrier to heat transfer, inhibiting the outgoing radiation
through the atmospheric band and augmenting the effective temperature of the sky due

to the absorption of heat by water vapor (Berdahl and Fromberg, 1982). Opaque clouds
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can be considered blackbody emitters at the temperature of the cloud base (Bliss,
1961) and their radiative effect close to the transparency window. The influence of
cloud radiation decreases with altitude; higher clouds are colder than lower clouds
(Sugita and Brutsaert, 1993). Nevertheless, measurements of the downward
component emitted by clouds and aerosols in the atmosphere are scarce and not well

understood (J Herrero and Polo, 2012).

Cloudy sky models are based on daytime clearness indexes and are transposed as a
single value for the night; moving clouds cannot be considered (Eicker and Dalibard,
2011). Moreover, at night there are no cloud coverage estimations. Malek (Malek,
1997) proposes a method to evaluate sky cloud cover without having to relate to any
empirical and local constants. It is based on the cloud base height, cloud base
temperature, and percentage of the sky covered by clouds. Emissivity value estimates
are 1 under cloudy conditions (Martin and Berdahl, 1984) and above 0.95 for covered
skies (J. Herrero and Polo, 2012) . According to (Monteith and Unsworth, 2013), for a
completely overcast sky (cloud fraction ¢ = 1) in Oxford, England, the apparent

emissivity of the sky can be calculated knowing the emissivity value for clear sky by:

Esky,cloud = gsky(l) =0.84 + 0-16£sky,clear (14)
And for a sky covered with a fraction “c” of cloud, emissivity can be calculated by

interpolation:

gsky(c) = Cgsky(l) +(1+ C)gsky,clear (15)

Clear sky emissivity model

This research uses the Berger and Bathiebo 1989 (Berger and Bathiebo, 1989)
spectral sky model to calculate the spectral radiation of the atmosphere. The model
calculates the spectral and global emissivity of the sky in 21 wavelength ranges, using

Equation 16
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Esky,pv; = 1 — exp(_kAvin) (16)

Where &g a0, IS the clear sky emissivity for the range of wavenumbers Av;; ky,,; is an
absorption coefficient, and w; an equivalent absorber that must be calculated using

different correlations defined by (Berger and Bathiebo, 1989) for each band.
Completely covered sky emissivity

To the best knowledge of the authors, there are no correlations to calculate the spectral
emissivity under completely covered skies with a similar degree of discretization that
has been presented for clear skies. The model developed can calculate the emissivity
of the sky using a correlation of Equation 14 or a constant value. By default, a value of

0.95 (J. Herrero and Polo, 2012) was used for the results calculated in this paper.
Partially covered sky emissivity

As shown in Equation 15, a linear relationship between the emissivity of clear skies and
completely covered skies is presented in (Monteith and Unsworth, 2013). This principle
can be applied for each spectral band. The parameter “c” is used as the fraction of sky

covered by clouds, 1 being a completely covered sky. For a sky covered with a fraction

c of cloud, interpolation gives:

Esky,Av; ()= Cgsky(l) +(1- C)gsky,Avi (17)
The sky emissivity for a partially covered sky is the weighted average between the
emissivity of clear sky and the completely covered sky, the ratio of the covered sky

being the weighting factor. Note that emissivity for a completely covered sky e, (1) is

not dependent on the wavenumber since there is no information about its spectral

variation.

2.2. Model validation
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The model was validated using data from two recently developed materials in the

literature (Raman et al., 2014; Zhai et al., 2017); the authors reported very high cooling
rates even when exposed to the sun and achieved a substantial temperature drop from
the ambient temperature. The model agreed well with experimental data (Figure 2 and

3) and is considered valid.

Table 1: Comparison of the two radiative cooling materials under experimental conditions.

Skycool (Raman et al., Radicool (Zhai et al.,

2014) 2017)
Solar Reflectivity 0.90 0.90
Emissivity in the transparency 0.80 0.93
window
Reported sub-ambient 4.9°C
temperature
Cooling potential 40.1 W/m? 93 W/m?
Location of experiment Stanford, CA, USA Cave Creek, AZ, USA
Kbppen climate exp Csb BSh
Dates of the experiment Clear winter day 16" Oct. to 19" Oct
(Fall)

In the experiment conducted in 2014, the authors exposed the radiative cooling
material protected by a low-density polyethylene cover to the sky. These polyethylene
covers acted as a convection barrier (See Supplementary Material 1: Model Validation

Procedure).
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Figure 2. Validation of the thermal model with material 1 (RC1) “Skycool” (Raman et al., 2014).

The second experimental setting was different; they eliminated convection by applying

a constant heat supply to the material to achieve ambient temperature.
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Figure 3. Validation of the thermal model with material 1 (RC2) “Radicool” (Zhai et al., 2017).

2.3. Sensitivity analysis
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The objective of this sensitivity analysis was to determine the impact of wavelength
emissivity on the ability to achieve daytime radiative cooling. The radiation spectrum
was divided into 39 bands (See Supplementary Material 2: Band division), parting from
the original 21 wavelength bands from the atmospheric radiation model (Berger and

Bathiebo, 1989).

An emissivity value of zero or non-zero was assigned to each band; fifteen wavelength
combinations were proposed. To establish the bandwidth for an ideal material, the non-
zero emissivity values of the theoretical materials were selected to be centered in the
transparency window of the atmosphere (infrared emission), shown in Figure 5.
Similarly, for the visible region, the emissivity values were centered in the region with
the highest solar irradiance. The band combinations resulted in the 15 theoretical
materials (M1-M15) shown in Figure 4. Moreover, to quantify the impact of the
emissivity value, six emissivity values (1, 0.9, 0.8, 0.7, 0.5, and 0.25) were assigned to

the non-zero value, resulting in a total of 90 theoretical materials.
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Figure 4. Emissivity of the theoretical materials (M1-M15) resulting from combining emissivity

values of 1 and 0 in the 39 wavelength bands.
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Figure 5. Solar spectrum, atmospheric emissivity, and ideal material spectra.

The performance of the theoretical radiative cooling materials (M1-M15) was compared
with existing radiative cooling materials (Skycool (RC1) and Radicool (RC2)) and other
construction materials (CM1-CM5 e.g. white paints, brick, and coolmaterials) for the
same boundary conditions. This provides a better understanding of the potential

benefits and ways to improve these materials.

Atmospheric

Band 4 window Radiative cooling materials

1.0
— RC1 (Skycool)

0.8 - RC2 (Radicool)
2 ) i
'S 0.6 - Construction materials
é 0.4 | — CM1 (Thermochromic/colored phase)
w NN~y e CM2 (Coolmaterial)

0.2+ B — CM3 (Red brick)

0.0 : : : — CM4 (White paint 1-Gilmore)

0.1 1 10 w00 00 CM5 (White paint 2-Incorpera)

Wavelength (um)

Figure 6. Emissivity comparison of existing radiative cooling materials (RC) and construction

materials (CM).

The sample’s thermal response was calculated in two different cities, Phoenix (hot and
dry) and Sydney (mild and humid) during the summer solstice, on 21% June and 21%
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322  December, respectively. The climates of the selected cities obtained from Meteonorm

323 (Meteonorm 7, 2017) represent completely clear skies and are shown in Figure 7.
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324
325 Figure 7. Hourly climatic parameters in summer solstice for Phoenix and Sydney.
326 3. Results
327  Two different simulation conditions were considered: a highly insulated and a very
328  conductive surface (Table 2).
329  Table 2: Material substrate for two conditions
Background Material Thickness Thermal Density Specific
conditions conductivity Heat
1. Insulated Insulation 0.15m 0.0001 W/m-K 0kg/m3 1000 J/kg-K
2. Conductive Metallic 0.005m 400 W/m-K 0 kg/m3 1000 J/kg-K

sheet

330
331 3.1. Performance of the samples over a highly insulated surface

332  The first thermal scenario considers the material insulated entirely on the bottom side
333 to have almost no conductivity; there is negligible heat transfer by conduction.
334  Therefore, this condition can be regarded as almost adiabatic. Below the insulation, the

335 temperature was 25 °C, and the exterior convective heat transfer coefficient was 20
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W-m=2.K2, In this case, the resulting variable of interest is the surface temperature

reached.

To study the effect of each of the 39 bands, the emissivity value in the selected band
was 1 and 0 in the rest of the 38 bands. As Figure 8 shows, from “Band 2” (0.3-0.4 um)
to “Band 77(2.5-3 um), having an emissivity of 1 leads to heat gains, especially in “Band
4” (0.5-1 um), where the material is 10.57 °C and 9.90 °C hotter than the ambient
temperature in Sydney and Phoenix, respectively. On the other hand, “Band 15” (8.29-
8.82 um) and “Band 20” (9.98-10.50 um) to “Band 22” (11.33-11.95 pum) have a high
impact on the heat losses, reaching a reduction of 1.13 °C in Phoenix and 0.88 °C in
Sydney when the emissivity of “Band 21” (10.5-11.325 um) equals 1. Absorbing heat in
the solar wavelengths has a more significant effect than the emissive power inside the

atmospheric window, as can be seen in Figure 8.

AT (°C)
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101112131415161718192021222324252627282930313233343536373839
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- -
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g
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© -

Bl Phoenix EE Sydney

Figure 8. Contribution of each band’s emissivity to the average temperature difference. Positive
values are bands that achieved sub-ambient cooling and negative values are those that

reached higher than ambient temperatures.
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Once the effect of each band was known, the surface temperature of the 15 theoretical
materials was calculated with the six possible emissivity values and the existing
materials (Figure 9). The results for the theoretical materials were divided into two
groups: those that achieved sub-ambient cooling during the day (M1-M9, Figure 9 al,
bl), and the ones that reached higher than ambient temperatures (M10-M15, Figure 9
a2, b2). All the materials achieved higher temperature reductions in Phoenix than in
Sydney. M6 achieved a 5.29 °C reduction in Phoenix and M7 a reduction of 4.20 °C in
Sydney (see Figure 10 al, bl), whereas RC2 reached a mean temperature drop of
3.42 °C in Phoenix and 2.36 °C in Sydney. CM5 achieved a very similar temperature
reduction, 3.12 °C, and 2.05 °C, respectively. The thermochromic paint (CM1), the cool
material (CM2), and the red brick (CM3) did not achieve sub-ambient temperatures

during the day (Figure 9 c, d).

Lowering the emissivity of the theoretical materials led to a reduction in the attained
surface temperature, as seen in Figure 10 (c, d); however, a material with an emissivity
of 0.25 in the atmospheric window and O outside achieved a temperature reduction of
1.51 °C in Phoenix and 1.17 °C in Sydney. During the night, all the studied materials,

theoretical and existing, achieved sub-ambient cooling.
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371
372 Figure 10. Difference between mean ambient and surface temperature for theoretical materials
373 (M1-M15), radiative cooling materials (RC1-RC2) and typical construction materials (CM1-CM5)
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in Phoenix and Sydney. Positive values are materials that achieved sub-ambient cooling and

negative values higher than ambient temperatures.

Figures 9 and 10 above show summarized behavior and a comparison of the simulated
materials considering a highly insulated condition. If the objective is to achieve the
minimum surface temperature, the ideal material is M6 for Phoenix and M8 for Sydney.
Nevertheless, in both cases (mainly for Phoenix), the difference between M6 and M8 is
low. Therefore, the ideal material should have an emissivity of 1 approximately in the
band between 5 and 17um. The emissivity in the visible region has a powerful impact
on the behavior of the material since the infrared emission cannot be compensated by
solar absorption. The emissivity of the white paints (CM4 and CM5) was very similar to
“Skycool” and “Radicool” (RC1 and RC2), and therefore their thermal behavior is

similar to radiative cooling materials.

Finally, in order to study the effect of the convective coefficient, the mean surface
temperature achieved by M1 to M15 was calculated and is shown in Figure 11. When
the convection is reduced, Phoenix (M6, 37 °C) had the potential to achieve a lower
sub-ambient temperature than Sydney (M6, 31 °C). On the other hand, a lower
convective rate led to a higher surface temperature in Sydney (M15, 31 °C) than in

Phoenix (M15, 23 °C).
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Figure 11. Difference between mean ambient and surface temperature for theoretical materials
(M1-M15) with different convective values in Phoenix and Sydney. Positive values mean sub-

ambient cooling and negative values higher than ambient temperatures.
3.2. Performance of the samples over a conductive surface

In the second scenario, materials are placed on top of a very conductive surface with
no insulation. This scenario mimics the idea of having a fluid or a heat source at a
constant temperature under the surface and calculates the cooling potential. Below the
material, the temperature is 25 °C, the exterior heat transfer coefficient is 25 W-m=2.K 2,

and the interior heat transfer coefficient is 1000 W-m=2-K-1.

The daily heat gains were calculated for all the materials in both cities and are
represented in Figure 12. In the case of Phoenix (Figure 12 a), using a very conductive
material leads to heat gains since the mean ambient temperature that day is 36.19 °C.
Nevertheless, the theoretical material M6 with an emissivity of 1 achieves the lowest
heat gain of 3091 Wh-m-, followed by M7 (3306 Wh-m) and M5 (3384 Wh-m).
Among the existing materials, the behavior of RC2 (4578 Wh-m) and CM4 (5240
Wh-m) is closer to that of RC1 (4645 Wh-m) and CM5 (4897 Wh-m2). The mean

ambient temperature in Sydney for that day is 23.6 °C (Figure 12 b). Materials M1-M9
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achieved a substantial heat loss: theoretical material M8 attained the highest heat loss
of -3176 Wh-m followed by M7 (-3140 Wh-m), and M6 (-2916 Wh-m2), when the
emissivity value is 1 (Figure 12 b).Among the existing materials, the highest heat
losses correspond to RC1 (-2212 Wh-m2) and CM5 (-2077 Wh-m2). Contrary to the
situation in Phoenix, despite having similar optical properties to RC1 and CM5,

materials RC2 and CM4 achieved values that were around 700 Wh-m2 lower.

In the case of Phoenix (Figure 12 c), reducing the emissivity of the theoretical materials
M1 to M9 leads to higher heat gains. Material M6 attains the best behavior since it has
the lowest heat gains. Once the materials start to absorb in the solar wavelengths, the
higher the emissivity, the greater the heat gains are. In the case of Sydney (Figure 12
d), reducing the emissivity of the theoretical materials leads to lower heat losses for M1

to M9. Material M8 attains the best behavior as it has the highest heat losses.
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Figure 12. Daily gains or losses for theoretical materials (M1-M15), radiative cooling materials
(RC1-RC2) and typical construction materials (CM1-CM5) in Phoenix and Sydney. Positive

values are heat gains and negative are heat loses.

The daily accumulated radiated heat of each surface is represented in Figure 13. As

can be seen, the potential is higher in Sydney than in Phoenix due to the difference in
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the ambient temperatures of both cites; that the bottom surface is at 25 °C hinders
enormously the cooling ability in Phoenix, where M6 attains the highest radiation
power, -2218 Wh-m2. (Figure 13 a). The difference between using one of the
theoretical materials and the already developed ones is substantial, the radiated heat
almost halving in the latter (Figure 13 e). RC2 achieved -1475 Wh-m-2and CM5 -1359
Wh-m=2. In the case of Sydney (Figure 13 b), from M7 (-2517 Wh-m) onwards, all the
materials achieve a similar radiation power. In this case, RC2, and RC5 achieve -2398
Wh-m=2, -2484 Wh-m2, respectively. In both cities, lowering the emissivity leads to
lower radiated heat (Figure 13 c, d). When the exchange temperature is higher, the

theoretical radiative cooling materials perform better, as shown in Phoenix.
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Figure 13. Daily radiated heat for theoretical materials (M1-M15), radiative cooling materials

(RC1-RC2) and typical construction materials (CM1-CM5) in Phoenix and Sydney. Positive

values are heat gains and negative are heat loses.

Finally, to study the effect of the convective coefficient, the thermal gains for materials

M1 to M15 were calculated and are shown in Figure 14. As mentioned above, the

mean ambient temperature of Phoenix is higher than the interior temperature
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considered. Therefore, in this case, the higher the convection, the lower the cooling
capacity in Phoenix; the air temperature heats the surface leading to considerable heat
gains. Convection plays a less significant role in Sydney since the interior temperature

is closer to the ambient temperature.
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Figure 14. Daily gains or losses for theoretical materials (M1-M15) with different convective

values in Phoenix and Sydney. Positive values are heat gains and negative are heat loses.

4. Conclusions

This paper analyzes the sensitivity of the performance of daytime radiative cooling
materials to different spectral selectivity configurations, type of application, and
location. The results presented in this paper suggest that the kind of application (active
or passive) is a determinant factor in the design of radiative cooling materials. A
material that performs well in a dry climate as a passive solution could perform poorly
as an active solution. When used as an active solution, the operating temperature and

climate should be carefully studied.

The radiation spectrum was divided into 39 bands and the contribution of each band
was calculated. The most critical bands regarding heat absorption are band 4 (0.5-1

pum) followed by band 5 (1-2 um) and band 3 (0.4-0.5 pm). A material that solely emits

30/36



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

in band 4 reaches a surface temperature up to 10.6 °C higher than the ambient
temperature in Sydney and 9.9 °C in Phoenix. Therefore, it is important to achieve high
reflectivity in the 0.5-1 um region. The emissivity values should be especially high in
Bands 20-22 (9.98-11.95 pm). Combining the 39 bands, a total of 15 theoretical
materials with 6 different emissivity values were proposed and compared to existing
daytime radiative cooling materials and typical construction materials. As many authors
have previously mentioned, the results of the daytime radiative cooling materials could
not be directly compared. However, the present research has made it possible to
compare under the same conditions the results of theoretical materials (M1-M15) with
two of the most innovative radiative cooling materials in recent years, “Skycool” RC1

and “Radicool” RC2.

Modifying the materials’ optical properties leads to a substantial change in the heat
gains or losses in an active system and the surface temperature reached as a passive
application. The most suitable optical spectrum for a material is determined by the
climate of each location (Sydney and Phoenix in this study) and the application type
(boundary conditions). The highly insulated condition was more beneficial in Phoenix,
where the theoretical materials achieved (M6, 5.30 °C) a higher sub-ambient cooling
temperature than in Sydney (M6, 4.21 °C). On the other hand, the materials that did not
present sub-ambient cooling during the day (M10-M15) showed worse behavior in
Sydney than in Phoenix due to the higher humidity. M14 reached a surface
temperature10.93 °C higher than the ambient temperature in Sydney and 8.63 °C
higher than in Phoenix. Using a radiative cooling material over a very conductive
surface requires a different approach. In Sydney, a broader spectrum outside the
atmospheric window was more beneficial than one solely within the transparency
window. The theoretical material M8 achieved the highest daily heat losses (-3176
Wh-m). In this case, the existing materials RC1 and CM5 are good alternatives to the
theoretical materials. In Phoenix, on the other hand, restricting the emissivity to the
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490 atmospheric transparency window resulted in better behavior. Theoretical material M6,

491  with an emissivity of 1, achieved the lowest heat gain of 3091 Wh-m2,

492  If the average temperature increase in urban areas reaches the predicted 4 to 5 °C,
493  daytime radiative cooling materials are great candidates to counteract it. Radiative

494  cooling is of special interest in cities suffering from the UHI effect since the heat

495  accumulated during the day will be evacuated to outer space instead of to the streets,
496  alleviating the heat buildup in cities and breaking the vicious cycle of increasing cooling
497  demand. However, more research is necessary to determine how to apply this to the
498  built environment. The impact of building radiation on the ability of these materials to

499  cool down should be studied in more depth.

500 Table 3: Summary of simulations results.

Phoenix Sydney
Insulated
Material AT (°C) difference Material AT (°C) difference
M6 530°C M7 4,21 °C
RC2 Radicool 3,42 °C RC2 Radicool 2,36 °C
RC1 Skycool 2,40°C RC1 Skycool 1,55°C
CM5 White paint 2 3,12°C CM5 White paint 2 2,04 °C
CM4 White paint 1 2,52°C CM4 White paint 1 1,41 °C
Conductive

Material Daily heat gains Material Daily heat gains
M6 3091 W-m2 M8 -3176 W-m?
RC2 Radicool 4578 W-m?2 RC2 Radicool -2213 W-m?
RC1 Skycool 4644 W-m2 RC1 Skycool -1574 W-m?
CM5 White paint 2 4897 W-m2 CM5 White paint 2 -2077 W-m
CM4 White paint 1 5240 W-m2 CM4 White paint 1 -1689 W-m?

501
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