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Promoting the sustainability of the building industry is one of the major approaches to addressing energy
depletion and climate change. Here, we developed scalable cementitious cooling composites (CCCs) with
superior energy-free cooling performance and environmental applicability. Optical properties, phase
composition, microstructure, and silica reactivity of composites are characterized and analyzed. Onsite
measurements are conducted to evaluate the surface/internal cooling capacities and validate the cooling
principles and such composites’ climatic applicability. Results show that calcite, CASAH phases (espe-
cially tobermorite), and a higher water-to-powder ratio can increase the solar reflectivity (Rsun).
Meanwhile, CASAH and calcite can also increase the spectral emissivity in the atmospheric window
(eaw). Optimal sizes of 0.5 lm (particles) and 1.0 lm (pore size) for Mie scattering are determined by
Finite-Difference Time-Domain simulations. The Rsun of 0.90 and eaw of 0.88 are simultaneously achieved,
which are comparable to exquisitely designed polymer-based coatings, metamaterials, and multi-layer
composites. The surface cooling of 17.3 ℃, internal cooling of 9.2 ℃ by solar reflection, internal cooling
of 4.8 ℃ by evaporative cooling, and internal cooling above 2.8 ℃ by mid-infrared (MIR) emission are
observed. CCCs are proven to provide efficient cooling in different conditions, with low investment, facile
production, and high environmental resistance.

� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

‘‘Extreme summer” is occurring worldwide, causing significant
consequences to human society, due to climate change [1–5]. Cool-
ing facilities are extensively applied in buildings to improve local
thermal comfort. However, they consume considerable amounts
of energy, resulting in an overall heating effect, especially in trop-
ical and subtropical regions [6,7]. Therefore, efficient and energy-
free technologies with desirable cooling performance are in great
demand to counter climate change, especially from the perspective
of sustainability. Besides thermodynamically improving the energy
efficiency of cooling facilities, passive approaches for building ther-
moregulation including thermochromic hydrogel, highly-oriented
thermal conductive films, phase change materials, and passive
radiative cooling were studied [8–11]. Radiative cooling is consid-
ered one of the most promising pathways thanks to its high effi-
ciency and wide application range.

Traditional radiative cooling requires materials with both high
solar spectral reflectivity (k = 0.28 lm � 2.5 lm, Rsun) and high
mid-infrared (MIR) spectral emissivity in the atmospheric window
(k = 8 lm � 13 lm, eaw). Functional white pigments including oxi-
des (Al2O3, SiO2, etc.), salts (BaSO4, CaCO3, etc.), and polymers
(PETE, PVDF-HFP, etc.) with strong superior solar reflection/scat-
tering capacity and infrared absorption bonds (Si-O, Al-O, –CH2,
CAO, C-F, etc.) are generally used [12–15]. They are designed
mainly in three forms: 1) particles embedded with the polymer
latexes, 2) metamaterials with photonics surface, and 3) multi-
layer of oxides/polymers/metals to optimize the chromatic, pho-
tonic, and infrared properties [11,14,16–18]. However, the low
environmental resistance and durability of these composites are
concerns, and the complex fabrication process and high cost also
limit their scalable application [14,19].

Cement-based materials, as the most commonly used and cost-
effective materials for building envelopes, are generally considered
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Table 1
Chemical composition of the white
cement.

Oxides Content [wt. %]

CaO 72.89
SiO2 19.59
Al2O3 1.63
SO3 1.65
Fe2O3 0.37
K2O 0.05
SrO 0.15
TiO2 0.07
MnO 0.03
V2O5 0.02
Cl 0.20
LOI (1000 ℃) 3.24
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‘‘solar absorbers” however intrinsically durable, porous, CAO/Si-O/
Al-O rich, and hydrophilic. Moreover, cement-bound products are
known for their long-term weathering resistance. This study is
expected to transfer cementitious materials from building ‘‘heater”
to ‘‘cooler”, by utilizing the controllable chromatic/photonic, supe-
rior infrared emission, and porous properties [16]. The Rsun of
cementitious cooling composites (CCCs) can be improved by opti-
mizing the chromatic and photonic properties/Mie scattering.
Firstly, fillers and hydration/carbonation products with high
whiteness and bandgap can ensure low colorimetric and photonic
solar absorption [20]. Secondly, the Mie scattering is excited when
the size of the refractive index interface approaches the wave-
length of incident light [17,21]. For cementitious composites,
refractive index interfaces (air–solid interfaces, ASIFs) mainly exist
in two forms: 1) solid (matrix)–air (pores)–solid (matrix) and 2)
air–solid (particles/surface structures/hydrates)–air. The former is
affected by pore size distribution, while the latter is controlled
by the particle size distribution of additives, surface topology,
and morphology of hydration products [22]. For example, the crys-
tal morphology of tobermorite can be controlled by autoclaving to
provide nano/micro-ASIFs [23,24]. However, the mechanism of
ASIFs affecting the Rsun and eaw of cementitious composites, e.g.
the exact size and magnitude of ASIFs, has been never investigated.
Curing conditions, like moist curing and autoclave, and environ-
mental, like carbonation, during the engineering service, could sig-
nificantly influence ASIFs. Moisture curing can increase the Rsun but
the mechanism was not yet clear [25]. The impact of carbonation
on the optical properties of CCCs is still unclear due to the complex
physicochemical process involved. The different basic optical prop-
erties and carbonation mechanisms of hydrates and the corre-
sponding microstructure evolution could result in different
variations in Rsun and eaw upon carbonation [26,27]. Hence, a com-
prehensive understanding of carbonation on Rsun and eaw of CCCs
needs to be clarified. Silica is a common additive for both cemen-
titious and radiative-cooling systems. The control of its reactivity
is expected to enhance the radiative cooling of cementitious com-
posites. Physically, unreacted nano/micro-silica particles could
scatter solar radiation. Chemically, silica could react with alkali
and generate calcium silicate hydrates (xCaO�ySiO2�zH2O, CASAH),
then affecting Rsun and eaw [28]. However, this still lacks systematic
understanding.

Meanwhile, the evaporative cooling of cementitious composites
has not been publicly reported as far as we know while other por-
ous media like metal–organic frameworks (MOFs) have been inten-
sively studied for building cooling [29]. Evaporative cooling of
porous media is achieved by utilizing the free water inside the
matrix that possesses superior sensible heat capacity and phase
transition latent heat. However, the cooling potential of the mois-
ture inside the cementitious matrixes has not been revealed. The
evaporative cooling performance is more controlled by capillary
porosity and hydrophilicity [29,30]. Since cementitious materials
are intrinsically hydrophilic, capillary porosity should be the prin-
cipal parameter affecting the evaporative cooling and a higher
porosity would be beneficial. However, it is noted that the strong
solar absorption of H2O molecules would induce a lower Rsun. So,
the overall cooling capacity of the moisture inside the cementitious
matrixes needs to be revealed. Besides the properties of CCCs, the
weather conditions, e.g. the cloudage could strongly affect the
cooling performance due to its influence on the downward solar
irradiation and upward MIR emission. The coupling effect of these
two thermal processes on the cooling capacities of CCCs needs to
be understood.

In this study, cementitious cooling composites are prepared
with different methods, and the phase composition and
microstructure are altered by adjusting mixes and curing condi-
tions to investigate their impacts on the optical properties, radia-
2

tive cooling, and evaporative cooling performance of CCCs
[31,32]. Physicochemical properties of CCCs are characterized by
multi-technics, scattering behaviors of particles and pores are
investigated by finite-difference time-domain (FDTD) simulations,
and the cooling capacities of CCCs are obtained by on-site mea-
surements. Results reveal the significance of the content/mineral-
ogy of CASAH and the magnitude of pores on Rsun, the
chemically-immobilized [SiO4]4- in CASAH on eaw, and the evapo-
rative cooling on the overall cooling. Specifically, Rsun of 0.90 and
eaw of 0.88 are simultaneously achieved under autoclave curing,
which are comparable to exquisitely designed polymer-based
and multi-layer composites and metamaterials. Different scatter-
ing behaviors of particles and pores are determined and the opti-
mal sizes are recommended. Furthermore, the superior cooling
performance under different conditions also shows the excellent
environmental applicability and scalability of cementitious cooling
composites.
2. Experimental section

2.1. Materials & samples fabrication

White Portland cement (CEM I 52.5 R, Aalborg White), calcium
carbonate (�99 %, Sigma Aldrich), a-quartz powder (SF 300,
Quarzwerke), and rutile TiO2 (902P, Chemours) are utilized for
composite preparation. The chemical composition of the white
cement can be found in Table 1. Powders of each recipe are firstly
mixed (3 min) in a disc mill (RS 300, Glenmill) for homogeneity
before sample preparation. Particle size distributions of milled
recipes are presented in Fig. 1. Superplasticizer (ViscoFlow-3000,
Sika) is used to adjust the consistency of the mixtures. Fresh mix-
tures of each recipe are cast into molds (4 � 4 � 16 cm3) and
encapsulated by plastic sheets to prevent moisture loss and CO2

exposure. After 1 d encapsulation, samples are demolded and cut
into slices (4 � 4 � 1 cm3), then for curings as presented in Table 2.
Curing conditions and parameters are presented in Table 3. It is
noted that only one curing condition is applied to each mix for
the sake of simplicity. We would like to stress here that the aim
of varying the mix design and curing conditions was not to inves-
tigate the effects of initial composition and curing condition on the
phase composition andmicrostructure but to use these variables as
a tool to control the phase composition and microstructure. In total
6 different mixes are prepared and labeled as R, Q, L, H1, H2, and
H3. The curing method is specified with ‘‘M” for moisture (28 d),
‘‘C” for carbonation (28 d), and ‘‘A” for autoclave (0.25 d), respec-
tively (Table 1). As a consequence, we are able to determine the
major effects of phase composition and microstructure on the
thermoregulatory.



Fig. 1. The particle size distribution of mixed powders of each mix design.

Table 2
Mix design and procedure of cementitious cooling composites.

Curing1 Sample Powder [wt. %] w/p2 SP/w3

M C A cement quartz CaCO3 TiO2

p p
/ R 83.3 / / 16.7 0.25 0.40p p
/ Q 33.3 50.0 / 16.7 0.25 0.40p p
/ L 33.3 / 50.0 16.7 0.25 0.40p

/
p

H1 33.3 25.0 25.0 16.7 0.25 0.40p
/

p
H2 33.3 25.0 25.0 16.7 0.35 0.29p

/
p

H3 33.3 25.0 25.0 16.7 0.45 0.22
Mix procedure

1 In the main text, H2-A-D means the autoclaved (A) H2 sample dried at 70℃ for 24 h (D), and L-C means the sample L with carbonation curing (C).
2 w/p = masswater/masspowder.
3 SP/w = masssuperplasticsizer/masswater.

Table 3
Parameters of three curings.

Curing Temperature [℃] Pressure [Bar] Relative humidity [%] Duration [d] CO2 [%]

M�Moist1 20 1 / 28 0
C-Carbonation 20 1 65 28 3
A-Autoclave �185 �11 1002 �0.253 0

1 Cut plates are immersed in tap water.
2 The autoclave chamber is filled with steam during operation.
3 The total duration of the autoclave process is about 7 h, including 30 min linear heating and 30 min linear cooling.
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2.2. Experimental characterization

2.2.1. Optical properties
Cooling slices (4 � 4 � 1.5 cm3) are polished with SiC papers at

P400 and then the polished surfaces are cleaned by a high-pressure
blower to remove the residual. Hemispherical reflection spectra
(k � 0.28 lm �2.5 lm) of CCCs are obtained using a UV–vis-NIR
spectrometer (Lambda 750, PerkinElmer) equipped with a
150 mm integrating sphere, with a scanning interval of 2 nm. The
solar spectral reflectivity (Rsun) is calculated by:

Rsun ¼
R 2:5lm
0:28lm IsunðkÞRðkÞdk
R 2:5lm
0:28lm IsunðkÞdk

ð1Þ

Where,
k is the wavelength [lm],
R(k) is the reflectance spectrum of cooling slices,
Isun (k) is the global solar intensity spectrum at sea level from

[33].
Fourier transform infrared (FTIR) spectrometer (Nicolet iS50,

Thermo Fisher) equipped with a gold-coated integrating sphere
(Mid-IR IntegratIRTM, PIKE technologies) is used to measure the
absorptance spectra of CCCs at 400 cm�1-4000 cm�1 range, with
a scanning interval of 0.5 cm�1. Based on Kirchhoff’s thermal irra-
diation law, the thermal emissivity equals absorptance for the
untransparent object [13]. Hence, the spectral emissivity in the
atmospheric window (eaw) is calculated by:

eaw ¼
R 13lm
8lm rðkÞIBðkÞdk
R 13lm
8lm IBðkÞdk

ð2Þ

IBðk; TÞ ¼ C1

k5 eC2=kT � 1ð Þ ð3Þ

Where,
r(k) is the absorption spectrum of cooling slices,
IB(k) is the spectral emission power of the blackbody [W/m3],
C1 is 3.743 � 10�16 W�m2,
C2 is 1.4387 � 10�2 m�K.
It is noted that the surface temperature can affect r(k) and IB(k),

and the temperature defaults to 300 K in this study.
UV–vis spectrometer (USB 4000, Ocean Optics) equipped with a

halogen light source (HL-2000-FHSA, Ocean Optics) is used to
obtain the CIE whiteness of cooling composites. For each sample,
50 scans are performed in a sweeping method.

2D FDTD simulations are conducted in Matlab to investigate the
scattering behaviors of particles and pores, by solving Maxwell’s
equations. Two representative wavelengths of incident radiation
(1.0 and 2.0 lm) and three sizes (0.5, 1.0, and 2.0 lm) of particles
and pores are adopted. Particles are assumed to be the semi-circle
(solid) above the cementitious matrix surface, while pores are
assumed to be the semi-circle (void) below the cementitious
matrix surface. The source codes can be found in Supplementary
Materials.

2.2.2. Phase composition
CCCs are ground with an XRD mill (Mill McCrone, Retsch) to

powder which is then scanned by an XRD analyzer (D4, Bruker)
with a Co tube (40 kV, 40 mA), scanning interval of 0.02�/min, res-
idence time of 0.5 s, and 2h from 10� to 90�. The quantitative XRD
analysis is conducted by TOPAS (Bruker) using 10 wt% pure silicon
as the standard.

FTIR spectrometer (Frontier, PerkinElmer) at 400–4000 cm�1

range and resolution of 1 cm�1 are used to analyze the mid-
infrared absorption of raw materials and granulated hardened
pastes with the attenuated total reflection (ATR) crystal (GladiATR,
4

PIKE Technologies). It is noted that the Frontier FTIR is used to
obtain the relative MIR absorption intensity of materials, using
air as the background.

2.2.3. Microstructure
A mercury porosimeter (AutoPore V9500, Micromeritics), work-

ing with the absolute pressure from 0.7 kPa to 227.5 MPa and the
contact angle of 130�, is used to obtain the porosity and pore size
distribution of composites. The pore number at a certain pore
radius is calculated by:

S ¼ V
4=3pr3

ð4Þ

Where,
S is the pore number [g�1],
Is the incremental pore volume [m3/g],
r is the pore radius [m].
Scanning electron microscopy (JSM-IT100, Jeol) is used to

observe the microstructure of composites and the morphology of
tobermorite. Crushed thin pieces are placed on holders with the
conductive tape and Pt-coated for 60 s (65 mA) with the sputter
coater (K550X, Emitech).

2.3. Cooling performance measurement

Cooling specimens with the dimensions of 4 � 4 � 1 cm3 are
used for the on-site measurement on the experimental platform
as shown in Fig. 2 (SolarBEAT Roof, Vertigo Building, Eindhoven
University of Technology). The platform consists of three insulation
boxes (10 � 10 � 10 cm3), a pyranometer (MS802, EKO Instru-
ments), a sun tracker (STR220, EKO Instruments), a wind sensor
(V200A Ultrasonic, Lufft), three thermistor sensors (NTC, SENSOR
DATA, ± 0.05 ℃), and a data logger (SQ2040, Grant). The insulation
box is made of three insulation layers, a steel base, and aluminum
foil. The thickness of each insulation layer is 2 cm, while the ther-
mal conductivities of the extruded polystyrene (XPS, JACKODUR
Plus 300 Standard, Jackson insulation) layer and SiO2 aerogel
(IC3100, Cabot) layers are 0.027 W/(m�K) and 0.012 W/(m�K),
respectively. The steel base is to keep the stability of the box, while
the insulation layers and reflective foil are used to minimize the
thermal gain of the box. An infrared camera (B360, FLIR) is used
to get thermal images with the default emissivity of 0.9. It is noted
that this emissivity is set to measure the surface temperature of
cementitious materials (cooling composite, commercial cement
paste, and cement mortar floor) and could not provide the actual
surface temperature of the aluminum foil. It is noted that all the
measured temperatures (both surface and internal) of the slice
installed on the insulation box are to demonstrate the cooling per-
formance of as-prepared materials. Field study is further needed to
clarify their performance in real engineering practice.

2.4. Cooling capacity estimation

Multiple heat exchange processes are involved in the energy
balance of the insulation box, and the cooling capacity can be esti-
mated by,

Pnet ¼ Prad þ Phyd � Psun � Patm � Pcon � Plea ð5Þ
Where,
Pnet is the net cooling power [W/m2],
Prad is the cooling power by MIR emission [W/m2],
Phyd is the evaporative cooling power [W/m2], Psun is the heating

power of solar radiation [W/m2],
Patm is the heating power of downward atmosphere radiation

[W/m2],



Fig. 2. Schematic of the on-site experimental platform.
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Pcon is the heating power of heat conduction through the box
envelope [W/m2],

Plea is the heating power of thermal leakage through the contact
surface (wherever not 100 % air-tight) of the box envelope [W/m2].

Prad increases with the increase of eaw, Phyd increases with the
increase of porosity, Psun decreases with the increase of Rsun, Patm
is above 0 and increases with the increase of cloudage [34], Pcon
is mainly determined by the internal/outdoor temperature differ-
ence and thermal conductivity of the cooling composite (Sec-
tion 2.3), Plea is approximately zero owing to the good air tightness.
3. Results & discussions

Mixes R, Q, and L with different initial compositions are mois-
ture and carbonation cured, mixes H1, H2, and H3 were moisture
and autoclaved cured and have different w/p ratios. In total 12
samples are investigated with a multi-analytical approach to figure
out the impacts of phase composition and microstructure on the
three thermoregulatory principles.

3.1. Whiteness of cooling composites

Fig. 3a shows the whiteness of cooling composites cured under
different conditions. The color of a homogeneous matrix is deter-
mined by the basic chromas and proportions of components. The
addition of quartz decreases the whiteness of CCCs while the addi-
tion of calcite shows a reversed impact. Autoclaved samples show
the highest whiteness, while carbonation induces a drop in white-
ness. Autoclave curing can promote the pozzolanic reaction
between quartz and portlandite for more CASAH and also increase
the crystallinity of CASAH [24]. The CASAH amounts (amorphous
CASAH + crystallized CASAH + tobermorite) in H1-A, H2-A, and
C
IE

a b

Fig. 3. (a) Whiteness of cooling composites with different phase composition and curin
spectra of moisture-cured cooling composites.

5

H3-A are all about 55 wt%, but only the increase of the tobermorite
content obviously increase whiteness (Fig. 5c). This reveals the sig-
nificance of tobermorite on the whiteness of CCCs and also the dif-
ferent ‘‘whitening” capacities of different CASAH polymorphs. The
whiteness of carbonated composites is lower than moisture ones,
which could be attributed to the decalcification/decomposition of
CASAH to CaCO3 (mainly amorphous) and silica gel. These reveal
the higher ‘‘whitening effect” of CASAH than the portlandite by
hydration, and CaCO3 and silica gel by carbonation, which is sup-
ported by quantitative phase analysis (Fig. 3b & Fig. 4a) [35]. Mean-
while, a higher w/p is found to increase the whiteness of cooling
composites, and it is more prominent for autoclaved composites.
Under moisture condition, a higher w/p can promote cement
hydration (28d) which leads to more accumulation of CASAH,
which is validated by the strongest peak (2h = 20.96�) of port-
landite in H3-M (Fig. 3c) [24].
3.2. Impact of phase composition on Rsun and eaw

It is noted that phase composition could affect Rsun and eaw of
CCCs [36]. However, the basic chromatics (whiteness) and
microstructure (e.g. pore structure) are strongly related with phase
composition. This section focuses on the impacts of phase compo-
sition on these factors and the interactions between phase compo-
sition and other parameters like pore structure and whiteness are
further discussed.

The substitution of white cement with calcite increases Rsun

while the use of quartz results in a decrease in Rsun (Fig. 4b). The
bandgaps of a-quartz (9.5 eV, k � 130 nm) and calcite (6.0 eV,
k � 207 nm) are both above 4.4 eV (k � 280 nm), which means that
these two non-reactive materials do not affect the solar reflection,
regarding the photonic absorption [37,38]. The pore number of
c

g conditions, (b) Phase composition of carbonation-cured composites, and (c) XRD
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Fig. 4. (a) Phase composition of moisture-cured composites, (b) Emissivity spectra of moisture-cured composites, (c) Emissivity spectra of carbonation-cured composites, (d)
Electromagnetic field of particles’ scattering at k = 1 lm, (e) Electromagnetic field of particles’ scattering at k = 2 lm, (f) Pore number distribution of moisture-cured
composites, and (g) Pore number distribution of carbonation-cured composites.
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moisture-cured and carbonation-cured composites in the 280–
2500 nm range varies to a similar extent (Fig. 4f&g). Hence, the Rsun

variation of moisture-cured composites is attributed to the white-
ness and the Mie scattering of unreactive particles. More nano/mi-
croparticles in L-M with a diameter of 280 nm-2500 nm than in Q-
M could scatter more solar irradiation and induce a higher Rsun

(Fig. 1). Scattering behaviors of particles are simulated. The model-
ing shows that the nano/microparticles can efficiently scatter the
solar irradiation at different wavelengths as shown in Fig. 4d&e.
Particles with a size of 0.5 lm in diameter induce a stronger Mie
resonance when the incident wavelength is 1.0 lm, while particles
with a 1.0 lm diameter induce a stronger Mie resonance when the
incident wavelength is 2.0 lm. These indicate that particles with a
diameter half of the incident wavelength can scatter more solar
radiation. This finding can be utilized to optimize the particle size
distribution of fillers for solar reflection. The dominant wavelength
of solar radiation is around 0.6 lm, so the optimal particle size for
Mie scattering should be around 0.3 lm.

Drying is also found to considerably increase the Rsun of CCCs
(Fig. 3b). The removal of free water can increase Rsun by reducing
the NIR solar absorption of H2O molecules. The Rsun of 0.90 is com-
parable to the polymer-based and multilayer composites
[15,19,25,36,39–42]. Upon carbonation, the phase composition
and optical property of the cooling composites simultaneously
6

change (Fig. 3b & Fig. 4c). Compared with moisture-cured compos-
ites, more CaCO3 (amorphous, vaterite, and calcite) is observed in
carbonated composites as expected, and the Rsun of R-C and L-C
both slightly increase while Q-C shows a drop with more vaterite.
The drop in whiteness and Rsun of Q-C is attributed to the yellow
chromatics of vaterite [43,44]. The eaw of cooling composites
increases with more CaCO3 while the addition of quartz decreases
the eaw, but all cooling composites have the eaw above 0.82. This eaw
is also comparable to some polymer-based and multilayer compos-
ites that can ensure efficient MIR emission [15,36].

3.3. Impact of nano/micropores on Rsun and eaw

In Section 3.2, the alteration of microstructure upon carbona-
tion is mentioned but it is not straightforward to identify its impact
on the Rsun and eaw due to the simultaneous effects of other vari-
ables. From Section 3.1, the whiteness variation of moisture-
cured composites caused by w/p is limited compared to autoclaved
ones. The phase composition of these composites is quite similar
according to the XRD analysis (Fig. 3c). Hence, the microstructure
is considered the dominant variable for H1-M, H2-M, and H3-M
affecting the Rsun and eaw. A gain in Rsun of 0.09 is obtained by the
microstructure control, which means 9 % more solar radiation is
reflected and extra cooling power of 74 W/m2 (integrated solar



Fig. 5. (a) Emissivity spectra of moisture-cured cooling composites, (b) Pore number distribution in the solar spectral range, (c) Pore number distribution in the atmospheric
window range, (d) Electromagnetic field of pores’ scattering at k = 1 lm, and (e) Electromagnetic field pores’ scattering at k = 2 lm.
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irradiance: 826W/m2), while the eaw of all composites is the same
(Fig. 5a). With the increase of w/p, the pore number in the solar
spectral range of composites varies from 108/g to 1012/g with the
basic magnitude of 108/g, and a great difference is observed at
the pore diameter of around 600 nm (Fig. 5b). It validates that a
higher w/p can create more pores at the solar spectral range and
promote the Mie scattering then increase the Rsun [21]. The scatter-
ing behaviors of pores are different from the particles, as shown in
Fig. 5d&e. Pores with a 1.0 lm diameter are found the optimal to
trigger Mie resonances when the incident wavelengths are
1.0 lm and 2.0 lm, which can be used for pore structure optimiza-
tion. The difference in Mie scattering between particles and pores
could be attributed to the forms and structures of ASIFs. The pore
number in the atmospheric window range of composites varies
within the magnitude of 106/g, which contributes to the limited
impact on eaw. It also reveals that the impact of pores (Mie scatter-
ing) on optical properties is not observable until the pore number
reaches a certain magnitude.
1 This cement paste is made of ordinary Portland cement (CEM I 42.5N, ENCI) with
the water-to-binder ratio of 0.4 and then cured for 28d.
3.4. Impact of silica reactivity on Rsun and eaw

In Fig. 6, the Rsun of autoclaved composites increases with the
increment of w/p, while the eaw of all autoclaved composites is
about 0.88 but higher than other cooling composites in this study
and the reported value in another study [36]. It is noted that the
dried H3-A also shows the Rsun of 0.90 as the dried L-M (Fig. 6c).
The pore number in the solar spectral range of autoclaved compos-
ites is much fewer than other curing conditions, owing to the ‘‘fill-
ing effect” of more CASAH. The pore number magnitude of 1–105/g
is far below the limit to observe the impact of pores on Rsun.
Besides, No pores exist in the atmospheric window range accord-
ing to the calculation in autoclaved samples (Table 4). With the
higher w/p, the silica reactivity (quartz residuals) and the crys-
tallinity of CASAH [(CASAH + T_11A)/(amor + CASAH + T_11A)]
increase. The Mie scattering by particles of autoclaved composites
is almost the same, because of the limited differences in the
amount of unreacted fillers (quartz/calcite/rutile/larnite). Referring
to Section 3.1, the results demonstrate that the increase in Rsun of
7

autoclaved composites could be attributed to the increased white-
ness. More importantly, the nano/micro-sized ‘‘acerose and
petaloid” crystals of tobermorite also enhance the Mie scattering
(Fig. 6e). Our previous study also indicated the morphology of
tobermorite could be modified by appropriate measures [23]. The
higher MIR emission capacity of chemically-immobilized SiO2

(SiO4
4-) in CASAH than silica particles is observed, compared to

the moisture-cured composites (Fig. 6f). The reduced Mie scatter-
ing of SiO2 particles in the atmospheric window range could be
another reason for this phenomenon. Based on the aforementioned
content, the collaboration of silica and autoclave curing can pre-
pare CCCs with desired Rsun and eaw, by optimizing the content,
mineralogy, and morphology of CASAH.
3.5. Cooling performance by thermoregulation

To investigate the impact of solar reflection and evaporative
cooling on the overall cooling performance (surface and internal)
of the prepared cooling composites, one dried ordinary cement
paste slice (Ref-D1), one wet cooling slice (L-M), and one dried cool-
ing slice (L-M�D) are installed and tested in a sunny and breezy day,
and results are presented in Fig. 7. It is noted that the roof made of
cement mortar is used as the background of IR photos.

At the beginning of the monitoring, internal temperatures of
Ref-D and L-M�D increase quickly above the ambient temperature
within 10 min, while the internal temperature of L-M shows a tiny
drop within the first 20 min and then keeps lower than the air tem-
perature for about 2 h (10:00–12:00). The internal temperature of
Ref-D is much higher than L-M�D and L-M, and the difference
increases with the increment of solar irradiance. Besides, IR photos
show the surface cooling of 17.3℃ by solar reflection, comparing L-
M�D and Ref-D. The internal temperature of L-M is lower than L-
M�D for about 5.5 h (10:00–15:30) and higher than L-M�D for the
late time (16:00–20:00).



Rsun aw

a b

d
e

f

Rsun

c

Fig. 6. (a) Emissivity spectra, (b) Pore number distribution in the solar spectral range, (c) Solar reflectance spectrum of dried H3-A, (d) Phase composition of autoclaved
cooling composites, (e) SEM graphs of H3-A, and (f) FTIR spectra of H3-A and H3-M.

Table 4
Calculated pore numbers of the autoclaved cooling composites.

Pore diameter [lm] Pore number [g�1]

H1-A H2-A H3-A

15.59 0.02 0.02 0.04
12.63 0.02 0.03 0.10
10.19 0.05 0.05 0.22
8.15 0.07 0.11 0.46
6.92 0.12 0.15 0.23

a b

d e

Fig. 7. (a) Temperatures of internals and air, (b) Solar irradiance, (c
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The enhanced solar reflection can provide a surface cooling of
17.3 ℃ and internal cooling of 9.2 ℃ (maximum). The higher the
solar irradiance is, the stronger the surface cooling is obtained
owing to the larger solar absorption reduction. A temperature dif-
ference (internal) of 4.8 ℃ is observed at around 10:40 h between
the wet and dried L-M samples, and the internal temperature of
the L-M keeps lower than L-M�D till 15:00 h. These results
demonstrate that evaporative cooling can provide an extra cooling
of 4.8 ℃ (maximum) at the early cooling stage and a net cooling
gain throughout the day. Meanwhile, rainfall and manual wetting
are expected to reset the evaporative cooling during the long-
c

f

) Wind speed, and (d-f) IR photos of tested surfaces (4:00 pm).



a b c

Fig. 8. (a) Temperatures of internals and air, (b) Solar irradiance, and (c) Wind speed.
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term service [45]. The smaller day-night temperature variation of
the cooling envelope is also expected to reduce the thermal stress
and then protect the integrated building structures during hot days
[46].

In addition, an internal temperature of about 2.8 ℃ lower than
the air is observed in both H1-A, H2-A, and H3-A during the night
on a fine day (Fig. 8). The similar nighttime cooling performance is
mainly attributed to the similar MIR emission capacity (eaw) of H1-
A, H2-A, and H3-A. Phyd is below 0 (gaseous water changes to aque-
ous water with heat release), Pcon is above 0 (air temperature is
higher than the internals), and Psun is near 0 in this condition.
Hence, this internal cooling is the sum of the Prad, Phyd, Pcon, and
Patm. This means the internal cooling induced by the MIR emission
is higher than 2.8 ℃ according to Eq. (5).

3.6. Cooling capacity under different weather conditions

The previous section presents the superior surface and internal
cooling capacities of the dried and wet cooling composites, which
shows the climatic scalability of CCCs. In the Mid-East and East
Africa, the summer is long and extremely dry with almost no pre-
cipitation, dried CCCs can provide appreciable cooling effects (Sec-
tions 3.3 and 3.5). During the long and hot summers in regions like
East Asia, South America, and South Europe, the moisture charge
by regular precipitations can provide extra cooling. Besides the
regional climate, cloudage as the most important parameter of
a b c

ed

Fig. 9. (a) Solar irradiance, (b) Wind speed, (c & d) Temperature variation, and (e & f)
cooling composites.
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microclimate affecting the solar heat gain and MIR emission is
investigated in this section.

On a sunny day, the solar irradiance is stable during the whole
measurement, so the lower temperature at 14:00–16:00 is attribu-
ted to enhanced thermal convection and water evaporation by
wind (Fig. 9a-c). The internal temperature varies with the air tem-
perature, while H2-A shows a lower internal temperature than the
air for about 1 h, and the internal temperature of H3-A keeps lower
than air. This is mainly attributed to evaporative cooling owing to
the different volumes of free water inside composites as discussed
in Section 3.2 and Section 3.5 (Fig. 9g and Fig. S5). On a cloudy day,
internal temperatures vary with the solar irradiance when the
wind speed is relatively stable, and they are higher by 2.9–4.2 ℃
than the air temperature (Fig. 8d). The IR photos show the surface
cooling of 23.1℃ and 16.1℃ on sunny and cloudy days, which is in
line with the internal temperature measurement.

The surface temperature of the floor on the cloudy day is 7.0 ℃
lower than on the sunny day, but the surface temperatures of the
cooling composites are higher on the cloudy day. The solar irradi-
ation from the sun is partially shielded by the cloud, but this limits
the solar gain of all cooling composites to a similar extent. This
means the surface temperature is more affected by the MIR emis-
sion of these cooling composites, which could be attributed to the
‘‘MIR shielding impact” of the cloud (H2O) in the atmospheric win-
dow (Fig. 10). These results are in line with previous observation:
1) the wind speed can affect both the air-surface thermal convec-
f

g

IR photos of H3-A (2:00 pm) and (g) the accumulative pore volumes of autoclaved



Fig. 10. Infrared transmittance spectrum of H2O (drawn by data from the Water
(nist.gov)).
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tion and evaporative cooling and 2) the MIR cooling capacity could
be limited due to the ‘‘shielding impact” of the cloud [13].
4. Recommendations and considerations

The three thermoregulatory principles are validated and the
expected cooling capacities are proven by taking advantage of
the physicochemical properties of CCCs (Fig. 11). Compared with
traditional cooling building materials, the prepared CCCs show
higher Rsun which indicates better reflective cooling performance
[41,47,48]. Compared with polymer-based and multi-layer coat-
ings/composites, the production of CCCs does not require a devel-
a

b

Fig. 11. (a) Cooling principles and capacities of CCCs, and (b) Flow chart of initial m
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oped chemical industry and fine expensive machines [15].
Moreover, high environmental resistance owing to the CCCs’ strong
chemical and physical stability, and climatic applicability owing to
the high porosity and hydrophilicity are simultaneously realized.
Meanwhile, CCCs can be applied not only in thin panel form but
also in various flexible forms of coating/render, block, etc. The
advantages ensure the scalable production of CCCs in not only
developed countries/areas but also developing areas like Equatorial
Africa, Southeast Asia, and South America. The large-scale applica-
tion of CCCs is expected to efficiently provide passive cooling and
contribute to the ‘‘Sustainable Development Goals” of the United
Nations.

In this work, the high UV absorptance of all CCCs is observed,
and a smaller dosage of TiO2 would address this problem. More
natural minerals like limestone and feldspar with superior optical
properties after the milling could be utilized to further increase the
sustainability and reduce the cost of CCCs. Binder wise, geopoly-
mers could be promising alternatives for radiative cooling because
of the controllable phase composition and microstructure [49]. In
addition, we are working on finding more effective pathways to
modify the surface topology of CCCs to further enhance the Mie
scattering.
5. Conclusions

In this study, scalable and affordable cementitious cooling com-
posites for energy-free cooling of buildings are developed. Physic-
ochemical properties and cooling performance of CCCs under
different conditions are tested to validate the cooling principles
and capacities. CASAH and calcite are found to increase the white-
ness, Rsun, and eaw of CCCs, while the role of CASAH mineralogy is
determined, especially the strongest ‘‘whitening effect” and possi-
ble scattering impact of tobermorite. More chemically-bound silica
[SiO4]4- in CASAH can provide a higher eaw by increasing the reac-
tivity of silica in cementitious systems. The Mie scattering can be
enhanced by optimizing the size of particles and pores, and the
Rsun
aw

Rsun
aw

Rsun
aw

aterials, curings, physicochemical properties, and cooling performance of CCCs.
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morphology of tobermorite. The highest Rsun of 0.90 and eaw of 0.88
are obtained at the autoclave condition, and they are comparable
to some exquisitely designed polymer-based coatings, metamate-
rials, and multi-layer composites. Onsite measurements show the
surface cooling of 17.3 ℃ and internal cooling of 9.2 ℃ by solar
reflection and internal cooling by MIR emission above 2.8 ℃. The
free water inside CCCs can provide an internal cooling of 4.8 ℃
although the NIR absorption of H2O molecules induces the Rsun

increment. CCCs are verified that can be applied in various regions
with different climate conditions for efficient cooling.
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Appendix A

The drop on the surface of CCCs is completely absorbed in a
short time as shown in Fig. S2a. Fig. S2b was taken at the 91st
count.
) the sunny day and (c&d) the cloudy day.



Fig. S3. Relative humidity variations during the outdoor measurements.

Fig. S5. Mass loss of autoclaved samples by drying (70 ℃, 24 h).

Fig. S2. (a) Contact angle of H1-A and (b) photo of contact angle (the red point at the left graph).

Fig. S4. Temperatures of air/internals and relative humidity during the outdoor
measurement.
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Table S1
Summary of Rsun and eaw of prepared samples.
Sample label
 Rsun
 eaw
R-M
 0.67
 0.84

Q-M
 0.66
 0.82

L-M
 0.81
 0.84

R-M-D
 0.76
 /

Q-M-D
 0.71
 /

L-M-D
 0.90
 /

R-C
 0.70
 0.85

Q-C
 0.64
 0.83

L-C
 0.84
 0.85

H1-M
 0.75
 0.83

H2-M
 0.81
 0.83

H3-M
 0.84
 0.83

H1-A
 0.79
 0.87

H2-A
 0.80
 0.88

H3-A
 0.82
 0.88

H3-A-D
 0.90
 /

Ref
 0.27
 0.96

Ref-D
 0.30
 /
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Appendix B. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.enbuild.2023.112909.
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