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ABSTRACT: The urban heat island effect has become a critical
issue in urban areas, intensifying heat-related problems and
increasing energy consumption. A sustainable cement formulation
that combines ordinary Portland cement (OPC) with a carbonated
aggregate derived from Periwinkle shell powder for the develop-
ment of an efficient cool material is presented. Through a
carbonation process, the aggregate undergoes a transformation,
capturing carbon dioxide (CO2) and converting it into calcite. The
resulting cement mixture exhibits high solar reflective properties,
making it a potential candidate for cool pavement and roof
applications. In this study, the raw materials, including the
Periwinkle shell powder, were characterized, and the carbonation
process was evaluated to quantify the CO2 capture efficiency.
Additionally, a real test of the efficiency of this new cement on a roof demonstrated that the material achieved a significant cooling
effect, being 6 °C cooler than that with standard OPC at the peak of solar radiation.
KEYWORDS: urban heat island, carbon capture, cool material, carbonated aggregates, recycled aggregates, cementitious material

■ INTRODUCTION
Urban heat Island (UHI) is a significant problem facing cities
today, wherein urban areas tend to experience higher
temperatures compared to those of surrounding rural areas.
The elevated temperature in cities is primarily attributed to the
high density of paved and roofed surfaces, such as roads,
sidewalks, and building roofs, which absorb and retain heat.
This phenomenon leads to increased energy consumption for
cooling, reduced human comfort, and adverse impacts on the
local environment and biodiversity. In recent years, various
strategies have been proposed to mitigate the effects of UHI,1,2

including the use of green roofs,3−5 blue infrastructures,6 and
cool pavements and roofs.7−9 Regarding this last strategy,
studies are mainly centered on the development of reflective
coatings10−13 and thermochromic materials.14−16 However,
these solutions have several limitations that hinder their
widespread adoption. For instance, many reflective surfaces
and cool roof membranes have a relatively short lifespan and
require frequent maintenance, while the installation and
maintenance costs of green roofs can be substantial. In this
context, the utilization of sustainable construction materials
with high solar reflectivity and emissivity in the atmospheric
window can enhance the overall energy performance of
buildings while reducing maintenance needs. Moreover, such
a cost-effective approach not only contributes to the reduction

of carbon emission associated with energy consumption for
cooling purposes but also addresses the carbon footprint
during their production. One promising solution for
sustainable construction is the use of carbonated concrete,
which involves converting carbon dioxide (CO2) into a solid
mineral that can be permanently stored, preventing its release
into the atmosphere. This process has the potential to play a
crucial role in reducing greenhouse gas emissions and
mitigating global warming.17,18 Carbon capture processes
have proven to be effective for both fresh and hardened
Portland cement, resulting in significant improvements in the
mechanical properties of the resulting cementitious materials.
Additionally, the utilization of recycled concrete or artificial
aggregates offers an opportunity to store CO2 and mitigate the
carbon dioxide emissions associated with cement production.
However, it is important to note that the current literature
primarily focuses on the mechanical properties of carbonated
concretes,19−28 without paying attention to secondary func-
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tional properties such as reflectivity. By incorporating highly
solar reflective carbonated aggregates into the concrete matrix,
sustainable construction materials that not only sequester CO2
but also possess desirable reflective properties can be
developed. To address this research gap, the reflective
properties of an innovative cool cementitious composite that
incorporates a novel carbonated aggregate derived from
recycled Periwinkle shells was studied. Periwinkles are a type
of sea snail commonly found worldwide, and their shells
primarily consist of portlandite and calcite. Through a carefully
controlled carbon capture process, we were able to transform
the Periwinkle shell ash into carbonated aggregates. In fact, the
strong reactivity with carbon dioxide of portlandite, and its
subsequent conversion to calcite (Ca(OH)2 + CO2 → CaCO3
+ H2O), is well reported in literature.29,30 The resulting
carbonated Periwinkle shell (CPS) ash was mixed with
ordinary Portland cement (OPC) at a ratio of 70 wt % CPS
ash,31 leading to the production of reflective concrete. This
proportion was deliberately chosen to align with the typical
aggregate content, encompassing both coarse and fine
components commonly employed in standard concrete
mixes. Remarkably, this cool concrete captured approximately
18 wt % of its weight in carbon dioxide and achieved a
competitive solar reflectance index (SRI) of 73. To evaluate
the performance of OPCCPS as a cool material, a comparative
experiment was conducted on a sunny day. The OPCCPS
samples were tested alongside standard cement paste samples
on a rooftop under a solar power radiation ranging from 580 to
980 W/m2 for a duration of 7 h. The results demonstrated the
excellent performance of the concrete with carbonated
aggregate as it effectively reduced the maximum surface
temperature by 6 °C. This reduction is comparable to that by
the state-of-the-art reflective pavements,32,33 highlighting the
potential of carbonated aggregates as an effective solution for
mitigating urban heat island effects. Furthermore, it is
important to highlight the simplicity and scalability of our
carbon capture process. The method employed in our study
presents an exceptionally straightforward approach to convert
carbon dioxide to a stable mineral form. This streamlined
process holds tremendous promise for widespread implemen-
tation in sustainable construction practices, offering an
accessible solution to the critical issue of carbon emissions.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. The raw materials used in

this study were OPC CEM-1 52.5R (Rezola) and Periwinkle shell
(PS) ash. The oxide compositions of these materials are presented in
Table 1. To prepare CPS, a mixture of 5 g of PS ash and 87.5 mL of
distilled water was placed in a sealed plastic tube (Figure 1). The CO2
gas with a pressure of 0.4 bar was then bubbled into the mixture while
stirring at a speed of 1700 rpm for 15 min at room temperature.
Subsequently, the sample was immersed in a water-rich CO2
environment overnight. The resulting carbonated Periwinkle powder
was obtained by centrifugation for 10 min followed by drying at 80 °C
overnight. For the production of the cement paste samples, the
cement was first mixed with carbonated Periwinkle (CPS) using a
cement-to-ash ratio of 0.3. Water was then added at a water-to-
cement (w/c) ratio of 1, along with a superplasticizer at a
concentration of 6 wt % relative to that of the OPC. The mixture
was stirred for 90 s, allowed to rest for 60 s, and then stirred again for
an additional 90 s. The resulting mixture was poured into a silicon
mold and left to cure in a desiccator with a relative humidity of 100%
for 24 h.
Methods. To identify the distinct phases through the comparison

of the characteristic functional groups, PS and CPS were characterized
using Fourier transform infrared (FTIR), a Jasco 6300, with a spectral
range of 4000−500 cm−1. The experiments were carried out under
ambient conditions. The vibrational absorption spectra of the samples
were captured using an attenuated total reflectance (ATR)
configuration, employing a single-reflection diamond ATR from
Specac, equipped with a N2 purge. The carbonation efficiency of the
PS and OPCCPS was evaluated by thermogravimetric analysis (TGA)
using a TGA-500 instrument (TA Instruments). Approximately 10
mg of CPS powder was heated from room temperature to 900 °C at a
rate of 10 °C/min under a flow of nitrogen gas. Diffraction
experiments were conducted with a Bruker X-ray diffractometer
(D8 ADVANCE, US) using Cu Kα radiation (λ = 1.5418 Å). A
scattering angle (2θ) range from 5 to 90° was covered with a scan rate
of 0.05°. The average measuring time was 50 s/point. The SRI of the
cement paste was determined by measuring the solar reflectivity from
ultraviolet (UV) to mid-infrared (MIR) using a portable spectropho-
tometer (410-SOLAR) and an integrated sphere mounted on FTIR
(PIKE). Three measurements were performed on each sample, and
the average value was reported. Furthermore, to evaluate the
performance of concrete with carbonated aggregates (OPCCPS), a
comparative analysis was conducted using plain OPC cement paste as
a reference. Solar radiation exposure tests were carried out on a sunny
day on the roof, and the surface temperatures of both OPCCPS and
plain OPC cement paste specimens were monitored. The measure-
ments were conducted between 9:30 am and 4:30 pm local time to
capture the peak solar intensity and assess the materials’ response
during the most critical hours of the day. Solar power radiation was

Table 1. Oxide Composition of Materials (wt %)

material SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O Ti2O P2O5 SO3

PS 1.28 0.52 0.42 0.05 0.70 59.5 0.48 0.15 0.02 0.10 0.17
OPC clinker 19.0 4.73 2.79 0.02 1.05 62.7 0.01 0.94 0.24 0.17 2.70

Figure 1. Overview of the experimental setup of carbonation of Periwinkle shell ash.
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measured using a pyranometer (APOGEE SP510), capable of
measuring in the spectral range of 385−2105 nm. The surface
temperature of the specimens was monitored using an infrared
thermometer (BOSCH GTC 600C). Additionally, wind speed was
measured using a sonic anemometer (METER ATMOS 22) to
account for temperature changes induced by wind. During the solar
radiation exposure tests, temperature readings were taken every 30
min to monitor the surface temperature of the samples. Solar power
radiation and wind speed measurements were recorded at 5 min
intervals to capture the variations in solar intensity and wind
conditions. This frequent data collection allowed for a comprehensive
assessment of the thermal behavior of both OPCCPS and plain OPC
cement paste under varying environmental conditions. The prototype,
as depicted in Figure 2, facilitated simultaneous monitoring of

temperature, solar radiation, and wind speed, providing valuable
insights into the performance of OPCCPS relative to the plain OPC
cement paste reference during the test period.

■ RESULTS AND DISCUSSION
Material Characterization. The FTIR results of the PS

are presented in Figure 3a. The analysis reveals three

prominent peaks in the wavelength range investigated. The
peak at 3645 cm−1 is associated with the stretching of OH
bonds in portlandite, while peaks at 1420 and 875 cm−1 are
related to vibrations of carbonated groups in calcite,
respectively, asymmetric stretching, out of plane bending and
split in-plane bend the presence of calcite.27,34 Finally, the

decrease at low wavenumbers is a characteristic feature of the
portlandite spectrum. Hence, FTIR measurements revealed
that PS is mainly composed of portlandite and calcite. These
findings are further supported by the X-ray diffraction (XRD)
pattern shown in Figure 4a, where these phases are identified

as the primary constituents. The carbon capture process
applied to the PS resulted in the formation of a CPS,
predominantly composed of calcite. This is evidenced by the
FTIR spectrum and the XRD patterns where contributions
from portlandite disappeared (see Figures 3b and 4b). Finally,
the TGA curve of CPS (Figure 5a) exhibits a significant decay
between 600 and 700 °C,35 indicating the decarbonation of the
calcite formed during the carbonation reaction of the PS.
Regarding the concrete with carbonated aggregates
(OPCCPS), the XRD pattern (Figure 4c) reveals the presence
of an amorphous phase halo typical of cement gel matrix, along
with characteristic peaks associated with the hydration
products of OPC, such as ettringite and portlandite.36

Additionally, distinct and intense peaks corresponding to
calcite are detected, indicating the presence of the carbonated
aggregate (CPS). The TGA curve of OPCCPS, depicted in
Figure 5b, exhibits weight loss attributed to the evaporation of
bulk water at temperatures below 150 °C. The dehydroxylation
of portlandite is observed at approximately 400 °C.37 Since the
conversion of portlandite in PS to calcite is complete after the
carbon capture process, the weight loss observed in this region
is solely attributed to the OPC hydration process, where
portlandite is one of the components. Furthermore, a
significant weight decrease associated with CO2 loss is evident,
indicating an uptake of 18 wt % of carbon dioxide. The
observed decrease in intensity, compared with that in pure
CPS, is consistent with the percentage of CPS present in the
OPCCPS sample.
Reflective Property Analysis. The measured reflectance

of the CPS is presented in Figure 6a. In the sun wavelength−
frequency range (yellow area), a pronounced peak in

Figure 2. Prototype for assessing cooling performance under solar
radiation.

Figure 3. FTIR analysis results of PS (a) and CPS (b).

Figure 4. XRD patterns of PS (a), CPS (b), and OPCCPS (c). P:
Portlandite, C: Calcite, E: Ettringite, and A: Aragonite.
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reflectance R was observed. To determine the solar absorption
(α) of the cementitious composite, the data were normalized
to the solar spectra (ASTM G173 Global Solar spectrum),
resulting in a calculated value of α = 0.11. This remarkably low
value not only outperforms those of commonly used cool
paving materials38 (0.23−0.4) but also falls within the
recommended range of 0.05−0.125 for achieving subambient
cooling.39 This result highlights the potential of CPS as an
additive for the development of effective cooling materials. To
provide context in comparison with other materials used as
cool materials, CPS exhibits values lower than TiO2 (α >
0.17),39 a metal oxide commonly employed for white coating
with high reflectivity. Additionally, the solar absorption value
of CPS is comparable to that of Portlandite (α = 0.07),40

another mineral known for its low solar absorption. In the
frequency range within the atmospheric window (light blue
area), an almost flat R can be observed, with a small dip at
around 11 μm. Regarding the concrete with carbonated
aggregates OPCCPS, the reflectance R is shown in Figure 6b
with standard OPC used as the reference. The lower values of
R observed in the solar windows of the OPC can primarily be
attributed to the presence of ferrite in the OPC clinker. Given
that reflectivity in solar windows is directly correlated with the
whiteness of the cementitious material, the inclusion of ferrite
in the OPC contributes to a darker color resulting in reduced
reflectance. Compared to that in OPC, a remarkable
enhancement in reflectance (+62%) was evident in the sample
utilizing carbonated aggregates, exhibiting a solar absorption
coefficient α of 0.38. This notable improvement can be
attributed to the substantial presence of calcite resulting from

the carbonation of the PS. Indeed, calcite functions as an
effective whitening agent, contributing significantly to the
heightened reflectance. In the atmospheric window, the
OPCCPS exhibits higher reflectance values than the reference
due to the high content of calcite. This aligns with previous
observations of the inferior performance of calcite in this range,
as reported by Liu et al.41 One common method to quantify
the cooling efficiency is the estimation of their SRI, which is
calculated using solar reflectance and thermal emissivity values
adjusted with wind coefficients. According to the active
standard ASTM E1980, SRI is defined by the equation

SRI 123.97 141.35 9.665 2= + (1)

with

h h( 0.029 ) (8.797 )/(9.52 )c c= × + + (2)

where α is the solar absorbance (1 − R), ϵ the emissivity, and
hc the convective heat transfer coefficient. In order to calculate
the SRI, the emissivity ϵ was calculated as 1−⟨R⟩, where ⟨R⟩ is
the average of R in the atmospheric window. Assuming a
modest value of hc = 10 W/m2K, an SRI = 73 was obtained for
OPCCPS. Additionally, to further assess the cooling perform-
ance of OPCCPS, a comprehensive test was conducted on the
rooftop of the Centro de Fsica de Materiales in San Sebastian,
Spain, during a sunny day from 9:30 to 16:30. The solar
radiation power during the test ranged from 580 to 980 W/m2.
The results of this evaluation are depicted in Figure 7. It is
evident from the surface temperature measurements (Figure
7d) that the carbonated concrete consistently exhibits lower
temperatures compared to that of the OPC paste, with a

Figure 5. TGA curves and derivative curves of the CPS (a) and OPCCPS (b). The blue area represents the weight loss associated with the
evaporation of bulk water, the yellow area corresponds to the dehydroxylation of portlandite, and the green area indicates the decomposition of
calcite.

Figure 6. Reflectance properties of CPS (a) and comparison of reflectance between OPCCPS and OPC (b). The yellow area represents the solar
window, which encompasses the wavelength range of solar radiation, while the light blue area corresponds to the atmosphere window.
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maximum temperature difference of 6 °C. Notably, the most
significant temperature difference between OPCCPS and OPC
(Figure 7c) is observed precisely at the peak solar radiation
power (Figure 7b), highlighting the remarkable cooling
potential of CPS.
Sustainability Benefits. The primary aim of our work is to

develop a cool material that contributes to the reduction of
CO2 emissions through two pivotal mechanisms. First, by
actively capturing CO2 during the carbonation process of
recycled aggregates, we prevent its release into the atmosphere.
Second, the material’s high solar reflectance properties help
mitigate the UHI effect, subsequently reducing the demand for
cooling energy and further lowering the associated CO2
emissions. The elevated temperature in urban areas strongly
affects the energy consumption for cooling. In Santamouris’
work,42 it was shown that for every degree rise in ambient
temperature due to UHI, there is a proportional surge in peak
electricity demand, ranging from 0.45−4.6%. In cities where
UHI intensification leads to temperature increases of
approximately 6 °C, that is corresponding with the temper-
ature reduction observed in our measurements, the associated
rise in cooling demand can be substantial. In Rome and
Athens, for example, it was calculated that the increase in
cooling load can reach as high as 130%.43,44 In Beijing, where
UHI effects lead to an average temperature increase of 4−6 °C,
the additional energy expenditure for air conditioning is
estimated to be approximately 815,299 MWh.45 Addressing
this challenge necessitates innovative approaches, and one
promising solution lies in the utilization of cool materials. The
solar reflectance (α) is a crucial metric in assessing the

coolness of materials. Studies have demonstrated that an
improvement of (α) = 0.2 can yield significant benefits. For
instance, in a simulation study encompassing Abu Dhabi, New
Delhi, Casablanca, Damascus, and Tokyo, it was estimated that
a 0.05 increase in solar reflectance led to a cooling load
reduction ranging from 1.34 to 5.7 kW h/m2.46 Extrapolating
this to our concrete with a 0.2 improvement in solar
reflectance, we find the potential impact is substantial. The
anticipated reduction in cooling load falls between 5.4 and
22.8%, signifying a noteworthy advancement in energy
efficiency. Furthermore, our concrete, by incorporation of
carbonated aggregates, offers an added dimension of
sustainability. This material actively captures CO2 during the
carbonation process, contributing to a decrease in carbon
emissions. Studies by Ma et al. have quantified the impact of
cement for the construction of 1 km of pavement in China,47

revealing that the emissions of 519 thousand tons CO2 are due
to cement raw material production phase. With a carbon
capture rate of 18 wt %, this translates to a reduction of 28 000
tons for every kilometer of pavement constructed. Moreover,
the use of recycled aggregates further contributes to
sustainability efforts, reducing the need for sand and coarse
aggregate production, which accounts for approximately 15
million tons of CO2 emissions for 1 km of pavement.

■ CONCLUSIONS
This study addressed a critical research gap by investigating the
reflective properties of an innovative cool cementitious
composite with carbonated recycled aggregates, offering a
promising solution for UHI mitigation. PS ash was successfully
transformed into CPS, which is primarily composed of calcite,
through a carbon capture process. By incorporation of CPS
into OPC, a reflective concrete that captured approximately 18
wt % of its weight in carbon dioxide was developed. In terms of
solar reflectivity, CPS exhibited exceptional performance with a
solar absorption (α) value of 0.11, surpassing commonly used
cool paving materials and falling within the recommended
range for achieving subambient cooling. Furthermore, the
incorporation of CPS as a carbonated aggregate in the
carbonated concrete (OPCCPS) led to a substantial improve-
ment in reflectance (+62%) compared to that with OPC.
OPCCPS demonstrated a solar absorption (α) value of 0.38
and SRI = 73, showcasing its effectiveness in reducing surface
temperatures. Comprehensive rooftop tests further validated
the superior performance of the OPCCPS in reducing surface
temperatures. With a maximum temperature difference of 6 °C
compared to that with OPC, the OPCCPS consistently
exhibited lower temperatures, particularly at peak solar
radiation power. The successful development of carbonated
concrete holds significant implications for sustainable urban
development. Through the integration of such elements into
urban structural components, there exists the potential to
alleviate UHI effects, decrease energy usage and establish
urban environments that are both more comfortable and
sustainable. Moreover, the remarkably straightforward and
easily scalable process of carbonation showcases its adaptability
for large-scale implementation. This advancement can play a
vital role in shaping future urban planning strategies and
promoting the adoption of ecofriendly materials in con-
struction.

Figure 7. Results of the cool performance test of the OPCPS
measured on the rooftop. (a) Wind speed during the test period. (b)
Solar radiation power throughout the test duration. (c) Difference in
surface temperature between the OPC and OPCCPS. (d) Measured
temperatures of OPC and OPCCPS during the test period.
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