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Abstract: The development of shape-stabilized phase change materials (SS-PCMs) and their
use in construction materials has demonstrated significant potential for improving building
energy efficiency and reducing the power consumption of buildings, particularly in desert
climates. Despite these benefits, the widespread application of PCMs in civil infrastructure
is hindered by their high cost, preparation complexity, leakage issues, and low thermal
conductivity. This study addresses these challenges by employing a low-cost, lightweight
aggregate (LWA) as a carrier combined with polyethylene glycol (PEG) to develop an
LWA/PEG composite PCM. The PEG was incorporated into the LWA pores using a vacuum
impregnation technique. Analysis via X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR) confirmed that the LWA/PEG composite was successfully prepared
without any chemical reactions occurring during the process. However, LWA/PEG composite
suffers from leakage problems, which limit its use in building applications. Accordingly, a
cement paste coating was developed and applied on LWA/PEG to prepare SS-PCM (CLWA)
to prevent the leakage of the composite and enhance its thermal conductivity. Moreover,
it was noted that the developed CLWA is chemically stable, and it exhibited outstanding
thermal stability after 200 cycles of melting and solidification without signs of leakage. These
advantageous characteristics indicate that the CLWA developed can be effectively employed to

enhance the thermal efficiency of construction materials to achieve net-zero energy in buildings.

Keywords: shape-stabilized PCMs; lightweight aggregates; polyethylene glycol;

thermal energy storage concrete; net zero energy buildings

1. Introduction

The cooling of buildings constitutes a significant portion of energy consumption,
particularly in hot and arid regions worldwide. To address this issue, various energy
conservation strategies have been explored, including the application of insulation [1],
materials, and the development of multi-layered glass windows [2], and the use of
phase change materials (PCMs) [3—5]. The use of insulation materials decreases energy
consumption by reducing the working time of AC units. However, overheating during
the summer increases the energy required to maintain thermal comfort in buildings [6].

Phase change materials (PCMs) are widely utilized as thermal energy storage
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mediums. They absorb and store energy during the daytime through the melting
process and release it at night through solidification [7]. This cyclic process of melting
and solidification enables PCMs to capture and release solar energy, contributing to
maintaining a stable ambient temperature within buildings [8]. In desert climates,
where ambient temperatures can reach up to 50 °C, the energy demand for air
conditioning rises significantly. As a result, renewable energy-based strategies for
reducing cooling energy consumption are highly appealing. Thermal energy storage
offers a promising renewable energy solution due to the abundant sunlight available
in such regions. Utilizing phase change materials (PCMs) to capture and store solar
energy as latent heat presents a compelling approach for enhancing energy efficiency.
Notably, considerable attention has been directed toward identifying suitable PCMs
to improve thermal comfort in buildings [9]. Limited data are available on the
use of PCMs in buildings under hot weather conditions. It is essential to develop
cost-effective and efficient PCMs tailored for use in temperate and hot weather
conditions. PCMs are primarily classified based on their phase transition temperatures
into four categories: Solid-liquid, liquid-gas, solid-solid, and solid-gas [10]. Among
these, solid-liquid PCMs are preferred for energy storage in buildings due to their
stability and compatibility with construction materials [11].

A shape-stabilized phase change material (SS-PCM) is a composite system where
the PCM is embedded within a porous supporting medium, enhancing its thermal
conductivity, chemical stability, and fire resistance while minimizing the risk of
leakage [12—14]. The choice of an appropriate PCM combined with a compatible
carrier is crucial for applications in hot weather conditions. Studies indicate that desert
regions, such as the Arabian Gulf, experience average peak temperatures reaching up
to 50 °C during the summer period [15]. Accordingly, A limited number of organic
PCMs, such as paraffins, fatty acids, and polyethylene glycol, are suitable for use [16].
Several studies have explored the incorporation of paraffin with various carriers, owing
to its exceptional enthalpy and broad operating temperature range [17-22]. However,
paraffin experiences significant volume changes (12.5%) [23] during phase transitions,
which can compromise the long-term stability of the PCM system. On the other hand,
the high cost of fatty acids restricts their commercial use in building applications. The
use of PEG is a better candidate for PCM to be utilized in buildings under desert
climates. Depending on its molecular weight, PEG has a broad melting temperature
range of 3 °C to 69 °C and is chemically stable. Moreover, PEG is cost-effective,
non-toxic, and resistant to erosion [24]. In addition, it does not show phase segregation,
has a high degree of chemical and physical stability, and a low supercooling value.
Furthermore, PEG has a lower vapor pressure and less volumetric change than
paraffin [25]. Those advantages make PEG a good PCM candidate for the development
of SS-PCM for building applications.

In building applications, the use of lightweight aggregates as a thermal storage
carrier is a relatively new topic. To regulate the temperature inside buildings, Memon et
al. [26] used a porous lightweight aggregate as a supporting element in conjunction with
paraffin. They came to the conclusion that by lowering building interior temperatures,
the produced concrete reduced overall energy use [26]. Comparable results have been
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noted with PCM made using lightweight particles and lauryl alcohol [27]. To stop
leaks, they applied an epoxy coating to their created SS-PCM. Such a technology is
not practical for large-scale applications since it needs specific handling, which raises
the cost. In order to attain net-zero energy structures, it is necessary to develop a
low-cost SS-PCM by combining lightweight aggregates for building applications in
desert regions. Scoria is a naturally occurring lightweight aggregate (LWA) with a
gray to black hue that finds use in a variety of applications, including filtering media,
lightweight concrete, and cost-effective paint filler [28]. In contrast to other pozzolanic
materials, scoria is a natural source of pozzolan that can be utilized in mass concretes,
according to Alhozaimy et al. [29]. Additionally, various investigations on the
application of scoria in lightweight concrete have been conducted [30-32]. Tchamdjou
et al. [32] reported that the use of scoria in concrete enhances its properties, such as
improving temperature resistance and decreasing shrinkage [30,31]. Additionally, it
has been confirmed that scoria aggregate can be utilized as an ingredient in Portland
cement, to make lightweight concrete, and to make blocks [28].

Several methods can be used to penetrate PCM into the carrier. When compared to
alternative impregnation techniques, the vacuum impregnation method demonstrated
superior PCM absorption [33-35]. According to Ramakrishnan et al. [36], the
paraffin/expanded perlite composite made by the impregnation approach has a 30%
higher PCM absorption capacity than the same composite made by the direct method.
However, they heat the expanded perlite for 24 h at 105 °C, which is inefficient and
energy-intensive.

The current research presents the possibilities of using LWA/PEG composite PCM
in building applications for desert climates. Using the vacuum impregnation process,
LWA has been utilized as a carrier in conjunction with PEG to develop the LWA/PEG
composite. Furthermore, the visibility of using a cement paste coating for the developed
composite has been addressed to prepare the SS-PCM (CLWA). The results showed
the possibility of the developed CLWA to be utilized in construction applications to
achieve net-zero energy buildings under desert climates. Furthermore, the developed
CLWA has a high melting temperature of 57.7 °C, which significantly exceeds the
melting temperature range of most other PCMs (12-31 °C), as summarized in Table 1.
The elevated melting point of the developed CLWA makes it particularly suitable for
applications in hot weather conditions, where lower melting temperature PCMs would

be ineffective.

Table 1. Comparison of characteristics of the developed FS-PCM with those reported in the
literature.

Melting Melting Impregnation

PCM Carrier Coating Ref

Temp (°C)  Enthalpy (J/g) method
Paraffin Macro-PCM 18 N/A N/A N/A D’Alessandro et al. [37]
Fatty acids Diatomite 31.14 154.97 Direct N/A Wang et al. [38]
Paraffin Expanded clay 29.01 102.5 Vacuum Epoxy/silica Memon et al. [39]
Butyl stearate Expanded perlite 12.56 29.26 Impregnation N/A Ma and Bai [40]
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Table 1. Cont.

Melting

Melting

Impregnation

PCM Carrier Coating Ref

Temp (°C)  Enthalpy (J/g) method
Lauryl alcohol Lightweight aggregate ~ 22.96 96.65 Vacuum Epoxy Cui et al. [41]
Octadecane Graphite 28 256.5 Vacuum N/A Min et al. [42]
Butyl stearate Lightweight aggregate ~ 20.09 172 Vacuum N/A Niall et al. [43]
Capric acid Expanded Perlite N/A 12.13 Vacuum N/A Kumar et al. [44]
Fatty acid Pumice + Graphite 31.14 154.97 Vacuum Epoxy/Cement Ren et al. [45]
Paraffin Commercial PCM 28 180 Microencapsulation N/A Lecompte et al. [46]
Myristic acid Attapulgite 22.12 74.97 Direct mix N/A Gencel et al. [47]
PEG Scoria 57.7 35.8 Vacuum Cement Current study

2. Materials and techniques

2.1. Materials

The polyethylene glycol (PEG) used was ultrapure (Purity > 99%), with a
molecular weight of 6000 g/mol. A quarry in Saudi Arabia’s Western Province provided
the lightweight aggregate (Scoria), which has a specific gravity of 1.5, a thermal
conductivity of 0.27 W/m-K, and an 11% water absorption rate. The aggregate was
coated with ordinary Portland cement (OPC), which ASTM C150 classifies as Type I
and has a unit weight of 3150 kg/m>. Fine sand with a specific gravity of 2.56 and a

water absorption of 0.60% by weight was utilized as a fine aggregate.

2.2. Fabrication of LWA/PEG composite

The LWA/PEG composite was prepared using the vacuum impregnation method
as shown in Figure 1. Varying mass fractions of PEG, starting with 20% up to 100%
with 20% increments. The impregnation process was conducted using a vacuum pump
with a pressure of 0.1 MPa. First, the LWA particles were placed in a conical glass
flask, and then the solid PEG was added while applying the vacuum pressure for 10
min. Then a conical vessel was placed in a hot water bath maintained at a temperature
of 70 °C for 2 h. The PEG starts melting and impregnating into the pores of LWA
due to the applied vacuum and elevated temperature. After 2 h, the PEG ceases to
impregnate into the LWA, as can be noticed by the disappearance of air bubbles in the
conical glass flask, which indicates that the pores in the LWA are fully filled with PEG.
Accordingly, an impregnation time of 2 h, a temperature of 70 °C, and a pressure of
0.1 MPa were selected as optimum conditions. After several trials, it was observed that
adding more than 60% PEG led to a greater loss of PEG compared to the weight gained
by the LWA pores, without significantly impacting the overall weight gain of the LWA
particles. This loss occurred because the pores of the LWA became fully saturated with
PEG, preventing further absorption. Therefore, 60% PEG was identified as the optimal
quantity for developing the LWA/PEG composite.
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(1) Adding LWA ——=

with PEG

(2) Closing the beaker ——=> (3) Place the beaker under ==y  (4) Prepared LWA/PEG
and start the Vacuum vacuum in a hot water bath.

Figure 1. Sketch of the setup used to prepare the LWA/PEG composite.

2.3. Characterization

The mineralogical composition of the materials was determined using a Rigaku
X-ray diffractometer (XRD), which used Cu-Ka radiation and operated at 15 mA and
30 kV with a scan rate of 2°/min. A Perkin Elmer (16F PC) spectrophotometer was used
to record the Fourier Transform Infrared (FTIR) spectra. The material’s morphological
analysis was evaluated with a JEOL JSM-6400F FE-SEM running at 10 kV of
acceleration voltage. An X-mass detector was also used to record energy-dispersive
X-ray spectra (EDS). Differential scanning calorimetry (DSC) measurements were
performed by heating 10 mg sealed samples in aluminum pans at a rate of 5 °C/min,

under a continuous argon flow of 20 mL/min.

3. Results and discussion

3.1. Particle size distribution of OPC, sand and LWA

The particle size distribution of LWA and fine sand was obtained using sieve
analysis, while that of cement was determined using laser diffraction spectroscopy
(LDS) using a Microtrac® S3500 laser particle size analyzer, as shown in Figure 2.
LWA retained on sieve #4 (4.75 mm) was used in the preparation of concrete mixtures.
About 84% of LWA was retained on the #4 sieve.
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Figure 2. Particle size distribution of OPC, sand, and LWA.
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3.2. XRD and FTIR analysis of the LWA, PEG, and the LAW/PEG
composites

The XRD peaks for LWA, PEG, and LWA/PEG are shown in Figure 3. The
peaks located in the range of 20° to 30° 26 are attributed to the presence of hematite
(Feo03) and anorthite (Ca(Al;Si;03)). The peaks at an angle of 34° 26 can be ascribed
to the formation of aluminum silicate, and those at 60° 20 indicate the presence of
magnetite [48—51]. The LWA/PEG composite exhibited very intense diffraction peaks
at 18° and 23° 26, which match those obtained for PEG. Moreover, only PEG peaks are
present in the LWA/PEG composite, indicating that the developed LWA/PEG formed

without any chemical transformation during the injection of PEG into the pores of LWA.

LWA

PEG

Intensity (a.u)

LWA/PEG

10 20 30 40 50 60 70
2 6 (degree)

Figure 3. XRD patterns of LWA, PEG, and LWA/PEG composite.

Figure 4 shows the FTIR spectra of LWA, PEG, and LWA/PEG. A broad band
in the range of 950 cm ! to 1200 cm™! can be noticed in LWA, which is assigned to
the stretching of (Si—O-Si), confirming that SC is mostly composed of silica [49-51].
The spectrum of LWA/PEG closely resembles that of PEG. The lack of significant new
peaks in the LWA/PEG spectrum compared to PEG suggests that the formation of the
LWA/PEG composite occurs without any accompanying chemical reactions.
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Figure 4. FTIR patterns of LWA, PEG, and LWA/PEG composite.
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3.3. Morphology of LWA and LWA/PEG composite

LWA has a highly porous structure, as shown in Figure Sa. Varying sizes of
Micropores and Mesopores can be noted. This makes the selected LWA have the ability
to accommodate a larger quantity of PEG inside these pores to enhance the thermal
properties of the developed system. The EDS results in Figure 5b show that LWA
contains mainly Oxygen (O), Silica (Si), and Iron (Fe), which align with the results
obtained from XRD and FTIR. Additionally, the elemental distribution of LWA is

shown in Figure Sc.

500um

Element
o 518 14
Si 13.2 04
Fe 10.1 0.5
[ 8.7 21
Al 48 0.2
Ca 45 0.2
Mg 19 0.2
Ti 16 0.2
Na 14 0.1

Figure 5. (a) FE-SEM images of LAW and its respective: (b) EDS; (¢) Mapping analysis.

After vacuum impregnation, the pores of the LWA were completely filled with
PEG, as illustrated in Figure 6a. The elemental analysis of LWA (Figure 5b) and
the LWA/PEG composite (Figure 6b) revealed similar compositions. However, the
LWA exhibited higher concentrations of Si, Fe, and Aluminum (Al) compared to
the LWA/PEG composite. This reduction is likely due to the presence of PEG
occupying the pores of the LWA. Furthermore, the elemental distribution analysis of
the LWA/PEG composite presented in Figure 6c¢ indicates a uniform distribution of

elements, confirming that PEG effectively and comprehensively filled the LWA pores.

Element | Wt.% |0
58 0.6
353 (0.6
29 0.1
13 0.1
1 0.1
0.7 0.1
0.8 0.1

Figure 6. (a) FE-SEM images of LAW/PEG composite and its respective; (b) EDS; (c)
Mapping analysis.
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3.4. Differential scanning calorimetry (DSC)

The DSC curves for the melting and solidification processes of LWA, PEG, and
the LWA/PEG composite are presented in Figure 7. Enthalpy values were calculated
from the areas under the DSC curves corresponding to the melting and solidification
cycles. PEG exhibited melting and solidification enthalpies of 192.4 J/g and 191.1
J/g, respectively, aligning with values reported by several researchers [52, 53]. The
LWA/PEG composite demonstrated a reduction of approximately 64% and 65% in
melting and solidification enthalpies, respectively, compared to pure PEG. This reduction
can be attributed to the negligible enthalpy contribution of LWA, because the LWA has
no latent heat values (No phase change occurs in the LWA before and after heating).
This fact reflects the absence of PCMs in the LWA before the impregnation of PEG.
Furthermore, the high melting temperature of the LWA/PEG composite of 58.4 °C makes
it an appropriate energy storage system for desert climates.

il
36.9 °C —LWA
3 |1 191.1 Jig —PEG
— 5 37 oC T LWA/PEG
5 2 -
_;. 66.1 J/g
S 1 ]
3
o
WL (0 e = —— v
il
m ‘\\
] 584°C
5 69.8 J/g 61.9 °C
192.4 Jig
-3 T 1 T 1 L] ] L] ] L] 1 T
20 30 40 50 60 70 80

Temperature (°C)
Figure 7. DSC analysis of LWA, PEG, and LWA/PEG.

3.5. Leakage test

Figure 8 illustrates the behavior of PEG and the LWA/PEG composite after
exposure to a temperature of 70 °C for 30 min. While PEG completely melted under
these conditions, the LWA/PEG composite exhibited minimal leakage, attributed to the
presence of PEG on the surface of LWA particles. This observed leakage, as shown in
Figure 8, highlights a critical limitation, preventing the direct application of leaked
PCM into cementitious mixtures due to significant PEG loss [54]. Accordingly, a
cement paste coating has been developed to accommodate and prevent the leakage of
PEG to obtain the SS-PCM.
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Figure 8. Leakage performance of PEG and LWA/PEG composite.

3.6. Preparation and testing of SS-PCM (CLWA)
3.6.1. Preparation process of CLWA
The cement paste coating was developed by optimizing the LWA/PEG-to-cement

ratio through multiple trials. The selected ratio ensured complete coverage of the
LWA/PEG particles without leaving excess cement paste. A water-to-cement (W/c)
ratio of 0.35 was consistently maintained across all trial mixtures. Initially, the cement
and water were mixed for 5 min to achieve a homogeneous paste. Subsequently, the
LWA/PEG particles were added to the cement paste and mixed for an additional 5
min until all particles were uniformly coated with a 0.5 mm thick layer of cement
paste. The coated LWA (CLWA) was then separated using a sieve and allowed to
dry at room temperature for 24 h. After drying, the water absorption and specific
gravity of the CLWA were measured in accordance with ASTM C127 [55]. The results
showed a water absorption rate of 5.5% and a specific gravity of 1.8, demonstrating the
effectiveness of the coating process.

3.6.2. Leakage performance and morphology characteristics of CLWA

The leakage performance of the developed CLWA is presented in Figure 9.
The CLWA composite exhibited no signs of leakage, even after being subjected to
a temperature of 70 °C for 30 min. This result demonstrates that the cement paste
effectively encapsulates the PEG within its matrix, successfully preventing any leakage.

The cross-section of CLWA depicted in Figure 10a provides insights into the
composite inner core structure. As shown in Figure 10b, the right portion of the image
reveals the formation of calcium silicate hydrate (C—S—H) of the cement coating layer.
This observation is further supported by the mapping analysis presented in Figure
10c. Additionally, the inner core of the CLWA is filled with PEG, while the cement
coating effectively encapsulates the PEG, preventing any leakage from the LWA/PEG
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core. This structural configuration highlights the effectiveness of the cement coating
in stabilizing the LWA/PEG composite.

CLWA CLWA

&

Figure 9. Leakage performance of CLWA.

1. Cement coating
2. LWA/PEG core

Al Kal Si Kal

Figure 10. (a) Cross-section of CLWA; (b) SEM picture of CLWA; (c¢) Mapping analysis of
spectrum 1.

3.6.3. Thermal reliability and stability

The thermal reliability of CLWA particles was evaluated by subjecting them
to 200 thermal cycles. The DSC results, presented in Figure 11, demonstrate that
CLWA retains its structural integrity even under rigorous thermal cycling conditions.
The material successfully withstood 200 cycles of melting and solidification without
significant alterations in its phase change temperatures or enthalpy values. This
confirms the excellent thermal stability of the developed CLWA, making it a promising
latent heat thermal energy storage material for building applications. Additionally,
the melting and solidification temperatures of 56.8 °C and 37.2 °C, respectively, are
well-suited for the high ambient temperatures experienced in desert climates during the
summer, enhancing the potential of CLWA in reducing energy consumption.

TGA analysis was conducted to assess the thermal stability of the developed
CLWA composite. As shown in Figure 12, the LWA particles demonstrated no weight
loss, indicating their stable thermal behavior. In contrast, the CLWA composite began
to lose weight at approximately 350 °C, with the weight loss completing around 400
°C. This loss is attributed to the evaporation of the PEG component from the composite

10
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pores. After this point, the weight of the sample remained constant, indicating that the

thermal degradation process had ceased.
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Figure 11. DSC of CLWA composite before and after exposure to 200 thermal cycles.

100
80 A
2
< 60 A
w0
"]
L
= 40 1
{=1]
g {---LWA
20 | —PEG
1-- LWA/PEG
0 - -CLWA
0 200 400 600 800

Temperature (°C)

Figure 12. TGA curves of LWA, PEG, LWA/PEG, and CLWA composites.

The weight loss observed in the LWA/PEG composite was 45%, while the weight
loss of the CLWA composite was lower. This difference highlights the uniform
distribution of PEG within the LWA/PEG composite and supports the conclusion that
the preparation process resulted in a homogeneous material. Furthermore, the lower
weight loss in CLWA can be attributed to the cement coating applied to the CLWA
particles. The cement coating adds mass and enhances the overall stability of the
composite, making it more resilient to thermal degradation.

These findings suggest that the developed CLWA composite exhibits robust
thermal stability, making it suitable for thermal energy storage applications, particularly
in environments such as desert climates. Additionally, the stable thermal behavior
of the CLWA composite ensures its long-term reliability in energy storage systems,
contributing to efficient thermal regulation in buildings.

Table 2 lists the thermal activity values of PEG and the prepared composites
with/without coating.

11
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Table 2. Thermal activity of PEG, LWA/PEG, and CLWA.

Melting process Solidification process Thermal properties
Sample

Tm (°CC) AHp, (J/g) T (°C) AHy (J/g) AT (°C) Eetr (J/g) R (%) E (%) ¢ (%) T (%)
PEG 61.9 192.4 36.9 191.2 24.9 192.4 - - - 100
LWA/PEG 584 69.8 37.0 66.1 21.4 148.5 36.3 354 97.6 77.2
CLWA 57.7 358 37.9 33.2 19.8 76.2 18.6 17.9 96.7 39.6

All the parameters were derived from the following equations:

AHp, com
R = —""— x 100% 1
AH.,,, PEG ’ M)

AHy, com

Eopp = —omecom 2
T T X e @)

AH AH
E m, com + f, com % 100% 3)

"~ AHp, pec+AH¢ pra

AI'I'm,, com+AHf, com

R
= x 100% 4
4 AH,, pea+ AHy ppa ’ @

_ AH,, pec
(xpEG X AHy,, PEG)

x 100% 5)

Where: T, = Melting temperature, AH,,, = Melting latent heat, Ty = Solidification
temperature, AH; = Solidification latent heat, ATy = Supercooling, E, ;s = Efficient
energy per unit mass of PEG as shown in Equation (2) were calculated according to Li
etal. [56], R =Impregnation ratio, £/ = Impregnation efficiency and ¢ = Energy storage
capacity [57] and v = Heat storage efficiency. In the above equations, com indicates
PCM composite (LWA/PEG, CLWA) and X pgg = PEG weight fraction in PCM.

The melting enthalpies of LWA/PEG and CLWA composites decreased by 31%
and 64%, respectively, compared to pure PEG, as detailed in Table 2. This reduction
is attributed to the negligible enthalpies of LWA and the cement paste in CLWA
composites. However, the supercooling values of CLWA and LWA/PEG composites
were reduced by 14% and 20.5%, respectively, compared to PEG. Notably, the
high heat storage efficiency of the CLWA composite makes it a promising candidate
for efficient thermal energy storage systems. These characteristics demonstrate the
feasibility of employing CLWA in building applications under desert climate conditions.
Furthermore, the utilization of CLWA can deliver significant environmental, economic,
and sustainable benefits, enhancing and improving the overall quality of buildings

subjected to high temperatures in desert environments.

4. Conclusion

In this study, a novel cement-coated LWA/PEG-based PCM was developed to
improve the thermal performance of buildings. The following conclusions can be drawn

from experimental work.

* A vacuum impregnation technique was effectively utilized to impregnate

12
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suitability for long-term thermal energy storage applications.
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demonstrated significant reductions in supercooling compared to pure PEG. These
attributes make it a viable material for efficient latent heat thermal energy storage
(LHTES) systems.

The melting and solidification temperatures of CLWA (57.7 °C and 37.9 °C,
respectively) align well with the high ambient temperatures experienced in
desert climates. This makes it particularly effective in reducing cooling energy
consumption in buildings under such conditions.

The developed CLWA composite is a promising candidate for net-zero energy
buildings in desert climates. Its ability to store and release thermal energy
efficiently enhances the thermal performance of construction materials, ensuring

comfort and sustainability in extreme weather conditions.
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