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Abstract: This research focuses on the integration of waste materials derived from sugar sediment
and recycled AAC into the manufacturing process of autoclaved aerated concrete (AAC) to enhance
its physical, mechanical, and thermal characteristics. Furthermore, the investigation explores the
prospect of augmenting the thermal efficiency of the AAC composite by applying different quantities
of paraffin phase change material (PCM) coatings to its external surface. Throughout the thermal
testing phase, temperature control was consistently maintained at three distinct levels: 40 ◦C, 50 ◦C,
and 60 ◦C, facilitated by a heater serving as the thermal source. The investigation unveiled that
the optimal composition encompassed a 10% by weight replacement of sand with recycled AAC
content. This formulation resulted in a peak compressive strength of around 5.85 N/mm2, along with
a maximum tobermorite phase ratio of 25.5%. The elevated strength is directly associated with the
heightened crystalline nature of the tobermorite phase. The most favorable configuration incorporated
a 20 g PCM-coated material, demonstrating remarkable outcomes, including an extension of the
time lag by about 55%, a reduction in the decrement factor by around 56.4%, as well as a substantial
reduction in room temperature of roughly 15.8% compared to standard AAC without PCM coating, all
at a stable temperature of 60 ◦C. The integration of sustainable waste materials and PCM technology,
as illustrated in this study, notably contributes to resource conservation and the advancement of
energy-efficient architectural practices.

Keywords: autoclaved aerated concrete; sugar sediment waste; recycled AAC; phase change material;
building insulation; sustainable construction material; energy efficiency; waste materials; time lag;
compressive strength

1. Introduction

In recent decades, the global demand for electricity consumption in buildings has
undergone a striking and unrelenting escalation. The consumption rate surged from
26% to 54% between 1980 and 2010 and projections indicate that this demand will rise to
84% by 2050 [1,2]. This steady and substantial increase in building energy consumption
can be attributed to a confluence of factors, including the relentless growth of the global
population, the rapid advancement of modern society, and notable improvements in overall
quality of life. Hence, maintaining an optimal indoor temperature for comfort, particularly
in tropical climates, has become a difficult and important challenge.

Dealing with this issue involves addressing the significant contribution of air-conditioning
systems when cooling and heating, which makes up approximately 65% of the overall
energy use within constructions [1–3]. One viable solution for curbing energy consumption
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demands in the construction sector lies in reducing cooling loads by mitigating thermal
accumulation and transmission within buildings [4–8]. As such, the utilization of wall insu-
lation materials has shown great promise, particularly in warm and humid climates [8,9].
The emergence of autoclaved aerated concrete (AAC) production in Thailand presents a
hopeful direction for advancing sustainable construction practices. AAC stands out for its
remarkable ability to achieve approximately 50% energy savings without additional thermal
insulation materials, positioning it as a potential key player in energy conservation [10–15].
Its lightweight and highly porous structure, with about 80% volume comprised of pores,
provides lower thermal insulating capacities, higher heat resistance, and reduced shrink-
age compared to traditional concrete [16–27], contributing to enhanced energy efficiency
in buildings.

Numerous strategies have been put forth for mitigating CO2 emissions in the con-
struction and civil engineering sectors [28,29]. The initial process involves extending the
lifespan of concrete through durability enhancements, which indirectly decreases CO2 emis-
sions. The second strategy centers on the development of low-carbon cement, including
magnesium phosphate cement and sulfoaluminate cement. The third approach entails the
incorporation of cementitious admixtures, such as fly ash, slag, and other waste materials,
as partial substitutes for cement.

To address the growing waste generation while promoting sustainability, researchers
explore utilizing various waste materials as components in AAC production. By utilizing
residual materials from industrial procedures, including expanded perlite waste (EPW) [15],
efflorescent sand and phosphorescent slag [30], iron ore tailings [31], air-cooled slag [32],
crushed siliceous stone [33], lead–zinc tailings [34], coal bottom ash [35], copper tailings
and blast furnace slag [36], calcium fly ash and natural zeolite [37], waste from sugar
sediment [38], and black dust [39,40]. AAC properties are enhanced, leading to economic
and environmental benefits [15–27]. For instance, incorporating EPW as a substitute
for ground quartz sand reduces thermal conductivity without sacrificing compressive
strength [15].

For instance, Wang et al. [31] studied the utilization of tailings from Chengchao Iron
Ore Mine in aerocrete. They explored various parameters like cement–lime ratios, silicon-
material dosages, and aluminum powder content. Their results offered new prospects
for the application of low-silicon iron ore tailings. The introduction of expanded perlite
waste (EPW) in lieu of quartz sand resulted in a reduction in thermal conductivity [15].
Increasing EPW weight percentage further reduced thermal conductivity while maintaining
the necessary compressive strength up to 10% EPW content. Mostafa et al. [32] investigated
replacing lime and sand with air-cooled slag, achieving an optimum compressive strength
of approximately 3.8 N/mm2. Wang et al. [33] examined clayish crushed stone in aerated
concrete, revealing the formation of specific compounds during hydration. Li et al. [34]
produced aerated concrete using lead–zinc tailings, studying water–binder ratios, casting
conditions, and more. Kurama et al. [35] utilized coal bottom ash as aggregate, resulting
in 50% coal bottom ash AAC exhibiting 2.78 N/mm2 strength. Huang et al. [36] explored
replacing lime with copper tailings and blast-furnace slag, achieving 0.61 g/cm3 density
and 4.0 N/mm2 compressive strength. Jitchaiyaphum et al. [37] replaced Portland cement
with fly ash and natural zeolite, obtaining lightweight concrete with compressive strengths
of 3.65 and 4.51 N/mm2. Another significant study involved AAC development by re-
placing sand and lime with sugar sediment waste [38]. Reducing sugar sediment waste
weight notably boosted compressive strength, rendering insulation layers unnecessary
for AAC building blocks. Optimum black dust in AAC increased thermal efficiency by
25%, delayed heat flow by 25%, cut heat flux by 33%, and lowered room temp by 4.7%,
surpassing conventional AAC. Black-powder AAC improves insulation and reduces power
consumption [39,40].

Enhancing the thermal efficiency of AAC as insulation has significant potential to
fulfill the requirements for reducing energy consumption and fostering energy preservation
in the construction domain, while also ensuring economic viability in energy generation.
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Integrating phase change material (PCM) into buildings or their systems offers an efficient
method to enhance thermal storage and decrease energy usage [41–50]. Research involving
PCM in elements like Trombe walls [51,52], wall boards [53,54], windows or shutters [55],
ceilings [56,57], and roofs [58–60] has consistently demonstrated lowered energy usage.
Researchers have explored diverse strategies to enhance PCM’s thermal performance.
These include using longitudinal vortex generators for Trombe walls [52], integrating
double layers of PCM for indoor comfort, and employing PCM in various structures. PCM
composite boards have performed well in summers but less effectively in winters [53].
PCM in gypsum boards and double-glazed windows has boosted heat storage and reduced
energy use [54–56]. PCM in ceiling fan-assisted buildings improves comfort and energy
demand distribution [57]. PCM used in metal-sheet roofs sustains indoor comfort and
reduces heat transfer [58]. Passive cooling approaches, such as cool-colored coatings and
PCM, decrease energy requirement for cooling by 8.5% [59] and utilize PCM in conical
cement roofs for reducing heat flow by around 39% [60].

As the construction industry increasingly emphasizes eco-friendly waste management
and energy efficiency, the utilization of residual materials from industrial processes in
AAC mixtures represents a significant step towards creating a sustainable and energy-
efficient building material. Therefore, this work investigates the potential of incorporating
waste materials from sugar sediment and recycled AAC into AAC production, with the
aim of enhancing physical and mechanical properties, including thermal performance.
Additionally, the study explores the thermal efficiency of autoclaved lightweight concrete
with the optimal combination of sugar sediment waste and recycled AAC by applying
varying amounts of paraffin PCM coatings to the exterior AAC surface.

2. Experimental Methodology
2.1. Raw Materials and Fabrication of AAC

The procedure used to conduct experiments in AAC production utilized readily
available initial substances, which included aluminum (Al), Portland cement, anhydrite
(CaSO4), fine sand (with a size smaller than 90 µm), and lime (CaO). The AAC mixture’s
makeup comprised aluminum (0.09% in weight), Portland cement (17.87% in weight),
anhydrite (2.35% in weight), sugar sediment waste (18.76% in weight), fine sand (43.76% in
weight), and lime (17.17% in weight). The sugar sediment waste, being abundantly available
and considered a cost-free input, was utilized in the AAC production. Additionally,
significant quantities of AAC waste were also accessible, and they were ground into
microparticles to create the recycled AAC powder. Different percentages of recycled AAC
powder waste (0%, 5%, 10%, 15%, 20%, and 25% by weight) were substituted for fine sand
in the AAC mixture (identified as AAC-SR). To start the procedure, the composition of
AAC materials was thoroughly mixed. Afterward, water was introduced to the mixture,
and the resultant mixture was placed into a mold measuring 20 cm × 20 cm × 100 cm.
The fabrication process involved subjecting the mold to a temperature range of 180–190 ◦C
and applying a pressure of 12 bars. Under these temperature and pressure conditions,
AAC blocks with the desired properties were created. This process took place at a certified
manufacturer, adhering to the Thailand Industrial Standard (TIS) 1505-1998 [61].

2.2. Measurements of Density, Water Absorption, Compressive Strength, Flexural Strength,
Thermal Conductivity, and Tobermorite Phase

Following the autoclave experiment procedure, precise dimensions were achieved
for the autoclaved AAC samples to ensure consistency in various property assessments.
Specifically, specimens measuring 7.5 cm × 7.5 cm × 7.5 cm were prepared to facilitate the
measurement of dry density, water absorption, and compressive strength. Additionally,
samples with dimensions of 4 cm× 4 cm× 16 cm were employed to assess flexural strength.
For the evaluation of dry density and water absorption, a drying process was conducted
at 105 ◦C for 24 h, adhering to the guidelines outlined in ASTM C642-97. Compressive
strength and flexural strength assessments followed a similar drying process but were
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carried out at 75 ◦C for 24 h, as per the specifications in ASTM C1555-03a. To determine
thermal conductivity for AAC-SR, a thermal conductivity tester was utilized as part of the
analysis process. For the identification of the tobermorite phase, a crucial indicator of AAC
properties, X-ray diffraction (XRD) analysis was employed. Furthermore, scanning electron
microscopy (SEM) was utilized to gain insights into the microstructure of the AAC-SR
composition and mixtures with varying compositions.

2.3. Thermal Behavior Analysis and Utilization of Phase Change Material

The melting range of phase change temperature significantly affects thermal storage
efficiency when using PCM in building envelopes. To study the thermal process charac-
teristics of paraffin PCM, a differential scanning calorimetry (DSC) technique was used,
measuring from 0 ◦C to 80 ◦C with a heat rate of 0.05 ◦C/min. For further investigation of
thermal behaviors, the AAC with an optimal composition containing sugar sediment waste
and recycled AAC, demonstrating excellent mechanical properties, was selected. Subse-
quently, a uniform area on the outside surface of the improved AAC, measuring 20 cm
wide × 60 cm long, was coated with different quantities of paraffin PCM (0 g, 10 g, 20 g,
and 30 g), identified as AAC-P, to evaluate the thermal performance.

2.4. Assessing the Thermal Properties of the Modified AAC under Controlled Temperature
Conditions

The experimental configuration presented in Figures 1 and 2 was utilized to evaluate
the time lag and decrement factors of autoclaved aerated concrete (AAC) that was coated
with varying quantities of phase change material (PCM) on its outer surface. The designated
area for examination maintained consistent dimensions, measuring 20 cm in width and
60 cm in length. This study encompassed multiple locations, each characterized by different
initial AAC thicknesses and diverse AAC layers containing varying amounts of PCM.
These particular specimens were subjected to temperatures of 40 ◦C, 50 ◦C, and 60 ◦C, and
the temperature-control mechanism of a precision heater was employed throughout the
assessment of time lag and decrement factors. These specific temperature levels were chosen
to emulate the typical thermal conditions observed in buildings within Thailand, where
wall temperatures typically range between 40 ◦C and 60 ◦C, as reported in references [62,63].

The setup depicted in Figures 1 and 2 was utilized for evaluating time lag and decre-
ment factors of AAC covered with different quantities of PCM (0 g, 10 g, 20 g, and 30 g) on
its external surface. The region covered had uniform dimensions of 20 cm wide × 60 cm
long. The study included various spots with varying original AAC thicknesses and AAC
layers with distinct PCM contents. These spots were subjected to temperatures of 40 ◦C,
50 ◦C, and 60 ◦C. The temperature control of a heater was precise during the assessment of
time lag and decrement factors. The chosen temperature levels mirror typical wall temper-
atures found in Thai buildings, generally ranging from 40 ◦C to 60 ◦C [62,63]. Temperature
measurements were conducted using K-type thermocouples with a precision of ±0.5 ◦C.
These thermocouples were affixed to both the outside and inside wall surfaces, ensuring
direct contact with the AAC material. Insulation was provided using aluminum foil tape,
and thermal paste was applied to enhance the quality of contact. The experiment involved
tracking ambient temperature, room temperature, as well as external and internal surface
temperatures, all recorded at 2 min intervals for 360 min.
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Figure 1. (a) Schematic diagram illustrating the setup used for the experiment and (b) view of the
testing room and arrangement of instruments.
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3. Results and Discussion
3.1. Density, Water Absorption, and Thermal Conductivity

Figure 3 illustrates the impact of varying proportions of recycled AAC content (AAC-
SR) on the density and water absorption characteristics of AAC. The density of AAC-SR
experienced a slight reduction, shifting from 0.60 g/cm3 to 0.50 g/cm3 as the proportion of
recycled AAC increased from 0% to 25%, as demonstrated in Figure 3a. These decreased
density values corresponded to an increased volume of autoclaved aerated concrete. It is
notable that all density measurements were consistently specified within the quality class
4 range (0.51–0.80 g/cm3) according to the specifications of the Thai Industrial Standard
1505-1998. Simultaneously, the water absorption of AAC-SR indicated a minor increase with
the ascent of recycled AAC content. The water absorption rates spanned from 0.39 g/cm3

to 0.44 g/cm3 for varying recycled AAC contents between 0% and 25%, as presented in
Figure 3b. This trend indicated an inverse relationship between water absorption and
density. Furthermore, the volumetric water absorption ratio of all AAC samples conformed
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to the stipulated criterion of quality class 4 (0.50 g/cm3) determined in the Thai Industrial
Standard 1505-1998.

Figure 3. (a) Density and (b) water absorption of AAC with different contents of fine AAC recycling
powder.

The presented paragraph discusses a significant finding regarding the thermal conduc-
tivity of AAC-SR, a material comprising recycled AAC content. As the weight proportion
of recycled AAC increases from 0% to 25%, the thermal conductivity of AAC-SR notably de-
creases between 0.124 and 0.104 W/m·K, as indicated by Figure 4. The reduction in thermal
conductivity is closely associated with a slight decrease in material density and a minimal
rise in water absorption. These changes in density and water absorption can be attributed
to the presence of numerous tiny air-filled voids. These micro-sized pores in AAC samples
probably play a significant role in lowering thermal conductivity, leading to improved insu-
lation performance by inhibiting the transmission of heat [64]. The noteworthy aspect here
is that the inclusion of recycled AAC in the autoclaved aerated concrete mixture enhances
its insulating properties. Consequently, heat transfer is reduced, marking an advancement
in terms of thermal insulation capabilities. This outcome holds particular importance in
achieving improved thermal insulation properties in minimizing heat exchange between
the interior and exterior environments, leading to reduced energy consumption for cooling
and heating. This finding has significant implications for sustainable energy efficiency in
building structures. Ultimately, this contributes to sustainable energy efficiency within
buildings and a noteworthy decrease in the peak cooling demand throughout the year.

Figure 4. Thermal conductivity of AAC containing sugar sediment with the variation of recycled
AAC powder.

3.2. Compressive Strength and Flexural Strength

Figure 5 provides insight into the mechanical strength characteristics of six different
AAC compositions, each containing varying quantities of recycled AAC, identified as
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AAC-SR. Within this range, the compressive strength of AAC-SR displayed an increase,
peaking at 10% recycled AAC content by weight, designated as AAC-SR10. However,
beyond this threshold, the compressive strength exhibited a decline, as visually evident in
Figure 5a. The highest achieved compressive strength was approximately 5.85 N/mm2,
surpassing not only AAC without recycled AAC but also other materials like coal bot-
tom ash (2.78 N/mm2) [35], copper tailings and blast furnace slag (4.00 N/mm2) [36],
lightweight concrete with high-calcium fly ash and natural zeolite (4.51 N/mm2) [37], AAC
incorporating black dust waste (4.6 N/mm2) [39], and AAC designed for ultra-thermal
insulation (2.27 N/mm2) [65]. Traditional AAC generally has a compressive strength of
approximately 5.0 N/mm2.

Figure 5. (a) The measurement of compressive strength and (b) the assessment of flexural strength in
AAC with the variation between fine sand and AAC recycling powder.

In conclusion, the compressive strength of AAC-SR10 exceeds that of conventional
AAC by approximately 17%. Moreover, it significantly surpasses earlier reported achieve-
ments that used industrial waste in AAC mixtures, showing enhancements ranging from
29.7% to 157.7%. This substantiates the notion that replacing sand with recycled AAC waste
can lead to AAC with exceptional compressive strength. Importantly, these compositions
that yield peak compressive strength align with the specifications of the Thai Industrial
Standard 1505-1998. This investigation strongly emphasizes the viability of recycling waste
AAC as a feasible substitute raw material for the production of AAC.

Figure 5b exhibits the alterations in flexural strength that correspond to different
proportions of AAC recycling powder. Following a pattern similar to the trend observed
in compressive strength, the flexural strength demonstrated an increase, peaking at a 10%
content of recycled AAC powder by weight. Beyond this threshold, the flexural strength
gradually decreased. The highest flexural strength, reaching approximately 3.15 N/mm2,
was achieved in the sample containing 10% fine recycling powder by weight, designated as
AAC-SR10. This value aligns with the quality class 4 specification (equivalent to ≥30% of
the compressive strength) stipulated by the Thai Industrial Standard 1505-1998.

3.3. Phase Formation and Microstructure of AAC

XRD was employed to verify phase formation for the analysis of AAC phase ra-
tios. Figure 6 displays the XRD patterns of the AAC, revealing the presence of calcite,
quartz, and tobermorite phases. These three phases within the AAC corresponded to the
rhombohedral, hexagonal, and orthorhombic structures, aligned with JCPDS file numbers
02-0629, 05-0490, and 06-0359, respectively. While previous research has noted a correla-
tion between increased compressive and flexural strength and a higher tobermorite phase
crystallinity [64–68], a comprehensive investigation into the augmented tobermorite phase
ratio within AAC remains limited. To calculate the phase ratios in AAC, the percentages of
the three phases were calculated using Equations (1)–(3), which are widely employed in as-



Sustainability 2023, 15, 14226 8 of 16

sessing complex structural materials [69]. In these equations, ICalcite, IQuartz, and ITobermorite
represent the intensities of the most prominent calcite, quartz, and tobermorite peaks,
respectively:

% ratio of the calcite phase =

(
ICalcite

IQuartz + ITobermorite + ICalcite

)
× 100 (1)

% ratio of the quartz phase =

(
IQuartz

IQuartz + ITobermorite + ICalcite

)
× 100 (2)

% ratio of the tobermorite phase =

(
ITobermorite

IQuartz + ITobermorite + ICalcite

)
× 100 (3)

Figure 6. X-ray diffraction patterns of AAC with various mixtures: (∇) tobermorite phase, (�) quartz
phase, and (•) calcite phase.

The composition of calcite, quartz, and tobermorite phases was computed within
the AAC-SR0, AAC-SR10, and AAC-SR20 specimens, and these findings are outlined in
Table 1. Notably, AAC-SR10 displayed the highest compressive strength among them.
A comparative evaluation was conducted between the fabrication of AAC-SR10 and the
tobermorite phase proportion within AAC-SR0, serving as the baseline without recycled
AAC. The investigation disclosed that the specimens of AAC-SR10, AAC-SR0, and AAC-
SR10 showcased the most prominent ratios of calcite, quartz, and tobermorite phases,
estimated at approximately 38.1%, 73.2%, and 25.5%, respectively. This heightened ratio of
tobermorite and calcite phases, coupled with a relatively reduced quartz phase proportion,
was directly associated with improved compressive strength, as demonstrated by the data
in Table 1. This observation highlights the shifts in phase distribution within AAC due
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to the replacing of conventional raw materials, such as sand, with recycled AAC waste.
Moreover, this outcome solidifies the notion that an augmentation in the tobermorite phase
contributes to enhanced mechanical attributes in AAC, aligning well with previous research
findings [64,65].

Table 1. Phase formation ratio of AAC incorporating sugar sediment waste and recycled AAC.

Composition
Ratio of Phase Formation (%)

Calcite Quartz Tobermorite

AAC-SR0 11.2 73.2 15.6
AAC-SR10 38.1 36.4 25.5
AAC-SR20 32.8 45.3 21.9

In order to illustrate the distinctions in microstructure between AAC-SR0 and the
improved composition of AAC (AAC-SR10), Figure 7a,b provides a visual representation of
the surface morphology for both AAC-SR0 and AAC-SR10. In both instances, fine needle-
like crystalline structures are observed, accompanied by a porous configuration. Within
both AAC-SR0 and AAC-SR10, sub-micron needle crystals intricately interlock, forming a
robust framework that effectively occupies the spaces between layers. This observation
underscores the contribution of the microstructure in both samples to their notable compres-
sive strength. Significantly, AAC-SR10 exhibits larger crystalline structures in comparison
to AAC-SR0. To elaborate, the crystallized tobermorite in AAC-SR0 measures between
50–158 nm in width and 1.1–3.8 µm in length, while in AAC-SR10, it exhibits dimensions
ranging from 78–164 nm in width and 1.5–4.7 µm in length. The augmentation in crystalline
size within AAC-SR10 is closely linked to its higher compressive strength and an elevated
presence of the tobermorite phase, aligning with earlier research findings [38,64].

Figure 7. SEM photographs at identical levels of magnification depicting (a) the surface of AAC-SR0
and (b) the surface of AAC-SR10.

3.4. Phase Change Material Behavior

Figure 8 provides a visual representation of the endothermic and exothermic peaks
associated with the phase change material, specifically focusing on paraffin. The tempera-
ture range under examination spans from 0 ◦C to 90 ◦C, encompassing the melting and
solidification phases of paraffin PCM. Within this temperature span, we can discern the
presence of two distinct endothermic peaks. The initial endothermic peak, a relatively
small one, emerges at approximately 49.5 ◦C and is linked to an enthalpy of 10.05 J/g. This
peak marks the initial stage of paraffin melting as it transitions from a solid to a liquid
state. Subsequently, as the temperature continues to rise, a broader endothermic peak
becomes increasingly prominent at around 59.2 ◦C. This peak is characterized by a consid-
erably higher enthalpy of 178.07 J/g and signifies the process of fully molten paraffin. It
extends from the first endothermic peak, reflecting the broader transition range associated
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with the melting of paraffin. In the temperature range from 90 ◦C to 0 ◦C, we observe
the presence of two exothermic peaks. The first exothermic peak materializes at roughly
58.7 ◦C and is associated with an enthalpy of 169.32 J/g. This peak is attributed to the
solidification process of specific paraffin components as they shift from a liquid to a solid
state. The second exothermic peak, of a smaller magnitude, is detected around 45.6 ◦C
and exhibits an enthalpy of 16.54 J/g, signifying solidification due to heat release during
the cooling process. These findings highlight the suitability of the temperature conditions
encompassing the melting and solidification points of paraffin PCM for examining its
integration into autoclaved aerated concrete. Moreover, these results hold relevance for
potential applications in building walls within the context of Thailand, where typical wall
temperatures range from 0 ◦C to 90 ◦C, as referenced in [62,63].

Figure 8. Thermograms derived from DSC analyses of PCM as paraffin.

3.5. Time Lag and Decrement Factor

In order to guarantee the long-term effectiveness of the latent heat storage cycle,
stability tests were conducted on the paraffin phase change material (PCM) coated AAC
samples to assess its thermal properties through a minimum of 30 repeated heating and
cooling cycles. These tests confirmed that the PCM consistently maintained its efficient
heat storage and release capabilities. To explore the thermal dynamics of ordinary AAC,
as well as AAC-P10, AAC-P20, and AAC-P30, when exposed to controlled temperature
environments, concurrent tests were conducted on these four AAC samples with varying
levels of PCM coating. In order to assess the response of these materials to temperature
fluctuations, a set of simultaneous experiments was carried out, each lasting 360 min at
temperatures of 40 ◦C, 50 ◦C, and 60 ◦C. The information gathered during these experiments
yielded valuable insights into crucial parameters such as wall temperature (Ts), time lag
(φ), decrement factor (f ), and room temperature (Tr). This extensive dataset is presented in
Tables 2–4, offering an in-depth exploration of how different levels of PCM coating content
influence these parameters across various temperature conditions. Under the controlled
temperature of 40 ◦C, variations in temperature were detected at various locations, as
depicted in Figure 9. Over the course of the 360 min duration, temperature fluctuations
were noted at several positions, including the outer wall surface (TS0), a depth of 25 mm
within the AAC wall (TS25), a depth of 50 mm within the AAC wall (TS50), the inner wall
surface (TS75), and the room temperature (Tr). After the 160 min period, the temperature
pattern remained steady at each position. To quantify these findings, average temperatures
were evaluated for each location in the AAC samples, focusing on time intervals exceeding
160 min. Notably, samples without PCM coating exhibited average temperatures of about
43.1 ◦C for the exterior surface, 39.8 ◦C at a depth of 25 mm, 34.6 ◦C at a depth of 50 mm,
and 31.7 ◦C at the interior surface. This observation highlighted a connection between AAC
thickness and lower temperatures. Interestingly, average temperatures for AAC samples
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with different levels of PCM coating displayed similarities to those of the uncoated AAC.
This information is well documented in Table 2. This experimentation provides valuable
insights into the thermal performance of various AAC compositions, particularly in relation
to PCM coatings and their effects on temperature fluctuations and stabilization over time.

Table 2. Average wall temperature of AAC with varying PCM at different thickness.

Controlled Temperature (◦C) x (mm)
Average Wall Temperature (◦C)

AAC AAC-P10 AAC-P20 AAC-P30

0 43.1 43.2 43.1 43.0
40 25 39.8 39.2 38.6 38.5

50 34.6 34.3 33.9 34.0
75 31.7 31.4 31.2 31.2

0 50.2 50.9 51.4 52.0
50 25 47.3 47.1 45.6 46.2

50 40.9 39.0 38.1 38.4
75 33.7 33.2 32.4 32.5

0 59.7 60.7 61.2 61.0
60 25 53.5 52.6 51.7 51.8

50 45.7 44.8 43.0 43.1
75 34.8 34.2 33.5 33.4

Table 3. Average decrement factor of AAC with different PCM contents.

Temperature (◦C) x (mm)
Decrement Factor

AAC AAC-P10 AAC-P20 AAC-P30

0 0 0 0 0
40 25 0.340 0.443 0.383 0.356

50 0.245 0.187 0.152 0.158
75 0.132 0.184 0.084 0.089
0 0 0 0 0

50 25 0.357 0.393 0.336 0.362
50 0.230 0.126 0.118 0.127
75 0.176 0.094 0.042 0.078
0 0 0 0 0

60 25 0.382 0.362 0.387 0.395
50 0.241 0.213 0.108 0.127
75 0.165 0.110 0.072 0.084

Table 4. Time lag (Φ) of AAC walls with various PCM concentrations at varying thicknesses under
controlled 60 ◦C temperature conditions.

Type of AAC
Time Lag (Φ) at Different Thicknesses (min)

0 mm 25 mm 50 mm 75 mm

AAC 0 30 68 80
AAC-P10 0 24 70 92
AAC-P20 0 20 84 124
AAC-P30 0 20 80 120
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Figure 9. Temperature changes of the AAC wall without PCM coating at 40 ◦C.

The time lag (φ) and decrement factor (f ), as established in earlier research [38,63], can
be calculated through the utilization of the provided Equations (4) and (5):

φ = τqi,max − τqe,max (4)

f =
Ai

Ae
=

qi,max − qi,min

qe,max − qe,min
(5)

This statement introduces factors used for computing the time lag and decrement
factor. τqi,max corresponds to the moment when the heat flux on the inner wall surface
reaches its maximum, while τqe,max signifies the instance when the heat flux on the outer
wall surface reaches its maximum. Ai represents the wave amplitudes on the interior wall
surface, whereas Ae indicates the amplitudes of the wave on the exterior wall surface.
Furthermore, qi,max and qi,min stand for the maximum and minimum heat fluxes of the inner
wall surface, respectively, while qe,max and qe,min denote the highest and lowest heat fluxes
of the outer wall surface. These parameters play a critical role in understanding the thermal
behavior and heat transfer characteristics of the studied materials.

Maintaining the heat source at a constant 60 ◦C, the time lag exhibited an incremental
progression in AAC, gradually extending from 30 to 80 min as the AAC material’s thickness
increased from 0 to 75 mm. This incremental trend is clearly presented in Table 4. Corre-
spondingly, in the cases of AAC-P10, AAC-P20, and AAC-P30, the time lag also increased
proportionally with the expansion of wall thickness from 0 to 75 mm, as substantiated by
the data provided in Table 4. Upon reaching a thickness of 75 mm, the resulting time lag
values were as follows: approximately 80 min for AAC, 92 min for AAC-P10, 124 min for
AAC-P20, and 120 min for AAC-P30. This outcome underscores the notable difference in
the time lag behavior among the different PCM-coated AAC samples. Specifically, the time
lag for AAC-P20 exhibited a substantial increase of approximately 55.0%, 34.8%, and 3.3%
when compared to that of AAC, AAC-P10, and AAC-P30, respectively. This intricate analy-
sis showcases the interplay between AAC thickness and PCM concentration in shaping the
temporal dynamics of heat transfer within the studied specimens.

When examining the uncoated AAC material within a controlled environment at 40 ◦C,
there was a noticeable reduction in the decrement factor, decreasing from 0.340 to 0.132
as the AAC wall thickness expanded from 0 to 75 mm. This trend remained consistent as
the temperature settings increased to 50 ◦C and 60 ◦C. The decrement factor values for
these elevated temperatures followed the same pattern observed at 40 ◦C, aligning with
the increasing AAC wall thickness from 0 to 75 mm. This consistent pattern is visually
presented in Table 3 for clarity. Shifting attention to the decrement factor of AAC-P10,
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AAC-P20, and AAC-P30, a similar trend was observed as their values exhibited a decline
with an increase in wall thickness within the specified range of 0 to 75 mm. This indicates
that the impact of wall thickness on decrement factors remained consistent across different
PCM compositions. This corroborative trend is substantiated by the data outlined in Table 3.
This observation underscores the inverse correlation between AAC wall thickness and
the decrement factor. In simpler terms, augmenting the wall thickness of AAC materials
corresponds to a proportional reduction in the decrement factor. This insight underscores
the intrinsic connection between wall thickness and the decrement factor, underscoring the
pivotal role of material thickness in molding thermal characteristics.

Among the AAC, AAC-P10, AAC-P20, and AAC-P30 compositions tested under
different conditions, AAC-P20 demonstrated the lengthiest time lag and the most minimal
decrement factor. This phenomenon is notably evident in the behavior of AAC-P20, which
modestly extends the duration required for heat transfer through the outside to the inside
wall surface and considerably reduces the magnitude of heat oscillations. As a result, AAC-
P20 records a comparatively lower room temperature, exhibiting a difference of around 5 ◦C
in contrast to the standard AAC. This observation directly corresponds to the effect of the
prolonged time lag, as illustrated in Table 5. Furthermore, the experimental results indicate
that the incorporation of sugar sediment waste and recycled AAC in AAC production
leads to enhanced mechanical and thermal properties compared to conventional AAC.
PCM coatings further amplify the AAC composite’s ability to regulate indoor temperature
fluctuations, contributing to energy savings. The study highlights the promising potential
of using PCM-coated AAC containing waste materials for sustainable and energy-efficient
building applications.

Table 5. Variation in average room temperature of AAC wall with varying levels of coated PCM
content.

Temperature (◦C)
Average Room Temperature (◦C)

AAC AAC-P10 AAC-P20 AAC-P30

40 28.6 28.5 28.4 28.5
50 30.1 30.0 27.6 27.8
60 31.7 30.2 26.7 26.6

4. Conclusions

This study highlights the potential of incorporating sugar sediment waste and recycled
AAC materials into AAC production to improve physical and mechanical properties,
including thermal performance. Additionally, the use of PCM coatings was explored to
improve thermal efficiency. The findings suggest that this approach has the capacity to
promote sustainable waste management, optimize resource utilization, and conserve energy
in construction. As the proportion of recycled AAC content increased in the mixture, there
was a slight reduction in density and a significant reduction in thermal conductivity, along
with a slight increase in water absorption. The incorporation of recycled AAC waste led to
improved thermal efficiency due to increased air voids within the material. The optimal
mixture (AAC-SR10) exhibited superior compressive strength (5.85 N/mm2), surpassing
conventional AAC, and a substantial tobermorite phase ratio (25.5%). These values notably
exceeded those obtained from various AAC formulations involving different industrial
waste materials.

When PCM coatings, specifically in the optimal content of 20 g (AAC-P20), were
applied to the surfaces of AAC containing 10% recycled AAC content (AAC-SR10), it
resulted in an approximate 55% delay in heat transfer, a reduction in the decrement factor
by approximately 56.4%, and a reduction in room temperature by roughly 15.8% compared
to standard AAC at a regulated 60 ◦C. These improvements in time lag, reduction in the
decrement factor, and lowered room temperature collectively lead to a decreased cooling
load for the experimental space and significant electricity savings. These findings highlight
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enhanced insulation properties, resulting in reduced heat transfer and a corresponding
achievement of lower room temperatures. Consequently, this innovative approach of
incorporating waste materials and PCM-coated AAC could lead to more sustainable and
energy-efficient building applications.
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