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ABSTRACT

This chapter thoroughly explores Phase Change Materials (PCMs) and their appli-
cations in buildings. It begins by introducing the background, context, and objectives 
before delving into PCM fundamentals, covering types, phase change mechanisms, 
and key properties. Beyond theory, the chapter explores practical applications in 
thermal regulation, energy efficiency, HVAC systems, thermal energy storage, passive 
building design, heat recovery, and PCM integration. Discussion includes various 
PCM types—organic, inorganic, eutectic mixtures, and bio- based—alongside selec-
tion criteria for building applications. Methods to enhance PCM performance, such 
as nano- enhancements, microencapsulation, and hybrid solutions, are explored. The 
chapter addresses integration and design considerations and concludes with insights 
into future directions, trends, and implications for sustainable building practices.
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1. INTRODUCTION

Phase Change Materials (PCMs) are at the forefront of transformative change 
within the construction industry, heralding a paradigm shift towards enhanced energy 
efficiency and elevated thermal comfort standards in buildings. Their remarkable 
capacity to absorb and release substantial quantities of thermal energy during phase 
transitions, such as the conversion from solid to liquid or liquid to gas, while main-
taining a consistent temperature, has ignited widespread interest and exploration. 
This intrinsic characteristic endows PCMs with the capability to actively regulate 
indoor temperatures, effectively mitigating temperature fluctuations and lessening 
dependence on conventional heating and cooling systems.

Amidst an escalating global demand for sustainable building practices, PCMs 
have emerged as a cornerstone technology in the battle against climate change and 
the pursuit of minimised energy consumption in the built environment. Therefore, 
fostering a comprehensive understanding of PCM applications, benefits, and challeng-
es within building design and construction has become an imperative for advancing 
sustainability objectives and realizing the vision of energy- efficient buildings. By 
embracing PCM technology, stakeholders stand poised to catalyse the transition 
towards a greener and more resilient built environment (Chandel & Agarwal, 2017; 
Wang et al. 2022a; Kapasalis et al. 2024). Through strategic integration and utilisation 
of PCMs, they can actively contribute to meeting the evolving needs of occupants 
and society at large, while simultaneously aligning with progressive sustainability 
goals on both local and global scales.

The motivation behind this chapter on Phase Change Materials (PCMs) lies 
in addressing pressing challenges in sustainable building design. With a growing 
emphasis on energy efficiency and environmental conservation, PCM technology 
offers a promising solution. By elucidating PCM properties, applications, and ben-
efits, this chapter aims to equip practitioners, policymakers, and researchers with 
the knowledge needed to effectively integrate PCMs into building design and con-
struction. Furthermore, by highlighting challenges, opportunities, and best practices, 
the chapter seeks to foster innovation and facilitate informed decision- making in 
pursuit of more sustainable and resilient built environments.

Despite its comprehensive coverage, this chapter on Phase Change Materials 
(PCMs) in buildings has some limitations. Due to the vast scope of PCM applications, 
certain niche areas may not receive detailed examination. Additionally, the chapter 
may not delve deeply into specific technical aspects or emerging research trends 
within PCM technology. Furthermore, while practical applications are explored, the 
chapter may not provide exhaustive case studies or real- world examples. Finally, 
given the dynamic nature of sustainable building practices, some discussions on 
future directions and trends may lack complete foresight. Overall, while informative, 
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readers should supplement this chapter with additional sources for a comprehensive 
understanding of PCM integration in buildings.

2. PHASE CHANGE MATERIALS: FUNDAMENTALS 
AND CHARACTERISTICS

2.1 Definition and Basic Concepts

Phase Change Materials (PCMs) are substances capable of storing and releasing 
large amounts of thermal energy during the process of changing phase, typically 
from solid to liquid or liquid to gas, and vice versa. This property is known as latent 
heat storage. PCMs undergo these phase transitions at specific temperatures, known 
as melting (solid to liquid) and freezing (liquid to solid) points. During these tran-
sitions, the temperature remains constant until all the material has completed the 
phase change. PCMs exhibit high energy storage densities compared to conventional 
materials, making them efficient for thermal energy storage applications. They find 
use in various industries, including building construction, electronics cooling, food 
preservation, and thermal energy storage systems. Basic concepts of PCMs include 
their types (organic, inorganic, eutectic mixes, and bio- based), selection criteria 
based on operating temperatures and application requirements, methods of enhanc-
ing PCM performance (such as encapsulation or incorporation of nanoparticles), 
and considerations for integration into building materials and systems for improved 
energy efficiency and thermal comfort.

2.2 Types of Phase Change Materials

Phase Change Materials (PCMs) encompass diverse types tailored to various 
applications. Organic PCMs, derived from carbon- based compounds like paraffins 
and fatty acids, are prominent for their high latent heat storage capacities. Inorganic 
PCMs, including salt hydrates and metals, offer stability and thermal conductivity. 
Eutectic mixes, such as calcium chloride and calcium nitrate blends, present sharp 
melting points ideal for specific temperature requirements. Bio- based PCMs, sourced 
from renewable biomass, introduce eco- friendly alternatives. Each type of PCM 
possesses distinct characteristics, catering to specific needs across industries rang-
ing from building construction to thermal energy storage systems. Table 1 provides 
a concise overview of the main types of PCMs, their descriptions, examples, and 
common applications.
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Table 1. Phase Change Material Types and Applications
Type Description Examples Applications Reference

Organic 
PCMs

Derived from 
carbon- based 
compounds

Paraffins, fatty acids, 
PEGs

Building 
construction, 

thermal energy 
storage systems

Karaipkli & Sari, 2016; 
Jeong et al. 2019; Rathore 

& Shukla, 2021

Inorganic 
PCMs

Consist of salts, 
metals, and 

hydrated salts
Salt hydrates, metals

Thermal energy 
storage, electronics 

cooling

Sun et al. 2020; Bao et al. 
2020 ; Junaid et al. 2021

Eutectic 
Mixes

Blends with 
sharp melting 

points

Calcium chloride 
and calcium nitrate 

eutectic mix

Low- temperature 
applications, 

thermal energy 
storage

Shilei et al. 2016; 
Karthick et al. 2020 ; 
Srinivasaraonaik et al. 

2020

Bio- Based 
PCMs

Derived from 
renewable 

biomass sources

Fatty acids from 
vegetable oils, 
carbohydrates, 

proteins

Eco- friendly 
applications, 

thermal energy 
storage

Boussaba et al. 2018; 
Mehrizi et al. 2023 ; 

Baylis & Cruickshank, 
2023

2.3 Phase Change Mechanisms

Phase Change Materials (PCMs) undergo a change in their physical state, such as 
from solid to liquid or vice versa, during a phase change process. The mechanisms 
involved in these phase changes are primarily governed by the transfer of heat energy. 
There are three main phase change mechanisms in PCMs:

1.  Latent Heat Absorption/Release: PCMs absorb or release latent heat energy 
during the phase change process without experiencing a significant change in 
temperature. For example, when a solid PCM absorbs heat, it undergoes a phase 
change into a liquid state, storing the absorbed heat energy. Conversely, when 
the PCM cools down, it releases the stored heat energy as it solidifies.

2.  Melting and Solidification: The phase change process involves the melting of 
a solid PCM into a liquid state as it absorbs heat and solidification of the liquid 
PCM into a solid state as it releases heat. During melting, the PCM molecules 
overcome the forces holding them in a solid structure, transitioning into a less 
organized liquid phase. Solidification involves the reverse process, where the 
molecules arrange themselves into a more ordered structure to form a solid.

3.  Nucleation and Growth: Nucleation refers to the initial formation of small regions 
of the new phase within the PCM material. These small regions, called nuclei, 
act as sites for further phase change growth. As heat is applied or removed from 
the PCM, these nuclei either grow or shrink, leading to the overall phase change 
process.
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Phase change materials (PCMs) serve as latent heat storage mediums, undergoing 
a phase transition between liquid and solid states, typically occurring isothermally 
during melting (heat storage) or solidifying (crystallization recovery). As PCMs shift 
from solid to liquid, they absorb thermal energy through an endothermal process 
that breaks the chemical bonds within the material, storing it as latent heat. Upon 
cooling, PCMs release this stored energy exothermally as they revert to their solid 
state. This behaviour allows PCMs to function effectively as thermal storage medi-
ums. The phase transition process of PCMs is visually depicted in Fig. 1.

Figure 1. PCM phase change transition 

(Faraj et al. 2021)

Solid- Liquid- PCMs utilise latent heat of fusion, transitioning from solid to liquid 
as temperatures surpass their melting point, absorbing heat. Conversely, when tem-
peratures dip below the melting point, they release stored energy, reverting to a solid 
state. This reversible process maintains thermal equilibrium, effectively regulating 
indoor temperatures. The schematic in Fig. 2 illustrates this phase transition. By 
harnessing SL- PCMs' thermal properties, buildings can achieve efficient tempera-
ture control, reducing reliance on conventional heating and cooling methods. This 
not only enhances energy efficiency but also contributes to sustainable building 
practices, promoting environmental stewardship.
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Figure 2. The schematic representation of phase change process in solid- liquid 
PCMs (SL- PCMs) 

(Reddy et al. 2024)

In the realm of phase transitions, solid- liquid transformations entail a higher en-
thalpy of phase change compared to solid- solid transitions. This signifies that more 
energy is absorbed or released during the shift from solid to liquid state than between 
different solid phases. Notably, these transitions are reversible in nature, contingent 
upon ambient temperature fluctuations. Whether it's the transition between solid 
phases or the conversion from solid to liquid, the process hinges on the prevailing 
environmental conditions. Figure 3provides a visual depiction of this phenomenon, 
illustrating the transition from one solid phase to another.
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Figure 3. The schematic representation of solid- solid phase change transitions 
crystalline- poly crystalline- amorphous transitions in polymeric solid- solid phase 
change materials 

(Raj et al. 2020)

2.4 Key Properties of PCMs

Key properties of Phase Change Materials (PCMs) are essential for determining 
their suitability in various applications. These properties include latent heat storage 
capacity, indicating the amount of energy absorbed or released during phase tran-
sitions. Melting and freezing points determine the operational temperature range, 
while thermal conductivity influences heat transfer rates. Density affects system 
volume and mass requirements, while stability and compatibility ensure long- term 
performance and reliability. Cost considerations and environmental impacts, such as 
toxicity and sustainability, also play crucial roles in PCM selection. Understanding 
these properties is vital for optimising PCM performance in thermal energy storage 
systems, building construction, and other applications. Table 2 provides a concise 
overview of the key properties of PCMs, their descriptions, and their importance 
or considerations for practical applications.

Table 2. Properties of Phase Change Materials (PCMs) and Their Importance
Property Description Importance/Considerations Example

Latent Heat 
Storage Capacity

Amount of energy absorbed 
or released during phase 

transitions

Higher values indicate greater 
energy storage capability

Paraffin wax (200 
J/g)

Melting and 
Freezing Points

Temperature range at which 
phase transitions occur

Matching operational temperatures 
enhances efficiency 28°C -  32°C

Thermal 
Conductivity Ability to conduct heat Higher conductivity facilitates 

faster heat transfer 0.5 -  2 W/mK

continued on following page
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Property Description Importance/Considerations Example

Density Mass per unit volume Influences system volume and 
mass requirements 800 -  1000 kg/m^3

Stability and 
Durability

Resistance to degradation 
and thermal cycling 

stability

Essential for long- term 
performance and reliability

No degradation 
after 1000 cycles

Compatibility Suitability with other 
system components

Prevents leakage and material 
degradation

Compatible with 
polymer coatings

Cost Economic feasibility Balancing cost with performance 
and longevity $2 -  $5 per kg

Environmental 
Impact

Toxicity, biodegradability, 
sustainability

Consideration for environmentally 
conscious applications

Biodegradable and 
non- toxic

3. APPLICATIONS OF PHASE CHANGE 
MATERIALS IN BUILDINGS

Phase Change Materials (PCMs) find diverse applications in buildings, notably in 
enhancing thermal comfort and energy efficiency. They are incorporated in building 
envelopes, such as walls and roofs, to regulate indoor temperatures by absorbing 
and releasing heat during phase transitions. PCMs can reduce peak loads on heating 
and cooling systems, leading to lower energy consumption and operational costs. 
In warmer climates, they help maintain cooler indoor temperatures during the day 
by storing heat and releasing it at night. Conversely, in colder climates, they retain 
heat accumulated during the day and release it when temperatures drop, improving 
overall thermal performance and occupant comfort.

3.1 Thermal Regulation and Energy Efficiency

Phase Change Materials (PCMs) play a pivotal role in thermal regulation and 
enhancing energy efficiency in buildings. By leveraging their ability to store and 
release large amounts of heat during phase transitions, PCMs effectively mitigate 
temperature fluctuations within buildings. During periods of excess heat, such as 
sunny days, PCMs absorb thermal energy, preventing overheating of indoor spaces. 
Conversely, during colder periods, PCMs release stored heat, helping to maintain 
comfortable indoor temperatures. This process reduces reliance on traditional heating 
and cooling systems, leading to significant energy savings and lower utility costs. 

Table 2. Continued
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Ultimately, integrating PCMs into building designs contributes to sustainable and 
environmentally friendly practices, promoting energy- efficient structures.

Saman et al. (2005) introduced a roof integrated solar heating system, featur-
ing PCM slabs as its thermal energy storage (TES) unit, depicted in Fig. 4. The 
study observed that the effects of sensible heat led to a notable rise in outlet air 
temperature during the initial stages of melting, followed by a rapid decline during 
freezing. This resulted in a substantial warming effect during the initial air delivery 
for heating purposes, thereby enhancing indoor thermal comfort. Clearly, this offers 
an advantageous scenario from the perspective of maintaining comfortable indoor 
temperatures.

Figure 4. Roof integrated solar heating system and TES unit 

(Saman et al. 2005)

Phase Change Materials (PCMs) play a crucial role in enhancing thermal 
regulation and energy efficiency in buildings, as evidenced by various studies. 
Pasupathy et al. (2008) highlighted PCM- based building architecture's efficacy 
in managing thermal fluctuations in residential and commercial establishments, 
emphasizing PCM's potential in reducing energy consumption. Similarly, Zhou et 
al. (2012) provided a comprehensive review, underscoring PCM's versatility and 
effectiveness in building applications for thermal energy storage. Ma et al. (2015) 
focussed on PCM integration in photovoltaic systems, showcasing its dual benefits 
in thermal regulation and electrical efficiency improvement. Additionally, Yuan et 
al. (2020) and Wang et al. (2022) discussed advancements in PCM engineering and 
critical aspects for sustainable building design, respectively. Song et al. (2018) and 
Frigione et al. (2019) further emphasized PCM's role in enhancing building energy 
performance and efficiency through their comprehensive reviews. Overall, these 
references collectively emphasize PCM's significant contributions to sustainable 
and energy- efficient building practices, advocating for its widespread adoption in 
the construction industry.
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In laboratory conditions, a PVT- PCM solar panel (Fig. 5) was tested by Gan & 
Xiang (2020), featuring ducting and a PCM layer as part of its specific design. Air 
served as the primary coolant, with PLUSICE S25 chosen as the PCM material. 
Various PCM layer thicknesses (20 mm, 30 mm, and 50 mm) were explored, along 
with fins to enhance heat transfer. The system prioritized high thermal conductivity, 
utilising thermal grease, albeit potentially raising costs. A rectangular air duct behind 
the PCM layer ensured adequate air circulation, while Celotex insulation provided 
thermal insulation. Experimentation revealed a potential 10% improvement in PV 
electrical performance, with optimal PCM layer capacities between 20 mm and 50 
mm at a 25°C melting temperature.

Figure 5. Schematic of PVT- PCM panel and experimental setup

(Gan & Xiang (2020)

3.2 HVAC Systems and Thermal Energy Storage

Phase Change Materials (PCMs) play a crucial role in enhancing energy efficien-
cy and thermal regulation in buildings, particularly in HVAC systems and thermal 
energy storage. They offer a sustainable solution by storing and releasing thermal 
energy during phase transitions, effectively mitigating temperature fluctuations. 
PCMs integrated into building envelopes, insulation, or HVAC systems help re-
duce peak energy demand, optimise thermal comfort, and enhance overall building 
performance. Through PCM- based thermal energy storage, excess energy can be 
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stored during off- peak periods and utilised during peak demand, promoting energy 
conservation and reducing reliance on conventional heating and cooling systems.

Phase Change Materials (PCMs) offer significant advantages in HVAC systems 
and thermal energy storage applications, as highlighted by recent studies. De Gracia 
& Cabeza (2015) emphasized their role in enhancing building energy efficiency, 
particularly in passive cooling and heating. Bourne & Novoselac (2016) discussed 
improved performance of tube- encapsulated PCM thermal energy stores, essential 
for HVAC systems. Tan et al. (2020) conducted a techno- economic evaluation of 
PCM- based cold storage in office buildings, demonstrating their feasibility and cost- 
effectiveness. Nie et al. (2020) and Muzhanje et al. (2022) explored performance 
enhancements and applications of PCM- based thermal energy storage in air condi-
tioning. Said and Hassan (2019) analysed PCM incorporation into air conditioning 
condensers, showcasing improved unit performance. Additionally, Selvnes et al. 
(2021) and Yun et al. (2019) discussed PCM applications in refrigeration systems 
and floor heating for efficient thermal energy storage, respectively. These studies 
collectively underscore the versatile and promising role of PCMs in HVAC systems 
and thermal energy management.

To activate a building thermally, a liquid (typically water) functions as the heat 
transfer medium, circulating through a network of pipes integrated into the ceiling, 
roof, walls, floors, or various combinations thereof within the building structure. 
Groundwater or absorption/compression chillers serve as natural or artificial cold 
sources for cooling purposes. Figure 11 illustrates the distinctions between buildings 
equipped with conventional HVAC systems and those incorporating Thermally Acti-
vated Building Systems (TABS) with PCM in their structural partitions. It showcases 
how TABS with PCM can effectively mitigate indoor temperature fluctuations, 
ensuring consistent thermal comfort throughout the day when optimally installed.

Figure 6. Schematic showing the difference between (a) conventional HVAC 
cooled office and (b) an office integrated with TABS and PCM (Faraj et al. 2020)

3.3 Passive Building Design and PCM Integration

Passive Building Design leverages natural elements to minimise energy consump-
tion, emphasizing insulation, orientation, and ventilation. By strategically placing 
windows for solar gain and employing thermal mass materials, buildings regulate 
internal temperatures passively. Integrating Phase Change Materials (PCM) enhances 
this approach. PCM stores and releases heat during phase transitions, stabilizing 
indoor temperatures. In summer, PCM absorbs excess heat, reducing reliance on 
air conditioning, while in winter, it releases stored heat, cutting heating needs. This 
synergy between Passive Building Design and PCM integration not only reduces 
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energy consumption but also ensures comfortable indoor environments, fostering 
sustainability and efficiency in construction.

Kośny et al. (2014) explored passive cooling potential by integrating PCM- 
enhanced insulation into residential attics in Phoenix, Arizona. They utilised two 
PCM types: a 30% PCM blend with fibre insulation and a 90% PCM blend with 
plastic composite, both with a melting point of 26.5°C. Through ESP- r simulations 
(depicted in Fig. 7), various scenarios were examined. Results indicated that con-
centrated PCM in attic insulation yielded lower cooling loads compared to PCM- 
enhanced cellulose. Configurations 2- A and 2- B demonstrated superior cooling 
energy savings (6.8% and 6.6%) compared to dispersed PCM (Configuration 1- A, 
3.1%). The study suggests optimal PCM integration strategies, favouring PCM 
placement at the bottom or middle of attic floor insulation.

Figure 7. Different scenarios of PCM- enhanced cellulose insulation & concentrated 
PCM into attic envelope 

(Kośny et al. 2014)
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Zhou et al. (2019) introduced a novel renewable system integrating phase change 
materials (PCMs) for cooling and heating, depicted in Fig. 8. The system operates 
based on weather conditions, toggling between natural or mechanical ventilation for 
solar cell heat dissipation. Additionally, an active cooling water system enhances PV 
cell cooling. Six ventilation vents, along with active devices, are flexibly controlled. 
This intelligent design combines passive and active modes, leveraging their respec-
tive advantages while mitigating disadvantages. Smart control strategies optimise 
renewable utilisation, PCM storage efficiency, and reduce energy consumption. 
Challenges include heat accumulation in PCMs, control signal transitions, and 
enhancing daytime radiative cooling capacity.

Figure 8. One example of the integrated system with combined passive and active 
designs

(Zhou et al. 2020)
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Integration of Phase Change Materials (PCM) in passive building design offers 
a sustainable solution for thermal control, as evident from various studies. Akeiber 
et al. (2016) discussed PCM's role in passive cooling, emphasizing its potential in 
building envelopes. PCM's ability to absorb and release thermal energy enables 
temperature regulation, reducing the need for active cooling systems and enhanc-
ing energy efficiency. Kenisarin & Mahkamov (2016) highlight PCM's application 
in residential buildings for passive thermal control. By incorporating PCM into 
building materials, such as walls or ceilings, they demonstrate effective tempera-
ture stabilization, improving indoor comfort without relying heavily on mechanical 
cooling. Alam et al. (2017) compared different passive and free cooling methods 
using PCM in residential buildings. Their study evaluates PCM's effectiveness in 
reducing peak temperatures and energy consumption, providing valuable insights 
for sustainable building design.

Saffari et al. (2017) reviewed the integration of PCM in passive cooling strategies 
using whole- building energy simulation tools. They emphasize the importance of 
accurate modelling for assessing PCM's impact on energy performance and comfort 
conditions. Lizana et al. (2019) critically analysed implementation alternatives for 
passive cooling through PCM in buildings. They discuss various factors influencing 
PCM effectiveness and propose strategies for optimising its integration in building 
design. Stritih et al. (2018) explored the integration of passive PCM technologies for 
net- zero energy buildings. Their study underscores PCM's role in achieving energy 
efficiency targets by reducing heating and cooling loads, contributing to sustain-
able building practices. Younsi & Naji (2020) conducted numerical simulations 
to evaluate the thermal performance of hybrid brick walls embedded with PCM. 
Their findings demonstrate the potential of PCM- enhanced building components 
in passive applications, offering effective thermal regulation and energy savings.

Carlucci et al. (2021) modelled the benefits of active and passive PCM inte-
gration in building envelopes across different building types and climates. Their 
study highlights the versatility of PCM in adapting to diverse environmental con-
ditions and optimising energy usage. Obergfell et al. (2021) assessed the long- term 
functionality of passive PCM building applications. Their investigation reveals the 
durability and reliability of PCM systems over more than a decade of operation, 
affirming their suitability for sustainable building design. Overall, these studies 
collectively underscore PCM's significance in passive building design, offering an 
effective and sustainable solution for thermal energy management and enhancing 
building performance.
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3.4 Heat Recovery and PCM Applications

Phase Change Materials (PCMs) play a pivotal role in enhancing heat recovery 
systems. By capturing and storing excess heat during peak periods, PCMs offer 
a means of thermal energy storage. When integrated into heat recovery systems, 
PCMs efficiently store surplus heat for later use, minimising energy wastage and 
maximising system efficiency. During off- peak hours or when demand rises, PCMs 
release stored heat, supplementing heating requirements. This application of PCMs 
facilitates a more sustainable and economical approach to heat recovery, contributing 
to reduced energy consumption and environmental impact in various industrial and 
residential settings.

Phase Change Materials (PCMs) are increasingly applied in building heat recovery 
systems to enhance energy efficiency. Studies by Jelle and Kalnæs (2017) and Kaln-
aes & Jelle (2015) highlighted their effectiveness in regulating indoor temperatures 
by storing and releasing thermal energy. Xu et al. (2019) discussed various heat 
recovery technologies for buildings, emphasizing PCM integration's potential. Du 
et al. (2018) reviewed PCM applications in cooling, heating, and power generation 
across temperature ranges, showcasing their versatility. De Gracia & Cabeza (2015) 
further underlined PCM's role in thermal energy storage for buildings. Alazwari et 
al. (2021) demonstrated PCM's efficacy in reducing energy demand in air handling 
units, particularly in high solar- irradiance regions.

The industrial waste heat recovery system utilising Phase Change Material (PCM) 
thermal storage operates by dynamically managing thermal energy. As outlined by 
Li et al. (2019), the system absorbs excess heat generated during industrial processes 
using PCM (Fig. 9). During periods of low demand or when the process generates 
excessive heat, PCM stores this thermal energy efficiently. Subsequently, during 
peak demand or when the process requires additional heat, PCM releases stored 
energy, supplementing heating requirements. This dynamic operation ensures op-
timal utilisation of waste heat, enhancing overall energy efficiency and reducing 
environmental impact in industrial settings.
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Figure 9. Operation principle of industrial waste heat recovery system based on 
PCM thermal storage

(Li et al. 2019)

4. TYPES OF PHASE CHANGE MATERIALS 
AND THEIR SELECTION

Phase Change Materials (PCMs) come in various types, each suited to specific 
applications. Organic PCMs like paraffin offer high latent heat storage and low cost, 
ideal for building applications. Inorganic PCMs like salt hydrates possess excellent 
thermal conductivity, suitable for industrial processes. Bio- based PCMs provide 
sustainable alternatives derived from renewable sources. Selection depends on fac-
tors such as operating temperature, thermal conductivity, and compatibility with the 
application. PCM encapsulation, such as microencapsulation or macroencapsulation, 
further influences selection, affecting durability and handling. Understanding these 
distinctions ensures optimal PCM choice for efficient heat storage and release in 
diverse contexts, from buildings to industrial processes.
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4.1 Organic PCMs

Organic Phase Change Materials (PCMs) represent a versatile and promising 
category of materials that find wide- ranging applications in thermal energy storage 
and management systems. Unlike their inorganic counterparts, organic PCMs are 
derived from organic compounds, offering unique advantages such as tunable phase 
transition temperatures, high latent heat storage capacities, and compatibility with 
various building materials. One of the primary advantages of organic PCMs is their 
ability to undergo phase transitions at temperatures suitable for building applications, 
typically ranging from room temperature to around 100°C. This enables their inte-
gration into building envelopes, HVAC systems, and other thermal energy storage 
solutions to effectively manage indoor temperatures and reduce energy consumption.

Additionally, organic PCMs often exhibit excellent thermal stability, ensuring 
long- term reliability and performance in diverse operating conditions. Their chemical 
composition can be tailored to meet specific requirements, such as thermal cycling 
stability, compatibility with other materials, and environmental sustainability. 
Furthermore, organic PCMs offer advantages in terms of safety and environmental 
impact. Many organic compounds used as PCMs are non- toxic, biodegradable, and 
derived from renewable sources, making them environmentally friendly alternatives 
to traditional thermal energy storage materials.

In building applications, organic PCMs can be incorporated into various forms, 
including encapsulated microcapsules, dispersed within matrices, or even directly 
applied as coatings. This flexibility allows for seamless integration into construction 
materials such as plaster, concrete, insulation, and even textiles, offering tailored 
solutions for specific building requirements. Research in the field of organic PCM 
continues to advance, with ongoing efforts focused on developing novel materials 
with enhanced properties, improving manufacturing techniques, and optimising 
integration strategies. As the demand for energy- efficient and sustainable building 
solutions grows, organic PCMs are expected to play an increasingly important role in 
meeting these challenges and shaping the future of building design and construction.

4.2 Inorganic PCMs

Inorganic Phase Change Materials (PCMs) represent a crucial class of mate-
rials utilised for thermal energy storage and management in various applications, 
particularly within the built environment. Unlike organic PCMs, which are derived 
from organic compounds, inorganic PCMs are typically composed of salts, metals, 
or other inorganic substances. One of the key advantages of inorganic PCMs is 
their high thermal conductivity and stability, making them suitable for applications 
requiring rapid heat transfer and repeated phase transitions. Additionally, inorganic 
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PCMs often exhibit high latent heat storage capacities, enabling them to store and 
release large amounts of thermal energy during phase transitions.

Inorganic PCMs are commonly used in applications where high- temperature 
stability and durability are essential, such as solar thermal energy storage systems, 
building insulation, and thermal energy storage tanks. Their robust nature allows them 
to withstand harsh operating conditions and extended service lifetimes. Moreover, 
inorganic PCMs offer advantages in terms of cost- effectiveness and availability, as 
many of the materials used are abundant and relatively inexpensive. This makes 
them attractive options for large- scale energy storage systems and commercial 
building applications.

In building construction, inorganic PCMs can be integrated into various compo-
nents, including walls, ceilings, and floors, to regulate indoor temperatures, reduce 
energy consumption, and enhance thermal comfort. They can be incorporated into 
construction materials such as concrete, plaster, and insulation to create energy- 
efficient and sustainable building envelopes. Despite their numerous advantages, 
inorganic PCMs also pose some challenges, including potential corrosion issues, 
phase separation during cycling, and limited phase change temperatures compared 
to organic PCMs. However, ongoing research and development efforts are focused 
on addressing these challenges and optimising the performance of inorganic PCM- 
based systems.

4.3 Eutectic Mixes

Eutectic mixes, also known as eutectic alloys or eutectic systems, are a type of 
Phase Change Materials (PCMs) that exhibit a unique phenomenon called eutectic 
behaviour. In eutectic mixes, two or more components are combined in specific 
proportions to form a mixt with a lower melting point than any of the individual 
components alone. This results in a sharp and well- defined melting point, making 
eutectic mixes highly desirable for thermal energy storage applications. One of the 
key advantages of eutectic mixes is their precise and predictable melting behaviour, 
which allows for accurate control over the release and absorption of thermal energy. 
This makes them particularly suitable for applications requiring precise temperature 
regulation, such as in building HVAC systems, solar thermal storage, and thermal 
comfort solutions. Eutectic mixes can be composed of various combinations of metals, 
salts, or other substances, depending on the desired melting temperature and specific 
application requirements. Common examples include mixes of salts like potassium 
nitrate and sodium nitrate, as well as metal alloys such as bismuth- tin and lead- tin.

In building applications, eutectic mixes can be integrated into construction 
materials such as plaster, concrete, or insulation to provide thermal energy storage 
capabilities. They can also be incorporated into thermal storage tanks or containers 
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for use in solar thermal systems or district heating and cooling networks. Addi-
tionally, eutectic mixes offer advantages such as high thermal conductivity, which 
facilitates efficient heat transfer during the phase change process. They are also often 
cost- effective and readily available, making them attractive options for large- scale 
energy storage systems and commercial building applications.

4.4 Bio- based PCMs

Bio- based phase change materials (PCMs) are a promising innovation in mate-
rials science, offering a sustainable alternative to conventional PCMs derived from 
fossil fuels. These materials undergo a phase transition between solid and liquid 
states at specific temperatures, efficiently storing and releasing thermal energy in 
the process. Bio- based PCMs are sourced from renewable biomass such as plant 
oils, fatty acids, carbohydrates, and proteins.

These materials offer several advantages over their petroleum- based counter-
parts. Firstly, they are derived from renewable feedstocks, reducing dependence on 
finite fossil fuel resources. Additionally, many bio- based PCMs are biodegradable, 
providing environmentally friendly end- of- life solutions. They also exhibit low tox-
icity, making them safer for handling and disposal. As production processes mature 
and scale up, bio- based PCMs have the potential to become cost- competitive with 
conventional PCMs. Furthermore, their thermal properties can be tailored through 
modifications in feedstock composition and processing techniques. Common sources 
for bio- based PCMs include fatty acids like palm oil, soybean oil, and coconut oil. 
These oils undergo chemical modifications or encapsulation processes to enhance 
their thermal properties and stability. Bio- based polymers and carbohydrates, such 
as starch and cellulose derivatives, also show promise as PCM materials.

Applications of bio- based PCMs span various industries. They can be incor-
porated into building materials to enable passive thermal regulation, reducing the 
need for active heating and cooling systems. In textiles, bio- based PCMs can create 
temperature- regulating clothing for comfort in diverse environments. They can also 
be used in thermal management systems for electronic devices and in automotive 
applications to regulate battery temperature in electric vehicles. Research and 
development in bio- based PCMs continue to advance, focusing on improving ther-
mal performance, scalability, and cost- effectiveness. As society seeks sustainable 
solutions, bio- based phase change materials offer a promising avenue for enhancing 
energy efficiency and reducing environmental impact across diverse industries.
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4.5 Selection Criteria for PCMs in Building Applications

Selecting the appropriate Phase Change Material (PCM) for building applications 
necessitates careful consideration of several key criteria. Firstly, the PCM's melting 
temperature should align with the building's climate and intended thermal perfor-
mance. Compatibility with the construction materials and integration methods is 
crucial for effective implementation. PCM's latent heat capacity, thermal conductivity, 
and stability over repeated cycles are vital for sustained performance. Additionally, 
factors such as cost- effectiveness, environmental impact, and availability should 
be evaluated. Balancing these criteria ensures optimal PCM selection, facilitating 
efficient thermal management, energy conservation, and comfort enhancement 
in buildings while meeting specific project requirements and sustainability goals. 
Table 3 provides a structured overview of the selection criteria, their descriptions, 
importance levels, and examples to guide PCM selection in building applications.

Table 3. Selection Criteria for Phase Change Materials (PCMs) in Building Ap-
plications

Criteria Description Importance Examples

Melting 
Temperature

PCM's melting point should match 
building's climate for efficacy High 18°C for cooling, 24°C for 

heating

Compatibility PCM should integrate well with 
building materials and methods High Compatible with concrete, 

gypsum, insulation, etc.

Thermal 
Properties

Consider latent heat capacity and 
thermal conductivity High Latent heat: 150 kJ/kg, Thermal 

conductivity: 0.5 W/mK

Stability and 
Reliability

PCM should remain stable over 
repeated thermal cycles

Medium- 
High

No phase separation, 
degradation over time

Cost- effectiveness
Assess total cost including 

procurement, installation, & 
maintenance

Medium- 
High

$10/kg upfront, but saves $X/
year in energy costs

Environmental 
Impact

Prefer eco- friendly options to 
minimise environmental impact Medium Bio- based PCM, non- toxic 

formulations

Availability Consider availability and 
accessibility from reliable suppliers Medium Widely available from reputable 

manufacturers

5. ENHANCING THE PERFORMANCE OF 
PHASE CHANGE MATERIALS

Enhancing the performance of Phase Change Materials (PCMs) in buildings 
involves various strategies to optimise their thermal storage and release capabilities. 
Firstly, selecting PCMs with suitable melting temperatures and high latent heat 
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capacities ensures efficient energy absorption and release. Secondly, improving 
PCM dispersion within building components enhances heat transfer rates and over-
all effectiveness. Additionally, integrating PCM with passive and active cooling or 
heating systems maximises energy efficiency. Employing advanced encapsulation 
techniques and incorporating PCM into innovative building designs further enhances 
performance. Moreover, continuous research and development efforts focus on en-
hancing PCM stability, durability, and environmental sustainability, ensuring their 
reliable and long- term contribution to building energy efficiency and thermal comfort.

5.1 Nano- Enhanced PCMs

Nano- enhanced phase change materials (NEPCMs) integrate nanoparticles into 
phase change material (PCM) matrices, enhancing thermal properties. Nanoparticles 
offer superior thermal conductivity and high surface area- to- volume ratios, facil-
itating efficient heat transfer, vital for faster charging and discharging in thermal 
cycling. NEPCMs augment latent heat storage, ideal for high energy density ap-
plications. Tuning phase change temperatures is possible by adjusting nanoparticle 
composition and concentration, catering to specific needs. NEPCMs find utility in 
diverse sectors like building materials, solar energy storage, electronics cooling, 
and thermoregulatory textiles. Despite challenges like dispersion and stability, 
ongoing research ensures NEPCMs' potential to revolutionize energy storage with 
sustainable and efficient solutions.

Nano- enhanced phase change materials (NEPCMs) enhance building energy 
management and are commonly integrated into walls, glass, roofs, and other structural 
components. Research indicates that NEPCMs enhance building energy storage by 
reducing energy consumption, cooling to lower temperatures, minimising temperature 
fluctuations, and ensuring internal thermal stability (Keshteli & Sheikholeslami, 
2019). Figure 10 illustrates the utilisation of NEPCMs in these building elements.
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Figure 10. Application of NEPCMs in buildings: (a) wall; (b) glass windows; (c) 
radiant floor heating system 

(a) (Sarrafha et al. 2021); (b) (Ma et al. 2021); (c) (Fang et al. 2020)

Leong et al. (2019) provided a comprehensive review of NEPCMs, emphasizing 
their thermo- physical properties and diverse applications. This foundational review 
underscores the potential benefits of NEPCMs in building systems, including reduced 
energy consumption and improved thermal stability. Xiong et al. (2020) focussed 
on numerical simulations to analyse the behaviour of NEPCMs under various con-
ditions. Their study contributes valuable insights into the computational modelling 
of NEPCMs, aiding in the optimisation of building designs and energy management 
strategies. Ma et al. (2016) delved into the practical implications of NEPCMs in 
buildings, emphasizing their role in enhancing building performance. By discussing 
real- world applications and case studies, they highlight the potential of NEPCMs 
to contribute to energy savings and indoor comfort improvements.

Martin et al. (2019) and Barreneche et al. (2019) provided experimental insights 
into the development and characterization of NEPCMs at the lab scale. These studies 
offer valuable data on the performance of NEPCMs under controlled conditions, 
laying the groundwork for further research and practical implementation in buildings. 
Tunçbilek et al. (2022) investigated the impact of NEPCMs on building envelope 
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thermal performance and energy consumption. Their findings underscore the poten-
tial of NEPCMs to enhance building energy efficiency and mitigate thermal losses, 
particularly in regions with extreme climates.

While the cited references collectively demonstrate the promise of NEPCMs in 
improving building energy efficiency and thermal performance, several challenges 
and considerations warrant attention. These include issues related to nanoparticle 
dispersion, long- term stability, cost- effectiveness, and scalability of production 
methods. Additionally, the practical implementation of NEPCMs in building systems 
requires careful consideration of factors such as material compatibility, installation 
requirements, and regulatory considerations. Moreover, gaps in knowledge exist 
regarding the long- term performance and environmental impacts of NEPCMs, 
underscoring the need for further research and development. Addressing these 
challenges will be crucial in realizing the full potential of NEPCMs to contribute 
to sustainable building practices and mitigate the environmental impact of energy 
consumption in the built environment.

5.2 Microencapsulation Techniques

Microencapsulation techniques offer a versatile approach to incorporating 
phase change materials (PCMs) into building materials, enhancing their thermal 
performance and energy efficiency. In the context of buildings, microencapsulated 
PCMs (MPCMs) provide a means to regulate indoor temperatures, reduce energy 
consumption, and improve occupant comfort. Various microencapsulation methods are 
employed to encapsulate PCM within a protective shell, ensuring compatibility with 
building materials and enabling seamless integration into construction components.

1.  Spray Drying: This technique involves atomizing a PCM solution or dispersion 
into fine droplets, which are then dried to form solid microcapsules as can be 
seen in Fig. 11. Spray drying offers scalability and versatility, making it suit-
able for large- scale production of MPCMs. The resulting microcapsules can be 
incorporated into building materials such as plaster, concrete, or coatings.
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Figure 11. Spray dying process

(Methaapanon et al. 2020)

2.  Emulsion Polymerization: In this method, PCM is emulsified within a poly-
mer solution, followed by polymerization to form a solid shell around the PCM 
droplets (Fig 12). Emulsion polymerization allows for precise control over the 
size and morphology of the microcapsules, enabling tailored thermal properties 
and compatibility with building materials.
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Figure 12. Basic steps involved in the emulsion polymerisation method 

(Sivanathan et al. 2020)

3.  Sol- Gel Encapsulation: Sol- gel encapsulation involves the hydrolysis and 
condensation of precursors to form a gel network around PCM droplets (Fig. 
13). This method offers precise control over the composition and properties of 
the shell material, enabling customization for specific building applications. 
Sol- gel encapsulated MPCMs exhibit high thermal stability and compatibility 
with building materials.
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Figure 13. Schematic synthesis of shape- stabilized phase change materials (ss- 
PCMs) by sol- gel with water, sodium dodecyl sulphate (SDS), poly(vinyl alcohol) 
(PVA), phase change materials (PCMs) and silica sol 

(Marske et al. 2022)

4.  Interfacial Polymerization: Interfacial polymerization involves the reaction of 
monomers at the interface between two immiscible phases, typically aqueous 
and organic (Fig. 14). This results in the formation of a polymer shell around the 
PCM droplets. Interfacial polymerization offers high encapsulation efficiency 
and can be used to produce MPCMs with uniform particle size distributions.
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Figure 14. Microcapsule manufactured by interfacial polycondensation 

(Zhang & Wang, 2009)

5.  Coacervation: Coacervation involves the phase separation of a polymer solution 
into a polymer- rich phase and a polymer- poor phase, with PCM dispersed in 
the former. The polymer- rich phase solidifies to form a shell around the PCM 
droplets. Coacervation is a versatile technique suitable for encapsulating a wide 
range of PCMs and can be adapted for incorporation into building materials.

In buildings, MPCMs find applications in various components such as walls, 
ceilings, and floors to regulate indoor temperatures and reduce heating and cooling 
loads. By absorbing and releasing thermal energy during phase transitions, MPCMs 
help maintain comfortable indoor conditions while reducing reliance on mechan-



234

ical heating and cooling systems. Additionally, the incorporation of MPCMs into 
building materials improves thermal inertia, reducing temperature fluctuations and 
enhancing energy efficiency.

5.3 Composite PCMs

Composite phase change materials (CPCMs) merge phase change materials 
(PCMs) with supporting matrices, offering diverse applications in energy storage, 
construction, and electronics cooling. These innovative materials combine the high 
thermal storage capacity of PCMs with the structural support and tailored properties 
of matrix materials. CPCMs can be macroscopic, with PCM particles dispersed within 
a solid matrix, or micro-  and nanostructured, with PCM integrated at microscopic 
levels. The integration of high thermal conductivity additives like carbon nanotubes 
enhances overall thermal conductivity, enabling faster heat transfer during phase 
transitions. This property makes CPCMs valuable in thermal energy storage systems, 
building materials for temperature regulation, and electronics cooling. Additionally, 
CPCMs offer design flexibility, allowing engineers to customize properties such 
as thermal conductivity and melting point to suit specific applications. Challenges 
including cost- effectiveness, durability, and scalability remain, driving ongoing 
research to improve fabrication techniques and integration methods. Despite these 
challenges, CPCMs hold promise for enhancing energy efficiency, sustainability, 
and thermal comfort across various industries. Continued innovation and research 
are key to unlocking their full potential.

Berardi et al. (2019) investigated the impact of integrating a composite PCM 
wallboard on a test cell's thermal performance. The composite wallboard consisted 
mainly of two commercial PCMs with distinct melting temperatures (Fig. 15): 
BioPCM at 25°C and Energain PCM at 21.7°C. Installed between gypsum board and 
insulation, the composite PCM underwent testing from July to October in Toronto. 
Analysing cell orientation, shading, and night cooling effects, they recorded indoor 
air and wall surface temperatures. Results indicated a temperature peak reduction of 
up to 6°C with the composite PCM. Night ventilation facilitated PCM solidification 
and rapid discharge. This study supports the advantageous use of composite PCMs 
with varied melting temperatures in building envelopes.
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Figure 15. Composite PCM wall 

(Berardi et al. 2019)

For optimal heat transfer management akin to PCM and PU foam synergy, in-
corporating a thin layer near the interior of building walls (Fig. 16) is recommended 
(Ikutegbe et al. 2020). This setup facilitates rapid PCM charging with excess indoor 
heat, releasing stored heat when indoor temperatures drop below PCM solidifica-
tion levels. As depicted in Fig. 18, the PCM- free PU foam layer acts as a barrier, 
preventing heat flow between the building interior and exterior. This integration 
optimises energy efficiency, enhancing both thermal comfort and insulation effec-
tiveness within the building structure.
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Figure 16. Sketch of building assembly (a) conventional wall, (b) wall with an ad-
ditional PCM composite layer 

(Ikutegbe et al. 2020)

Li et al. (2020) developed a composite PCM, detailed in Fig. 17. Initially, to 
enhance diatomite's loading capacity for PCM, raw diatomite underwent microwave- 
acid treatment. This involved mixing 16.0 g of diatomite with an 8% HCl solution 
(48.0 g) in a 500 ml beaker, irradiating at 700 W for 5 min in a microwave oven, 
washing with distilled water until chlorine ions were undetectable, followed by vac-
uum suction filtration and drying at 105 °C for 15 h, yielding the labelled sample, 
Dm. Experimental trials at various microwave powers and durations were conducted, 
with optimum efficacy observed at 700 W for 5 min.

Figure 17. Preparation schematic for the LA- SA/Dm composites PCMs 

(Li et al. 2020)
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5.4 Hybrid PCMs

Hybrid phase change materials (HPCMs) represent an innovative class of ma-
terials that combine the advantageous properties of different PCM types or PCM 
with other functional materials. These hybrids aim to enhance the overall perfor-
mance and applicability of PCM systems in various fields such as energy storage, 
thermal management, and building materials. One common approach in HPCMs 
involves combining two or more PCM types with complementary melting/freezing 
points. This allows for a broader operating temperature range and improved thermal 
energy storage capacity. For instance, combining paraffin- based PCMs with salt 
hydrates can create HPCMs with enhanced thermal properties suitable for differ-
ent temperature requirements. Moreover, HPCMs can incorporate other functional 
materials such as nanoparticles, carbon- based materials, or polymers to enhance 
specific properties like thermal conductivity, stability, or mechanical strength. For 
example, the incorporation of graphene or carbon nanotubes into PCM matrices 
can significantly improve thermal conductivity, enabling faster heat transfer during 
the phase change process.

The applications of HPCMs are diverse, ranging from thermal energy storage 
in renewable energy systems to temperature regulation in textiles and electronics 
cooling. In building materials, HPCMs are utilised to improve energy efficiency 
by storing and releasing heat to maintain indoor thermal comfort. Despite their 
promising advantages, challenges such as cost- effectiveness, scalability, and long- 
term stability need to be addressed to facilitate widespread adoption of HPCMs. 
Continued research and development efforts are crucial to unlock the full potential 
of these hybrid materials in addressing the growing demand for efficient thermal 
management solutions.

Kong et al. (2020) presented a pioneering hybrid PCM wall design for winter 
heating, featuring a coupled solar thermal system and shape- stabilized PCM wall-
board (Fig. 18). Two experimental cells (1.7 m × 1.7 m × 2 m) were constructed to 
validate its performance. Three experiments were conducted to assess indoor thermal 
comfort and energy consumption. Results demonstrated a substantial reduction (ap-
proximately 44%) in daily energy usage compared to conventional buildings lacking 
PCM integration. Despite promising findings, further techno- economic analysis is 
imperative to gauge its broader feasibility and economic viability.
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Figure 18. Hybrid PCM wall

(Kong et al. 2020)

6. INTEGRATION AND DESIGN CONSIDERATIONS 
FOR PCM IN BUILDINGS

Integration and design considerations for Phase Change Materials (PCM) in build-
ings are pivotal for optimising thermal performance. Efficient integration involves 
careful placement of PCM within building envelopes, considering factors such as 
insulation, construction materials, and airflow. Design considerations encompass 
selecting PCM types tailored to specific climate conditions, ensuring compatibility 
with existing HVAC systems, and addressing structural implications. Moreover, 
incorporating PCM into building design necessitates meticulous attention to detail, 
including proper sealing, encapsulation, and maintenance procedures. By seamlessly 
integrating PCM into building design and addressing associated considerations, such 
as heat transfer mechanisms and thermal mass distribution, buildings can achieve 
enhanced energy efficiency and thermal comfort.

6.1 Incorporating PCM into Building Materials

Incorporating Phase Change Materials (PCMs) into building materials represents 
a cutting- edge approach to enhancing thermal performance and energy efficiency 
in construction. By seamlessly integrating PCMs into various building components, 
such as walls, roofs, and floors, these materials serve as dynamic thermal energy 
storage systems, actively regulating indoor temperatures and reducing energy con-
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sumption. One notable advantage of incorporating PCM into building materials is 
its ability to effectively manage thermal loads. During periods of excessive heat, 
PCM absorbs and stores thermal energy as it transitions from solid to liquid phase, 
preventing overheating within the building. Conversely, when ambient temperatures 
drop, PCM releases stored energy, providing a natural source of warmth and reducing 
the need for mechanical heating systems.

Additionally, PCM integration offers the potential to mitigate temperature fluctu-
ations within buildings, enhancing occupant comfort and well- being. By stabilizing 
indoor temperatures, PCM- infused materials create a more consistent and pleasant 
living or working environment throughout the day, regardless of external weather 
conditions. Incorporating Phase Change Materials (PCMs) into bricks proves to be 
an efficient strategy for augmenting the thermal mass of constructed elements, there-
by regulating daily temperature variations. Figure 19 presents a proposed practical 
methodology for manufacturing PCM- based bricks, facilitating their integration 
into construction projects.

Figure 19. Preparation of PCM- incorporated conventional bricks 

(Saxena et al. 2020)

Furthermore, PCM incorporation can contribute to overall energy savings and 
sustainability goals in building design. By reducing reliance on traditional heating 
and cooling systems, PCM- enabled materials help decrease energy consumption 
and carbon emissions associated with building operation. This not only benefits 
the environment but also reduces utility costs for building owners and occupants. 
In terms of implementation, PCM can be embedded within a variety of building 
materials, including insulation, plaster, concrete, and even textiles. Advanced man-
ufacturing techniques, such as microencapsulation or macroencapsulation, allow for 
precise integration of PCM into these materials without compromising their struc-
tural integrity or performance. Overall, incorporating PCM into building materials 
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offers a promising avenue for enhancing thermal comfort, energy efficiency, and 
sustainability in construction. As research and development in this field continue to 
advance, PCM- enabled buildings are poised to become integral components of the 
future built environment, promoting greener, more resilient, and more comfortable 
living and working spaces.

Combining insulation materials with the latent heat properties of Phase Change 
Materials (PCMs) can significantly improve the thermal performance of PCM 
bricks. Vicente et al. (2014) conducted a study comparing the thermal inertia of 
PCM hollow brick walls with conventional masonry walls. The PCM incorporation 
method and wall specimens were depicted in Figures 20 (a) and (b), respectively. 
Tests were conducted in a climatic chamber, as shown in Figure 20 (c). Results in-
dicated that PCM walls exhibited thermal amplitudes approximately 50% (M2) and 
80% (M3) lower than those of conventional masonry walls. Moreover, compared 
to conventional walls, PCM brick walls demonstrated a 2- hour increase in thermal 
lag, as illustrated in Figure 20 (d).

Figure 20. (a) and (b) PCM filling of the macro capsule; (c) Wall specimen; (d) 
Temperatures profiles obtained in the interior of the macro capsules with PCM

(Vicente & Silva, 2014)

Incorporating Phase Change Materials (PCMs) into building materials presents 
a promising avenue for enhancing thermal performance, energy efficiency, and 
occupant comfort in construction projects. Several studies have shed light on the 
critical aspects and potential benefits of PCM integration: Marani & Nehdi (2019) 
conducted a critical review, emphasizing the significance of PCM integration in 
construction materials. They highlighted the importance of understanding PCM 
properties, compatibility with other materials, and manufacturing processes to ensure 
effective utilisation in building applications. Al- Yasiri and Szabó (2021) provided a 
comprehensive analysis of PCM incorporation into building envelopes. Their study 
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underscored the potential of PCM- enhanced envelopes for improving thermal com-
fort and energy savings in buildings, offering insights into design considerations, 
performance evaluation, and practical applications.

Memon (2014) offered a state- of- the- art review focusing on PCM integration in 
building walls. The study highlighted various PCM types, integration methods, and 
their impact on thermal regulation and energy consumption in buildings, providing 
valuable insights for researchers and practitioners in the field. Li et al. (2022) exam-
ined the incorporation of PCMs into glazing units for building applications. Their 
research highlighted current progress, challenges, and opportunities in leveraging 
PCM- enhanced glazing for enhancing building energy efficiency and occupant 
comfort. Gao and Meng (2023) conducted a comprehensive review of PCM integra-
tion in building bricks. Their study covered methods, performance evaluation, and 
applications of PCM- enhanced bricks, offering valuable insights into the potential 
of PCM bricks for enhancing thermal inertia and energy efficiency in buildings. 
Collectively, these studies underscore the significance of PCM integration in building 
materials and provide valuable insights into methods, performance evaluation, and 
applications across various building components. As research in this field continues 
to advance, PCM integration is expected to play a pivotal role in shaping the future 
of sustainable and energy- efficient building design and construction.

6.2 Architectural Integration and Design Strategies

Architectural integration and design strategies of phase change materials (PCMs) 
involve seamlessly incorporating these materials into building structures to optimise 
thermal performance and energy efficiency. Several key approaches are employed 
to achieve effective integration and design. Choosing the appropriate PCM type 
based on the specific requirements of the building and its climate is crucial. PCMs 
with suitable melting points and thermal properties are selected and integrated into 
building elements such as walls, ceilings, or floors to regulate indoor temperatures 
effectively.

Individual 3D nano- additives effectively address organic PCM challenges like 
leakage, thermal conductivity, and supercooling. The favourable intrinsic structure 
of these nano- additives contributes to their efficacy. However, achieving multi- 
responsive composite PCMs (e.g., electrical conductivity, electromagnetic property, 
and photoabsorption ability) with a single 3D nano- additive is challenging. Inte-
grating different nano- additives to form 3D nanocomposites (e.g., 3D/0D, 3D/1D, 
and 3D/2D) promotes sustainable energy infrastructures. For instance, porous 
Al2O3/graphite foams synthesized by a particle- stabilized foaming method exhibit 
high paraffin loading (66%) and thermal conductivity (0.76 W/m·K), withstanding 
200 heating- cooling cycles. Variations in size and uniformity of nanocomposites 
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extend beyond the depicted scheme (Fig. 21), contingent on material composition 
and design techniques.

Figure 21. Schematic illustrations of 3D hybrid materials employed for PCMs 
nanoconfinement

(Atinafu et al. 2021)

Careful consideration is given to the configuration and placement of PCMs within 
the building envelope. Strategic placement in areas experiencing high thermal loads, 
such as south- facing walls or roofs, maximises their effectiveness in absorbing and 
releasing heat.

PCM encapsulation ensures their stability, prevents leakage, and facilitates 
integration into building materials. Microencapsulation, macroencapsulation, and 
shape- stabilization techniques are employed to encapsulate PCMs within matrices 
such as polymers or composites.

PCMs are integrated with passive design strategies such as natural ventilation, 
shading devices, and thermal mass to optimise building performance. This integration 
enhances indoor thermal comfort while reducing reliance on mechanical heating and 
cooling systems (Soares et al. 2013; Abuelnour et al. 2018; Prabhakar et al. 2020; 
Zhan et al. 2023). Computational tools and simulations are utilised to assess the 
performance of PCM- integrated buildings under various climatic conditions. This 
allows architects and engineers to optimise design parameters for maximum energy 
savings and occupant comfort. By integrating PCMs into architectural design, build-
ings can achieve higher levels of energy efficiency, reduced environmental impact, 
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and enhanced occupant comfort, contributing to sustainable building practices and 
green building certifications.

6.3 Modelling and Simulation of PCM Integration

Modelling and simulation are indispensable tools in the realm of integrating 
phase change materials (PCMs) into building systems, offering a comprehensive 
approach to understand and optimise their thermal behaviour within architectural 
contexts. One of the primary functions of modelling is to develop mathematical 
representations of PCM systems, encapsulating their complex thermal dynamics. 
These models take into account various factors such as the physical properties of 
the PCM (e.g., melting point, latent heat), heat transfer mechanisms (conduction, 
convection, radiation), building geometry, and environmental conditions (tempera-
ture, humidity) (Dutil et al. 2011; Caggiano et al. 2018 ; Rucevskis et al. 2020 ; 
Al- Nahhar et al. 2022). By capturing these intricate interactions, models provide a 
theoretical framework to predict how PCM- integrated systems will perform under 
different scenarios.

Simulation tools, including Computational Fluid Dynamics (CFD) software and 
building energy simulation programs, are then employed to translate these math-
ematical models into actionable insights. CFD simulations, for instance, allow for 
the detailed analysis of airflow patterns and temperature distributions within PCM- 
integrated building envelopes (Gowreesunker et al. 2013; Bouhal et al. 2018; Pandey 
et al. 2021; Khattari et al. 2022). Energy simulation programs provide a broader 
perspective by assessing overall energy consumption, indoor thermal comfort, and 
potential energy savings associated with PCM integration (Saffari et al. 2017; Xie et 
al. 2018; Morovat et al. 2019; Beiranvand & Mohaghegh, 2021). Parametric studies 
within simulation frameworks enable exploration of the impact of varying design 
parameters on PCM performance (Wang et al. 2020; Zeinelabdein et al. 2020; Mohseni 
& Tang, 2021). By systematically adjusting factors such as PCM type, thickness, 
placement, and building orientation, designers can identify optimal configurations 
that maximise energy efficiency and occupant comfort. Moreover, model validation 
against experimental data derived from PCM test setups or real- world building 
installations is crucial to ensure the accuracy and reliability of simulation results. 
This iterative process of model refinement and validation enhances confidence in 
simulation outcomes, enabling stakeholders to make informed decisions regarding 
PCM integration strategies.

In essence, modelling and simulation provide a robust platform for evaluating 
PCM integration within building designs, offering insights into thermal performance, 
energy efficiency, and sustainability. By leveraging these tools effectively, archi-
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tects, engineers, and researchers can drive innovation in green building practices 
and contribute to the advancement of environmentally conscious design solutions.

7. FUTURE DIRECTIONS AND EMERGING TRENDS

Future directions and emerging trends in Phase Change Materials (PCMs) en-
compass advancements in material science, integration methods, and application 
domains. Nanotechnology holds promise for developing novel PCM formulations 
with enhanced thermal properties and stability. Integration trends focus on smart 
building systems, leveraging PCM's potential for dynamic thermal management and 
energy optimisation. Additionally, there's a growing emphasis on multifunctional 
PCM systems, combining thermal energy storage with other building functions like 
moisture control or air purification. Furthermore, research explores PCM integration 
in renewable energy systems and urban infrastructure for sustainable urban devel-
opment. These trends signify a shift towards innovative PCM solutions that address 
evolving challenges in energy efficiency and climate resilience.

7.1 Advancements in PCM Technology

Over the years, researchers have developed new PCM formulations with enhanced 
thermal properties. These formulations often involve encapsulating PCM within 
microcapsules or integrating them into various matrices to improve their stability, 
thermal conductivity, and compatibility with building materials (Konuklu et al. 
2015; Drissi et al. 2019; Suresh et al. 2022). Advanced PCMs can now withstand 
multiple phase change cycles without significant degradation, ensuring long- term 
effectiveness.

Initially, PCMs were primarily used for thermal energy storage in buildings, but 
advancements have led to their integration into various building components and 
systems. PCMs are now incorporated into walls, ceilings, floors, roofs, and even 
windows to regulate indoor temperatures effectively (Souayfane et al. 2016; Akeiber 
et al. 2016; Kasaeian et al. 2017; Berardi & Soudian, 2019). Additionally, they are 
utilised in HVAC systems, solar collectors, and building envelopes to optimise energy 
efficiency throughout the entire building lifecycle. Modern PCM technologies offer 
superior thermal performance compared to conventional insulation materials. By 
storing excess heat during peak hours and releasing it when ambient temperatures 
drop, PCMs help maintain a comfortable indoor environment without the need for 
constant heating or cooling. This not only reduces energy consumption but also 
minimises temperature fluctuations, improving occupant comfort and productivity.
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Researchers and manufacturers are now developing PCM solutions tailored to 
specific climate conditions and building requirements (Marin et al. 2016; Nghana 
& Tariku, 2016; Ahangari & Maerefat, 2019; Lagou et al. 2019). By selecting 
PCMs with appropriate melting temperatures and latent heat capacities, designers 
can optimise thermal comfort and energy savings based on factors such as local 
climate, building orientation, and occupancy patterns. Customized PCM solutions 
offer flexibility and efficiency, allowing for sustainable building designs in diverse 
environments. PCMs complement renewable energy systems such as solar and wind 
power by providing thermal energy storage capabilities (Belmonte et al. 2016; Chen 
et al. 2019; Wang et al. 2022b; Gurbuz et al. 2023). In buildings equipped with solar 
panels or solar thermal collectors, PCMs store excess heat generated during the day 
for use during the night or cloudy periods, ensuring continuous energy supply and 
reducing dependence on fossil fuels. This integration maximises the efficiency of 
renewable energy sources and promotes sustainable building practices.

Advancements in sensor technology and building automation have enabled 
the development of smart PCM systems that adapt to changing environmental 
conditions and occupancy patterns (Wei et al. 2018; de Gracia et al. 2020; Zhou 
et al. 2020). Smart PCM systems use real- time data to adjust the activation and 
deactivation of PCM- based thermal storage, optimising energy usage and comfort 
levels dynamically. These systems may also incorporate predictive algorithms to 
anticipate future thermal loads and pre- emptively adjust PCM settings for optimal 
performance. As sustainability becomes a primary concern in building design and 
construction, researchers are conducting comprehensive lifecycle assessments of 
PCM technologies to evaluate their environmental impact. By considering factors 
such as manufacturing processes, energy consumption, and end- of- life disposal, 
stakeholders can make informed decisions about the adoption of PCM solutions 
and their contribution to overall sustainability goals.

7.2 Cross- disciplinary Research Opportunities

Cross- disciplinary research opportunities on phase change materials (PCMs) 
in building design and construction present a fertile ground for innovation and 
collaboration among various fields. Integrating expertise from materials science, 
engineering, architecture, environmental science, and beyond, researchers can address 
complex challenges and unlock new possibilities for sustainable building practices.

Researchers in materials science and chemistry play a crucial role in devel-
oping novel PCM formulations with optimised thermal properties, stability, and 
compatibility with building materials. Cross- disciplinary collaborations can focus 
on synthesising PCM composites, exploring new encapsulation techniques, and 
enhancing PCM performance through nanostructuring or functionalization (Zhou 
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& Liu, 2023; Zhou & Zheng, 2024). By understanding the molecular structure and 
behaviour of PCM materials, scientists can tailor their properties to meet specific 
building requirements. Engineers leverage principles of thermodynamics and heat 
transfer to design efficient PCM- based thermal energy storage systems for buildings. 
Cross- disciplinary research in this area can explore advanced heat exchanger designs, 
optimal placement of PCM elements within building envelopes, and integration with 
HVAC systems for seamless operation. Collaborative efforts between mechanical, 
electrical, and civil engineers can lead to innovative solutions for enhancing energy 
efficiency and thermal comfort in buildings.

Architects and building designers are increasingly incorporating PCM tech-
nologies into their projects to achieve sustainable and energy- efficient designs 
(Rodriguez- Ubinas et al. 2012; Bohórquez- Órdenes et al. 2021; Jaradat et al. 
2023). Cross- disciplinary collaborations between architects, engineers, and mate-
rials scientists can explore the aesthetic integration of PCM elements into building 
envelopes, optimising daylighting and passive heating/cooling strategies. Research 
in this area can also focus on developing design guidelines and tools for architects 
to effectively incorporate PCM solutions into their projects while maintaining ar-
chitectural integrity. Environmental scientists contribute valuable insights into the 
lifecycle analysis and environmental impact assessment of PCM technologies in 
buildings. Cross- disciplinary research opportunities involve evaluating the overall 
sustainability of PCM- based building solutions, considering factors such as embodied 
energy, carbon footprint, and resource depletion. Researchers can also investigate the 
potential benefits of PCM- enabled buildings in reducing greenhouse gas emissions 
and mitigating the urban heat island effect, promoting environmentally conscious 
urban development.

Cross- disciplinary collaborations between experts in renewable energy systems 
and building integration explore synergies between PCM technologies and solar, 
wind, or geothermal energy sources (Powell et al. 2017; Nazir et al. 2019; Mourad et 
al. 2022). Researchers can develop integrated building energy management systems 
that optimise the utilisation of renewable energy and PCM- based thermal storage, 
maximising energy efficiency and grid resilience. By studying the dynamic inter-
actions between building energy demand, renewable energy generation, and PCM 
storage, interdisciplinary teams can identify opportunities for enhancing overall 
system performance and reliability. With the advent of smart building technologies 
and IoT (Internet of Things) sensors, data science plays a crucial role in optimising 
PCM- enabled building systems. Cross- disciplinary research in this area involves 
developing predictive analytics models, machine learning algorithms, and building 
automation strategies to intelligently control PCM activation and maximise energy 
savings. Collaborations between data scientists, building engineers, and HVAC 
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specialists can lead to innovative approaches for adaptive thermal management in 
buildings, improving occupant comfort and operational efficiency.

PCM technologies not only impact energy performance but also influence indoor 
environmental quality and occupant health and well- being (Amoatey et al. 2022; 
Roumi et al. 2023). Cross- disciplinary research opportunities involve investigating 
the effects of PCM materials on indoor air quality, humidity levels, and thermal 
comfort. Researchers can explore the potential benefits of PCM- enabled buildings 
in mitigating indoor air pollutants, reducing thermal stress, and promoting occupant 
productivity and satisfaction. Interdisciplinary approaches that integrate expertise 
from public health, psychology, and building science can provide holistic insights 
into the human- centred aspects of PCM applications in buildings.

7.3 Policy and Industry Implications

The integration of phase change materials (PCMs) into buildings has significant 
policy and industry implications, impacting various stakeholders ranging from pol-
icymakers and manufacturers to building developers and end- users. These implica-
tions extend beyond technical considerations to encompass regulatory frameworks, 
market dynamics, and socio- economic factors. Policymakers at local, national, and 
international levels play a crucial role in shaping energy efficiency regulations and 
standards for buildings. The adoption of PCMs can influence these policies by 
promoting innovative thermal energy storage solutions that contribute to reducing 
energy consumption and greenhouse gas emissions. Policymakers may incentivise 
the use of PCM technologies through tax credits, subsidies, or building code revi-
sions that recognise their contribution to energy efficiency and sustainability goals.

Industry- driven building certification and rating systems, such as LEED (Lead-
ership in Energy and Environmental Design) or BREEAM (Building Research 
Establishment Environmental Assessment Method), provide benchmarks for sus-
tainable building practices. The incorporation of PCMs into buildings can enhance 
their performance in categories related to energy efficiency, thermal comfort, and 
indoor environmental quality, leading to higher certification levels and market 
differentiation. Industry stakeholders may leverage PCM technologies to meet or 
exceed certification requirements and appeal to environmentally conscious con-
sumers. The adoption of PCM technologies in buildings creates opportunities and 
challenges for manufacturers and suppliers across the supply chain. Manufacturers 
of PCM materials, encapsulation technologies, and building products must scale up 
production capacity, optimise manufacturing processes, and ensure product quality 
and reliability. Industry collaborations and research partnerships can drive innovation 
in PCM manufacturing, leading to cost reductions, performance improvements, and 
market competitiveness.
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Market adoption of PCM technologies in buildings depends on consumer 
awareness, acceptance, and willingness to invest in innovative building solutions. 
Policymakers, industry associations, and advocacy groups can play a role in edu-
cating consumers about the benefits of PCMs in terms of energy savings, comfort 
enhancement, and environmental impact. Market research and consumer surveys can 
provide insights into consumer preferences, perceptions, and willingness to pay for 
PCM- enabled buildings, guiding marketing strategies and product positioning efforts.

Architects, engineers, and building developers are key influencers in the adoption 
of PCM technologies through their design and construction practices. Integration 
of PCMs into building envelopes, HVAC systems, and interior finishes requires 
collaboration among design professionals, contractors, and manufacturers to ensure 
proper installation, performance optimisation, and long- term durability. Industry 
standards and best practices for PCM implementation can facilitate knowledge 
sharing and capacity building within the construction industry.

Financial incentives, such as grants, loans, and rebates, can accelerate the adoption 
of PCM technologies by reducing upfront costs and improving return on investment 
for building owners and developers. Policymakers may partner with financial insti-
tutions and industry stakeholders to develop innovative financing mechanisms that 
incentivize investments in PCM- enabled buildings. Moreover, PCM technologies 
can attract private investment in research and development, manufacturing facilities, 
and commercialization efforts, fostering entrepreneurship and job creation in the 
emerging green building sector.

The global market for PCM technologies is influenced by trade policies, tariffs, 
and international agreements that affect the flow of raw materials, components, and 
finished products across borders. Policymakers may negotiate trade agreements or 
harmonize technical standards to facilitate the international trade of PCM materials 
and products. Industry stakeholders must navigate regulatory compliance require-
ments and market access barriers in different regions, adapting their strategies to 
local market conditions and competitive dynamics.

8. CONCLUDING REMARKS

In this comprehensive chapter, Phase Change Materials (PCMs) emerge as 
pivotal elements in revolutionising building design and energy management. By 
providing a detailed exploration, the chapter serves as a foundational resource for 
understanding the diverse applications and implications of PCMs in the built envi-
ronment. Beginning with an insightful overview of PCM fundamentals, the chapter 
delves into the intricacies of different PCM types, elucidating their phase change 
mechanisms and essential properties. This foundational understanding sets the stage 
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for a deeper exploration into practical applications across various domains within 
building construction and operation.

A key highlight of the chapter is its thorough examination of PCM integration 
within building systems and design methodologies. From enhancing thermal regu-
lation and energy efficiency to optimising HVAC systems and facilitating thermal 
energy storage, PCMs offer multifaceted solutions to longstanding challenges in 
building performance. Moreover, the chapter not only discusses theoretical concepts 
but also provides real- world examples and case studies illustrating successful PCM 
implementations. By showcasing the effectiveness of PCMs in diverse contexts, it 
underscores their versatility and adaptability in addressing the evolving needs of 
modern building design and operation. Furthermore, the chapter critically evaluates 
strategies for enhancing PCM performance, such as nano- enhancements, microen-
capsulation, and hybrid solutions. These innovative approaches hold promise for 
further advancing the efficacy and applicability of PCMs in building applications.

As the chapter draws to a close, it offers valuable insights into future directions 
and emerging trends in PCM research and application. By identifying potential areas 
for innovation and emphasizing the importance of sustainable building practices, it 
provides a roadmap for leveraging PCMs to create more energy- efficient, comfortable, 
and environmentally friendly built environments. In essence, this chapter serves as 
an indispensable resource for researchers, practitioners, and stakeholders seeking 
to harness the transformative potential of Phase Change Materials in shaping the 
future of building design and construction.
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