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Abstract. Roofs, being the most exposed part of the building envelope to
solar radiation, have been a primary target for PCM integration to enhance
thermal regulation. This paper presents a brief review of recent advances in
roof-integrated phase change materialSNR), synthesizing findings from
studies published over the last four years. The analysis covers PCM types,
integration methods, and key limitations affecting their performance in
building applications. Results highlight the strong potential GMB to
reduce solar heat gain and moderate indoor conditions, while also
emphasizing the sensitivity of their efficiency to material properties,
encapsulation techniques, and climatic context. This synthesis aims to
inform future research directions angport the broader adoption of PCM
integrated roofs in sustainable construction practices.

1 Introduction

Phase Change Materials (PCM) present a promising passive cooling solution across a wide
range of applications. These materials have the unique capability to store and release
substantial amounts of thermal energy during their phase transition, typicetlystilid to

liquid and vice versa. By exploiting this property, PCMs can help regulate temperature and
mitigate thermal peaks in various systems.

They have been applied in diverse domains, including photovoltaic flHnelsld storage
unitg2], electronics coolin@], and thermal management in vehi¢#sall aiming to delay
overheating and enhance energy efficiency. Beyond these applications, PCMs have also been
successfully incorporated into building components, such as[Bjakt=ilingg6], floorqd7],

and notably roof8], where they help reduce indoor temperature fluctuations and overall
energy demand.

According to Ghamari et §9], integrating PCMs into building envelopes can significantly
improve energy performance, potentially achieving energy savings of up to 90% under
favorable conditions. The thermal behavior of a building is primarily governed by heat
transfer? via conductionconvection, and radiatichoccurring across its envelope, which
includes walls, roofs, floors, and openings. The roof plays a particularly crucial role in
thermal regulation due to its direct and prolonged exposure torsaliation, especially in
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hot climates[10]. As a result, it serves as a strategic interface for implementing passive
cooling strategies. By moderating the heat flow into indoor spaces;iRENfated roofs can
effectively reduce cooling loads and enhance energy efficiency.

Given this potential, the present overview focuses on the integration of PCMs into roof
systems for passive thermal regulation and energy savings. It examines key selection criteria
for suitable PCMs, outlines commonly used types in building applicatan,presents
various integration techniques specific to roof assemblies. The paper also discusses key
limitations and implementation challenges, concluding with insights into future research
directions.

2 Literature review

With growing interest in netero energy buildings, the integration of PCMs has gained
significant attention. Passive cooling strategies, which regulate indoor temperatures without
mechanical systems, rely on natural heat transfer processes as conduicn, convection,

and radiatior? to reduce peak loads and energy demirid. This approach aligns with
sustainable design principles by minimizing dependence on eimagnsive HVAC
systems. In this context, PGkhhanced envelopes offer strong potentiamprove thermal
comfort and reduce cooling needs, particularly in climates characterized by large diurnal
temperature variations.

Among the various components of the building envelope, walls and roofs have received
particular focus in PCMelated research due to their substantial roles in heat transfer. While
walls contribute significantly to thermal buffering throughout the dayfsrace often more
exposed to direct solar radiation, especially in warm climates. Arumugam Ei2§l.
investigated the integration of PCMs into roof assemblies, specifically acrylic PCM
FRQILIXUDWLRQV DFKLHYLQJ XS WR Pd \HDU LQ HQHU
in emission reductions, with acceptable payback times. These findings umdetiseo
suitability of PCMintegrated roofs for hedrid and warmtemperate climates when
compared to structurally insulated and #i#GM composite roofs.

Similarly, Vighnesh et al[13], evaluated the thermal performance of R€ihanced roofs
relative to conventional roofing in Coimbatore, India. Using parameters such as indoor air
temperature reduction, thermal load levelling; and time lag, they found that PCM roofs
presented substantibenefits, including significant interior temperature reductions (22.76
30%), lower thermal fluctuations, and longer time lags (up to 8.25 h), effectively shifting
peak temperatures to the evening. Optimal results weievathwith PCM layers near the

top surface, a thickness of 3 cm, and latent heat values up to 100 kJ/kg, highlighting the
importance of tailoring PCM configurations to local climate conditions.

In addition, NokPat et al.[14] conducted a CFbased numerical study of lightweight
hollow concrete roofs incorporating PCM under subhumid conditions in Mévidaico.
7TKHLU ILQGLQJY UHYHDOHG WKDW XVLQJ LQRUJDQLF 3&0 Z
LQGRRU WHPSHUDWXUH UHGXFWLRQV XS WR xf& SHDN
savings approaching 66%. These outcomes further emphasize thdilityersad
effectiveness of PChhtegrated roof systems across different climate zones and structural
designs.

2.1 PCM selection criteria

Selecting an appropriate phase change material (PCM) is a critical step in ensuring reliable
thermal performance tEXLOGLQJ DSSOLFDWLRQV 7KLV FKRLFH GHSE
undergo consistent daily thermal charging and discharging cycles, which are governed by its
thermophysical properties and the local climatic conditions. To support this detialang
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process, various tootssuch as PCM mapping, benchmarking, and rauiteria decision
making (MCDM)2 are commonly employed. These methods help evaluate essential
attributes including phase change temperature, latent heat, thermal conductivity, thermal
stablity, environmental impact, and cost. Given the wide variety of PCMs available, a
structured and datdriven approach is necess§t$]. The main selection criteria are outlined

in Table 1.

Table 1. Main criteria governing the selection of PCMS$].

Category Criteria

Thermophysical — Phasechangaemperaturevithin targetoperatingrange
— High thermalconductivityandeffectiveheattransfer
- High latentheatof transitionperunit mass
— High specificheatanddensity
- Congruenimeltingandlong-termthermalstability
— Favorablephasesquilibriumwith no segregation
— Minimal volumechangeduring phasechange
— Low vaporpressuratoperatingtemperatures
Kinetic — High nucleatiorrateandminimal supercooling
- Rapidcrystallizationrates
Chemical — Fully reversiblemelt/freezecycles
— Long-termchemicalstability with no degradatiorafterrepeatedycles
- Non-corrosiveandcompatiblewith constructiormaterials
— Non-toxic, nonflammable andnon-explosive
Economic — Abundantavailability
— Costeffectiveness
Environmental — Low embodiecenergy
— Easyseparatiorandrecyclability
— Minimal environmentalmpactandnon-polluting

2.1.1 Types of PCM

The choice of PCM type is closely linked to the specific thermal and operational requirements
RI HDFK DSSOLFDWLRQ DV SHUIRUPDQFH GHSHQGV VWUF
PCMs are generally categorized into three main groups: organic, inorgadieutectic.
TOrganic PCMs, such as paraffins and fatty acids, are caibased compounds
recognized for their chemical stability and reliable cycling performance.
tInorganic PCMs, including salt hydrates and metallics, typically exhibit higher
latent heat capacities but may face challenges such as corrosiveness or phase separation.
YEutectic PCMs are mixtures of two or more components that melt and solidify
congruently, combining properties of the constituent materials to achieve well defined
melting points.

Table 2 summarizes the key advantages and disadvantages of each categoryg offerin
guidance for material selection based on applicadjpercific needs.
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Table 2. Merits and demerits of different types of PCMs.

Property Organic Inorganic Eutectic
Latent heat capacity
Thermal conductivity X

Cost X
Supercooling tendency X

Corrosiveness X
Chemical stability ~

Favorablg | X Unfavorable ~ Variable

2.1.2 Limits and challenges

Despite their promising performance, the widespread application of PCMs in buildings faces
several technical and practical dbages, many of which are specific to the PCM type used.
e Supercooling is a phenomenon in which a PCM, particularly hydrated salts,
remains in a liquid state even below its freezing point, delaying heat f@léase
7KLY EHKDYLRU LV W\SLFDOO\ FDXVHG E\ D ODFN R
high purity. In materials like sodium acetate trinydrate, crystallization is further
inhibited by a significant energy barrier and high levels of supersaturation
required tatrigger nucleatiofi8].
e Phase separation, also known as incongruent melting, is common in inorganic
PCMs such as salt hydrates. It occurs when melting or solidification produces
distinct solid and liquid phases with different chemical compositions. Over
repeated cycles, density differences andstainle equilibria can lead to
irreversible segregation, reducing thermal performance. Complete melting and
thorough remixing are often required to restore homog€8ity
e Leakage refers to the uncontrolled release of liquid PCM during melting,
resulting in material loss, deterioration of surrounding construction elements, or
even fire hazards in the case of organic PCMs. This issue is often aggravated by
incompatibility between # PCM and host material, posing significant
performance and safety risks.
In addition to these primary concerns, two other is8usgnpatibility with matrix
materials andvolume change during phase transition 2 can affect PCM reliability. Poor
bonding between PCMs and construction matrices like cement or gypsum may cause
degradation or weakened structural performance. Meanwhile, volume expansion during
phase change, especially in organic PCMs, can induce ihgtresses or crackinfable 3
provides a summary of limitations along with common mitigation strategies.
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Table 3. Main PCM limitations and potential solutions in building applications.
Limitation Description / Impact Brief Solution
Supercooling '"HOD\ LQ FU\WVWDOOL] Use nucleating agents (e.¢

thermal performance metal particles, salts)or
encapsulation
Phase separation 6WUDWLILFDWLRQ RI F Add stabilizers or gelling

long-term stability agents
Leakage 3&0 RR]JHV RXW GXULQ Encapsulation or shape
of material, safety risks (fire) stabilization
Compatibility B3RRU ERQGLQJ ZLWK I Surface treatment or use
issues degradation, reduced strength barrier coatings,
microencapsulation, o]
alternative support
materials.
Volume change ([SDQVLRQ GXULQJ PH Proper encapsulatio
mechanical stress in composites design selecting PCMs

with low volume changer
use flexible matrices

2.2 PCMs’ integration techniques into buildings

Several passive integration strategies have been developed to incorporate PCMs into the
building envelope. One common approach involves directly embedding PCMs into
construction materials by mixing them into concrete, bricks, or plaster. However, thisimetho
may present challenges such as leakage or chemical incompatibility between the PCM and
the host matrix.

An alternative strategy is encapsulation, which protects the PCM from leakage and
degradation while helping to control volume changes during phase transitions. Encapsulated
PCMs tend to be more stable and easier to handle. Another approach involves using
prefabricated wall or roof panels embedded with PCMs, enabling flexible and modular
installation, particularly in retrofitting or offite construction contexts.

2.2.1 Encapsulation
2.2.1.1 Macroencapsulation

Macroencapsulation involves enclosing PCMs in relatively large polymeric or metallic
containers, designed in specific shape and size to suit the thermal energy storage (TES)
requirements. This method enables controlled integration of PCMs into builditegnsys
+RZHYHU PDFURHQFDSVXODWLRQ LQWURGXFHVY WKHUPDO
material and thickness, which can hinder heat transfer efficiency. Consequently,
macroencapsulated PCMs often exhibit lower thermal performance compareddoanicr
nanoencapsulated alternatij2e].

Despite these limitations, macroencapsulation remains a practical and scalable solution,
particularly when safety, containment, and ease of installation are prioritized in the design of
PCM-based thermal systems.
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Fig. 1. PCM macroencapsulation: (a) aluminum contdRH (b) concrete specimens with
preformed slots for integrating PCM encapsulated in sheet[ttal

2.2.1.2 Microencapsulation

Microencapsulation involves enclosing small PCM particles within an inert protective shell,
forming microencapsulated PCMs (MPCMs). These consist of a PCM core surrounded by

a barrier that isolates it from external environments. This shell permits the PCM to undergo
repeated phase changes in response to temperature variations while preventing leakage and
avoiding undesirable chemical physical interactionsThe working principle is illustrated

in Fig. 2[22].

Capsule Shell

Core: PCM in solid state

N

Temperature Rises

AsPCM solidifies, heat
energy is released backto 3
the envionment q

As PCI melts, & absorbs

k Photamicrograph cf PCM Capsules
heat energy

Tenperature Falls

»

Core: PCM in liquid state
Capsule Shell -

Fig. 2. Working principle of microencapsulated PC[212].

2.2.1.3 Nanoencapsulation

Building on microencapsulation, nanoencapsulated PCMs represent a more recent innovation
in thermal energy storage. By reducing capsule size to the nanometer scale, this approach
offers a high surfacareato-volume ratio, improved dispersion in matricesid superior
thermal conductivity compared to maesnd microencapsulated counterparts.

While macroencapsulation enables higher storage volume and microencapsulation facilitates
easier integration into composite materials, each has drawbacks. Macroencapsulated PCMs
are more prone to leakage, while microencapsulated systems, although effective
containment, may suffer from mechanical degradation during mixing or handling.
Nanoencapsulation addresses these issues by offering enhanced suspension stability, minimal
rupture during pumping, and faster thermal response. However, despite theisgyromi
nanoencapsulated PCMs remain relatively underexplored in building applications. Recent

https://doi.org/10.1051/e3sconf/202568000074
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studies suggest that when integrated into wallboards, resins, and composites, they can
significantly reduce energy consumption and enhance indoor thermal d@3jfoRurther
research is needed to optimize their formulation, compatibility with building materials, and
long-term performance in reaborld applications.

2.2.2 Shape-stabilization

Shapestabilization is an effective method for integrating PCMs into building materials while
minimizing leakage during phase transitions. Unlike macroencapsulation, which requires
bulky external containers, shaptabilized PCMs maintain their form usim@prous or
polymerbased support matrices that physically confine the molten[RPgMr his structural
confinement prevents flow and enhances material stability.

This approach is particularly suitable for organic PCMs suche&isasane, which possess
excellent thermal storage capacity but tend to leak when used in pure form. While
microencapsulation also addresses leakage, sttap#ization offers a simpler anaften

more costeffective solution, especially for larggale applications in construction.
However, to ensure reliable performance and avoid seepage, théd>Tidport matrix ratio

must be carefully optimized.

2.2.3 Direct incorporation into building materials

Another integration strategy involves the direct incorporation of PCMs into construction
materials such as gypsum, cement, bricks, and paints, thereby enhancing the thermal inertia
of the resulting composites. This method allows the PCM to be distributiéarraly
throughout the matrix, as demonstrated in the work of El Majd 25(seeFig 3).

Studies have shown that this approach can be highly effective for passive thermal regulation,
ZLWK UHSRUWHG WHPSHUDWXUH UHGXFWLRQV RI XS WR
However, it also introduces notable challenges, including reduced mechsimeradth,
compatibility issues, and concerns over lgagn durability? especially under repeated
thermal cycling. Among these host materials, RDkgrated paints remain the least
explored, presenting a valuable avenue for future research.

Overall, selecting and optimizing the right integration technique is crucial for maximizing
the energysaving potential and reliability of PGié&nhanced building systems.

TN

Fig. 3. PCM enhanced materials: (a) PCM/concrete blocks, (b) tiles coated with PCM enhanced and
coolcolored paints, (c) PCM/gypsum body
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3 Discussion

Table 4 presents a comparative analysis of recent studies £202%) on PCM
integration in roofing systems. These works collectively demonstratethe higher
effectiveness of roabased PCM applications compared to wall installations. This
advantage stems from both the larger volumes of PCM that can be integrated and the
greater solar exposure that roofs experience throughout the day.

Among the reviewed studies, organic PCMs remain the most widely adopted for roof
applicationsdue to their favorable thermophysicalproperties,chemical stability, and

relative affordability Evenin studiessmployingeutectic®CMs,suchaslauric (C1,H,40;)
andcapric (C1oH20-) acid mixtures, the materials are still derived from organic fatty

acids. In these cases, the term "eutectic” refers to the melting behavior rather than a
distinct chemical category. Similar approaches have been reported in multiples studie
(e.g.,[26], [33)]).

In contrast,inorganic PCMs are less frequently applied in roofing systemsdue to
limitations like phase separation, subcooling, and corrosiveness. Recently, the focus has
expanded to includeio-basecandcompositd?CMs,which aregainingattentionfor their
environmental benefitf35][36]. However, these alternatives are still in early research
phases and require further validation for thermal reliability and lifecycle performance.

As summarized in Table 4, macroencapsulatitypically in the form of panels,
capsules, or grids placed beneath the roof suraemains the dominant integration
strategy. Its popularity stems from practical advantages, such as ease of installation and
conpleteleakagepreventionasconfirmedby P.J.Abassetal. [30]. A comparativestudy

by I. Baskar et al[33] showed that forastabilization (a variant of shagstabilization)

could achieve similar thermal performance with less PCM volume. However,
macroencapsulation remains more commonly adopted due to its simplicity.
Shapestabilization particularlyusingpolymermatricesjs thesecondnostusedmethod.

Recent studies are beginning to explore biodegradable support materials to address the
environmental downsides of synthetic polymi23].

Forwall applicationsmicroencapsulatioandcompositeéntegrationaremoreprevalent

due to space constraints and the need for structural compatibility. Climate plays a major
role in determininghe appropriatenethod:hot, arid climatesfavor macroencapsulation

in roofsto store large PCM volumd87], while regions with high diurnal temperature
swings benefit from microencapsulation, which supports faster phase transitions and
lower PCM mass.

Table 5, prepared from the comparative review conducted in this study, summarizes the
relationship between PCM types, encapsulation strategies, and climatic suitability,
highlighting the maturity level of each configuration in roofing applications.

Performance outcomes reported across the literature consistently indicate that PCM
integrated roofs can reduce peak indoor temperaturesI®/6, with additional benefits
such as dampened thermal fluctuations and delayed peak heat transfer. Thesareffects
particularly beneficial in buildings with large solar exposures and poor insulation.
The efficiency of PCMbased roof systems is highly dependent on multiple interacting
parameters. Key influencers include:

¢ Climaticconditionswhich affectdaily charginganddischargingcycles

e Material properties such as melting point, latent heat capacity, and thermal

12
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conductivity
e System design factors, including encapsulation technique, PCM content, and

layerpositioning
According to L. Jiang et al[31], heat flux reduction is primarily driven by PCM
thicknessJatentheat,anddensity,while heatutilization rate(LHUR) is influencedmore
by density and specific heat capacity. These findings emphasize the importance of
context specific system optimization.
Overall, roofintegrated PCMs continue to show strong potential for moderating indoor
environments and reducing heat gain, especially in -bBidarexposure regions.
However, achieving optimal performance requires a corgensitive approach to
material glection and integration design.

Table 5. PCM sncapsulation combinations and suitable climates for roof integration

Recommended Application
(Roofing Context)

PCM Type Typical Encapsulation Method Preferred Climate

: . Occasional use; limited by | Arid or dry temperate climates
In PCM: Macroe ulati ;
OTBRNC REASS neapsuiaton subcooling and corrosion. (30-50°)
Emerging sustainable materials, . )
Bio-based PCMs Shape-stabilization compatible with lightweight Mild / coastal climates
(20-30°C)
roofs.
Enhanced conductivity and Temperate / continental
Composite PCMs Microencapsulation uniform dispersion in climates
mortars/coatings. (20-35°C)
. Marture/widely adopted . Marture/adopted Limited/developing Emerging/under validation

4 Conclusion

The integration of Phase Change Materials into roof systems represents a promising
strategy for advancing passive cooling in buildings. The reviewed studies underscore their
ability to mitigate indoor overheatingreducerelianceon mechanicalcooling, and cut
carbon emissions in diverse climates.

However, the success of PCM integration hinges on careatthing of material
properties and system design to climatic conditions. Progress in encapsulation
technologies, material sustainability, and hybrid passive strategies will be essential for
broader adoption. Looking ahead, targeted research is especially needed to address
ecaomic feasibility and longerm durability, particularly for lightweight and leaost
construction in rapidly urbanizinggions.
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