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Abstract

Phase change materials (PCMs) have emerged as a key enabler of high-performance, low-
carbon buildings through latent heat-based thermal energy storage. This paper presents a
systematic and critical synthesis of advances in PCM technologies for building applications
published between 2022 and 2025, analyzing over 300 peer-reviewed studies to evaluate
thermal performance, economic viability, environmental impact, and climate adaptability
across three integration approaches: passive, active, and hybrid systems. The studies
analyzed show that passive envelope integration employing macroencapsulated or form-
stable PCMs in walls, roofs, and glazing is reported to deliver 15-45% energy savings with
payback periods of 8-15 years, primarily through enhanced thermal inertia and indoor
temperature stabilization. Active systems, which couple PCMs with HVAC, heat pumps,
or air handling units, are found to achieve 20-40% energy reductions and shorter payback
periods (3-8 years) by enabling load shifting, peak shaving, and improved coefficient of
performance (COP). Hybrid configurations integrating passive and active strategies with
Al-driven control demonstrate, in the literature, the highest potential, with reported energy
savings of up to 50%, though they entail greater complexity and capital cost. The review
further highlights material-level innovations, including ternary composite PCMs, bio-based
alternatives, and nano-enhanced formulations that address intrinsic limitations such as
low thermal conductivity (0.1-0.3 W/m:K for organics) and cycling instability. Despite
significant progress, critical gaps persist in standardized testing protocols, long-term field
validation, comprehensive lifecycle assessments, and real-world scalability, particularly
in tropical and cold climates. By bridging material science, building physics, and energy
system engineering, this work provides a forward-looking roadmap to accelerate the
deployment of PCM-based solutions in the global decarbonization of the built environment.

Keywords: phase change materials; building energy efficiency; thermal energy storage;
passive systems; active systems; HVAC integration; thermal comfort
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1. Introduction

Building energy consumption accounts for approximately 40% of global energy con-
sumption and 36% of CO, emissions, making building energy efficiency a critical com-
ponent of climate change mitigation strategies [1-3]. The increasing demand for thermal
comfort and extreme weather events due to climate change have intensified the need for
innovative building energy technologies to provide efficient heating and cooling while min-
imizing environmental impact [4,5]. This perspective highlights the role of phase change
materials (PCMs) in reducing energy consumption and enhancing indoor thermal comfort
in buildings, particularly with regard to climate change challenges.

Phase change materials (PCMs) have emerged as a transformative technology for
building applications, offering the unique capability to store and release large amounts
of thermal energy during phase transitions at nearly constant temperatures [6,7]. Unlike
conventional thermal storage materials that rely solely on sensible heat, PCMs exploit
the latent heat of fusion, providing energy storage densities 5-14 times higher than tradi-
tional materials such as water, rock, or concrete [8-10]. Integrating PCMs into building
designs offers a sustainable solution to meet growing energy demands while addressing
climate-related challenges. The potential of PCMs to enhance energy efficiency in build-
ings is particularly evident in their ability to optimize thermal management during peak
temperature periods.

The fundamental principle underlying building PCM applications involves absorbing
excess thermal energy during peak heating/cooling periods and its subsequent release
during off-peak periods, thereby reducing energy demand and improving thermal com-
fort [11,12]. This thermal regulation capability is particularly valuable in terms of increasing
renewable energy integration, where energy storage systems are essential for managing
intermittent energy supplies [13,14]. Integrating PCMs can significantly enhance indoor
climate control, particularly in regions experiencing extreme temperature fluctuations
due to climate change. This review underscores the transformative potential of PCMs in
building applications, emphasizing their role in achieving energy efficiency and improving
occupant comfort in response to climate challenges.

The application of PCMs in building systems has evolved significantly over the past
two decades. Early research (2000-2010) primarily focused on material characterization and
basic integration concepts, with limited practical applications due to technical challenges,
including thermal conductivity limitations, phase separation issues, and high costs [15,16].
Recent advancements have led to improved integration techniques and material formu-
lations, facilitating the broader adoption of PCMs in sustainable building practices. As
research progresses, understanding the economic feasibility and long-term performance
of PCM systems will be crucial for their successful implementation in diverse construc-
tion projects.

The years 2010-2015 witnessed significant advances in micro-encapsulation technolo-
gies, enabling the better integration of PCMs into building materials while addressing
leakage and compatibility issues [17-20]. During this phase, researchers demonstrated the
feasibility of PCM-enhanced wallboards, concrete blocks, and insulation materials, with
several pilot projects showing promising results [21,22]. The subsequent years (2016-2021)
marked a shift towards hybrid systems that combine PCMs with other energy-efficient
technologies, further enhancing their effectiveness in building applications. The ongoing
research aims to refine PCM formulations and explore innovative integration methods to
maximize their benefits in diverse building environments.

The 2016-2021 period marked a transition toward system-level integration, with in-
creasing focus on active PCM systems coupled with HVAC equipment, heat pumps, and
renewable energy systems [23,24]. This era also saw the development of advanced nu-
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merical modeling tools and optimization algorithms for PCM system design [25,26]. The
advancements in PCM integration highlight the need for continued research to address
challenges such as their compatibility with existing materials and the optimization of con-
trol systems for improved performance. Future research should prioritize the exploration
of innovative PCM formulations and their integration with emerging building technologies
to further enhance energy efficiency and sustainability in construction.

This paper presents a timely and systematic synthesis of advances in phase change ma-
terials (PCMs) for building applications from 2022 to 2025, with a focused analysis on their
integration into passive, active, and hybrid thermal energy storage systems. By critically
evaluating over 300 peer-reviewed studies from high-impact journals, the work aims to clar-
ify the interaction between thermal performance, environmental sustainability, economic
feasibility, and climate adaptability across diverse PCM technologies and building contexts.
The novelty of this review lies in its integrative, system-level framework that moves beyond
material-centric analyses to comparatively assess three strategic deployment approaches,
namely passive envelope systems, active HVAC-coupled configurations, and advanced
hybrid architectures, while quantifying their climate-specific efficiency across global case
studies. It further synthesizes emerging trends such as bio-based and nano-enhanced
PCMs, and grid-interactive thermal storage, and critically addresses persistent gaps in
lifecycle assessment and scalability. By bridging technical, economic, and environmental
dimensions, this work provides a forward-looking roadmap to accelerate the deployment
of PCM-based solutions in the decarbonization of the built environment.

The paper is organized as follows. Section 2 presents a comprehensive state-of-the-art
review of PCM research from 2022 to 2025, emphasizing emerging trends and technological
developments relevant to building applications. Section 3 introduces the bibliometric
methodology adopted for the literature selection and analysis. Section 4 provides a concise
classification of PCMs, linking their thermophysical characteristics to potential building
integration. Sections 5 and 6 examine current applications and integration strategies in
passive, active, and hybrid systems, respectively. Finally, Sections 7-9 synthesize the main
findings, outline future research perspectives, and discuss remaining challenges associated
with the large-scale implementation of PCM technologies in energy-efficient buildings.

2. State-of-the-Art Covering the Period 2022-2025

Contemporary research has shifted toward ternary composite PCMs (CPCMs) that
provide enhanced thermal properties and wider phase change temperature ranges. Al-
rashdan et al. [27]. developed a ternary CPCM system (CA/C18-TD 2.0:8.0) achieving a
latent heat capacity of 224.53 ] /g with excellent thermal cycling stability over 300 cycles.
This significantly improves over single-component systems, typically exhibiting latent
heat values of 150-200 J/g [28,29]. Research indicates that multi-component PCM sys-
tems can offer superior thermal performance, making them a promising avenue for future
developments in energy-efficient building technologies. Recent advancements in PCM
technology highlight the potential for multi-component systems to significantly enhance
thermal performance and stability for more efficient energy management in buildings.

Liu et al. [30] conducted comprehensive multiscale modeling of polyurethane-PCM
composites, demonstrating thermal conductivity improvements of up to 300% through
optimized matrix design. These form-stable composites address the critical challenge
of PCM leakage while maintaining the structural integrity of building materials. The
ongoing research into form-stable PCM composites aims to enhance their thermal perfor-
mance and stability further, which is essential for effective energy management in building
applications. Future research should also focus on integrating bio-based PCMs, which
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could strengthen sustainability while addressing environmental concerns associated with
traditional materials [31].

Sustainable PCM alternatives derived from renewable resources have gained signifi-
cant attention. Imghoure et al. [32] investigated bio-based PCMs for Moroccan construction
applications, showing comparable thermal performance to synthetic alternatives while
offering reduced environmental impact and improved cost-effectiveness. Additionally, ex-
ploring bio-based PCMs is a crucial step toward facilitating sustainable building practices,
potentially reducing reliance on artificial materials and enhancing environmental benefits.
The ongoing research into bio-based PCMs reveals their potential to strengthen building
materials’ sustainability further while addressing environmental concerns associated with
conventional options.

Although bio-based PCMs are often highlighted for their low cost and environmental
friendliness due to their derivation from abundant natural sources, several studies also re-
port limited their thermal and chemical stability, particularly under repeated phase change
cycles or elevated temperatures. This apparent contradiction can be understood in the
context of application conditions and material design: while bio-based PCMs are econom-
ically attractive, their performance may degrade over time, potentially offsetting initial
cost benefits. Several strategies have been proposed to reconcile these issues, including
micro- or nano-encapsulation to protect the PCM from oxidation and phase separation,
blending with synthetic PCMs to enhance stability, and the use of additives or composite
matrices to improve thermal reliability. By adopting these approaches or targeting their
moderate-temperature and low-cycle application, it is possible to leverage the cost ad-
vantage of bio-based PCMs while mitigating stability limitations, thus providing a more
balanced perspective on their practical potential [29-34]

Recent studies have demonstrated substantial improvements in passive PCM inte-
gration within building envelopes. Amaral et al. [35] conducted experimental validation
of multifunctional fagade systems containing PCMs, achieving thermal performance im-
provements of up to 50% compared to conventional facade systems. The study employed
a hot box testing methodology with calibrated numerical models, demonstrating temper-
ature fluctuation reductions of 54.51% during summer conditions and heat flow density
reductions of 17.49 W/m?. These advancements underscore the critical role of PCMs in
enhancing thermal performance and energy efficiency in modern building designs and
sustainable construction practices. Integrating PCMs into building envelopes improves
energy efficiency and occupant comfort by stabilizing indoor temperatures during extreme
weather conditions.

Alrashdan et al. [27] conducted comprehensive experimental studies on PCM-
enhanced service areas in building envelopes under Saudi Arabian climate conditions.
The research demonstrated cooling load reductions of up to 63% with PCM-cement com-
posites containing 20% PCM by mass. Surface temperature reductions of 5.2 °C were
observed, corresponding to approximately a 10% improvement in thermal performance.
These findings highlight the potential of PCM-enhanced materials to optimize energy effi-
ciency in diverse climatic conditions, promoting sustainable building practices. Integrating
PCMs into building envelopes significantly enhances thermal performance, improving
energy efficiency and occupant comfort during extreme weather events [36].

Yuk et al. [37] investigated sustainable energy solutions for historic building conser-
vation, implementing hygrothermal control systems with integrated PCMs. The study
demonstrated the potential for PCM integration in heritage buildings while maintain-
ing architectural integrity and achieving significant energy savings. Furthermore, the
integration of PCMs in roofing systems enhances thermal regulation and contributes
to preserving historical architecture, thus supporting sustainable building practices
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in diverse contexts. The ongoing research into PCM applications reveals innovative
solutions for improving energy efficiency and thermal comfort in buildings, particularly
in response to climate variability.

Liu et al. [38] developed a two-level optimal scheduling control strategy for air-source
heat pump loads with phase change energy storage, demonstrating substantial improve-
ments in system efficiency and peak demand reduction. The study employed optimization
of mixed-integer linear programming (MILP) to achieve optimal charge/discharge schedul-
ing based on electricity tariffs and thermal demands. This innovative approach enhances
energy efficiency and maintains thermal comfort in residential buildings during peak de-
mand. Integrating PCM with HVAC systems can significantly improve energy management,
providing thermal comfort and substantial energy savings in residential applications.

Faramarzi et al. [39] conducted a comprehensive energy and exergy analysis of modi-
fied air handling units (AHUs) assisted by PCMs, heat recovery units, and solar energy
integration. The research demonstrated annual energy exchange reductions of 687 kWh
through optimized PCM integration, with significant improvements in system coefficient
of performance (COP). This analysis highlights the importance of integrating phase change
materials into HVAC systems, as they can enhance overall energy efficiency and contribute
to significant cost savings for building operations. Integrating PCMs into modern building
designs is crucial for improving energy efficiency and ensuring occupant comfort amidst
climate variability.

Al-Atari et al. [40] investigated the optimization of integrated heat pump and ther-
mal energy storage systems in active buildings for community heat decarbonization.
The study demonstrated the potential for large-scale PCM deployment in district heat-
ing/cooling applications, which substantially reduced carbon emissions and energy
costs. These findings highlight the critical role of PCM integration in advancing sustain-
able building practices, particularly in addressing energy efficiency challenges linked to
climate change. Integrating phase change materials in building applications enhances
energy efficiency and plays a pivotal role in mitigating climate change impacts through
improved thermal management.

Recent research has emphasized the development of sophisticated control algorithms
for hybrid PCM systems. Studies have integrated building energy simulation with optimiza-
tion algorithms to determine optimal PCM properties, system configurations, and control
strategies [27,30]. These advancements improve energy efficiency and enhance occupant
comfort, which is increasingly essential in climate change and rising energy demands. The
ongoing evolution of PCM technology necessitates focusing on innovative control strategies
to optimize performance across diverse building applications. Integrating advanced con-
trol algorithms is essential for maximizing the benefits of PCM systems, ensuring optimal
performance and energy efficiency in diverse building environments [41-43].

Advanced control systems incorporating machine learning and predictive algorithms
have been developed to optimize PCM system performance under varying weather condi-
tions and occupancy patterns [35,36]. These systems can dynamically adjust PCM activation
based on real-time data, enhancing energy efficiency and occupant comfort in buildings.
This integration of intelligent control systems represents a significant advancement in the
management of PCM applications, enabling more responsive and efficient energy use in
buildings. Integrating advanced control systems is crucial for maximizing the effectiveness
of PCM applications in buildings, ensuring optimal energy efficiency and comfort for
occupants. The ongoing research into advanced control systems is vital for optimizing
PCM performance, ultimately enhancing energy efficiency and indoor comfort in diverse
building environments.
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3. Methodology

The bibliometric analysis methodology outlines a systematic process for analyzing
bibliographic data, incorporating specific tools and steps, as shown in Figure 1. Data Collec-
tion: Relevant data is gathered from academic databases, such as the Scopus database, using
a targeted query to retrieve publications that align with the research objectives. Scopus
provides comprehensive coverage of peer-reviewed literature, ensuring a robust dataset.

Data collection Scopus database

Preprocessing
& cleaned, organized,
and filtered
filtration
analysed to identify
patterns, trends, and
nsights

Figure 1. The bibliometric analysis methodology.

Preprocessing and Filtration: The collected data is cleaned, organized, and filtered to
ensure quality and relevance. This involves removing duplicates, correcting inconsistencies,
and refining the dataset based on criteria like publication type, time frame, or subject area.

Results and Analysis: The pre-processed data is analyzed to identify patterns, trends,
and insights, such as citation networks, author collaborations, or keyword co-occurrences.
Statistical methods and metrics, like citation counts or h-index, are applied to derive
meaningful results.

The query used to retrieve and assess the relevant literature on phase change materials
(PCMs) from the Scopus database is as follows: (TITLE-ABS-KEY (“phase change material”
OR “phase change materials” OR “PCM in building” OR “PCM integration” OR “hybrid
systems with PCM” OR “active systems with PCM”) OR “passive systems with PCM”) OR
“HVAC systems with PCM”)) AND (TITLE-ABS-KEY (“Thermal Efficiency Improvement”
OR “Environmental Impact Reduction” OR “Economic Viability” OR “Integration Method
Effectiveness” OR “Climate Adaptability” OR “classification” OR “perspective” OR “energy
efficiency” OR “building cooling” OR “pre-cooling system” OR “civil buildings”)) AND
(PUBYEAR > 2022 AND PUBYEAR < 2025).

4. Phase Change Materials Classification and Properties
a.  Organic PCMs

One classification extensively employed in the development of applications is organic
phase change materials (PCMs), encompassing paraffins and fatty acids. These substances
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are distinguished by their remarkable chemical stability, non-corrosive nature, and diverse
melting temperature ranges. These attributes make organic PCMs highly appealing for cre-
ating thermal management solutions, particularly within the framework of contemporary
sustainable construction methodologies.

Paraffin-based PCMs constitute the most prevalent organic category utilized in build-
ing applications. Recent studies have revealed paraffin PCMs with meticulously regulated
melting points in the range 18-35 °C, which makes them exceptionally suitable for thermal
regulation in building contexts. These materials typically exhibit latent heat capacities rang-
ing from 150 to 250 k] /kg, thus providing significant thermal energy storage capabilities
for construction [33].

The operational characteristics of paraffin PCMs include thermal conductivity val-
ues between 0.1 and 0.3 W/m:-K, which represents a principal limitation in heat transfer
applications. However, this challenge can be mitigated through a variety of enhancement
strategies, such as the incorporation of graphite, the integration of metal foams, and
the addition of nanoparticles [33]. Furthermore, paraffin PCMs exhibit remarkable ther-
mal cycling stability, exceeding 1000 complete cycles without considerable degradation
in performance.

Fatty acid PCMs, such as palmitic acid, stearic acid, and oleic acid, display out-
standing thermal properties and are collecting increasing research attention for building
applications. These materials offer exceptional thermal cycling stability and are com-
patible with various advanced encapsulation methodologies. The melting temperature
range for fatty acids generally extends from 25 to 65 °C, with latent heat capacities of
120-200 kJ / kg [34,44].

b.  Inorganic PCMs

Salt hydrate phase change materials (PCMs) present enhanced latent heat capacities
alongside relatively economical material expenses, rendering them particularly appealing
for large-scale architectural implementations. These substances generally exhibit latent
heat capacities within the 200-300 k] / kg range, which is markedly superior to their organic
counterparts [45]. Consequently, applying salt hydrates facilitates the development of more
compact thermal storage solutions in construction.

The thermal conductivity of salt hydrates is within 0.4-0.7 W/m:K, which imparts
advantageous thermal transfer properties when contrasted with organic PCMs [46]. This
feature supports a more rapid thermal response and increased operational efficiency in
building applications. Nonetheless, utilizing salt hydrates introduces specific challenges,
including phase separation, supercooling effects, and potentially corrosive properties,
necessitating careful consideration through meticulous system engineering.

Notable examples of salt hydrate systems comprise sodium acetate trihydrate, calcium
chloride hexahydrate and sodium sulfate decahydrate, with a melting point of 58 °C,
29 °C and 32 °C, respectively, and a latent heat of 264 k] /kg, 171 k] /kg and 254 k] /kg
respectively [46]. These materials have been effectively validated in various building
applications employing suitable stabilization methodologies.

c.  Eutectic Mixtures and Enhanced Systems

Eutectic phase change material (PCM) formulations systematically integrate various
phase change substances to attain meticulously optimized thermal characteristics and
broadened phase transition temperature intervals [47]. Recent scholarly advancements
have illustrated notable enhancements in performance through meticulously designed
eutectic formulations. Such systems facilitate the optimization of targeted architectural
applications and climatic variables.
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Sophisticated eutectic configurations encompass combinations of capric and palmitic
acids that achieve distinct melting properties and improved thermal resilience. Salt hydrate
eutectics offer prolonged operational temperature ranges appropriate for various climatic
zones [48]. Furthermore, organic-inorganic hybrid eutectics amalgamate both material
types of benefits while alleviating their drawbacks.

The evolution of these sophisticated systems signifies a pivotal progression in PCM
technology pertinent to architectural applications. Through the meticulous optimization of
compositions, eutectic blends can attain melting temperatures that are precisely aligned
with the specific thermal requirements of buildings. This customization ability allows for
enhanced performance when compared to single-component PCM systems.

d.  Thermal Conductivity Enhancement Technologies

The intrinsically low thermal conductivity of organic phase change materials (PCMs)
constitutes a significant limitation for construction applications, severely restricting heat
transfer rates and thermal response attributes. Various enhancement methodologies
have been devised to mitigate this critical drawback and enhance the overall system
efficiency.

Incorporating graphite has enhanced thermal conductivity by as much as 335%, elevat-
ing conductivity from 0.17 to 0.74 W/m:K for optimized formulations [49]. This mechanism
operates through the high thermal conductivity of graphite particles, which form conduc-
tive pathways within the PCM matrix. The optimal loading percentage ranges are 5-15% by
weight, which achieve the maximum enhancement while exerting minimal influence on
latent heat capacity [49].

The integration of metal foam offers a high surface area and improved thermal con-
ductivity, all while effectively containing the PCM. This method attains 200-500% thermal
conductivity enhancements, contingent upon the foam’s porosity and thermal conductivity
attributes [50]. The technique is especially efficient for applications involving thick PCMs
requiring rapid thermal response capabilities.

Enhancement via carbon nanotubes yields 200-400% thermal conductivity improve-
ments with negligible mass addition, generally less than 2% by weight [51]. The re-
markable aspect ratio of carbon nanotubes facilitates the formation of efficient thermal
pathways within the PCM matrix. Nevertheless, challenges persist regarding the require-
ments for uniform dispersion and economic considerations for large-scale construction
applications.

5. Current State of Knowledge of the Integration of PCMs in Buildings

A critical synthesis of the current state of knowledge on phase change materials
(PCMs) in building applications is imperative to define research advancements, and to
identify persistent knowledge gaps and useful approaches for future research. PCMs
have emerged as a transformative technology for improving building energy performance
and sustainability by enabling passive thermal regulation, thereby attenuating indoor
temperature fluctuations and diminishing reliance on active heating, ventilation, and air
conditioning (HVAC) systems.

The analysis presented in this section assesses the thermal efficiency, environmen-
tal impact, and economic viability of diverse PCM integration strategies, encompassing
passive, active, hybrid, and retrofit configurations across varying climatic contexts, by
consolidating the empirical findings and methodological approaches from recent studies
(2022-2025). As illustrated in Figure 2, more than 136 papers published in 2022 were
focused on the use of PCMs in buildings compared to 104 papers in 2024.
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20.91 %

2022: 136 Papers
2023: 90 Papers
2024: 103 Papers
2025: 87 Papers

Figure 2. Yearly numbers of papers published in 2022-2025 and focused on the use of PCMs
in buildings.

This paper provides evidence-based insights to guide researchers, building designers,
and policymakers in the optimal deployment of PCM-enhanced building envelopes and
systems. Ultimately, this synthesis contributes to the broader decarbonization agenda
by advancing development and energy-efficient building solutions aligned with global
climate and sustainability targets. Table 1 reports existing research on the integration of
phase change materials in building employing the following criteria: (i) thermal efficiency,
(ii) environmental impact, (iii) cost, (iv) integration method, and (v) climate adaptability
between 2022 and 2025. Figure 3 shows the distribution of papers published between 2022
and 2025 on the use of PCM in buildings according to the five criteria analyzed in this paper.
As presented, more than 26.27% of the elaborated research were focused on enhancing
thermal energy efficiency, followed by 21.57% for the integration method.

19.61 % \

Thermal Efficiency Improvement

Environmental Impact Reduction

Economic Viability

Integration Method Efficiency

16.86 %

Climate Adaptability

Figure 3. Distribution of the papers published during 2022-2025 on the use of PCMs in buildings
according to the five criteria analyzed in the present paper.

5.1. Methodological Influence on Performance Variability

The energy savings associated with phase change materials (PCMs) in building ap-
plications are significantly influenced by experimental methodologies and encapsulation
techniques. Research indicates that hot box testing yields more consistent results (+5-8%)
compared to in situ monitoring, which can vary by £15-25% due to external factors like
weather and occupancy [52].

Furthermore, encapsulation methods play a crucial role in thermal performance, with
macro-encapsulation achieving 15-25% savings, micro-encapsulation 25-35%, and nano-
enhanced composites reaching up to 45% [53,54].

This analysis highlights that in the design and evaluation of PCM-based systems, it
is essential to consider not only material selection and climatic conditions but also the
testing methodology and encapsulation strategy, since both substantially influence the
measured performance.

https://doi.org/10.3390/en19051151


https://doi.org/10.3390/en19051151

Energies 2026, 19, 1151

10 of 33

Table 1. Summary of the existing research on the integration of PCMs in buildings according to the five criteria considered in this paper between 2022 and 2025.

Reference

Thermal Efficiency
Improvement

Environmental Impact
Reduction

Economic Viability

Integration Method
Effectiveness

Climate Adaptability

Enhanced heat transfer via

Promotes sustainability with

Economic viability linked to

Macro-encapsulation used;

Suitable for passive and active

531 macro-encapsulation in bricks renewable energy integration novel heat exchanger designs Fopology optimization systems in diverse climates

and wallboards improves heat transfer

Improved indoor climate and ~ Addresses CO; reduction Economic challenges Various integration methods  Applicable across multiple
[56] energy consumption with potential in building discussed with future including walls, roofs, and building components and

passive and active PCMs applications prospects windows climates

Focus on experimental L1m}t€d studleg on Cost analysis limited; Emphas1.s on thgrmal energy  pocearch gaps in tropical and
[57] thermal energy storage environmental impact; LCA . storage; integration methods .

- payback periods . cold climates noted

applications scarce varied

Significant thermal Environmental benefits Market availabilitv of Diverse incorporation Wide climatic applicability
[58] performance improvements through energy demand certified PCM ro}cllucts methods including mortars with emphasis on energy

in walls, roofs, and floors reduction p and bricks savings
[59] Increased comfort hours and  Climate conditions critical for ~Economic feasibility linked to inz(;;g?afggﬁslgrﬁ);gi?g e Emphasis on tropical and

reduced energy consumption PCM selection multi-objective optimization ci,ima tes/ p humid regions for PCM use
[60] Thermal regulation in HVAC  Environmental benefits via Cost-effectiveness discussed =~ Micro-encapsulation and Broad climate applicability

and passive design reduced energy use with nano-enhancements hybrid solutions explored with tailored PCM types

Up to 32.2% energy savings in €O, reduction up to Payback period as low as Optimized PCM integration =~ Performance evaluated across
[61] AP 12,094 kg/year in warm NI .

arid climates 7 years in mid-rise apartments 15 climate zones globally

temperate zones

Ceiling cooling reduces room  Environmental impact Cost reduction up to .92 o Passn.ie and active systems Hot—dry climate focus with
[62] o o compared to mechanical combined with fans and o )

temperature by 3.2 °C reduced by up to 36% ; ventilation scenarios

cooling coolers

Electrical efficiency increased . : .
[63] by up to 13.3% in PVT-PCM C.aorbon emissions reduced by Payback period of 1.58 years hWe;;ce.rc-lbasled PCM capsules in Eear;irounl(.i perform.ance in

hybrid 32% ybrid solar systems ot—dry climate (Cairo)

Peak temperature reductions Energy savings up to 59% in ~ Economic impacts vary with Encapsulation dominant; South-facing walls and roofs
[64] of 1-9 °C in various &Y &9 P ’ P Y dopamine-coated capsules 5

components

roofs and walls

encapsulation and PCM type

improve durability

optimized for climate
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Table 1. Cont.

Reference Thermal Efficiency Env1ror.1menta1 Impact Economic Viability Integr.atlon Method Climate Adaptability
Improvement Reduction Effectiveness
PCM integration 1."ed1'1ces Thermal comfort improved in  Economic benefits noted; Direct incorporation and Impe'lct of c1.1mat1c conditions
[65] energy consumption in walls .. . : . encapsulation methods considered in the envelope
and roofs light weight constructions payback periods vary compared design
Enoergy_ reductl-ons from 14 to  Environmental benefljcs Scalability and cost challenges Passive cooling enhanced by  Effective in hot climates with
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[67] reductions and thermal discussed with energy . . modeling approaches o
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[68] energy savings in tropical . optimize cost and oo L
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[69] indoor heating/cooling preferred over passive commercial buildings
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savings up to 54% and 50% radiant systems 3.32 years heating/cooling systems needed
: o :
[71] gg?ggliﬁaire?;;eiiﬁ 24%, CO; emissions reduced by SZE?;E?;XE:E&E;M PCM on walls and ceilings Case study in Tehran with
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(73] hot climates; limited cold reduction evidence; VOC Economic analysis sparse; PCM integration effects on Diverse climates studied;

climate data
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health impact studies lacking
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Improvement Reduction Effectiveness
PCM reduces indoor Environmental benefits Thermal conductivity . . . . . .
. . o . Nano/micro-fillers improve  Passive cooling focus with
[93] temperature fluctuations and  through load reduction and limitations addressed with s
s . PCM thermal conductivity thermal energy storage
energy demand shifting fillers
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Macro—epcapsulatlon n PCM performance varies with ~ Limitations of PCM types Mac:]:o—enc.a psulation s Indian cities with diverse
[95] facades improves thermal . . : dominant in facade .
climate and placement analyzed for Indian climates o climates compared
comfort applications
Annual energy sav1r})gs . Cooling and heating loads PCM selection critical for PCM integrated into building Coastal Mediterranean
[96] between 11 and 13.4% with . . . .
PCM significantly reduced Mediterranean climates envelopes climate case study
PCM placement reduc.es' Heat and moisture loads Er}ergy e'fﬁgency improved Bio-based PCM in concrete Performance optimized for
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fluctuations placement
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temperature swings materials
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[100] walls reduce temperature Energy savings significant; Multi-objective optimization enhances hygrothermal Humid and temperate
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5.1.1. Thermal Efficiency Improvement

Numerous studies demonstrate significant improvements in thermal regulation and
energy savings through PCM integration in walls, roofs, and fagades, with reductions in
indoor temperature fluctuations and peak loads validated by both simulations and experi-
ments across various climates [38,39,48,49,67]. Passive PCM systems effectively delay heat
transfer and reduce cooling/heating demands, enhancing occupant comfort [49,77]. Hybrid
systems combining PCMs with solar or HVAC technologies show promising synergistic
effects [46,52,66].

In total, 48 studies found that PCM integration significantly reduces heating and
cooling energy demands, with reductions ranging from moderate (11%) to substantial
(over 80%) depending on system design and climate [44,62,70].

In total, 12 studies emphasized the importance of PCMs’ melting temperature and
placement optimization to maximize thermal efficiency across different building compo-
nents and climates [66,71,77].

In total, seven studies reported that hybrid systems combining PCMs with solar or
ventilation technologies further enhance thermal performance beyond passive PCM use
alone [38,46,68].

Some studies noted limitations in extreme climates where PCM effectiveness is reduced
due to incomplete phase change cycles [56,72].

Despite positive results, inconsistencies exist in reported thermal performance due
to differences in PCM properties, melting temperatures, and integration methods [71,72].
Many studies rely heavily on simulations with limited full-scale experimental validation,
reducing confidence in real-world applicability [40,53]. The slow thermal response of
PCMs and challenges in optimizing their placement within building envelopes remain
unresolved [53,67].

5.1.2. Environmental Impact Reduction

Research highlights the potential of phase change materials (PCMs) to reduce green-
house gas emissions by lowering energy consumption. Some studies have quantified CO,
reductions of up to 50% in specific climates [28,44,68,73]. Lifecycle assessments and environ-
mental analyses are emerging that incorporate the carbon intensity of electricity generation
and embodied emissions [61,68]. Additionally, bio-based PCMs present opportunities for
lower embodied carbon and sustainability benefits [61,80].

In total, 35 studies demonstrated measurable reductions in greenhouse gas emissions
and carbon footprints attributable to PCM-enhanced buildings, with CO, reductions up to
50% in some cases [44,54,73].

In total, eight studies highlighted the role of PCM integration in lowering peak en-
ergy demand, thereby reducing reliance on fossil-fuel-based electricity and associated
emissions [62,68,79].

A few studies identified gaps in long-term environmental impact assessments, espe-
cially regarding lifecycle emissions and indoor air quality concerns [56,61].

Environmental impact assessments are sparse and often limited to short-term or
partial analyses, with few comprehensive lifecycle assessments available [40,56]. Potential
indoor air quality issues and the emissions of volatile organic compounds from PCMs are
underexplored [73]. The long-term environmental benefits remain uncertain due to limited
data on durability and recyclability [56,78].

5.1.3. Economic Viability

Several studies provide economic evaluations indicating payback periods ranging
from 3 to 9 years, depending on climate and system configuration [44,46,53,62,68,73]. Cost—
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benefit analyses consider installation, operational savings, and maintenance, supporting
PCM viability in both retrofit and new construction contexts [62,69]. Hybrid and active
systems demonstrate improved economic returns when integrated with renewable energy
sources [46,52].

In total, 30 studies reported payback periods ranging from as short as 1.5 years to
over 30 years, heavily influenced by PCM type, integration method, and local energy
costs [46,52,62].

In total, ten studies emphasized that optimized PCM placement and integration with
renewable energy systems [54,68,82] improve economic feasibility.

Several studies noted that initial installation costs and durability concerns remain
barriers to widespread adoption despite long-term savings [60,72].

Economic analyses are often simplified and lack comprehensive cost modeling, in-
cluding lifecycle costs, maintenance, and replacement [40,53]. High initial costs and uncer-
tainties in long-term performance hinder widespread adoption [60,78]. Variability in PCM
prices and a lack of standardized cost data complicate economic comparisons [30]. Few
studies address economic feasibility in tropical and developing regions with substantial
PCM benefits [42,51].

5.1.4. Integration Method Efficiency

The literature covers diverse PCM incorporation techniques such as macro-encapsulation,
micro/nano-encapsulation, form stabilization, and direct incorporation into bricks, mortars,
and wallboards [38,57,60,66,67]. Studies demonstrate tailored PCM integration in walls,
roofs, ceilings, and facades, optimizing thermal performance according to component and
climate [58,66,71,79]. Hybrid systems combining PCMs with photovoltaics or ventilation
systems show enhanced multifunctionality [46,59,68].

In total, 28 studies found macro-encapsulation to be the most practical and widely
used method, offering good thermal performance and ease of installation [38,57,78].

In total, 15 studies discussed micro-encapsulation and nano-enhancements as promis-
ing for improving thermal conductivity and mechanical stability, but noted higher costs
and complexity [43,67,76].

In total, 12 studies evaluated direct incorporation methods, often highlighting me-
chanical property degradation and durability challenges [60,64].

Hybrid integration approaches combining PCM with other building technologies
showed enhanced performance but require further research [52,67].

Siddesh et al. [81] reported that the encapsulation methods have a significant effect
on the thermal conductivity and stability, with no consensus on best practices [38,78].
Many studies focus on laboratory-scale or simulation models, with limited full-scale im-
plementation data [40,67]. The influence of PCM placement and thickness requires further
optimization [80,82].

5.1.5. Climate Adaptability

Studies cover various climates, including hot—dry, tropical, Mediterranean, temperate,
and cold regions, demonstrating PCM adaptability [28,44,70,73,79]. Research emphasizes
the importance of climate-specific PCM selection, melting temperature optimization, and
system design [69,71,79], and humid climates are gaining attention, addressing previous
research gaps [42,51,70].

In total, 40 studies confirmed that PCM performance is highly climate dependent,
with optimal melting temperatures and integration strategies varying significantly between
tropical, temperate, arid, and Mediterranean zones [42,70,79].
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In total, ten studies stressed the need for climate-specific PCM selection and placement
to maximize energy savings and occupant comfort [69,73,82].

Some research identified gaps in PCM application in cold climates and tropical humid
regions, indicating areas for future investigation [40,51,56].

Other studies showed that combining PCM with ventilation or solar systems can
improve adaptability across diverse climates [46,68].

Despite progress, research remains unevenly distributed geographically, with an un-
derrepresentation of tropical and cold climates in experimental studies [40,56]. Many
findings are climate specific, limiting their generalizability [26,70]. The influence of extreme
weather events and climate change on PCM performance is insufficiently addressed [55,82].
Table 2 reports the most recommended PCM properties adapted to the climate condi-
tions [94-97].

Table 2. PCM characteristics recommended according to the climate type.

Recommended .
Climate Type Main Objective PCM Melting Typical PCM Reco.mmended
Placement Thickness
Temperature
. Reduce overheating o Roof
Hot—dry (desert and arid) Delay heat flow 28-35°C External walls 20-50 mm
Hot-humid *  Limit indoor 26-32°C Internal walls 15-40 mm
temperature peaks ceilings
Cold (Continental and Store solar heat o South facing walls
Nordic) Reduce heating load 18-24°C floors 10-30 mm
Mediterranean * Stabilize daily . 22-28 °C Walls and ceilings 15-40 mm
temperature swings
Temperate e Improve thermal inertia 20-26 °C Internal partitions 10-30 mm

6. Critical Analysis and Synthesis

The reviewed literature on phase change materials (PCMs) in building integra-
tion reveals a robust interest in their potential to enhance thermal efficiency, reduce
environmental impact, and offer economic benefits. Strengths include comprehensive
experimental and simulation studies across diverse climates and building components,
and innovative integration techniques such as macro-encapsulation and hybrid systems.
However, significant gaps remain in relation to standardizing methodologies, addressing
long-term durability, and fully quantifying environmental and economic impacts. The
variability in PCM types, climatic conditions, and building applications complicates
direct comparisons and generalizations. Moreover, while passive systems show promise,
active and hybrid systems require further optimization and cost-benefit validation.
Overall, the literature underscores the transformative potential of PCMs but calls for
more integrated, multidisciplinary research to overcome current limitations and realize
their widespread adoption.

7. Technical Integration of Passive, Active, and Hybrid Systems with
PCM in Building

Passive PCM systems are well-documented for their simplicity and energy-saving
potential, especially in thermal mass enhancement and passive cooling [49,76,77]. Active
systems incorporating PCMs with HVAC or solar thermal technologies demonstrate im-

https://doi.org/10.3390/en19051151


https://doi.org/10.3390/en19051151

Energies 2026, 19, 1151

18 of 33

proved control and efficiency [46,52,53]. Hybrid systems, combining passive and active
elements, offer promising pathways for maximizing benefits and adapting to variable
climates [38,52,66].

7.1. Passive Integration Systems

Passive phase change material (PCM) systems incorporate thermal storage directly
within the components of the building envelope, facilitating continuous thermal manage-
ment without the need for external energy inputs or intricate control mechanisms [101-103].
This integration method presents the benefit of simplicity while simultaneously enhanc-
ing thermal comfort and yielding substantial energy savings. The integration within
the building envelope encompasses wall assemblies, roof systems, and enhancements to
fenestration.

The fundamental principle of passive integration entails embedding PCMs into con-
struction materials so that these materials undergo phase transitions during the regular
thermal cycles experienced by buildings. During warmer periods, PCMs absorb surplus
thermal energy via melting, diminishing heat transfer into the building’s interior [104].
Conversely, PCMs release the stored thermal energy through solidification in cooler periods,
thereby delivering advantageous heating effects.

Recent investigations have indicated that the strategic integration of PCMs in building
envelopes can result in annual energy savings ranging from 15% to 45%, contingent upon
climatic conditions, building typology, and system design [90]. These energy savings arise
from a reduction in HVAC system operation, attributed to the enhanced thermal regulation
afforded by the thermal mass effects of PCMs.

7.1.1. Wall System Applications

PCM-enhanced concrete and masonry systems are regarded as one of the most
thoroughly researched methodologies for passive integration. Extensive experimental
assessments have illustrated remarkable enhancements in performance across diverse
climatic conditions. The investigation employs stringent hot box testing protocols
alongside calibrated heat flux sensors to measure improvements in thermal performance
accurately.

Recent research has reported reductions in cooling loads of up to 63% compared to tra-
ditional wall systems. Documented surface temperature reductions of 5.2 °C indicate an ap-
proximate 10% enhancement in thermal performance relative to baseline systems [105-107].
The optimal proportion of PCM for concrete applications has been established at 20% by
mass to achieve maximal efficiency while preserving structural integrity [106].

These systems exhibit reliable performance across 300 complete thermal cycles without
significant deterioration [94,95]. The method of PCM integration involves direct combi-
nation with the cement matrix, utilizing phase change temperatures optimized explicitly
for the range of 25-28 °C [108]. The resultant composite systems manifest thermal storage
capacities of 80-120 J/g while sustaining compressive strengths exceeding 85% of those in
traditional concrete [109].

PCM-enhanced wallboard systems present considerable promise for building retrofitting
applications due to their ease of installation and remarkable compatibility with current
construction practices. These systems achieve an optimal PCM mass loading of 15-25%,
resulting in thermal capacity enhancements of 2-3 times compared to conventional gypsum
performance [110]. Reduced temperature fluctuations of 40-60% relative to baseline systems
have been recorded [110].
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Sophisticated formulation techniques encompass micro-encapsulated PCM integra-
tion to avert leakage and preserve board integrity. Developing form-stable composites
eliminates the need for liquid PCM handling during installation and operational phases.
Multi-layer configurations improve thermal performance by strategically placing PCM
within the wallboard structure.

7.1.2. Roof and Attic Applications

Comprehensive roof integration presents substantial potential for reducing cooling
loads, particularly in hot climates where roofing surfaces are subjected to severe solar
heating. Recent investigations highlight remarkable performance outcomes achieved
through the deliberate placement of phase change materials (PCM) and the optimization of
system configurations.

Quantified performance advantages encompass reductions in surface temperatures
reaching up to 23 °C during peak solar exposure. Documented decreases in heat flux range
from 13 to 20 W/m?, contingent upon the distinctive characteristics of the climate zone [111].
Such enhancements lead to delays in cooling system operations, extending approximately
10 days during transitional seasons, resulting in significant energy conservation.

Technical methodologies for implementation encompass the direct integration of PCM
within roofing membrane systems to maximize thermal contact. Modular PCM panels
yield prefabricated systems that facilitate straightforward installation and maintenance.
Hybrid roofing solutions merge PCM integration with reflective surfaces and ventilation
systems to bolster overall performance.

Attic PCM systems offer proficient thermal buffering between external environmental
conditions and conditioned indoor spaces. Performance evaluations indicate peak tem-
perature reductions around 8-15 °C during severe weather events [62]. Comprehensive
monitoring studies have documented cooling load reductions ranging from 20% to 35% of
the total cooling demands of the building [62].

Options for system configuration include loose-fill PCM systems designed for direct
application within attic environments. Encapsulated PCM modules provide systems that
simplify maintenance and replacement; integrated ventilation systems amalgamate PCM
thermal storage with natural ventilation to enhance cooling efficiency.

7.1.3. Fenestration and Glazing Integration

PCM-infused glazing assemblies present an exceptional amalgamation of natural
illumination facilitation and thermal energy accumulation capabilities. Technological
advancements have led to noteworthy improvements in optical and thermal performance
attributes. These systems facilitate dynamic thermal management while ensuring visual
continuity with the external environment.

The optical and thermal performance attributes encompass a visible light transmittance
range of 60-80% in the solid state, exhibiting varying transmission levels during phase
transition intervals [112]. The coefficients for solar heat gain reflect dynamic fluctuations
corresponding to the PCM phase state, thereby allowing for adaptive solar regulation.
Thermal storage abilities of 100200 k] /m? of the glazing surface area afford significant
thermal buffering effects [113].

Cutting-edge technologies incorporate multi-layered glazing arrangements to enhance
thermal performance through several PCM layers. Selective optical properties enable
transmission characteristics contingent upon wavelength, enhancing natural illumination,
and the thermal management integration of dynamic shading merges PCM systems with
automated shading solutions for peak efficiency under diverse conditions.
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The incorporation of control systems allows for automated functionality based on
the intensity of solar radiation and the necessary indoor temperature. These intelligent
glazing systems exemplify the potential for responsive building envelope elements that
adjust to fluctuating environmental circumstances while ensuring occupant comfort and
visual integrity.

In summary, passive PCM integration in walls, roofs, and glazing consistently reduces
building energy demand by 15-45%, with payback periods typically between 8 and 15 years.
These systems are most effective in hot-dry and Mediterranean climates when the PCM
melting temperature is matched to local conditions (26-35 °C). While simple and reliable,
their performance is limited by slow thermal response and reduced efficiency in extreme or
highly variable climates.

7.2. Active Integration Systems
7.2.1. HVAC System Integration

Active phase change material (PCM) systems combine thermal storage with heating,
ventilation, and air conditioning (HVAC) devices to increase performance, enhance en-
ergy efficiency, and improve peak demand management functionalities. These systems
employ mechanical and control mechanisms to refine PCM charging and discharging cycles
in accordance with the thermal requirements of the building and the pricing structures
of utilities.

The primary benefit of active integration lies in its ability to meticulously regulate the
timing of thermal storage and release, thereby facilitating strategic energy management
and interactions with the grid. Active systems can effectively redistribute building energy
usage from peak utility demand times to off-peak periods while preserving ideal thermal
comfort levels. This functionality yields savings in energy costs and contributes to grid
stability support services.

Recent investigations have indicated that integrating active PCM with HVAC systems
can reduce energy consumption by 20—40% compared to traditional systems [101,102].
Documented peak demand reductions of 40-70% have been observed during periods of
maximum load [104]. These enhancements in performance are attributable to the optimized
deployment of thermal storage and the capability for load shifting.

7.2.2. Heat Pump Integration Systems

The comprehensive integration of heat pump systems exemplifies one of the most
advantageous strategies for active system integration, showcasing significant enhance-
ments in efficiency and capabilities for peak demand management. Recent scholarly
investigations have implemented advanced optimization control methodologies, in-
cluding mixed-integer linear programming, to achieve optimal charge and discharge
scheduling [114-117].

These control methodologies leverage the integration of real-time electricity pricing for
dynamic optimization aligned with time-of-use tariffs. The inclusion of weather forecasting
facilitates predictive horizons spanning 24 to 72 h, thereby aiding in the formulation of
optimal scheduling decisions. Building thermal load forecasting employs machine learning
techniques to enhance accuracy in demand prediction and system optimization.

Quantifiable performance improvements indicate enhancements in system efficiency
ranging from 25% to 35% compared to traditional heat pump systems [114]. The strategic
implementation of thermal storage has resulted in peak demand reductions between 40%
and 60% [115]. Optimal phase change material (PCM) melting temperatures, identified
as being within the range of 35 °C to 45 °C, have been established to optimize heat pump
applications across varying operational conditions [116].
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Integrating air-source heat pumps reveals remarkable potential for residential and
small-scale commercial applications. The technical execution encompasses PCM storage
capacity specifications of 0.5 to 2.0 kWh per kW of heat pump capacity [117,118]. The
optimization of charge and discharge rates achieves a range of 0.2 to 0.8 kW per kWh of
storage capacity, ensuring optimal system functionality [119].

The systems exhibit improvements in the coefficient of performance between 15%
and 25% during standard operational phases. Reductions in primary energy consumption
are documented at 20% to 30%, resulting in notable annual cost savings [119]. Carbon
emission reductions of 25-35% contribute to environmental sustainability objectives while
maintaining superior thermal comfort [120].

7.2.3. Air Handling Unit Enhancement

Modified air handling units equipped with integrated phase change material (PCM)
thermal storage, heat recovery mechanisms, and solar energy systems significantly enhance
energy and exergy performance. Recent studies have performed an exhaustive evaluation,
uncovering notable improvements across various performance indicators.

The thorough evaluation reveals annual energy exchange reductions of 687 kWh per
unit in contrast to traditional air handling unit (AHU) setups. Enhancements in systems’
coefficient of performance (COP) ranging from 20% to 30% have been realized compared to
baseline configurations. Additionally, peak cooling load reductions of 35% to 50% during
maximum demand yield considerable benefits to infrastructure [121].

The optimization of systems employs advanced energy and exergy analysis techniques
to optimize multiple parameters simultaneously. The selection and sizing of PCM quantities
and their thermal characteristics are tailored for specific applications. The design and
sizing of heat exchangers encompass surface area and configuration parameters aimed at
improving overall performance.

The parameter tuning of control strategies incorporates temperature setpoints and
operational schedules to achieve maximum efficiency. Integrating solar collectors facilitates
the alignment with renewable energy systems, promoting comprehensive sustainability.
An assessment of integration complexity indicates a moderate level of complexity involving
standard HVAC components, making practical implementation feasible.

7.2.4. Thermal Energy Storage Systems

Implementing extensive thermal energy storage for community-level applications
reveals significant performance and economic feasibility enhancements. Recent investi-
gations have explored the thorough optimization of integrated heat pump and thermal
energy storage systems, yielding impressive outcomes.

Metrics of community-scale performance indicate that energy conservation is
30-45% in overall community energy use. Additionally, reductions in the peak demand
of 50-70% signify a substantial decrease in maximum simultaneous demand on utility
infrastructure [122]. Furthermore, carbon emission reductions ranging from 40 to 60% offer
considerable environmental advantages in achieving community sustainability goals [123].

The optimization of multi-objective systems utilizes advanced algorithms that si-
multaneously address various conflicting objectives. Strategies aimed at minimizing
energy costs concentrate on reducing operational expenses through optimal schedul-
ing practices. The emphasis on reducing carbon emissions highlights the importance
of minimizing environmental impact via integrating renewable energy sources and
enhancements in efficiency.
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Managing peak demand contributes to providing grid stability support services while
ensuring the thermal comfort of the community. Reliability and redundancy in the system
design guarantee a resilient framework for uninterrupted operation. An economic viability
assessment indicates promising returns when supported by suitable policy frameworks
and utility pricing structures.

Overall, active PCM systems coupled with HVAC or heat pumps achieve higher
energy savings (20-40%) and shorter payback periods (3-8 years) than passive approaches,
primarily through load shifting and improved COP. Their performance depends critically
on control strategies and PCM selection (optimal melting range: 3545 °C). However,
increased system complexity and higher upfront costs remain barriers to their widespread
adoption.

7.3. Hybrid Integration Systems
7.3.1. Combined Passive—-Active Approaches

Hybrid phase change material (PCM) systems strategically combine passive enve-
lope integration with active HVAC coupling to attain enhanced performance metrics
in contrast to isolated methodologies. These systems exploit the continuous thermal
regulation advantages of passive integration, while simultaneously incorporating the
precise control capabilities characteristic of active systems. The outcome is an opti-
mized energy efficiency, improved thermal comfort, and enhanced interaction with the
electrical grid.

The primary benefit of hybrid methodologies lies in the synergistic interactions be-
tween passive and active elements. Passive integration delivers foundational thermal
regulation and mitigates peak load demands through the thermal mass effects inherent
in the building envelope. Conversely, active components facilitate the meticulous adjust-
ment of thermal conditions and strategic energy management via regulated charge and
discharge cycles.

Recent scholarly investigations have indicated that hybrid PCM systems can realize
energy savings of up to 50%, categorizing them within the highest echelons of integration
methodologies [123]. These exceptional outcomes arise from the complementary dynam-
ics between passive thermal regulation and the optimization of active thermal storage.
Nonetheless, hybrid systems necessitate sophisticated control mechanisms and substantial
initial capital outlays.

Configuration strategies for these systems encompass the strategic distribution of
PCMs across various building envelope components, complemented by centralized thermal
storage systems. Multi-zone coordination fosters comprehensive thermal management
at the building level, offering individualized control capabilities. Cutting-edge building
automation systems deliver the integrated oversight of all PCM elements to ensure optimal
operational performance.

7.3.2. Intelligent Control Systems

High-level control systems crafted for hybrid PCM contexts harness model predic-
tive control (MPC) methodologies recognized for their remarkable prediction functional-
ities. These platforms merge climate predictions with forecasting windows of 24-72 h
to develop superior pre-conditioning techniques [124]. Refreshing thermal models of
buildings promote live calibration, elevating accuracy and optimizing performance
achievements.

Considering fluctuating energy pricing frameworks, the control mechanisms encom-
pass optimal charge and discharge scheduling for economic efficiency [125]. Multi-zone
coordination yields a comprehensive approach to thermal management at the building
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level, while allowing for personalized comfort regulation [126]. Equipment longevity is
enhanced through reduced cycling and the maintenance of optimal operational points
during system usage.

The blending of machine learning encourages progressive independent optimization
via the utilization of artificial intelligence systems. Neural network applications facilitate
PCM state estimation, allowing for real-time solid fraction and temperature distribution pre-
dictions. Capabilities of performance forecasting provide long-term maintenance planning
and optimization insights for the system’s efficiency.

Adaptive tuning of control parameters promotes self-optimizing operations that con-
sistently enhance performance metrics. By leveraging fault detection and diagnostics, we
can achieve an automated oversight of system health, facilitating preventive maintenance
initiatives [127]. Reinforcement learning frameworks empower self-optimizing control
strategies to adjust to different operational scenarios.

7.3.3. Grid Integration and Demand Response

Future hybrid phase change material (PCM) systems will integrate fluidly with inno-
vative grid frameworks, offering distributed thermal storage functionalities that bolster
grid resilience and facilitate the assimilation of renewable energy sources. Such systems
will enable buildings to engage in demand response initiatives while ensuring optimal
thermal comfort for their inhabitants.

The integration of PCM enables buildings to store thermal energy and shift heating
and cooling loads away from peak demand periods. This thermal flexibility allows PCM-
equipped buildings to reduce electricity consumption during peak hours and better align
their energy use with renewable energy availability. Blockchain-facilitated energy trading
performance provides a secure and transparent framework to valorize this flexibility
by enabling buildings to participate in peer-to-peer (P2P) energy markets and demand-
response programs. In this context, PCMs act as physical thermal storage systems, while
blockchain technologies enable the economic exchange and management of flexibility
services, contributing to grid stability, reduced energy, costs, and improved building
energy performance.

Automated energy transactions and system optimization will be facilitated by smart
contracts, ensuring adherence to grid stability and building performance standards. These
advanced integration capabilities establish hybrid PCM systems as pivotal technologies for
the future of intelligent building and grid infrastructures.

With limited standardized integration frameworks, active and hybrid systems face
design, control, and cost complexities [38,53]. The slow thermal response of PCM
challenges dynamic control in active systems [70]. Scalability and reliability issues
remain for hybrid solutions, and their economic viability is less established than passive
systems [52,53].

Table 3 summarizes the key factors influencing PCM system efficiency, highlighting
their effects on performance, quantitative relationships where available, and practical
considerations for design and optimization [38,46,52,53,67,124].

Hybrid systems combining passive and active strategies represent the highest-
performing configuration, with reported energy savings of up to 50%. Their strength
lies in their synergistic capacity for temperature regulation and adaptive control, especially
when integrated with Al-driven algorithms. Nevertheless, economic viability is still case
specific, and long-term field data remain scarce compared to passive systems.
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Table 3. Key factors influencing PCM system.

Influencing Factor

Effect of PCM
Performance

Quantitative
Insights/Relationships

Notes/Examples

PCM thickness

Affects heat storage
capacity and thermal
response time

Thermal response time roughly
increases linearly with thickness
(doubling PCM thickness can
nearly double
melting /solidification time)

Optimal thickness balances
energy storage vs.
responsiveness in building
or device applications

Encapsulation
method

Enhance thermal stability,
reduce leakage, and
improve thermal
conductivity

Micro/nano-encapsulation can
increase effective thermal
conductivity by 50-300%

depending on shell material and
PCM type.

Polymer shells improve
stability; metal- or
carbon-based shells
enhance conductivity

PCM thermal
conductivity

Directly impacts
charging/discharging
rate

Pure organic PCMs: 0.2 W/m-K

adding conductive fillers (graphite,

Al, and Cu) can increase to
1-5 W/m-K reducing
melting /solidification time
significantly.

Low conductivity limits
efficiency for thicker PCM
layers

System control
strategy

Control heat input/output
to optimize comfort or
energy efficiency

Smart control with predictive
algorithms can reduce peak
temperature overshoot by 10-20%
and improve utilization factor.

Integration with HVAC or
building automation
enhances practical energy
savings

PCM Type/phase
change
Temperature

Determines usable
temperature range and
effectiveness

Selection based on target
environment; mismatch leads to
underutilization or incomplete
phase change

Fatty acids (25-35 °C) and
paraffins (20-60 °C) for
building thermal storage

Cycling/stability

Repeated
melting /solidification can
degrade PCM performance

Degradation typically observed
after 500-1000 cycles for
unprotected bio-based PCMs;
encapsulation extends
lifespan > 2000 cycles

Important for assessing
lifecycle performance and
cost effectiveness

7.4. PV-PCM Integration for Building-Integrated Renewable Energy

A growing frontier in building energy systems is the synergistic integration of photo-
voltaic (PV) and phase change material (PCM) technologies particularly in photovoltaic—
thermal PVT-PCM configurations. These hybrid systems address the dual challenge
of electricity generation and thermal management: PV panels convert solar radiation
into electricity, while the integrated PCM absorbs excess heat, preventing PV efficiency
degradation (typically —0.3% to —0.5%/°C) and simultaneously storing thermal en-
ergy for space heating or domestic hot water. Recent studies [59,72] demonstrate that
PVT-PCM systems achieve up to a 13.3% higher electrical efficiency and a 30-40% re-
duction in cooling load compared to standalone PV, with payback periods as short as
1.5-5 years in sunny climates. Crucially, such integration enhances building-level energy
autonomy and enables grid-responsive thermal storage, positioning PCM not only as
a passive buffer but as an active enabler of renewable flexibility. Future perspectives
include scalable facade-integrated PVI-PCM modules, Al-optimized dispatch strategies,
and the standardization of performance metrics for multi-energy (electricity + heat)

yield assessment.
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8. Perspectives

Priority research domains for the forthcoming phase of PCM technology advancement
encompass sophisticated material engineering concentrating on organic PCMs with an
elevated thermal conductivity aimed at surpassing 1.0 W/m-K. The development of sus-
tainable bio-based alternatives is imperative for ensuring environmental stewardship and
realizing potential economic benefits via the utilization of renewable feedstocks.

The advent of innovative adaptive materials provided with integrated sensing func-
tionalities presents transformative prospects for genuinely intelligent building systems.
Such materials will be capable of autonomously enhancing thermal efficiency in response
to environmental variables and occupants’ demands. Innovations in manufacturing are
crucial for facilitating cost-effective large-scale production alongside automated installa-
tion processes.

The robust validation of long-term PCM performance through extensive field trials
is essential for accurately assessing system lifetime and real-world efficiency. To enable
reliable performance forecasting, it is imperative to develop standardized accelerated
aging protocols and advanced predictive modeling techniques. Concurrently, future ad-
vancements in system integration must prioritize Al-driven control strategies and the
establishment of universally accepted methodologies for performance evaluation.

The effectiveness of phase change materials (PCMs) in buildings is strongly influenced
by local climate conditions. Recent studies confirm that PCMs deliver the highest energy
savings (10-30%) and carbon reductions (up to 204 kg CO, /year) in moderate and hot-dry
climates, where daily temperature swings align well with PCM melting ranges [128]. In
contrast, performance diminishes in consistently cold or highly humid regions due to
incomplete phase cycling or limited thermal driving forces. Despite this variability, PCM
integration supports key global sustainability goals, particularly the UN’s SDG 7 (affordable
clean energy), SDG 11 (Sustainable Cities and Communities) and SDG 13 (climate action),
by reducing peak electricity demand and operational emissions. However, fragmented
building codes, a lack of climate-specific design guidelines, and insulfficient field validation
in extreme climates like North America and Southeast Asia remain barriers to equitable
global deployment [128,129].

9. Challenges

a.  Technical Limitations and Solutions

One of the most substantial technical obstacles in implementing phase change materi-
als (PCMs) is organic substances’ intrinsically low thermal conductivity, which limits heat
transfer rates and the system’s levels. This constraint adversely impacts the capability of
PCM systems to adapt to fluctuating thermal demands swiftly and diminishes the system’s
overall efficiency. Contemporary research concentrates on sophisticated enhancement
methodologies, including incorporating nanoparticles and developing composite materials.

Thermal cycling stability is another pivotal challenge, particularly for salt hydrate
PCMs undergoing supercooling phenomena and phase segregation during prolonged oper-
ational durations. Although micro-encapsulation technologies have resolved numerous
stability concerns, specific formulations persist in demonstrating performance deterioration
following extensive cycling. Long-term field validation studies are critical for establishing
dependable performance forecasts.

The fire safety implications for organic PCM systems necessitate thorough assessment
and mitigation strategies. Current investigations focus on the formulation of inherently
fire-resistant compounds and the establishment of advanced safety testing methodologies.
Furthermore, issues regarding the chemical compatibility between PCMs and construction
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materials require meticulous material selection and system design to ensure sustained
performance.

Managing phase separation and crystallization in salt hydrate PCMs demands an
ongoing fundamental research focus. The effects of supercooling can diminish practical
thermal storage efficiency by 20-40% in actual applications. Advanced nucleation en-
hancement strategies employing nanoparticles and organic additives exhibit a potential to
overcome these challenges.

b.  Economic and Market Barriers

The significant initial capital expenditures persist as the predominant economic obsta-
cle to the extensive adoption of phase change materials (PCM), with system costs generally
ranging from 15% to 30% greater than traditional alternatives. Although lifecycle economic
assessments indicate favorable returns, the necessity of substantial upfront investment
constrains adoption rates, particularly within price-sensitive market segments.

Market fragmentation and inadequate large-scale production capacity exacerbate price
instability and supply chain limitations. The PCM sector is primarily characterized by
specialized manufacturers who lack the economies of scale required for competitively
priced production. Thus, investment in scaling up manufacturing operations is crucial for
realizing desired cost reductions.

Regulatory challenges and compliance with building codes substantially hinder com-
mercial adoption across various jurisdictions. Many regional building codes do not include
specific provisions for PCM systems, necessitating costly custom approval procedures.
Furthermore, professional training and workforce development pose significant challenges,
as construction professionals have a limited comprehension of PCM technology.

The standardization of testing methodologies remains inadequately addressed among
research institutions and commercial laboratories. Disparities in testing conditions, mea-
surement methods, and performance evaluation metrics complicate systematic comparisons.
Establishing industry standards is vital for facilitating technology transfer and fostering
market confidence.

Despite their benefits, there are several practical drawbacks to PCM applications.
For example, long-term field data is limited, which raises concerns about durability over
a building’s lifetime. Some organic PCMs may release volatile compounds that affect
indoor air quality. End-of-life management is also problematic, as most PCMs cannot easily
be separated from construction materials, which limits their recyclability. Furthermore,
the real-world costs of factors such as structural reinforcement or system integration
are often underestimated, resulting in longer payback periods than those reported in
laboratory studies.

10. Conclusions

This comprehensive analysis of phase change materials’ (PCMs’) integration within
building systems illuminates a technology that has reached significant maturity, offering
considerable prospects for widespread commercial adoption. The evaluation indicates that
PCM systems yield measurable energy efficiency, improved thermal comfort, and economic
feasibility across various building applications and climatic contexts.

Passive integration systems have achieved commercial maturity, demonstrating
recorded energy savings ranging from 15% to 45% and favorable payback durations of
8 to 15 years across most applications. These systems are characterized by simplicity and
dependability, delivering ongoing thermal regulation advantages. Their successful evolu-
tion, reaching market availability through numerous manufacturers indicates their great
potential for large-scale implementation.

https://doi.org/10.3390/en19051151


https://doi.org/10.3390/en19051151

Energies 2026, 19, 1151

27 of 33

Active integration systems exhibit enhanced performance capabilities with energy
savings between 20% and 40% and expedited payback periods of 3 to 8 years, facilitated
by strategic thermal storage and peak demand management techniques. Incorporating ad-
vanced control systems and optimization algorithms significantly augments their efficiency,
positioning these systems for swift market proliferation in commercial sectors.

Hybrid systems embody the highest performance level, achieving up to 50% energy
savings through a synergistic combination of passive and active methodologies. While ne-
cessitating sophisticated control systems and elevated initial expenditures, hybrid systems
provide exceptional thermal comfort and comprehensive building performance optimiza-
tion for premium applications.

The economic evaluation indicates progressively advantageous investment returns
across all integration methodologies, with market growth forecasts suggesting considerable
commercial prospects. Regional market expansion shows the most robust growth in Europe,
North America, and Asia Pacific, where supportive policy frameworks and building energy
regulations serve as principal catalysts.

Technical obstacles, including limitations in thermal conductivity, cycling stability,
and fire safety, warrant ongoing research focus. Nevertheless, substantial advancements
through enhanced technologies, innovative materials, and thorough testing offer clear
pathways for resolution within the forthcoming 3-to-5-year period.

In light of these factors, PCM technology is balanced to assume a pivotal role in the
building sector’s decarbonization initiatives, which align with international climate accords.
The considerable potential for energy savings, in conjunction with improving economic
viability and environmental advantages, positions PCM systems as integral components of
sustainable building strategies for the 21st century.
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HVAC Heating, Ventilation, and Air Conditioning
PCMs Phase Change Materials

CPCMs Composite Phase Change Materials

MILP Mixed-Integer Linear Programming

AHUs Air Handling Units

cor Coefficient of Performance

BioPCM Biocomposite Phase Change Materials

MPC Model Predictive Control

SDG Sustainable Development Goal

UN SDGs  United Nations’ Sustainable Development Goals
SDG7 Affordable and Clean Energy

SDG 11 Sustainable Cities and Communities
SDG 13 Climate Action
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