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Abstract Heat islands are urbanized areas that experience significantly higher day
and night time temperatures than the surrounding rural areas on account of the influ-
ence of the buildings, roadways, and industries on the local weather. Heat islandmiti-
gation strategy depends on the weather patterns at the urban geographical location.
Mitigation of heat island effect has been demonstrated by increased use of shade and
materials that alter the reflectance and emissivity of the surfaces impacted by solar
radiation. Interest in the use of PCM for urban infrastructure for further enhancing
the mitigation through heat storage and liberation is more recent. Key physical prop-
erties needed for PCM use are the latent heat of fusion, thermal conductivity, density,
and specific heat. This paper reviews the physics involved in choosing the right PCM
for buildings, placement of PCM in the infrastructure, and modeling methods for
optimal energy costs.
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Introduction

The heat island effect [1, 2] is a well-studied phenomenon in urban areas where the
concentration of buildings, roadways, and industries generates local weather condi-
tions that are more extreme than the surrounding rural areas, leading to thermal
discomfort or extreme events like flooding. Mitigation of heat island effect has been
demonstrated by increased use of shade and materials that alter the reflectance and
emissivity of the surfaces impacted by solar radiation. Local weather patterns are
further influenced in recent times on account of global climate change. PCM incor-
poration into urban infrastructure is an efficient, reliable, and inexpensive way to
further mitigate the heat island effect and ensure thermal comfort, at the same time
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reducing emissions from the use of fossil fuels and reducing heating and cooling
loads.

Building construction and operations accounted for the largest share of both global
final energy use (36%) and energy-related CO2 emissions (39%) in 2018 [3] (Fig. 1).
Construction industry is the portion (estimated) of overall industry devoted to manu-
facturing building construction materials such as steel, cement, and glass. Indirect
emissions are emissions from power generation for electricity and commercial heat.
The buildings and construction sector should therefore be a primary target for GHG
emission mitigation efforts, as it accounted for 36% of final energy use and 39% of
energy- and process-related emissions in 2018. Growth of urban areas will increase
this share in the future (Fig. 2).

Thermal energy storage (TES) is the equivalent of a battery that stores electrical
energy and can be used to store heat or cold during overproduction of heat or elec-
tricity for use at a later time, thus improving system efficiency by reducing peak
cooling and heating demands. Thermal energy storage using PCMs takes advantage
of their high energy density available as latent heat at constant temperature with prac-
tical applications using the solid-to-liquid transition. The high latent heat of fusion
allows PCMs to store 5–14 times more heat per unit volume than common sensible
heat storage materials like rock or water [4, 5]. Common applications of different
type of PCMs are shown in Fig. 3.

Any candidate material to be used as PCM shall have first of all large latent heat
and ideally high thermal conductivity. There is however no perfect PCM, and the

Fig. 1 Building industry global share of energy and emissions in 2018 [3]

Fig. 2 How PCMs work as thermal storage materials [6, 4]
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Fig. 3 Emerging
applications of PCM thermal
storage with PCM types and
temperature ranges [20]

choice of material is always a compromise. The main characteristics required for a
useful PCM are as follows:

Thermo-physical properties:

• Phase change temperature within the range appropriate to the application.
• Large latent heat per unit volume.
• Large sensible heat per unit volume.
• High thermal conductivity in both phases.
• Small volume changes due to the phase transition.
• Congruent phase change (no component segregation in the solid phase).
• Sharpness of latent heat release and absorption: should occur over a narrow

temperature.
• Range, depending on the application [8].

Nucleation and crystal growth:
• High nucleation rate (to avoid supercooling of the liquid during solidification and

consecutive temperature hysteresis between solidification and melting).
• High crystal growth rate (enabling fast charging/discharging of the PCM

reservoir).

Chemical properties:

• Entirely reversible solidification/melting process.
• No chemical degradation with time and number of charging/discharging cycles.
• No corrosive properties to the construction/encapsulation materials.
• Non-toxic, non-flammable, and non-explosive.

Economics and usability:

• Easily available at low cost.
• Easily recyclable.
• Good environmental parameters based on Life Cycle Assessment.
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Characteristics of the different types of PCM are summarized in the table below:

For “Green” buildings, inorganic PCMs are preferred if they can be incorporated
into the building infrastructure easily. In practice, however, modifications to over-
come the disadvantages are done through mixing the different types in the form of
composites, encapsulation (macro and micro), or foams, when it becomes a chal-
lenge to estimate the basic physical properties of latent heat, density, specific heat,
and thermal conductivity. In such cases, there are many experimental techniques
available for direct determination of these properties. Temperature range of different
PCM types is shown in Fig. 4 from [6].
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Fig. 4 Working range of enthalpy and temperature of various PCMs [6]

PCM Incorporation into Buildings

Practically, PCMs are incorporated into building envelope elements by one of
the following methods: (a) direct incorporation, (b) immersion, (c) encapsulation
(micro- or macroencapsulation), (d) shape-stabilized PCMs, and (e) form-stable
PCM composites. In the direct incorporation method, the PCM in powder or liquid
state is added directly to the construction material, such as gypsum mortar, cement
mortar, and concretemixture. Thismethod is the easiest andmost economical because
it does not require any experience and is easy to incorporate. On the contrary, the
major drawback of this method is the leakage of PCM during the melting phase.
This leakage causes incompatibility of mixed materials and increases the risk of fire
(for flammable PCMs). In addition, this method weakens the mechanical proper-
ties of constructed elements during high temperatures given that the PCM is added
to the mixture in a liquid state, thereby decreasing the water content ratio. In the
immersion method, a porous construction material immerses into the liquid PCM;
it is absorbed due to capillarity. The main drawbacks of this method are leakage,
construction incompatibility, and the corrosion of reinforced steel when incorpo-
rated with concrete elements, thereby affecting its service life. Encapsulation is a
suitable method to avoid the leakage issues of PCM and to enhance its compatibility
with the building structure. Encapsulation is performed by covering the PCM by a
shell for protection from the outside environment as well as for leakage prevention.
This method is also essential to increase the heat transfer area and, hence, the thermal
conductivity of PCM to ensure effective utilization of its storage capacity. The PCM
can be macroencapsulated using shells, tubes, channels, and thin plates or microen-
capsulated when the microsized PCM is covered by unique polymeric material [7,
8, 13]. In both methods, the encapsulation material should have unique character-
istics, such as preventing leakage, retaining all thermal characteristics of PCM, not
reacting with PCM, compatible with PCM and its application, providing structural
stability and securing handling [9]. Furthermore, it should control any volumetric
change of PCMduring phase changes and provide appropriate protection for the PCM
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against environmental degradation and good thermal conductivity and mechanical
strength over PCM life cycles [10]. Pipes, panels, and foils made from aluminum,
copper, and stainless steel are commonly used for macroencapsulation because they
offer excellent thermal conductivity, compatibility, and support to the mechanical
strength of building materials [11]. More macroencapsulation forms are shown in
Fig. 5. The shape-stabilized method contains the PCM inside a carrier matrix. This
method is promising because it provides better thermal conductivity, large specific
heat, and maintain the shape over many cycles of phase transition. More information
regarding its configurations and preparation techniques have been described by Refs.
[12]. The form-stabilized PCM is also an advanced method of incorporation. It is a
specific definition of composite material, retaining the maximum amount of one or
more types of PCM and showing no leakage at melting temperatures. Although the
two latter methods are expensive to implement, they are the most reliable amongst
others. Reliability indicates that the PCM cycles (melting/solidification) are repeated
in high performance without degradation, and this feature is crucial for applications
that require high performance for long term, such as buildings.

Recently, Peiran Wei et al. [14] examined the direct insertion of PCM into a
building material using 3D printing for scalability. Paraffin wax as PCM was mixed
with liquid resin as the supporting structure, creating a soft, paste-like material that
can be shaped as needed. Once it’s in the desired shape, it can be cured with UV light
to harden the resin. The end result is a solid material strong enough to build with,
containing pockets of PCM inside. Without the need for extra shells, the PCM can be
packed in more densely, comprising up to 63 weight percent of the material, which
boosts its ability to regulate the ambient temperature. But perhaps most importantly,
the material is now easier to make in bulk. Its squishiness means it can be made into
a 3D-printable ink, which could then be made into whatever shape or size is desired,
for much lower cost than other PCM building materials (Fig. 6).

Fig. 5 Different macroencapsulation forms used with building structure [6]
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Fig. 6 Main parameters that influence the optimum position of the PCM application in building
[6]

Air Conditioning Application with PCM as Air Heat
Exchanger

So farwe have reviewedPCMs in a passivemode as part of the building infrastructure.
Chaiyat and Kiartsiriroot [19] experimentally demonstrated that the active mode use
of PCM (Paraffin wax Rubitherm20, RT-20) as an air heat exchanger in conjunction
with the air conditioning system can result in reducing cooling loads asmuch as 10%.
The air conditioner controls the room temperature at around 15–20 °C. The return air
with temperature of around 22–25 °C, slightly higher than the PCMmelting point of
20 °C, is fed to the PCM bed (Fig. 7c) and would enter the evaporator at 20 °C, lower
than the ambient, thus reducing the cooling load. In the charging mode (Fig. 7b),
the supply air from the evaporator is bypassed through the PCM bed, allowing it to
freeze.

Experimental Measurement of PCM Physical Properties

Experimental measurement of specific heat, thermal conductivity, and density can
be done by various techniques and for complex PCMs, for example, microencap-
sulated or composites, this is the only reliable method [7]. Common methods are
conventional calorimetry, differential thermal analysis (DTA), and differential scan-
ning calorimetry (DSC). Although DTA and DSC methods are well developed, the
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Fig. 7 Air conditioning scheme with PCM air heat exchanger [19]

samples tested by them are very small (1–10 mg) and the thermophysical properties
of samples are usually different from those of the bulk materials used in practical
systems.DTAandDSCmeasurement rigs are complicated and expensive; they cannot
measure heats of fusion, specific heats, and thermal conductivities of several PCM
samples simultaneously. Besides, the phase change process of a PCM sample during
a measurement is hard to observe clearly when using conventional methods. Zhang
et al. [15] have developed a “T-history” method, of determining the melting point,
degree of supercooling, heat of fusion, specific heat, and thermal conductivity of
several PCM samples simultaneously. It is especially useful for the selection from
a list of candidate PCMs or for the preparation of new PCMs for use in practical
systems.

Modelling of PCM-Enhanced Building Envelope

In recent years, different types of modelling and simulation tools have been applied
to describe the thermal behavior of PCM and energy saving gained from its incor-
poration with building components. Experimentally, some researchers work on a
laboratory-scale level whilst others work on whole-building level to validate the
tools. The most widely used tools for modelling and simulating PCM behavior are
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compared by Vadiee et al. [16]. ANSYS FLUENT, COMSOLmultiphysics, Energy-
Plus, TRYNSYS, MATLAB, ABAQUS™ solver, and DIANA–finite element anal-
ysis. Although many researchers reported good agreement of computational tools
with the experimental results, IEA states that the confidence level of these tools is still
low and cannot be adapted for designing and coding. To model PCM-incorporated
buildings, most researchers deal with the building element as a 1D convective heat
transfer, unsteady-state without internal heat source to describe the heat behavior
of PCM [16]. Zhang et al. [17] developed a new approach to model the building
envelope that picks the optimum PCM that satisfies the material and energy balances
in the building environment within the thermal comfort constraints (Fig. 8). Some
of their results comparing the savings with PCM are shown in Fig. 9.

Multiphysics modeling of PCMs at different length scales is governed by different
scale-dependentmechanisms. Based on thesemechanisms and empirical parameters,
computational methods are developed to predict, design, and optimize materials,
devices, and systems. Experimental methods provide approaches that enable mate-
rial synthesis and characterization, property measurements, and manufacturing and

Fig. 8 Modeling method for choosing the best PCM by optimizing the right variables (Derived
from [17])

Fig. 9 Results for thermal comfort range and energy savings using new approach for optimal PCM
(derived from [17])



126 G. Subramanian and N. R. Neelameggham

Fig. 10 Length scales and associated modeling, design, and test methods for PCMs, devices, and
systems [20]

prototype testing. BTE, Boltzmann transport equation; CFD, computational fluid
dynamics; and FDM, finite difference method.

Summary

This paper has surveyed the role of phase changematerial incorporation into buildings
as an inexpensive means of mitigating the heat island effect that has been exacer-
bated in recent times on account of climate change. Recent advances in micro- and
macroencapsulation technology have made the incorporation of PCMs into building
infrastructure practical and economical. The research and development opportunity
for material and building scientists and engineers from the material design stage
through device design to the product and system is captured in Fig. 10 from [20].

Declaration The authors declare no commercial use of the figures referenced and used in this
review paper for personal gain.
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