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Nomenclature

C Specific heat capacity, kJ/kg K
Φ Nano-fluid volume fraction
D Equivalent diameter, m
Nu Nusselt number
F Packing factor
Re Reynolds number
W Width, m
Pe Pecklet number
h Convective heat transfer coefficient, W/m2 K
Pr Prandtl number
H Sensible enthalpy, J
k Thermal conductivity, W/m K
I Solar radiation intensity, W/m2

A Cross-sectional area
L Length, m
δ Thickness of the material
Lf Latent heat of fusion, J
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σ Stefan–Boltzman constant, W/(m2K4)
ṁ Mass flow rate, kg/s
ε Emissivity of glass
p Pressure, N/m2

t Time
s Liquid fraction
μ Viscosity of fluid
B Constant parameter
κ Boltzman constant
T Temperature, K
U Overall heat transfer coefficient, W/m2 K

Subscripts

u Horizontal component of the velocity, m/s
a Ambient
v Vertical component of the velocity, m/s
b Backplane
x Distance in flowing direction, m
c Solar cell
y Distance in normal direction, m
g Glass
α Absorption coefficient
p PCM layer
αt Thermal diffusivity, m2/s
ref Reference value at reference conditions
αmt Indicator function to mark different fluids
w Water
η Photovoltaic efficiency
f Fluid
β Temperature coefficient of PCM
c Coil tube through which fluid flows
β t Thermal expansion coefficient, 1/K
np Nano-particle
τ Transmission coefficient
bf Base fluid
γ (T) Melt function
nf Nano-fluid
F‘ Flat plate collector efficiency factor
s Solid
ρ Density
l Liquid
V Volume
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ref Reference value

13.1 Introduction

Energy consumption around the world is increasing, while the resources available
for sustenance of life on earth are limited. For ensuring the supply of energy to our
future generations, it is vital to realize the necessity of conserving energy and use
it judiciously. The researchers are working on multiple solutions to this problem.
One such solution can be using Phase Change Materials (PCMs). When material
transforms from one phase to another, it absorbs or releases energy which is called
’latent heat". The temperature of phase change is such that it may be exploited for
the application. Another significant advantage is a large amount of heat associated
with the phase change, which makes the storage size compact, due to its high energy
density. There are several applications that are being discussed here to compile the
scattered information available in the literature. The general perception, as seen in
most of the studies, is they target an application, thus, limiting the scope of the study.
This chapter, however, discusses various applications of phase change materials
starting from environmentalmanagement to human comfort solutions, some ofwhich
are still not discussed elsewhere. This study focuses on imparting knowledge on
simulation studies, methods to simulate the phase change materials followed by
the experimental studies being carried out for buildings energy conservation, and
various storage systems for low, medium, and high-temperature applications. For
understanding the process, it is first essential to understand the concept of phase
change material and its working.

13.1.1 PCM and Its Working

Materials undergo phase transition when the heat is absorbed or released. This occurs
mostly at a constant temperature, for pure substances, known as themelting or boiling
point, depending it is a solid–liquid or liquid–gas phase transition. The process solid–
liquid phase transition can be understood from Fig. 13.1.

In the solid phase, the material absorbs heat, and consequently, its temperature
rises. This continues until melting temperature is reached. Further, the temperature
stops rising, and the energy supplied is stored in the form of internal energy, which
results in phase change or melting of thematerial. This heat, absorbed by thematerial
to undergo a phase change, is referred to as latent heat of the material. The reason
for researchers being interested in this latent heat is its magnitude which is much
higher compared to the sensible heat. Another important aspect is that this energy
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Fig. 13.1 Temperature
profile for solid–liquid phase
transition for pure substances
(Source Author)

is absorbed or released at constant or over a narrow range of temperature. This is
useful for many applications which are discussed subsequently in this chapter. The
following equations can represent the heat stored for sensible and latent heat storage:

Qsensible = m.Cp.T (13.1)

Qlatent = m.L (13.2)

where Qsensible is the amount of heat stored by sensible heat storage materials with
subsequent rise/fall in temperature, denoted by T as shown in Eq. 13.1. The heat
stored in latent heat storage material, Qlatent, is given by the product of mass and
latent heat capacity of the material at the phase change temperature (Eq. 13.2).

13.1.2 Advantages of Using a PCM

As discussed already, the advantage of using PCM is their large heat storage capacity
and storing/retrieval of heat at an almost constant temperature known as the phase
change temperature. Due to the enormous magnitude of this heat that can be stored,
the volume of storage reduces substantially—thus saving on the mass of material
required and space to store it. The constant temperature heat storage adds to the
application part of PCMs, where the temperature is critical for the heat source. For
example, in the case of the solar thermal power plant, the heat can be retrieved at a
constant temperature from the storage, which can be transferred to the heat transfer
fluid in the cycle.

Another advantage is explored in case of the building where a range of temper-
ature variation is narrow, and these PCMs can be suitable for maintaining the
comfort temperature and reduce the temperature fluctuations within the building
thereby, resulting in energy savings. Similarly, advantages are observed in the case
of PV panels, batteries, and electronic circuits where PCMs can be advantageous in
controlling the temperature and avoiding overheating.
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13.1.3 Scope of Present Study

The scope of this study is first to classify different thermal energy storage mate-
rials. Then comparing the suitability of their application, adjudge them based on
their properties and highlight various research prospects that exist for PCMs to
become a commercially viable solution soon. This study also highlights different
approaches used to model PCMs followed by experimental analysis carried out by
many researchers on various PCM applications. The potential of PCM application
varies from environment conservation to various engineering solutions that may be
usefully implemented in many industrial applications. This study would also discuss
different commercial products available and that can be developed using PCMs.

13.2 PCM as Thermal Energy Storage Material

13.2.1 Classification

The energy storage materials can be classified, as shown in Fig. 13.2. This study,
however, focuses on different phase change materials. The phase transition can be
solid–liquid, solid–gas, liquid–gas, and solid–solid. It is observed that in all these
cases, the energy associated with each can be tremendous. In the case of solid–gas
and liquid–gas phase changes, the change in volume is quite high. Thus, solid–liquid
phase transitions are of significant concern and studied worldwide. Solid–liquid
PCMs are subdivided into two types organic and inorganic based on their chemical
composition and chemistry. The thermal conductivity of these PCMs is observed to
be low in general. Thus, researches are being carried out for PCM enhancement to

Fig. 13.2 Storage material classification [1]



316 A. Kulkarni et al.

increase their effective thermal conductivity. This is discussed in detail in Sect. 13.3 of
this chapter. It is also observed that organic PCMs seem more promising due to their
cyclic stability and non-corrosive nature compared to inorganic PCMs; however,
their cost is also relatively higher. Inorganic PCMs, on the other hand, are cheap
but they also have supercooling effect. It is defined as the change in melting and
solidification temperature. It is observed that the material needs to be cooled below
its freezing point to initiate the nucleation to take place, resulting in the starting of
the solidification.

The research is being carried out to find suitable nucleating agents that may be
added to avoid the supercooling to take place in case of inorganic PCMs. Another
category of PCMs is eutectics which can be either organic or inorganic. It is the
mixture of two or PCMs mixed such that they melt at ordinary melting tempera-
ture. These eutectics can be cheap and more stable. Thus, these materials are also
researched for various applications.

13.2.2 Parameters for PCM Selection

Selection of PCM is of crucial importance and is dependent on the type of application
for which it is to be applied. For example, PCMs with low thermal conductivity are
suitable for cooling load reduction in hot climatic condition and should be used on
the outer side exposed to the sun [2]. Whereas, for cold climatic conditions, higher
thermal conductivities are desirable. With higher thermal conductivity, the charging
rate of PCM during the day is faster, and it readily discharges during the night by
releasing heat to the inside. Thus, the inside temperature can be maintained warmer
for a longer duration during the off-sunshine hours, reducing the auxiliary heating
load within the building [3]. Therefore, PCM properties are of prime importance.
Another critical parameter for PCM is its phase change temperature and temperature
of application. It is necessary to map the PCM based on the temperature of use as
suitable PCMwould result in better thermal characteristics [4]. Thus, mapping of the
right PCM is mandatory for the desired output. Furthermore, in building perspective,
if PCMs have a solidification temperature lower than the minimum temperature of
the place solidification may not occur. Hence, the material would only behave as
sensible heat storage on a subsequent day. Therefore, two significant parameters are
the requisite properties of PCM, and the temperature of application based on which
PCM should be carefully selected.

13.2.3 Properties and Characterization

PCM properties are of critical importance. The properties of PCM can fall in the
following categories:
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Thermal Properties: Phase change temperature/range, latent heat capacity,
specific heat, thermal conductivity, volume change ratio (critical during phase
change)
Chemical Properties: Cyclic stability, compatibility, corrosion characteristics,
phase segregation (must not occur), sub-cooling/supercooling, flammability
(should be non-inflammable), environment friendly, and non-polluting
Economics: Easily available, low cost, and should be recyclable.

For determining the PCM properties, it is necessary to characterize them. It plays
a critical role in terms of PCM selection for design, modeling, and experimentation
for various applications. The knowledge available in the literature is limited and also
inaccurate in some cases [5]. Another important aspect is the procedure followed
for carrying out the characterization. It is observed that the characterization must be
carried out as per the application, or else the results may vary [6]. Inorganic PCMs
show the tendency of sub-cooling, also referred to as supercooling, i.e., there is a
difference in melting and solidification temperature. The latter is lower compared to
the prior. This generally goes unreported as in many cases only melting, or solidifi-
cation cycles are studied and illustrated. In contrast, in actual practice, both melting
and solidification cycles must be studied simultaneously to avoid erroneous results
in simulations, etc. This phenomenon must be accounted for in the modeling, which
is generally neglected, and is of critical importance especially when temperature
variation is small, as in the case of buildings, etc. Thus, accurate information on the
thermophysical properties of PCMs is critically necessary. The latent heat, specific
heat, melting and solidification temperature, and supercooling can be accurately
determined by differential scanning calorimeter (DSC). For measuring the thermal
conductivity, the thermal conductivity meter is used. The measurement is gener-
ally done by two methods, i.e., steady state and transient. The steady-state methods
include guarded hot plate and heat flow meter techniques both based on Fourier’s
law. This, however, is suitable for only solid materials (PCM, however, exits in dual-
phase solid–liquid during the operation) and requires long waiting time period to
establish a stable temperature gradient within the specimen. However, with techno-
logical advancement, there are other methods also available of thermal conductivity
measurement for both solid as well as liquid phases, using steady-state methods, in
short duration of time. The transient method measures thermal conductivity within
seconds. Thus, these methods are gaining popularity. Different transient techniques
used are the transient plane source (TPS), transient hot wire (THW), and laser flash.

13.2.4 PCM Enhancement

PCM enhancement may be referred to as methods to improve the workability of
PCMs. Mostly, all PCMs have an inherent problem of poor thermal conductivity.
Thus, studies have been carried out for useful thermal conductivity improvement by
increasing the surface area with the use of fins [7–9] or by addition of nanoparticles
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[10], graphene, and carbon nanotubes [11], etc. It is necessary to identify the need for
enhancement and application. For example, nano-enhanced PCMs may be a viable
solution for buildings, but they may not be economically feasible. However, for
cooling application in space or enhancement of dispatch, ability for storage applica-
tion in spacecraft, automobiles, defense systems, water heating, etc., may be feasible
as well as affordable.

Another critical aspect is inherent PCM issues such as sub-cooling, stability,
their incorporation, etc. Each has a different solution to overcome these problems.
For example, to avoid sub-cooling suitable additives known as surfactants can be
mixed to PCMs. Similarly, for enhanced stability, stabilizing agents can be added.
PCMs for incorporation are often encapsulated (micro and macro) depending on the
application and cost constraints. There are several pieces of research on coating and
encapsulations for PCMs [12–14] for various applications. Thus, it is needed to be
understood that the PCMenhancement methodmust be selected based on the specific
requirement of the application and of course the financial constraints.

13.3 Numerical Modeling of PCM

13.3.1 General Practice

Since the phase change materials (PCM) exhibit solidification and melting, which
includes phase transitions, the heat conduction problem can be modeled as a Stefan
problem. In such a problem, two different domains are assumed to exist, viz. solid
and liquid. These phases are differentiated by a moving interface, a sharp surface
front. Usually, this surface front is maintained at the specific melting temperature, a
constant latent heat capacity, and has a zero thickness interface of the surface front
[15, 16]. A phase change process of such a kind needs attention, and the calculations
need to be performed throughout the domain. A single domain approach is very
convenience in such numerical calculations since the same system ofNavier–Stokes–
Boussinesq equations is evaluated inside both liquid and solid phases. In the case
of enthalpy porosity approach [17], an explicit treatment is not given to the melt
interface, but an entity referred to as the liquid fraction is defined as the cell volume
to be in liquid form. The liquid fraction is linked with each grid of the domain.
It is evaluated at every iteration of the simulation by balancing enthalpy. Needless
to mention that if a non-isothermal phase change is assumed (discussed in detail
below), in the semisolid region, the liquid fraction values vary between 0 and 1.
A more straightforward approach to handle this semisolid region is to model it as
a porous region. In that case, the solid and liquid regions have porosity values of
0 and 1, respectively. It can be attained by explicitly setting the velocity to zero
in finite volume methods or by applying penalty models in finite element methods
based on viscosity or Carman–Kozeny relation.With these assumptions, the transport
equations are given as [18].



13 Phase Change Materials and Its Applications 319

Continuity equation:

∂ρ

∂t
+ ∂(ρu)

∂x
+ ∂(ρv)

∂y
= 0 (13.3)

X—momentum equation:
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Y—momentum equation:
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Energy equation:

∂(ρH)

∂t
+ ∂(ρuH)

∂x
+ ∂(ρvH)

∂y
= ∂

∂x

(
αt

∂H

∂x

)
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(
αt

∂H

∂y

)
+ SH (13.6)

The energy equation consists of sensible enthalpy, which is derived from H =∫ T
Tref

cp dT [19, 20]. The thermal diffusivity,αt = k
/

ρCp ismultipliedwith advection
of enthalpy in the above equation. Also, u, v, x, y, p, μ, and ρ represent the hori-
zontal component of velocity, the vertical component of velocity, horizontal direction,
vertical direction, pressure, dynamic viscosity, and density, respectively. Moreover,
the Boussinesq approximation holds and is introduced in the Y—momentum equa-
tion, wherein βt , ρref, and href represent coefficient of thermal expansion, and density
and enthalpy (reference values), respectively.

13.3.2 Types of Grid Techniques Used to Model PCM

There are three approaches to solve the above Stefan problem, based on the choice
of grid generation [21, 22],

• Fixed gridmethod: As the name suggests, the spatial nodes’ grid that is utilized for
discretizing the domain stays fixed while the simulations progress. The problem
is evaluated using state functions and auxiliary constitutive formulations that
assists the tracing of the phase change phenomenon because of solidification or
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melting. The approach is most common among the studies based on the numerical
technique which are available in abundance.

• Deformed grid method: The interfaces or sharp fronts during
melting/solidification are traced by moving grid points instead of being
fixed. The essence of the Stefan problem is captured through this approach by
the deforming grid (Stefan condition) when the solution is calculated.

• Hybrid method: A combination of the above two methods can be applied by
coupling the solutions of discretized PDEs solved using a pseudo-fixed grid,
along with a local front tracking using the deformed grid method.

In this chapter, only the fixed grid method is discussed as it is most used. Further,
this grid method is the simplest of the three to solve problems in the thermal engi-
neering field with phase changes. There are primarily two types of phase changes
involved: isothermal and non-isothermal. The equations above show the realistic
non-isothermal process, wherein three phases exist. In the case of the isothermal
process, however, only solid and fluid phases are considered.

13.3.3 Handling the Energy Equation

13.3.3.1 Overview

Based on handling of the energy equation, broadly three different methods are
popular in the literature, viz. methods based on enthalpy discussed above, apparent
calorific capacity method, and heat source method. In the enthalpy method, a domi-
nant role is played by the enthalpy for distinguishing sensible and latent heat parts for
both isothermal and non-isothermal phases changes. If a proper scheme is applied
to handle the numerical calculations, it is faster than any other method for PCM
modeling. In an apparent calorific capacity method, the sensible and latent heat
energy parts are clubbed together for further simplicity. In the heat source method,
the source term involves latent heat for obtaining differential equations based on
temperature for a proper solution. Usually, in the cases of gradual phase changes, the
apparent calorific method is chosen, while the other two methods are widely used
when the phase change occurs in small temperature ranges. However, the calorific
method is computationally inefficient with coarser grids and large time steps. For
this method to be computationally accurate, the grids need to be closely spaced along
with very small time step values. Moreover, the convergence is difficult to achieve
as the latent heat may be underestimated in this method. If the phase changes occur
at a fixed temperature, it is difficult to apply the calorific method. On the other hand,
application of heat source method requires serious under relaxation, which calls for
further investigation on finding the optimum under relaxation factor values. Further,
round off errors exist in case if the melting occurs over a wide temperature range.
Hence, one can see the wide applicability of the enthalpy–porosity technique and its
popularity among the researchers.
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In the above equations, following the heat source method, the source term
involving latent heat is

SH = ∂(ρH)

∂t
+ ∂(ρH)

∂x
+ ∂(ρH)

∂y
(13.7)

When the fixed grid technique is used for modeling the melting and solidification,
the major difficulty lies in considering the mass and heat transfer conditions near the
phase change. An appropriate volume source term should, therefore, be introduced.
In the above equation, H represents latent heat content. It should be noted that this
heat content is a function of temperature and can be written in terms of latent heat of
the material asH = sL f. The term “s” is often referred to as the liquid fraction and
is derived as a temperature gradient between the solidus and liquidus temperatures.

A parameter “A” is defined in the momentum equations, which helps retaining
velocity its respective value in the solid and fluid regions. As a method to do that, it
is defined as [23]

B = −n
(1 − s)2

s3 + b
(13.8)

It should be noted that two constants n and b are introduced in the above equation.
The purpose of these constant is to maintain the mathematical feasibility of this
condition. The constant b is often retained to a lower value in the range of 10−3, while
the constant n is kept at a sufficiently large value of 109 in order to avoid division by
zero. The aim is to transit the velocity from solid to other phases smoothly to confirm
smooth convergence.

13.3.3.2 Phase Field Method

It is well known that PCMs have lower thermal conductivity values that leads to a
slower rate of charging and discharging. The overall heat transfer rate is affected and,
in turn, reduces efficiency. Among the different techniques to overcome this problem,
a convenient method is to embed PCMs in porous metal foams with high thermal
conductivity. Usually, a representative elementary volume is considered in the case
of porous media modeling, wherein the fluid-saturated porous solid aggregates are
held to be distributed appropriately. Further, homogenization is applied to achieve
a continuum model (volume-averaged). The phase field method (PFM) contains a
squishy zone, like the above case, and excludes interfacial energy balance. A free
energy density function is key motivation in the case of PFM. This force is liable
for the progress of the phase switch zone. Also, PFM utilizes a phase field variable
that depends on position and time to ascertain whether the phase is solid or fluid.
The resultantmethod is applicable in capturing dendritic evolution (non-equilibrium)
during the supercooled melt solidification [24].
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13.3.3.3 Volume of Fluid Method

Another approach to model the multiphysical phenomena is coupling volume of
fluid (VoF) method with a solid–liquid phase change in the Eulerian frame. Since
the introduction of the enthalpy method by Voller and Prakash [25], there have been
immense efforts in handling the phase change. The VoF approach was proposed by
Hirt and Nichols [26] and has been an excellent technique to capture the interface
with the help of an indicator function to mark different fluids. In this approach, the
PCM and gas phase are assumed to be two-phase immiscible incompressible fluid
along with a fixed grid method.

Equations (13.1)–(13.4) would remain the same in this approach due to the pres-
ence of the enthalpymethod.However, theVoFmethod includes an indicator function
αmt to mark different fluids:

αmt =
1 cell contains first fluid

0 < αmt < 1 cell contains the interface
0 cell contains second fluid

The first fluid is PCM, while the second fluid is the gas to bemodeled. The volume
fraction equation can be written as

∂αmt

∂t
+ ∇ · (αmtu) + ∇ · (urαmt(1 − αmt)) = 0 (13.9)

In the above equation, ur = u1−u2, is the relative velocity between the PCM and
the gas phase. Moreover, another source term has be to be included in momentum
equations related to the surface tension force (σs), given by,

Sσ = σs∇ ·
( ∇αmt

|∇αmt|
)

∇αmt (13.10)

The specific enthalpy can also be considered as the sum of sensible and latent
heat values, to give,

H =
T∫

Tref

cpdT + αmtγ (T )L f = cp(T − Tref) + αmtγ (T )L f (13.11)

Unlike the previous case, γ (T ) is introduced here as the melt fraction, and it
depends on temperature and the latent heat of fusion (Lf). It attains zero value in the
solid zone, and 1 in the liquid zone, while it ranges between 0 and 1 in the mushy
zone. The parameter A or Darcy-type source term is introduced in this method like
the earlier approach.

If Eq. 13.12 and the energy equation, Eq. 13.6, are combined and written in a
concise form, the following equation is obtained
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∂
(
ρcpT

)
∂t

+ ∇ · (
ρucpT

) = ∇ · (κ∇T ) − αmtL f

[
∂ργ

∂t
+ ∇ · (ρuγ )

]

+ Tref

[
∂
(
ρcp

)
∂t

+ ∇ · (
ρucp

)]
(13.12)

13.3.4 Sophisticated Tools Available

The above methods discussed have a wide range of applicability. However, there
are sophisticated tools available which implement these models for specific applica-
tions. The commercial packages COMSOL, FLUENT, andHEATINGdo provide the
option to model PCMs out of the box with some level of customization to implement
new models. Mostly, they implement heat source (or heat capacity) method and can
be used to simulate different applications based on the finite element, finite volume,
and finite difference method, respectively [27].

An abundance of pre-packaged applications is focused on the thermal manage-
ment through the usage of PCM in the whole building design. Such applications
help designers and manufacturing companies to focus more on inventive ideas to
develop the energy and thermal performance of buildings. Aspects such as dynamic
involvement among all thermal-based elements linked with ease and comfort and
energy consumption are accounted that includes building envelope, air conditioning,
lighting, and control devices. There are many articles about listing tools capable of
handling the dynamic behaviors of a building and its systems [28].

13.3.4.1 EnergyPlus

EnergyPlus [27] is one among many of such tools. It uses the conduction transfer
functions (CTFs) to approximate heat transfer in building envelope.Moreover, it has a
conductionfinite difference (CondFD) solution algorithm,which uses a semi-implicit
finite difference scheme. The scheme is based on heat capacity method, and the latent
heat evolution is considered using an auxiliary enthalpy–temperature data set. In the
latest versions of the software, a fully implicit scheme can be found, providing
numerical flexibility. Some limitations of this software include the compulsion to
use a lower time step size, using 1/3rd of the default node space, and PCM hysteresis
is left unaccounted, which may cause a discrepancy in the results.

13.3.4.2 TRNSYS

TRNSYS consists of several “TYPES” modules are linked together, making it a
modular program. In such a program, the output of one model is linked with the
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input of another model [29]. Such a program can be useful in modeling complex
building systems, wherein existing TYPES can be used, or new modules can be
created, and it can be easily integrated into the TRNSYS package. Furthermore,
external applications can also be linked into TRNSYS. The program has by default
several models for phase change heat transfer. However, most of the times propriety
research modules opt like TYPE36, TYPE58, TYPE204, TYPE1270, and so on.

13.3.4.3 ESP-r

ESP-r is a UK-based simulation tool that is of dynamic energy type [30]. It is used for
modeling the thermal, visual, and acoustic performance of buildings. The effective
heat capacity and additional heat sourcemethods are used by default in ESP-r. Again,
fine time steps are necessary to obtain sufficiently accurate results in this tool.

13.3.4.4 BSim

BSim is another dynamic simulation-oriented program, and it is based in Denmark.
It has an attractive graphical user interface which helps the users to get oriented
easily. It is based on heat capacity method using the quasi-steady state in building
modeling. Overall, it gives accurate behavior of PCM but with a fine value of time
step and can be used for continuous heating and cooling and heating with low initial
temperature (below the melting point of PCM).

13.3.4.5 Others

There are other research-based tools as well like PCMExpress, RADCOOL, and
CoDyBa. PCMExpress is a German-based planning and simulation program mainly
used for thermal management of buildings. The tool assumes a building that floats
freely, and one can simulate various types of building materials and weather condi-
tions. Such a simulation helps the decision-making process during the early design
stage. RADCOOL has been designed for cooling and heating system based in the
USA [28].

13.4 PCM Applications

PCM application can be broadly classified based on the temperature of application.
Thefirst is for lowormedium temperature applications that refer to temperature range
up to 150 °C and second for high-temperature application where the temperature is
above 150 °C. The application domain for both these temperature domains has been
enlisted and discussed below.
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13.4.1 PCM Application for Low and Medium Temperature
Range

13.4.1.1 PCM Application as an Environment Management Solution

With global warming becoming a threat, people living in hilly areas are facing prob-
lems of melting glaciers and water shortage, leading to population migration. A
researcher and engineer (Sonam Wagchuk) in Ladakh found a unique solution by
using water in the form of ice as storage. The phase change concept was used to
store the runaway water during winters in the form of huge stupas saving around
200 million liters of water in each stupa. The downstream water is made to pass
through pipes, and flow is controlled using the valves. During the night at sub-zero
temperature, the water is sprinkled which solidifies immediately and settles forming
a stupa. The structure is grown big enough such that it could sustain and hold. This
unique structure is called as the “Ice Stupa” and is shown in Fig. 13.3.

The Ice Stupa holds the Guinness Book of the world record of the most massive
human-made ice structure, which is a simple application of water as phase change

Fig. 13.3 Ice Stupa by Sonam Wangchuk (Credit Rolex awards; https://www.rolex.org/rolex-awa
rds/environment/sonam-wangchuk)

https://www.rolex.org/rolex-awards/environment/sonam-wangchuk
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material. These structures melt during April and provide water to the locals for
irrigation, etc., when it is most required. This unique concept has helped to replenish
the melting glaciers and helped the locals to sustain life in Ladakh, Himalayas, in
India.

13.4.1.2 PCM Application in Buildings

PCM application in buildings is of interest for researchers across the globe. For
maintaining a lower inside temperature, the building in oldendayswas builtwith thick
walls that are they aimed at increasing the thermal mass of the buildings. To mimic
that, PCM integration can be a viable solution. Due to the high storage capacity of
PCMs, the thinner walls, integrated with PCM, can provide similar thermal shielding
effect.

Figure 13.4 shows a schematic diagram of the working of a PCM, within a
building envelope. The figure shows four different scenarios of a typical summer
day (hot climatic condition), i.e., morning 8 am, evening 4 pm, night 8 pm, and
early morning 4 am over a 24-hour cycle to understand the concept behind the incor-
poration of PCMs within a building. At 8 am, the sun is up, and solar radiation
starts falling on the exterior walls/surfaces. The temperature starts rising. As the day
progresses, the surface temperature tends to increase further. The surface temperature

8 am 4 pm 

8 pm 4 am 

Fig. 13.4 Schematic to depict the working of a PCM within a building ( Source Author)
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rises above the ambient temperature due to solar air effect [4]. The inside temperature
is comparatively cooler. Thus, heat transfer starts taking place from outside to the
inside.

As the temperature on the outer surface rises, the heat flow to the inside also
increases. The temperature rises until the PCMmelting temperature is reached. Now
with the addition of heat, the PCM starts melting, and the temperature of the PCM
layer is stagnant at its melting temperature. Now two heat flows occur one due to
the temperature difference between outside layer and PCM, and other between PCM
temperature and temperature on of the inside layer. The difference between the two is
storedwithin the PCMand is utilized as phase change latent heat. This continues until
completemelting of the PCM takes place.As depicted at 4 pm, the PCM is completely
melted, and the temperature on the inside starts rising. However, at sunsets, the
temperature on the outside goes down, as shown at 8 pm. The temperature of PCM
is higher than both the ambient temperature and the inside surface temperature. Two
heat flows circuits are formed, one from PCM to the inside and other from PCM to
the outside. Now, since resistance is less due to lower wall thickness on the outer
side, and there is a higher temperature difference, more heat is discharged outside.
Only a small amount flows to the inside; thus, PCM gets discharged (releases heat)
and solidifies, as shown at 4 am, in the diagram. The overall heat flowing to the
inside over a 24-hour cycle can be reduced by 12–15% [31]. It is necessary to get
discharged at night to be available to absorb heat the next day. This can be ensured
by careful selection and benchmarking of PCMs [32]. PCMs need to be mapped to
a particular climatic condition based on the melting temperature of the PCM and the
climatic conditions of the location to ensure daily charging and discharging of the
PCM and effective utilization.

Kaushik et al. [33] modeled PCM incorporated building in 1981. There were
a series of studies that followed [34–38]. These studies were carried out for cold
climatic conditions. In Indian perspective, studies were initially carried out by Pasu-
pathy et al. [39] and Kant et al. [40] followed by experimental studies carried out for
New Delhi by Saxena et al. [14]. These studies showed a temperature reduction up
to 6 °C with PCM incorporated brick compared to the conventional ones. It is first
necessary to understand the amount of solar radiation falling on to the surface. The
solar radiation falling on a surface data is available for different places. However,
the radiation falling on various wall surfaces is to be calculated. Typical values for
the solar radiation falling on different surfaces are calculated based on the radiation
data available for May first week as shown in Fig. 13.5.

The temperature of the surface exposed to sunlight is higher than the ambient
temperature. As discussed, this is due to the solar air effect [43]. This temperature
generated at the surface is responsible for heat transfer to take place. The difference
in this surface temperature and the inside temperature acts as the driving potential
for heat transfer to take place. This has been modeled by several researchers [44–
48] and heat flow to the inside for different scenarios, climatic conditions and wall
parameters have been discussed. Further, experimental studies have been carried out
for PCM incorporated bricks [41, 49–51] showing energy savings up to 15% over
24 h cycle and peak heat transfer reduction up to 50% during the day for both hot



328 A. Kulkarni et al.

0

200

400

600

800

1000

1200

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 10
3

10
9

11
5

12
1

12
7

13
3

13
9

14
5

15
1

15
7

16
3

So
la

r 
R

ad
ia

tio
n 

fa
lli

ng
  (

W
/m

2 )

Time (hours)

Incident Solar Radiation

South North East West Roof

Fig. 13.5 Calculated values of incident solar radiation falling over different surfaces [42]

as well cold climatic conditions. There have been studies on PCM incorporated wall
boards [52, 53]. However, leakage issues need to be addressed before the actual
implementation of these PCM boards as a retrofit solution. The studies on actual
PCM incorporated rooms have also been carried out by a few researchers for cold
climatic conditions [54–58]. The results show a significant lowering of heat transfer.
Still, detailed economic analysis and feasibility study need to be carried out followed
by the investigation of cheaper PCM alternatives, thus, making PCM buildings as a
solution for future energy-efficient buildings.

13.4.1.3 Constant Temperature Solar Drying and Space Heating
Application

India is the second-largest producer of the fruits and vegetables in the world with a
production of 259millionMTwith wastage of nearly 4.6–15.9% in fruits and vegeta-
bles annually. As per latest estimates by the Associated Chambers of Commerce of
India, our country loses approximately INR 926 B (US$ 14.33 B) after harvest every
year, due to rejection at the farm gate, lack of proper storage facilities, and delays
in the distribution process. Thus, food preservation can be critical for agricultural
countries like India. The general meaning of food preservation is to extend their
shelf life by preservatives that retard their rate of spoilage. These can be achieved
by various techniques like drying, cooling, storing at a constant temperature, etc.
Drying is an efficient way easy to handle and enhances crop life in such a way that its
nutritional value can be retained. In the drying process of certain food products, the
temperature is the crucial parameter. In the current situation, farmers are accustomed
to use open-air sun drying process for drying and preserving their agricultural prod-
ucts. This causes browning of products, resulting in deterioration of food quality. If
we use solar dryer integrated with phase change material (PCM), providing constant
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Fig. 13.6 Solar drying setup with PCM storage at Pandit Deendayal PetroleumUniversity ( Source
Author)

temperature heating of food products and simultaneously storing the excess solar
energy into the form of latent heat during the day which can provide warmth during
night hours as well. Thereby quality of the crop can be restored as well as browning
phenomena can be avoided. The PCM incorporated solar dryer setup is shown in
Fig. 13.6.

The target is a sustainable technology for the preservation of several items
like vegetables, medicinal plants, fruits, etc., using constant temperature-controlled
drying. Another initiative by the National Institute of Solar Research (Government
of India) has developed solar dryer cum space heating system based on evacuated
tube collectors and used PCMs for temperature-controlled drying and heating. These
systems have been installed in Ladakh, are under testing phase, and have shown
excellent results in terms of space heating as well as fruit drying.

13.4.1.4 Thermal Management of Photovoltaic (PV) Modules
and Electric Circuits

There has been a significant increase in the use of PV for power generation over
the past decade to harness renewable energy from solar. There have been researches
carried out that shows that temperature control of the module increases their effi-
ciency. Brano et al. [59] developed the thermal model analysis of the crystalline PV-
PCM system using the finite difference method. It was found that the discharging of
PV panels is essential for efficient working of the system, and there needs to be good
thermal contact between PV and PCM.

Indartono et al. [60] used petroleum jelly as PCM on the backside of 10-watt-
peak monocrystalline solar panel in Indonesia outdoor conditions and found that the
average power and efficiency increased by 7.3 W and 6%. Abdelrazik et al. [61]
did an experimental validation for a PVT/PCM system. The setup was the same old
setup as everyone with PCM at the back and cooling fluid in between the PCM. The
PCM used here was paraffin wax mixed with different concentrations of graphene
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nano-platelets along with pure water as cooling fluid. The experiment was conducted
in two different conditions: one in winter and other in summer. The PVT/PCM was
highly efficient in summer with an electrical efficiency enhancement of 22% versus
6.9% in the winter when compared to stand-alone PV.

Fayaz et al. [62] explored a novel design of a thermal collector made up of
aluminum. The experiment was conducted for PV, PVT, and PVT-PCM systems
to observe, evaluate, and analyze efficiency under different operating conditions.
The experiment consisting of the PVT-PCM system was conducted using paraffin
wax (commercial code name A44-PCM). For the PV-thermal hybrid systems, water
flows through the serpentine thermal collector, which is passively driven by the over-
head water tank. It was observed that there was a reduction in the temperature of PV
cell by 8.3 and 8.1 °C in case of PVT, and 12.8 and 12 °C in the case of the PVT-PCM
system from the PVmodule, experimentally and numerically, respectively. Similarly,
the electrical efficiency obtained for the PVT-PCM, PVT, and PV systems numer-
ically is 14, 13.85, and 13.72% when compared to experimental values of 13.87,
13.74, and 13.56%.

Waeli et al. [63] used time-varying equations to get results that are more accurate
by cooling PV module with both PCM and nano-fluid.

Drawing of a mathematical model in the context of the proposed collector:
(a) equivalent thermal circuit of PVT, (b)–(e) glass, PV, wax layer, and tube coil,
respectively.
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13.4.1.5 Heating and Cooling Applications

Heating required for cold places is often quite large, for example, in the UK alone the
heating power needed comprises one-fifth of the total power consumption. Further,
hot water is required for household requirement, in hospitals,and restaurants for
cleaning and sanitization purposes. One way is to use electrical power to generate
heat, and another option is to use solar heat energy, store it, and use as and when
required. Thus, the energy loss due to conversion can be avoided, and more of renew-
able power can be used. Similarly, the exhaust heat available at the end of the power
cycle can be used for space heating applications. This has been implemented in some
places as a pilot project in some of the cold countries. Use of PCMs as storage in
these systems can enhance the heat storage capacity as latent heat storage can be 50
times more than the sensible heat storage [64]. Another important aspect is using
solar energy for heating. The solar radiation is available during the day. However,
the requirement of hot water/heat is more during late evening or early morning hours
when the sun is not available. To bridge this gap between demand and solar avail-
ability, PCMcan play a significant role in terms of storing the heat during the sunshine
hours and providing it during the off-sunshine hours. Studies show that temperature
stability and hold isare more for PCM solar heating system compared to any sensible
heating system. The PCM utilization for heating applications has been researched
where waste heat from various systems and sub-systems can be stored and used for
allied applications and result in a substantial amount of energy savings. A numerical
study carried out for the UK suggested that PCMwater heating application can result
in the lowering of CO2 emissions by 11% [65]. Another study is on nano-enhanced
PCM for solar water heating application [66]. Thus, PCM application for heating
application has enormous potential.

PCM can also be applied for industrial heating applications where constant
controlled heat is required, for example, in the sugar industry for drying the mois-
ture to obtain sucrose. Similarly, it can be applied in the dairy industry to produce
different milk products like butter, ghee, condensed milk or khoa, etc.

Besides heating, PCMs can be used as a cooling option. One such application
used since decades is desert coolers. In desert coolers, the water evaporates cooling
the incoming air which is forced out after cooling through the fan. Another example
is earthen pots used since ages in India, where water changes its phase from liquid to
gas cooling the water inside the pots. These are used in households in India during
the summer season. Further, researches are being carried out using the solid–liquid
phase transition for solar-assisted cooling application in case of adsorption cooling
to overcome the problem of intermittent solar radiation as a heat source during off-
sunshine hours. These applications are still under research stage, and systems are
being developed and tested for different ambient temperature scenarios.
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13.4.1.6 Battery Thermal Management for Electric Vehicles

With the advent of electric vehicles, there have been significant researches concen-
trated on battery life and efficiency. Currently, lithium-ion (Li-ion) batteries are
considered as the most promising technology for the storage of electrical energy, and
one of the critical parameters is its working temperature range. Acceptable temper-
ature range of EVs is between −20 and 60 °C, while the optimum temperature
range is 15–35 °C. The temperatures above 60 °C possess a severe threat of causing
thermal runaway in Li-ion batteries [67]. Cooling systems are therefore needed to be
designed which should be lightweight and compact and should not act as a parasite
on battery pack as most active cooling systems, thereby decreasing overall EV effi-
ciency. The system should be able to perform well in adverse climatic condition and
should be cost-effective and environment-friendly. For cold countries, air cooling is
a viable option. However, for countries like India, the temperature of ambient air is
not sufficient to cool the batteries sufficiently. Thus, there is a need for incorporating
an additional cooling system. Using PCM can be a feasible solution as a passive
cooling alternative used in combination with an active cooling system. Rangappa
et al. [68] have reported a hybrid cooling system that uses outcomes of the compu-
tational fluid dynamics simulations. This system maintains the temperature within
313 K (40 °C) for the battery using a 9-mm-thick pure phase change material (PCM)
under heat generation rate of 30,046 W/m3. The coolant flow rate can be increased
beyond 2 L/min to achieve better performance of the system. Verma et al. [67] have
studied prismatic and cylindrical lithium-ion batteries based on their performance
in a high ambient. PCM utilization for battery thermal management is still at the
research stage, and experimental setup for testing the battery characteristics is being
carried out.

13.4.1.7 Wearable PCM Devices

PCM application for buildings and battery temperature control has already been
discussed, and it is seen that PCM can be suitable to application for given temper-
ature range. Similarly, in PCM incorporated fabric design solutions can be used
for maintaining the comfort temperature. For instance, consider two cases of fire-
fighter and an army officer in combat stationed in posts in extreme climate, both are
exposed to extremes of temperature. Firefighters or an army officer posted in hot
climatic condition of say a desert location has very few options to maintain a cold
temperature. PCMfabric-based uniforms can be used for such situations as they could
store extreme heat and maintain cooler/tolerable temperature for more duration. In
the case of firefighters, even a few more extra minutes can be lifesaving. PCMs with
enhanced storage capacity can help in sustaining the harsh environment for a longer
duration. These jackets can be charged in base camps or during the night when the
temperature is relatively lower. There are some products already available in the
market used to relieve sprained muscle, etc., using ice packs, etc. There can be many
other potential applications for these PCM fabrics which are under investigation.
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Fig. 13.7 Layout of parabolic trough based solar thermal power plant [70]

13.4.2 PCM High-Temperature Applications

PCM high-temperature application has been used for ages. However, their use in the
form of heat storage is a concept which was introduced later, i.e., in the last fifty
years or so. Melting of substances and minerals is carried out at higher temperatures,
and their solidification time defines their crystal lattice structure based on which
solid–solid phase distinction occurred. Many other factors such as the inclusion of
foreign particles also affected the properties such as strength. However, with precise
knowledge of the amount of heat stored and its impact on the rearrangement of
atoms at lattice structure level, the use of these materials for various heat storage
applications and as heat transfer fluid has been studied. These materials are suitable
for solar thermal power generation as they can serve as storage materials as well
as heat transfer fluid at high temperature. Vignarooban et al. [69] studied various
materials and compared different materials and their suitability in the application for
solar thermal power generation. A typical layout of a solar thermal power plant is
shown in Fig. 13.7.

Figure 13.7 shows the use of storage system to absorb the excess heat during the
day, which can be utilized during the off-sunshine hours. The storage materials can
also act as heat transfer fluids. The typical values of heat transfer coefficient, melting
temperature, and working range are shown in Table 13.1. The use of PCMs in solar
thermal power has been implemented only a few plants. The major limiting factor is
their cost and due to lower cost of power through solar PV. Thus, a lot of research is
required for finding suitable cheaper alternatives such that power generation through
solar thermal also becomes cost-effective and implementable solution rather than
just a feasible solution.
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Table 13.1 Comparison of different materials employed for solar thermal power plants [69]

Materials Value of heat transfer
coefficient ‘h’

Advantages Limitation

Thermal oil

Biphenyl/diphenyl
oxide (Therminol
VP-1) (12–393 °C)

It ranges between 1000
and 3500 Wm−2 K−1.
It increases with
temperature and is
maximum at around
580 °C

• It is non-corrosive, and
studies are being
carried out to increase
the heat capacity by
adding SiO2
nanoparticles

• Operating pressures are
not very high

• Low operating
temperature range
hence often not used
for high-temperature
power plants

• Owing to the low
specific heat and high
cost, it cannot be used
as storage material and
neither as power cycle
working fluid

• Relatively costly

Molten Salts

Solar salt
(220–600 °C)

It ranges between 3600
and 6700 Wm−2 K−1.
It increases with
temperature
High density, specific
heat capacity, thermal
stability, and lower
vapor pressure values at
high-temperature values

• It has high “h” and
relatively cheaper
compared to the
thermal oils and
molten metals

• Can be used as HTF as
well as for storage due
to reasonably good
specific heat and
relatively higher
density

• Non-polluting,
non-flammable, more
abundant thus
relatively cheaper to
thermal oils and
molten metals

• It has a high melting
point of 220 °C,
thereby increasing the
need and cost of heat
tracing

• Upper range
temperature is 600 °C
thus power cycle
efficiency is restricted

• Corrosion problem in
pipes

Hitec (142–535 °C) It ranges between 1500
and 4000 Wm−2 K−1.
It increases with
temperature

• Hitec has a the melting
point of 142 °C which
is much lower than that
of the solar salt

• It is cheaper than the
solar salt

• The higher operating
temperature is
restricted to 500 °C
which can be enhanced
to 535 °C with the use
of few additives

• Need of heat tracing
still quiet high

• They pose corrosion
problems with cast iron
which can be greatly
reduced with the use of
stainless steel pipes
and nickle-based alloy
pipes

(continued)
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Table 13.1 (continued)

Materials Value of heat transfer
coefficient ‘h’

Advantages Limitation

Hitec XL
(120–500 °C)

It ranges between 400
and 6800 Wm−2 K−1.
Value is low at lower
temperatures due to high
viscosity thereby
smaller values of
Reynolds number

• Its melting point
temperature is 120 °C
which is relatively
lower than Hitec and
solar salt

• Higher specific heat
than the solar salts thus
a better material for
storage

• Higher operating
temperature is only
500 °C

• Heat tracing is required
• To avoid corrosion,
stainless steel pipes are
to be used

• More viscous than the
other two salts

Liquid Metals

Na (98–883 °C) It ranges between
28,000 and
18,000 Wm−2 K−1.
The value of heat
transfer coefficient
decreases due decrease
in thermal conductivity
with the increase in
temperature

• Higher values of heat
transfer coefficients
hence higher rate of
heat transfer

• High range of working
temperatures
(98–883 °C)

• Specific heat capacity
values are lower.
Hence, liquid metals
cannot be
economically feasible
for storing owing to
higher unit cost as the
storage density is lower

• Contact with hydrogen
and water possibly
results in combustion

• Stainless steel or
ceramic (SiC) pipes are
to be used to minimize
corrosion

• Heat tracing required
• Four times more
costlier than solar salt

Lead bismuth
eutectic (LBE)
(125–1670 °C)

It ranges between
10,600 and
11,900 Wm−2 K−1.
Thermal conductivity
increases with
temperature, hence “h”
also increases

• Higher values of heat
transfer coefficients,
hence higher rate of
heat transfer

• It melts at around
125 °C, and boiling
point is around
1500 °C; therefore, a
wide range of
operating temperatures

• Cost of LBE is 26
times that of the solar
salt

• Heat tracing required
• Ceramic pipes to be
used to minimize
corrosion, which are
relatively costlier

13.5 Limitations and Future Recommendations

In the case of PCMs, the major challenge is the availability and choice of correct
PCMs as per the desired application. Another critical parameter is currently the
cost of PCMs available and researched, which is quite high. Thus, the payback
period for PCM incorporated systems is very high. In modeling perspective, it must
be commented that simulation of PCMs is tricky and involves many assumptions
and approximations. The in-house codes developed by various research groups to
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model PCM for different applications have not been included for the sake of brevity.
However, such an exhaustive list of codes and their merits and demerits shall benefit
both novice and experts alike.

The silver lining in PCM research is that with time as the research is being carried
out, the cheaper alternatives are being found, for example, PCM bricks prepared and
showcased by Saxena et al. [71] the cost of brick came down from INR 2600 to just
INR 90. Thus, with material research and using cheaper alternatives, followed by
addressing their stability and other issues, the PCMs application can have a bright
future for many applications as discussed. Concisely, the research prospects in case
of PCMs are enormous but require a lot of efforts for turning it from a feasible
solution to an optimal one.

13.6 Conclusions

This chapter provides a comprehensive review of PCMand its application. It includes
data n different PCMs and their modeling. Numerical modeling of PCMs has several
uses, especially related to the building energy optimization, which are discussed.
Most popular techniques and methods, along with their merits and demerits, have
been illustrated. Furthermore, details on the governing equations and the impor-
tance of various source terms variables have been discerned. It is observed that most
numerical studies prefer enthalpy-based methods due to their simplicity and ease of
modeling. Moreover, the models that incorporate heat capacity or source methods
require a short time step value to attain the desired accuracy and, hence, results in
a significant slowdown. Further, most sophisticated tools for PCM modeling related
to the entire building are based on heat capacity methods. It should be noted that
still a lot of work is required in this field, as most of the programs available are still
computationally expensive and need substantial time step values.

About the experimental application of PCMs, it essential to state that still a lot of
research is required to find suitable PCMs in affordable costs. The experiments show
that the use of PCM is a feasible solution. However, due to the cost implications, the
use of PCMs is still limited and restricted. PCMapplication in buildings, solar drying,
and heating applications can be cost-effectivewith proper design implementation and
shorter payback period. Whereas for storage applications for high temperature, it is
still economically not a viable solution. The focus is also on the thermal enhancement
of PCMs as per thermal conductivity and stability in case of inorganic PCMs and
eutectics.
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