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ABSTRACT

The global average temperature is steadily on the rise, with a particularly pronounced
impact in tropical countries. An alarming consequence of this trend is the ever-increasing
demand for space cooling. Approximately 2 billion air conditioning units are operational
across the globe, making space cooling a primary contributor to the escalating electricity
demand in buildings and necessitating capacity additions to cater to peak power
requirements. Looking ahead to the next three decades, the use of air conditioners is projected
to surge, becoming one of the top drivers of global electricity demand. Considering the
substantial implications of energy consumption on both a country's economy and the
environment, there is a need to develop energy-efficient building materials capable of

effectively mitigating heat into the rooms resulting in significant energy savings.

Among various energy efficient technologies, Latent Thermal Energy Storage (LTES)
technology is recognized as a vital advancement wherein Phase Change Material (PCM)
plays a crucial role in absorbing a huge amount of latent heat, it also stores and redistributes
the absorbed latent heat, and the process takes place over a range of temperature. PCM used
in building applications can effectively reduce heat gain within a room, thus delaying the

peak temperatures.

Among various techniques available for integrating PCM in the building fabrics, direct
impregnation is the simplest method of incorporating the PCM in the cementitious materials.
However, direct impregnation has led to leakage issues from the building fabrics, which in
turn reduces energy storage capability, loss of material integrity. Moreover, when PCM
comes directly into contact with cementitious material, there is a significant drop in

compressive strength. Encapsulation technique can overcome the negative effects of direct
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impregnation, wherein the PCM is coated with shell material. The shell material protects the

PCM from interaction with surrounding cementitious material.

Nevertheless, the use of encapsulated PCM embedded in the cement mortar for external
plastering has been associated with only a marginal temperature difference between indoor
and outdoor environments, which falls short of being satisfactory. Despite a significant
demand for energy-efficient materials, both pure PCM and encapsulated PCM have struggled
to gain a foothold in the commercial market due to the aforementioned limitation, restricting
their availability. Given these challenges, there is an imperative to develop a new materials
and strategies for implementing PCM in building fabrics to achieve substantial benefits,
including reduced heat gain, minimized temperature differentials between indoor and outdoor
spaces, and delayed peak temperatures. These improvements, in turn, can lead to reduced air

conditioner capacity requirements and result in energy savings.

The current research work aims to develop a novel encapsulated PCM with increased
energy utilization efficiency, which are compatible with cementitious materials, can result in
sustainable energy savings in the buildings for hot climatic conditions. Despite the various
types of PCM available, organic PCM has the advantages of congruent phase transformation,
non-corrosiveness, non-toxic, good thermal and chemical stability. Keeping in view the
advantages of organic based PCMs, 1-Dodecanol and n-Octadecane PCM were selected for

the current research work.

Initially, the work commenced with the synthesis of Cu-TiO, hybrid nanocomposites
(HN), with the intent to enhance thermo-physical properties of 1-Dodecanol PCM and n-
Octadecane PCM. The HN composites were dispersed in the PCM with varying proportions

ranging from 0.02% to 0.1% with the increment of 0.02% by wt. of PCM. The HN inclusions
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in the 1-Dodecanol PCM (HDP) enhanced thermal conductivity to the maximum value of
0.1926 W/m K at 0.08% by wt. of the PCM, which is equivalent to 5.53% improvement. The
highest dispersion of HN at 0.1% led to significant enhancement of 33.6% and 14.28% in
freezing and melting times. The pure n-Octadecane PCM thermal conductivity is 0.195 W/m
K, the HN inclusions in the n-Octadecane PCM (HOP) enhanced the thermal conductivity by
124.10% than the pure PCM. Due to HN inclusions in the n-Octadecane PCM, the
enhancement in the freezing and melting times was 39.4% and 21.7% respectively. The HOP
exhibited an upward trend enhancing the onset decomposition temperature increased by 55
°C compared to that of the pure n-Octadecane PCM. The enhancement in the thermal
properties due to HN inclusions in the n-Octadecane PCM was more effective than

1-Dodecanol PCM.

To establish energy storage in the building fabrics, direct impregnation technique was used
to incorporate HDP and HOP in the cement mortar. During the curing process it was noticed

that the PCM is leaking out.

To overcome the negative effect of direct impregnation, PCM encapsulation is carried out.
Predominantly used organic shell materials are Melamine Formaldehyde (MF), polymethyl
methacrylate, and polystyrene. Especially, melamine formaldehyde attracted more attention
as the shell material for encapsulating the PCM. Melamine has very good mechanical
strength, which makes it suitable to use as a shell material and thereby ensures that the PCM

is not leaked.

In-situ polymerization technique was used to encapsulate both the PCMs. The synthesis
process yields Microencapsulated 1-Dodecanol PCM (MDP) capsules ranging from 60 nm to
980 nm. The core 1-Dodecanol PCM inside the capsule exhibited dual stage freezing process

namely o (rotator phase) and B (triclinic phase) which commenced from 20.78 °C and 14.21



°C, respectively. Whereas the melting process took place in single stage which commenced at
19.68 °C with the encapsulation ratio (R) of 40.9%. The thermal conductivity of the pure
PCM and the MDP were measured 0.186 W/m K and 0.172 W/m K, respectively. The drop in
the thermal conductivity was mainly due to polymer-based melamine formaldehyde shell
material. Since, the present research work aims to develop enhanced PCM based plastering
material intended for internal plastering for an air-conditioned room. When the MDP based
cement mortar is incorporated as internal plastering for an air-conditioned room, it becomes
evident that the crystallization temperature of the MDP deviates from the designated
operating conditions of 22 °C to 26 °C. In an effort to tackle this concern, an attempt was

made to encapsulate the PCM at nano size.

Fine tuning the synthesis process of nanoencapsulated 1-Dodecanol PCM (NDP) resulted
in the size reduction of the capsules, with the average size of 132 nm. The phase change
behaviour of NDP was similar to that of MDP, the core PCM inside the shell material
initiated its freezing at a specific temperature of 19.78 °C, indicative of the o phase, whereas
the onset of the § phase occurred at 13.44 °C with an encapsulation ratio of 51.9%. However,
it's important to note that the phase change temperatures of both MDP and NDP falls beyond
the operational parameters of end applications, which ranges from 22 °C to 26 °C. Given this
context, the adoption of n-Octadecane PCM was deemed necessary to achieve the desired

objectives.

The pure n-Octadecane PCM commences its freezing and melting process in a single step
at a temperature of 23.17 °C and 24.90 °C thereby absorbing and releasing the latent heat of
204.91 J/g and 203.18 J/g respectively. The synthesis process of the nanoencapsulated n-
Octadecane PCM (NP) yields the capsules size ranging from 50 nm to 450 nm. The NP
exhibited good phase change characteristics, the core n-Octadecane PCM inside the capsules

freezes and melts at 25.06 °C and 26.12 °C, their latent heats are 159.73 J/g and 156.89 J/g



respectively. Encapsulating the PCM using MF shell material has enhanced thermal stability
by 19 °C than the pure n-Octadecane PCM. The n-octadecane PCM encapsulated using
polymer-based MF shell material (NP) tends to reduce thermal conductivity. The percentage
drop in thermal conductivity of NP was 37.94% compared with pure n-Octadecane PCM. The
developed NP capsules incorporated in the cement mortar may reduce the thermal
conductivity furthermore. To overcome this issue, the HN which played a vital role in
enhancing thermal conductivity, was adsorbed on the NP capsules to enhance thermal

properties.

The adsorption of HN on nanoencapsulated PCM (HNNP) has greatly enhanced thermal
conductivity of 47.17% and 137.19% compared with the pure n-Octadecane PCM and NP
respectively. HNNP exhibited good thermal characteristics in terms of phase change
characteristics, thermal stability, and thermal conductivity. The novel HNNP exhibited good
thermal reliability. Based on the above finding the HNNP exhibited better over NP in terms
of phase change temperature, thermal stability, thermal conductivity and thermal reliability.
Further, the NP before HN adsorption and the novel HNNP were incorporated in the cement
mortar, with varying proportions ranging from 3% to 15% with the increment of 3% by

weight of cement.

As the compressive strength gain of the cement mortar is closely connected with the
curing period; the investigations were carried out after curing the cube specimens for 7 days
and 28 days respectively. The thermal conductivity of Nanoencapsulated PCM embedded
cement mortar (NPeCM) cube specimens was reduced in comparison with reference cement
mortar; this is mainly due to polymer-based shell material. Contrarily, the thermal
conductivity of HNNP embedded cement mortar (HNNPeCM) cube specimens were
increased. The thermal conductivity enhancement of HNNPeCM-10 (15% of HNNP) over

reference cement mortar and NPeCM-10 (15% by wt. of NP) were 13.14% and 51.50%
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respectively. The average compressive strength of NPeCM-10 and HNNPeCM-10 cube
specimens (15%) are 27.36 MPa and 24.66 MPa respectively. The maximum dispersion of
NP and HNNP incorporated in the cement mortar resulted in compressive strength reduction,

however, the compressive strength achieved is acceptable for plastering material.

Cryogenic temperatures are acknowledged as one of the most extreme environments for
utilizing concrete, exerting a substantial influence on various aspects of concrete
performance, including its mechanical properties, freeze-thaw resistance, and overall
durability. Cement-based materials exhibit markedly distinct characteristics at cryogenic
temperatures compared to ambient conditions. Keeping in view, an attempt was made treating
the reference cement mortar and HNNPeCM-10 at cryogenic temperatures using Liquid
Nitrogen (LN). Considering the curing process with respect to the time, investigations were
carried out to study the impact of cryogenic conditioning of the reference cement mortar cube
specimens and HNNPeCM cube specimens with different curing periods such as 6 hours, 12

hours, and 24 hours.

The FESEM results infer that the microstructure of cryogenically conditioned HNNPeCM-
10 samples exhibited increased porous structure. It was noticed from the FESEM images that
there were absence of cracks and increased air void sizes observed for the Cryo-conditioned
HNNPeCM-10 samples. The compressive strength of cryogenically conditioned reference
cement mortar and the HNNPeCM-10 were reduced, this could be due to increased porous
structure. Despite the drop in the compressive strength of the cryo-conditioning of
HNNPeCM-10 cube specimens, the resulted values for 24 hours cryo-conditioned
HNNPeCM-10 are on higher side than the desired compressive strength which makes suitable

for internal plastering.
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Despite satisfactory compressive strength of HNNPeCM-10 samples cryogenically
conditioned for 24 hours which suits for internal plastering in buildings, challenges in Cryo-
conditioning and application persist. The compressive strength needs further improvement to
surpass the values achieved with the 28 days curing period, making it recommendable for

specialized applications.

Heat transfer analysis was carried out to evaluate the behaviour of reference mortar and an
HNNP-based mortar. The investigation conforms to ASTM C1363 standards, using an
"Insulated Test Chamber" where the hot chamber is held constant at 42°C and the cold
chamber at 22°C. The results suggest that the peak temperatures of the HNNPeCM-10 slab
during heating process were delayed by 52 minutes relative to the reference cement mortar
slab, indicating enhanced thermal resistance. Moreover, when the reference slab reached
42°C, the HNNPeCM-10 slab maintained a significantly lower temperature, exhibiting a
notable difference of 3.12°C. This significant differential underscores the effectiveness of the
HNNPeCM-10 material in maintaining cool internal conditions compared to traditional
cement mortar. This clearly indicates the potential of HNNPeCM-10 plaster in improving

indoor thermal comfort.

Based on the above findings and facts, the Novel HNNP capsules exhibit the remarkable
capability to undergo freezing and melting within the range of human thermal comfort zone.
This distinctive feature renders them exceptionally well-suited for integration into the internal
plastering materials for buildings, addressing the cooling requirements in hot climatic
conditions. Moreover, HNNP proves to be highly compatible for incorporation into cement
mortar, seamlessly enhancing cooling applications within structures without compromising
structural stability. This not only makes it an optimal choice but also contributes to increased

energy utilization efficiency in buildings.
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CHAPTER -1
INTRODUCTION

This chapter emphasizes the worldwide energy demand and supply by the various sectors,
as well as information about energy end user by residential buildings. This chapter highlights
the need for Thermal Energy Storage (TES) in buildings, which is a crucial part of energy-
efficient technologies. This chapter discusses and explains the working principle of Phase
Change Materials (PCM), their classification, advantages, disadvantages, and their wide

range of applications in building materials.
1.1. Energy Scenario

One of the most crucial challenges confronting modern civilization is the escalating
demand for energy, driven by factors like the rapid expansion of metropolitan areas and the
continuous improvement of living standards. The growing consumption of energy from
nonrenewable sources has emerged as a major cause for concern. Additionally, the World
Meteorological Organization (WMO) has issued alarming reports, indicating a rapid increase

in the global mean temperature over the past eight years.

In recent decades, a global debate has ensued concerning the mitigation of climate change
through the reduction of energy usage. According to data from the International Energy
Agency (IEA), energy consumption is distributed across various sectors. Approximately 30%
of the energy is consumed by the transport sector, 27% by residential buildings, 29% by the
industrial sector, commercial and other sectors consume 9% and 5%, respectively. The

proportions related to energy consumption are shown in Fig. 1 [1-4].

Furthermore, buildings play a significant role in Greenhouse Gas (GHG) emissions, with
reports indicating that they contribute substantially to environmental impact. Specifically,

GHG emissions amount to around 31% from the transport sector, while emissions from



residential and non-residential sources (both direct and indirect) contribute 17% and 11%,
respectively. The construction industry is responsible for an additional 11% of GHG
emissions, while other industries and miscellaneous sources account for 31% and 11%,
respectively. Notably, building-related GHG emissions alone make up almost one-third of the
total emissions, as depicted in Fig. 2 [1, 2]. Given that excessive emission of greenhouse
gases (GHG) is widely recognized as a significant contributor to climate change and global
warming, numerous nations are diligently striving to reduce their GHG output in the coming
years [1]. Multiple studies have consistently identified the construction sector as the primary
source of greenhouse gas emissions. However, direct policies targeting GHG mitigations in
building practices are seldom put into practice, despite many nations proposing and

implementing various measures to curb GHG emissions from buildings.

Numerous policies actively promote the advancement of green buildings or building
energy efficiency, with a primary emphasis on reducing operational energy usage and the
associated Greenhouse gas (GHG) emissions during the building's operational phase. This
includes measures to address energy consumption from air conditioning, lighting, heating,

and other relevant aspects [5, 6].

4 )

Residential Transport ®|ndustry Commercial = Others

Fig. 1. Energy consumption sector wise [1].



Fig. 3 displays information concerning global electricity consumption categorized by
sectors. The data was sourced from the International Energy Agency and covers the years
1980 to 2019 [1, 2]. Among the various sectors, industries emerge as the primary consumers
of electricity, followed by buildings. Notably, there is a consistent upward trend in electricity
consumption within the building sector each year. This pattern raises concerns, signaling an

alarming situation that calls for immediate action to promote energy efficiency in buildings
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Fig. 2. GHG emissions from different sectors [1].

and achieve significant energy savings.
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Fig. 4. End user application of energy at residential buildings [1].

Fig. 4 illustrates the breakdown of energy consumption in residential buildings based on
end-user applications. Remarkably, approximately 57% of the energy is allocated to space
heating or cooling, emphasizing its significance in maintaining comfortable living conditions.
Water heating follows at 15.90%, while residential appliances account for 19.10%. A smaller
portion of energy, about 4%, is utilized for cooking, with an additional 2% dedicated to
lighting and 2% for other household appliances [1, 4, 7]. Clearly, the substantial share of
energy in residential buildings is dedicated to regulating indoor temperatures using air

conditioners or room heaters.

The global usage of air conditioners is experiencing a significant and rapid increase,
leading to an increase in electricity demand. Projections suggest that the usage of air
conditioners is set to nearly triple by 2050 as shown in the Fig. 5. Notably, air conditioners
currently account for approximately 20% of the total electricity consumed worldwide, as they
are indispensable in maintaining comfortable indoor temperatures for human habitation in
buildings [1, 2, 8]. Consequently, the escalating demand for space cooling is placing an

additional load on electricity resources in numerous countries.
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Fig. 5. Global air conditioner stock from 1990-2050 [1].

It is evident that the global demand for space cooling and the associated energy
requirements will continue to escalate, particularly in tropical regions where the necessity for
space cooling is more pronounced. Therefore, there is a need to prioritize energy efficiency

and seek innovative solutions to reduce energy consumption and operational costs in

buildings through the adoption of energy-efficient materials.

Many building energy efficiency standards commonly exclude historic buildings, places of
worship, and other special-purpose structures of significant aesthetic and historical
importance. This exemption is often granted due to the intricate challenge of incorporating
energy-efficient practices without undermining the cherished architectural and intrinsic
values intended for conservation. Nevertheless, a positive shift has emerged in certain

countries in recent times, where the recognition of the significance of energy-efficient

technologies is growing.




1.2. Motivation of the Research

Clearly discernible from the IEA data 2022, there is a notable and rapid escalation in the
global utilization of air conditioners, leading to a substantial increase in the demand for
electricity [1]. Projections suggest that by the year 2050, the usage of air conditioners is
anticipated to witness an almost threefold increase. Notably, air conditioning systems
presently account for roughly 20% of the total global electricity consumption, primarily
attributed to the imperative of maintaining comfortable indoor temperatures within structures.
This escalating need for space cooling is undeniably contributing to increased electricity
consumption in numerous countries. Undoubtedly, the worldwide desire for space cooling is
on an upward trajectory, ensuring that the energy required for maintaining optimal building
temperatures will continue to expand. The increased energy demand for space cooling in

buildings leads to the development of energy efficiency technologies.

1.3. Energy efficient technologies

"A way of managing and regulating the growth in energy consumption™ is energy
efficiency. Therefore, a structure is considered energy efficient, if it provides the same level
of services while using less energy. Due to the viability of end-use products that use less
energy throughout the course of their lifetime, energy efficiency holds paramount importance
across all sectors of engineering and technology [9]. Over the past few years, there has been a
noticeable surge in the significance placed on energy efficiency, especially within the realm
of building services engineering. This trend can be traced from the initial stages of building
design and extends throughout the entirety of the construction phase. There is no doubt that
Energy Efficiency and Energy Conservation are connected to one another and are designed to
reduce the amount of energy that is consumed, primarily in the form of heat gain or heat loss
within the structure thereby expecting sustainable energy, besides ensuring minimum GHG,

so that the global emissions do not lead to irreversible damage to the earth system. In recent

6



years, a wide range of energy-efficient technologies has emerged. Notably, thermal energy
storage has gained significant prominence, offering valuable benefits to end users by

facilitating energy absorption and redistribution.
1.4. Thermal Energy Storage

Energy in the form of cold or heat is stored in the material and can be made available
when demands for later usage. The principles encompassing the storage of thermal energy
through sensible heat, latent heat, and reversible thermo-chemical reactions have been
effectively implemented over the years to accomplish the redistribution of energy and
enhance energy efficiency, both in the short term, such as on a diurnal cycle, and over the

long term [4].

The amount of energy needed to offset the essential load demand is frequently stored
within the thermal energy storage during the charging phase, usually taking place under part
load conditions. Subsequently, during the discharge process, the stored thermal energy from
the TES is retrieved and supplied to the intended end-use utility for its designated purpose

[10, 11].

It is possible to effectively achieve energy redistribution in the form of load shifting from
on-peak to off-peak conditions if TES is integrated with standard thermal interface systems.
This, in turn, makes it possible for the cooling/heating plant or utility to function at its base
capacity or nominal capacity, which contributes to improved energy efficiency as well as
operational performance of the thermal system. The capacity to store and release thermal
energy hinges predominantly on the characteristics of the storage medium, specifically the
material employed for storage, as well as the temperature interactions that occur between the
storage medium and the energy source [4, 12]. In addition to that, the advantages of

implementing TES in buildings are listed below.



1. Extensive usage of conventional fuel energy sources can be reduced.

2. Decreasing the percentage of GHG emission.

3. Bridges the gap between energy supply and demand.

4. Energy savings.

5. Reducing the peak loads on cooling or heating system during On-Peak demand.

According to the way the heat is stored, thermal energy storage can be divided into 3 types.

i. Sensible heat storage system.
ii. Latent heat storage system.

iii. Thermo-chemical storage system.
1.4.1 Sensible heat storage system

The materials used for a sensible heat storage system absorb, store, and redistribute the
heat energy wherein the material changes its temperature. The sensible materials can be in the
form of solid or liquid, however, there are no phase transformations observed during the

sensible heating or cooling process [4].

Amount of heat stored can be evaluated using eq. (1).

Q=m.Cp. (To- Ty =eees (1)

Where m is the mass of the storage material, C, is the specific heat at constant pressure, T,

and T are the initial temperature and final temperature of the material.

In comparison to latent heat or thermo-chemical storage systems, sensible heat storage
systems are simple. Nonetheless, they do have the drawback of being bulkier and incapable
of maintaining consistent energy storage at constant temperature. Compatibility with its
containment, a crucial factor for both the heat storage material and the confinement, stands as
a paramount determinant of the overall cost of the storage system. The storage material

properties largely determine the sensible heat storage solution's final cost. Commonly



employed storage mediums include cost-effective materials such as water, rocks, pebbles, and

sand [4, 12].
1.4.2. Latent Thermal Energy Storage system (LTES)

Latent thermal energy storage system is more popular, wherein PCM plays a key role in
absorbing the energy at off-peak demand, it stores the energy and redistributes during On-
peak demand [4]. The phase change materials have a capability of high energy storage
density and the fact that it can store heat at a constant temperature close to the phase
transition temperature. The material absorbs latent heat during phase transformation from

liquid to solid and redistributes the same when transforming from solid to liquid at constant
temperature as shown in Fig. 6.

Freezing Process Melting Process

Sensible heating of 7

Sensible cooling liquid PCM
5 of liquid PCM G
° , . °
= Phase change Sensible cooling 5 [Sensible heating of Phase change
< 2 (liquid-solid) 3 of solid PCM © solid PCM 5 (solid-liquid) 6
g ! g .
£ | | = | |
= | | = | |
| | | |
| | I |
| | 4 4 | |
1 1 1 1
Time (min) Time (min)

Fig. 6. Principle of Phase Change Materials [4].

1.4.3. Thermo-chemical Energy Storage System

Thermo-chemical Energy Storage System (TCES) uses the chemical potential of some
materials to absorb, store and release thermal energy. When it comes to the storage and
retrieval of thermal energy in the TCES, the reversible chemical interactions which take place
between the reactive elements of materials or chemical species are absolutely essential [13].
In fact, the endothermic reaction of chemical components can be stimulated by the
application of heat energy, which subsequently makes it possible for chemical materials to

undergo storage and release processes.



1.5. Summary

In summary, the reports from IEA suggest that the energy usage by residential sector is
increasing every year, there is also an increased percentage of global air conditioner stock as
reported by IEA. Energy-efficient materials are designed to minimize heat transfer, which can
significantly reduce the amount of energy required to heat or cool a building. LTES system is
more prominent in which PCM which has a capability of absorbing and releasing the energy

can address the challenges and reduce the cooling load demand for the buildings.

The driving force behind the research on PCM embedded cement mortar is the essential
requirement to develop energy-efficient and environmentally responsible building materials.
Such materials have the potential to revolutionize the construction industry, positively
impacting energy consumption, and contributing to a more sustainable and eco-friendly
future. The aforementioned data alarms the need of developing energy efficient materials
which can reduce heat gain in the room and facilitate to store energy during off-peak demand
and redistribute it during on-peak demand, which enables the air conditioner to operate at

minimum capacity, this results in energy saving consequently reducing GHG emissions.
1.6. Organization of the thesis

The thesis is structured into six chapters, and a succinct overview of the contents of each

chapter is outlined below.

Chapter-1: In this chapter, an exploration of the global energy within buildings is
undertaken, encompassing a comprehensive analysis of energy consumption in the building
sector. Special attention is given to the energy demands imposed by air conditioning systems
for space cooling in buildings. The chapter also delves into an examination of the global air
conditioner stock, alongside an investigation of thermal energy storage techniques, and an

elucidation of both active and passive cooling methodologies.

10



Chapter-2: This chapter provides a comprehensive review on the synthesis and thermal
characterization of encapsulated PCM. Furthermore, a review was performed on the thermo-
structural properties of pure PCM, and encapsulated PCM embedded in cement mortar. This
chapter reviews the articles concerning energy savings and temperature fluctuations resulting
from the incorporation of PCM-based cement mortar used for internal and external plastering

applications. Research gap, problem statement, and research objectives were presented.

Chapter-3: This chapter presents the research methodology and plan of action to achieve the

proposed objectives.

Chapter-4: This chapter emphasizes the material details, and synthesis procedure. It also
highlights the procedure adopted for the direct impregnation of pure PCM and the prepared

encapsulated PCM embedded in the cement mortar for cube specimen preparations.

Chapter-5: The test results encompassed a wide range of critical aspects, including the
surface morphology, crystal structure, chemical stability, phase transition, thermal energy
storage capacity, thermal stability, and thermal conductivity of the pure and encapsulated
forms of 1-Dodecanol PCM, and n-Octadecane PCM. This chapter presents the study
involved in comprehensive thermal and structural investigations of reference cement mortar

and PCM based cement mortar samples.

Chapter-6: This chapter presents the overview of the results and key conclusions derived

from the current research endeavor.

Chapter-7: This chapter addresses the future avenues for this research, providing insights

into potential areas of exploration and development.

11



CHAPTER -2

LITERATURE REVIEW

This chapter provides a comprehensive review on the synthesis and thermal
characterization of encapsulated PCM. A critical review has been done on the thermo-
structural properties of pure PCM, and encapsulated PCM embedded in cement mortar. This
chapter reviews articles concerning energy savings and temperature fluctuations resulting
from the incorporation of PCM-based cement mortar used for internal and external plastering
applications. This chapter presents the research carried out to enhance the thermal properties
of pure PCM and the shell of the encapsulated PCM using nanoparticles. Based on the
extensive literature review, research gaps was identified, which plays a crucial role in

defining the problem statement, and formulating research objectives.

Among various types of storage systems discussed in the aforementioned chapter, the
LTES system is gaining importance. The fundamental working of PCM makes it a viable
candidate for more attention in building applications. Based on the above considerations,
there has been a rise in interest in finding ways to store and distribute heat/cool energy, with
many studies focusing on thermal energy storage systems that make use of efficient latent
heat storage materials. The inclusion of LTES systems in buildings is heavily reliant on the
phase change properties of the heat storage material under consideration. However,
practically phase transformation of PCM does not take place at constant temperature rather, it
takes place over a small range of temperature [10]. Proper utilization of PCM can effectively
minimize peak heating and cooling loads, while also possessing the capacity to maintain
indoor temperatures within the comfort range by mitigating smaller temperature fluctuations.
As a result, this approach can lead to a reduction in the dimensions and energy consumption

of the TES system [14, 15]. One of the primary merits associated with PCM employment is

12



its ability to amplify thermal storage potential, all the while requiring only minimal

alterations to the current building design.

The choice of PCM primarily hinges on freezing and melting temperatures, with latent
heat emerging as a crucial factor. Additionally, Fig. 7 illustrates the desirable properties that

make a PCM desirable.

[Desirable properties of PCM ]

l l l I

Thermodynamic ] [ Kinetic Properties ] [Physical Propenies] [Chomical Propenies] [ Economic Viability ]

Properties
l High latent heat of I Sufficient crystalline 8 toxici
transitions rate ] —{bmall volume cnange] —{ No toxicity —{ Abundant ]
Cost Effective ]

High Thermal E
_| conductivity I No supercooling ] —{ Low vapor pressure ] —[ Chemical Stability ]
] —[ Commercially viable ]

Suitable melting and High density Non-Flammable
freezing temperature

—1 Non Corrosive I

Fig. 7. Desirable properties of ideal PCM [4].

i

2.1. Classification of PCM

An ideal Phase Change Material (PCM) should exhibit the aforementioned properties;
however, it's important to acknowledge that in practice, finding a PCM that encompasses all
these traits is quite challenging. The market offers a wide range of PCMs, each characterized
by distinct phase change temperatures. Each type will have its own advantages. The selection
of PCM for a particular application depends mainly on the phase change temperatures,
besides latent heat and thermal conductivity, and other thermo-physical properties also play a
vital role. Furthermore, latent heat, thermal conductivity, and other thermo-physical attributes

also hold a significant way in the selection process.
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A comprehensive categorization of phase change materials has been depicted in Fig. 8.
Among various PCMs available in the market, organic PCMs possess distinct benefits such as
congruent phase transformations, non-corrosive properties, non-toxicity, and good thermal as
well as chemical stability [16]. Despite these advantages, organic PCMs are beset by
challenges including the super cooling phenomenon, low thermal conductivity, high volume
changes, and susceptibility to flammability [17, 18, 19, 20]. Especially, thermal conductivity
is considered very crucial for the PCM, poor thermal conductivity results in a lower number

of phase change cycles per day [21].

l—‘ PCM Family ' _l
l—[ Organic PCM ]—l Inorganic PCM ]—l

,L

4[ Eutectic PCM ]

A ¢ \

[ Organic- Organic ][ Inorganic- Inorganic ][ Inorganic- Inorganic ]

Fig. 8. Classification of phase change materials.
2.2. Establishing the LTES system in buildings

Establishing the LTES system using phase change materials in building can be done in two
ways.

2.2.1. Active system

An active storage system is one that comprises a mechanical assisted component support to
enable the thermal energy exchange between the system and the heat source. This type of

system is also known as an active thermal energy storage system [4, 11].
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2.2.2. Passive system

Without the intervention of any additional mechanisms, natural convection or buoyant
forces (owing to a density gradient) are the means by which thermal energy interactions take
place in a passive storage system and are responsible for the heat transfer between the system

and the source [4, 11].

By considering the peak load demand in buildings, it becomes possible to establish the
allocation of cooling/heating energy between the thermal energy storage system and the
building's overall energy system. Both systems are equally important in establishing TES
system in buildings. The application of system depends upon the following factors such as

1. Location

2. Atmospheric conditions

3. Heating /cooling load profile of the building.

PCMs can indeed mitigate the energy requirements of cooling systems and the indoor
temperature fluctuations. Nevertheless, the effective implementation of PCMs for passive
cooling within the building envelope necessitates careful consideration of several selection
criteria. From a physical standpoint, it is imperative that the melting point of the PCM falls
within the range of 10 °C to 30 °C to ensure optimal thermal comfort for occupants. This
temperature range should be chosen in accordance with the average day and night

temperatures, as well as other climatic conditions prevailing at the building site.

In recent years, there has been a significant surge of interest in passive design for both
heating and cooling, especially in the last decade. This trend is a crucial element of the
sustainable architecture movement. Environmentally friendly, passive building energy
efficiency strategies offer pragmatic solutions to tackle the issues stemming from the energy

crisis and environmental pollution.

15



2.3. PCM incorporation in Buildings

Various ways researchers have tried to establish the TES system by incorporating PCM in
buildings such as ceiling, floor, walls, claddings, and as a plastering material [15, 22-24]. The
energy saving potential of the PCM when incorporated in the building envelope depends on
the type of the PCM and the environment of the building. In general, the PCM is incorporated
either with the building material or with the HVAC system. The overall effect of the PCM on
the use of energy on space cooling and heating varies from place to place and condition to
condition. Incorporation of PCM in building fabrics is more prominent. The building
envelope, which serves as the boundary between indoor and outdoor environments, plays a
crucial role in influencing indoor quality and maintaining indoor conditions regardless of
external fluctuations. Comprising a range of components including walls, roofs, windows,
and foundations, the building envelope offers opportunities for incorporating PCM across its
various elements. However, PCM integration is most commonly found in walls, roofs,
ceilings, floors, and windows due to their ease of installation and their ability to facilitate
more efficient heat transfer. To establish thermal energy storage in buildings, PCM is mixed

with cementitious materials.

Cement, regarded as one of the most vital building materials, serves as a binding agent that
undergoes a process of setting and hardening to adhere firmly to various building elements,
including bricks, tiles, stones, tiles, and more. Generally, cement refers to an exceedingly fine
powder primarily composed of limestone (calcium), sand or clay (silicon), bauxite
(aluminum), and iron ore, with the potential inclusion of materials like marl, clay, chalk,
shells, shale, blast furnace slag. When mixed with water, cement initiates an exothermic
chemical reaction, resulting in the formation of a paste that sets and hardens, securely
bonding individual structural components of building materials. Cement plays a pivotal role

in the construction industry, as it is employed not only in the creation of concrete but also in
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mortar, ensuring the integrity of infrastructure by firmly uniting building blocks. Concrete, a
composite material, comprises cement, water, and sand, mixed in varying proportions, while
mortar consists of cement, water, and fine aggregate as shown in the Fig. 9. Both cement
mortar and concrete compounds are essential for binding rocks, stones, bricks, and various
building units, as well as for filling gaps and crafting decorative designs. PCM, either in its
own form or other forms such as encapsulated PCM, can be mixed with cement mortar or
concrete. The integration of PCM into the cementitious material should not compromise its
structural strength. The potential benefits of PCM in building fabrics are indeed substantial

and encompass various aspects of energy efficiency and sustainability.

Cement mortar Ingredients !

= - I ©

Concrete Ingredients

o B s W B B

Concrete used for structures

Fig. 9. Cement mortar and concrete ingredients.

2.4. Need of Research on PCM

As the demand for energy-efficient building solutions intensifies, the need for research on
Phase Change Materials (PCMs) becomes increasingly significant. Here are some key

technical aspects that underscore the importance of PCM research:
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Enhancement of Thermal Properties: Research is needed to develop PCMs with
higher latent heat capacities, improved thermal conductivity, and optimal phase
change temperatures tailored to different climatic conditions. Improving these

properties can significantly enhance the energy efficiency of buildings.

Development of Advanced Encapsulation Techniques: Innovative encapsulation
methods are essential to prevent PCM leakage and degradation, especially under
repetitive thermal cycles. Research into durable, efficient, and cost-effective
encapsulation technologies will help overcome major barriers to PCM use in

construction.

Hybrid PCM Systems: Exploring hybrid systems that combine PCMs with other
energy-saving technologies like solar panels and HVAC systems can lead to more

comprehensive solutions that maximize energy savings and sustainability in buildings.

Lifecycle and Sustainability Analysis: Investigating the full lifecycle impacts of
PCMs, including production, usage, and disposal, is critical. Research should focus on
developing environmentally friendly PCMs and recycling methods to reduce the

overall carbon footprint.

Compatibility and Integration: Research must address the compatibility of PCMs
with common building materials to ensure that PCM-enhanced materials can be easily
integrated into existing building practices without compromising structural integrity or

aesthetic qualities.

Cost Reduction Strategies: High costs associated with PCM production and
implementation are a significant barrier. Research aimed at reducing the cost through
innovative manufacturing processes and material sourcing is crucial for wider

adoption.
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7. Regulatory and Standardization Efforts: Establishing standardized testing and
performance criteria will help integrate PCMs into building codes and regulations
more effectively. Research should also explore the regulatory aspects to ensure safety,

efficacy, and quality control in PCM applications.

8. Smart PCM Systems: Integrating PCMs with 10T devices and smart building
technologies could revolutionize building energy management. Research into smart
PCM systems would involve developing materials that can dynamically adjust their

properties based on real-time environmental and occupancy data.

Each of these research areas holds the potential to significantly advance the application of
PCMs in building technologies, paving the way for more sustainable, energy-efficient, and

comfortable living environments.

Several research works have been dedicated in establishing Latent Thermal Energy
Storage (LTES) systems in building fabrics. Despite the diverse range of PCM availability in
the market, organic PCMs have gained significant popularity in building applications as
presented in Table 1. These organic PCMs offer several advantages, including low super
cooling effect, absence of phase segregation, thermal stability, chemical stability, and provide
non-corrosive and non-toxic option for practical use [25, 20]. Table 1 presents the list of PCM
used for cooling applications in buildings. Two prominent approaches for integrating PCM in
building fabrics are direct impregnation and encapsulation, as reported in works [3, 26, 27].
These findings and approaches offer valuable insights for the development and
implementation of advanced PCM-based systems in building applications, aiming to optimize
thermal performance and energy efficiency. A detailed literature review has been carried out

regarding direct impregnation of organic based PCM in the cement mortar.
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Table 1. List of organic PCMs used for building applications

S. No. PCM Melting Temp. (°C)
1 1-Dodecanol PCM 21
2 n-Octadecane PCM 26
3 Methyl Palmitate 29
4 n-Nonadecane PCM 19
5 Paraffin wax 32

2.5. Direct Impregnation of pure PCM in the building materials

Direct impregnation of PCM in building fabrics is simple and very economical. In this
technique, the selected PCM or nano based PCM is directly embedded in the cementitious
materials to establish a thermal energy storage system. Below are a few studies that reported

the impact on thermo-structural properties of cement mortar due to PCM direct impregnation.

Cunha et al. [28] directly impregnated paraffin based PCM in the cementitious material, it
is reported that due to the presence of PCM, there was a reduction in the water absorption
besides, higher content of PCM in the cement mortar led to a higher drop in the compressive
strength and flexural strength. Kheradmand et al. [29] carried out the thermo-structural
investigation of PCM based cement mortar, the test results revealed that due to the direct
impregnation of PCM into the cement mortar, the PCM is leaking from the cube specimens
during curing, besides the density of cube specimens was reduced, which resulted in
reduction in the compressive strength and flexural strength. The compressive strength was 32
MPa and 20 MPa with the inclusion of 10% and 20% grated PCM in the cement mortar
respectively. Besides, thermal conductivity was also reduced by 20% and 40% due to the

presence of 10% and 20% PCM embedded in the cement mortar respectively.
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Cunha et al. [30] directly impregnated paraffin based PCM in the cement mortar. The mass
proportions of PCM embedded in the cement mortar in the study were 0%, 2.5%, 5%, and
7.5% of fine aggregate. The author reported that the water added to the admixture decreased
with the increased percentage of PCM content. Due to direct impregnation, there was no
change in the compressive strength until the incorporation of 2.5% PCM in the cement

mortar, beyond 2.5% there was a drastic drop in the compressive strength.

Kong et al. [31] prepared PCM based cement mortar, and reported a drastic drop in the
density which was due to the porous structure which resulted in a reduction in the flexural
strength and compressive strength, this was due to direct impregnation of PCM in the

cementitious material.

The literature review suggests that the direct impregnation of PCM in building fabrics has
some significant drawbacks, including leakage issues, reduced energy storage capability, loss
of material integrity, and volumetric changes during phase transformation. Additionally,
direct contact between PCM and cementitious materials results in a substantial drop in
compressive strength. To overcome these challenges, researchers have focused on developing

PCM in a compatible form using encapsulation techniques.

2.6. Encapsulation of PCM

The schematic of PCM encapsulation is depicted in Fig. 10, where the core PCM is
protected within a shell. This encapsulation enables the PCM to undergo phase
transformation, efficiently absorbing and releasing energy from the surroundings. The
encapsulated PCM typically takes a spherical shape due to surface tension, with sizes ranging
from nanometers to millimeters. Researchers have developed various techniques for

encapsulating PCM as shown in Fig. 11, each offering its own advantages and limitations.
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The choice of encapsulation technique depends on factors such as the nature of the PCM, the

shell material used, capsule size, and surface morphology [32].

The selection of the shell material is crucial in encapsulating PCM, and it depends on the
compatibility between the PCM and the shell material, considering interfacial properties and
intermolecular forces between them. Table 2 presents different types of shell materials used
for encapsulating PCM. The shell material should possess good mechanical strength to
prevent leakage, as well as exhibit good thermal conductivity and thermal stability to
maintain effective energy storage capabilities. These considerations are essential for
successful PCM encapsulation, offering a promising solution to overcome the limitations of

direct impregnation in building fabrics.

Shell

[ Core PCM ]

Fig. 10. PCM encapsulated in a spherical shell material.
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Fig. 11. PCM Encapsulation techniques.
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Among various types of shell materials available for encapsulation, organic type shell
materials are mostly preferred due to their distinct advantages. Based on the size of the
encapsulated PCM it is further classified as mentioned below.

1. Macro encapsulated PCM

2. Microencapsulated PCM

3. Nano encapsulated PCM

The size of the capsules plays a vital role in achieving the properties. Smaller size capsules
exhibit a great increase in surface-to-volume ratio, it is predicted that the 1 mm size of
encapsulated PCM increases the surface area by 300 m?/m* compared with bulk PCM [33].
The thermal properties will greatly enhance if the encapsulated PCM can be fabricated at a
nano level. Wide varieties of shell materials are available for encapsulating the PCM, the
shell materials are of organic material, Inorganic material type [34]. A detailed literature
review has been carried out regarding encapsulating a variety of PCM with different types of

organic shell materials and presented in Table 3.

Table 2. Shell material types for PCM encapsulation

Shell material

Organic shell Inorganic shell

Melamine formaldehyde | Silica

Urea formaldehyde Alumina

Acrylic Titania

Polyurea Calcium carbonate
Poly (urea-urethane) Zinc oxide
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Table 3. PCM encapsulation

Onset Melting

Encapsulation

S. No. PCM Shell Size Method Remarks References
Temp. (°C) ratio
Phase inversion
emulsification and Thermal stability increased
1 n-Octadecane Methyl-methacrylate 300-500 nm 23.2 67.4 [35]
suspension with increased shell thickness.
polymerization
Poly (styrene-co-
Average size 212 | Mini-emulsion Dual peaks evolved during
2 n-nonadecane methacrylic acid) P(St-co- 32.16 54 [36]
nm polymerization Freezing and Melting process
MAA)
Mini emulsion The nano capsules exhibited
3 n-Octadecane Polystyrene 100-123 nm 25.5 53.5 [37]
In-situ polymerization good thermal stability
The capsules were stable even
Mini emulsion
4 n-tetradecane Polystyrene Average 132 nm 4.04 44.74 after 40 times freezing thaw [38]
In-situ polymerization
cycles
Mean diameter of | Emulsion The capsules are clustered,
5 n-nonadecane Poly(methyl methacrylate) 31.23 60.3 [39]

8.18 um

polymerization

and the surface is rough in
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Onset Melting | Encapsulation
S. No. PCM Shell Size Method Remarks References
Temp. (°C) ratio
nature
Due to nanoencapsulation,
Average size 135
6 n-eicosane Poly(methyl methacrylate) Mini emulsion 34.66 61.6 there was drop in super [40]
nm
cooling effect.
Interfacial The capsules exhibited very
7 Paraffin Methyl methacrylate 200-400 nm 21.42 52.95 [41]
Polymerization good thermal stability.
Thermovision test was varied
Polystyrene-co-methyl Average size 210 | Suspension
8 Butyl palmitate 21 60 out to study energy storage [42]
methacrylate nm polymerization
capability of NPCM/gypsum.
Nanocapsules were prepared
Melamine-urea- Average size 350
9 Paraffin In-situ polymerization 9.53 36.7 using high intensity ultrasound [43]
formaldehyde nm
assisted emulsification process
Phosphorous nitrogen
PNDA modified melamine
10 n-Octadecane 80-140 nm In-situ polymerization 26 58.6 containing diamine modified [44]
formaldehyde
MF shell exhibited good
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Onset Melting

Encapsulation

S. No. PCM Shell Size Method Remarks References
Temp. (°C) ratio
flame-retardant characteristics
Polyethylene Average size 141 The capsules exhibited good
11 Urea formaldehyde In situ polymerization 41.9 10 [45]
glycol nm thermal stability.
Leakage test was carried out,
Mean particle size | Mini-emulsion
12 Hexadecane Urea formaldehyde 16.15 68.9 no traces of PCM after being [46]
is 270 nm. polymerization
heated upto 100 °C for 12 hrs.
One-pot emulsion
Average size 120 | One-pot emulsion
13 Hexadecanol Polystyrene 45 48.7 polymerization doesn’t require [47]
nm polymerization
high shear homogenization.
The capsules exhibited stable
Average size 636
14 n-Octadecane Melamine formaldehyde In situ polymerization 26.76 63 phase change characteristics [48]
nm
even after 300 thermal cycles.
Eicosane+ No much variation in the
Average size 438 | Emulsion formation
15 Hexadecane CTS-co-PMAA 9 66 phase change characteristics [49]
nm through coacervation
(1:10) when the capsules are
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Onset Melting | Encapsulation
S. No. PCM Shell Size Method Remarks References
Temp. (°C) ratio
subjected to 20 and 100
thermal cycles
Methyl methacrylate-co- The copolymer shell
Mini-emulsion
16 n-Octadecane octadecyl methacrylate Average 368 nm 23.4 46 effectively suppressed [50]
polymerization
copolymer supercooling effect
The capsules exhibited good
Average size 25.2 | Emulsion
17 Heneicosane Poly (methyl methacrylate) 30.14 43 thermal stability and chemical
pum polymerization
stability
[51]
The capsules exhibited good
Average size 37.1 | Emulsion
18 Octacosane Poly (methyl methacrylate) 57.60 56.7 thermal stability and chemical
pm polymerization
stability
Even after 350 thermal cycles,
Styrene-Methyl Average size 152 the capsules are stable in
19 n-Octadecane In situ polymerization 28.4 45 [52]
methacrylate nm terms of chemical and thermal
stability
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Onset Melting

Encapsulation

S. No. PCM Shell Size Method Remarks References
Temp. (°C) ratio
The nano capsules exhibited
Styrene-butyl acrylate Mini emulsion
20 RT-80 52-112 nm 82.8 78 good thermal stability even [53]
copolymer polymerization
after 200 thermal cycles
The micro capsules exhibit
good potential for energy
n—Octadecyl methacrylate—
Suspension storage by using monomer as
21 n-Octadecane methacrylic acid 1.6-1.7 pm 26.5 21% [54]
polymerization side chain long alkyl group in
co—polymer
the preparation of shell
material
There were minor changes in
Poly (butyl methacrylate), the phase change temperatures
Suspension
22 n-Octadecane Poly (butyl 2-75 pm 29.1 55.6% and latent heat after the [55]
polymerization
acrylate) capsule subjected to 1000
thermal cycles
23 n-heptadecane Polystyrene 1-20 um Emulsion 21.5 63.3% Approximately 22.7% drop in [56]




Onset Melting

Encapsulation

S. No. PCM Shell Size Method Remarks References
Temp. (°C) ratio
polymerization the thermal conductivity of
encapsulated PCM compared
with pure PCM
The thermal conductivity of
Emulsion micro/nano encapsulated PCM
24 n-nonadecane Polystyrene 0.1-35 um 31.2 60.3% [33]
polymerization and pure PCM are 22 W/m K
and 18 W/m K respectively
The PCM inside the capsule
Ultrasonically initiated
Average size freezes and melts in a single
25 n-dotriacontane | Polystyrene Mini-emulsion 70.9 61% [57]

168.2 nm

polymerization

stage with no solid-to-solid

phase transformations

29




The studies have explored PCM encapsulation extensively, achieving particle sizes
ranging from micro to nano scale. Nonetheless, it remains crucial to investigate the
microstructural, thermal, and structural changes resulting from the incorporation of
encapsulated PCM into cement mortar. Below is the literature that explores the thermo-

structural behavior of encapsulated PCM embedded within cement mortar.
2.7. Encapsulated PCM in the Cement Mortar (Thermo-structural investigations)

Researchers tried impregnating the encapsulated PCM in building fabrics and performed
various studies such as the condition of capsules in the cement mortar, leakage test, energy
storage and release capability of capsules impregnated in building fabrics, compressive
strength, and thermal conductivity. Below is the literature about the study on the thermo-

structural behaviour of cement mortar due to encapsulated PCM impregnation.

Joulin et al. [58] studied the thermal behaviour of microencapsulated PCM embedded
cement mortar. The authors have reported a drop in the thermal conductivity from 0.65 W/m
K to 0.37 W/m K due to microencapsulated PCM inclusion in the cement mortar, the drop
was approximately 43%. The capsules embedded in the cement mortar exhibited good phase
change characteristics which commence its freezing at 26 °C. besides, the PCM based cement
mortar has the capability of absorbing and releasing energy which is approximately 41%
more than the plain cement mortar. Djamai et al. [59] examined the behaviour of cement
mortar by adding the encapsulated PCM in the proportions of 5%, 10%, and 15%. The author
stated that the decrease in the degree of hydration and increased porosity could be the reason
for the drop in the compressive strength of encapsulated PCM embedded cement mortar
compared with the reference cement mortar. However, the drop in the compressive strength
due to the inclusion of encapsulated PCM in the cement mortar is low compared with PCM
direct impregnation. Jayalath et al [60]. carried out a thermo-structural investigation by
embedding paraffin based microencapsulated PCM embedded in the cement mortar. The sand
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was replaced with encapsulated PCM in the percentage of 5%, 10%, 20%, 35%, and 55%
which resulted in reduced compressive strength of 38%, 14%, 27%, 43%, and 50%
respectively. As the thermal conductivity of fine aggregate is more than the encapsulated
PCM, there was a reduction in the thermal conductivity of the PCM based cement mortar.

The author reported that the optimum level of replacement is 20%.

Cunha et al. [61] embedded paraffin based microencapsulated PCM in the cement mortar.
Melamine formaldehyde shell was used to encapsulate the PCM. The author reported a drop
in the flexural strength and compressive strength by 28% and 60% respectively. It was stated
that the drop in strength could be due to formation of pores in the cement mortar due to
encapsulated PCM dispersion. Kontoleon et al. [62] carried out a thermo-structural
investigation by incorporating paraffin coated PCM capsules in the proportion of 10%, and
20% in the cement mortar. The fine aggregate was replaced with encapsulated PCM in the
cement mortar. The PCM capsules embedded in the cement mortar with the proportion of
10%, and 20% resulted in the porosity of 6.39% and 9.86% respectively. Due to the porous
structure of PCM based cement mortar, the compressive strength was reduced by 30%, and
33% compared with reference cement mortar. Illampas et al. [63] prepared PCM based
cement mortar by incorporating the microencapsulated paraffin PCM in the proportion of 5%,
10%, and 20% by the weight of mortar. The author reported porosity formation due to micro
PCM capsule inclusions in the cement mortar. The accessible porosity for the reference
cement mortar reported was 9.3%, on the other side, with the increased percentage of
microencapsulated PCM of 5%, 10%, and 20%, the accessible porosity resulted was 9.9%,
12.7%, and 15.7% respectively. Due to increased accessible porosity, the compressive
strength was reduced proportionately. Besides, thermal conductivity was reduced by 36.19%,

49.97%, and 64.63% due to microcapsule inclusion of 5%, 10%, and 20% respectively.
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10% and 20% microencapsulated PCM capsules were embedded by Haurie et al. [64] in
the cement mortar. The prepared samples were cured for 7 days, 28 days and 90 days. The
density of cement mortar embedded with 10% and 20% microencapsulated PCM were
reduced by 8.95% and 22.39% respectively compared with the reference mortar. The
compressive strength was reduced by 43.81% due to inclusion of 20% microcapsules in the
cement mortar, and it was reported that porosity could be the principle reason for the drop.
Yoo et al. [65] developed laboratory size test cell that resembles the actual construction. A
novel energy storage aggregate (TESA) was developed to resolve the issue of zeolite
impregnated with paraffin wax and coated with epoxy resins silica fume hand silicon carbide.
Thermal shock cycling test carried out for TESA yields long term thermal reliability. TESA
used as plastering mortar for external walls reduce the maximum temperature by 7 °C and
fluctuations in temperature range compared with the reference cement motor. Amin Al-Absi
et al. [66] developed PCM-based composite material which is used as external plastering to
reduce the heat gain. The microencapsulated PCM inclusion in the cement mortar has
reduced thermal conductivity and compressive strength by 52.6% and 53% respectively

compared with the reference cement mortar.

The encapsulated PCM incorporated in the cement mortar has really favoured overcoming
the barrier of leakage issues and the shell material of the capsules avoided the PCM
interacting with cementitious material, however on other side the encapsulated PCM
embedded in the cement mortar tends to reduce compressive strength and thermal
conductivity. Nevertheless, the reduction is less compared with PCM direct impregnation
technique. The study pertaining to the thermal behaviour of encapsulated PCM embedded in
building fabrics in terms of heat gain into the room, peak temperature delay, and energy

savings bare crucial. Keeping in view, a detailed literature study has been presented below.
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2.8. Encapsulated PCM in the cement mortar

Sa et al. [67] developed a new composite material that contains paraffin PCM capsules
embedded in the cement mortar. The developed composite construction material used as
internal plastering has the capability of absorbing 25 kJ/kg while melting in the range of 23
°C and 25 °C. The author reported the maximum indoor temperature for the reference test
cell and the PCM based test cell are 26.3 °C and 23.7 °C respectively. Besides, the
differences in the minimum indoor temperature were 13.5 °C. The peak temperature inside

the PCM based test cell was delayed by 3.5 hours compared with the reference test cell.

The experimental investigation was carried out by Kuznik et al. [68] by embedding PCM
material in the building wall and subjected to controlled thermal and radiative effects was
carried out in the summer and winter seasons. The temperature of the air is lowered and kept
under control in the PCM room. The decrement factor was measured to be approximately 0.7
across all seasons when comparing the PCM room to the non-PCM room. The PCM wall
significantly decreased the overheating effect, which stores energy and then distributes it

throughout space when the temperature is at its lowest point.

Sun et al. [69] conducted a comprehensive parametric study to investigate the thermal
response of a building wall incorporating a PCM layer for passive space cooling. Numerical
models were developed, and rigorously validated against experimental data. The findings
revealed the existence of an optimal range for the placement of the PCM layer within the wall
cavity, resulting in heat flux reductions exceeding 50% for various outdoor-indoor air
temperature differences. Furthermore, the authors reported that as the thermal resistance of
the wall insulation increased, the optimal location of the PCM layer slightly was shifted
towards the exterior of the wall. Additionally, increasing the thickness of the PCM layer led
to an initial increase in peak heat flux reductions, followed by a subsequent decline in
performance.
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Meng et al. [70] performed experimental and numerical investigations by incorporating
composite PCM (two PCM with different melting temperatures) in the walls of the test room.
Thermal load leveling, Indoor air temperature, heat absorbed/released by the wall, and walls
inner surface temperature were studied, and a comparison was done between composite PCM
test room and the reference room. It was reported that compared with the reference room the
composite PCM room can drop the temperature about 4.28 ~ 7.7 °C and 11.21 ~ 14.12 °C in
the daytime of summer and winter respectively. It was also stated that choosing the
appropriate PCM for the test room can substantially increase the heat absorbed from the room
and decrease the heat released to the room during the summer. In the winter, it can increase

the heat discharged into the room and decrease the heat absorbed by the room.

Frozzica et al. [71] developed a composite material by embedding two varieties of
commercial encapsulated PCM which melts at a temperature of 23 °C and 26 °C. The author
reported that the developed PCM based cement mortar used as plastering material helps in

minimizing the fluctuations in the temperature and the peak temperatures were delayed.

The thermal performance of microencapsulated PCM-based cement render and foamed
concrete for exterior wall finishing was experimentally examined by Al-Absi et al. [72]. To
investigate the efficacy of PCM in lowering both indoor and surface temperatures, the
experiment was carried out using test cells with a volume of 300 cm® under controlled
conditions. According to the findings, the peak internal surface temperature was reduced by
up to 3.95 °C, and the heat flux was decreased by 26 watts per square meter. As a result, the
indoor temperature of the cell that was put through the test was 3.05 °C lower than the

temperature of a reference cell.

A numerical investigation of RT-28 PCM enhanced building wall was carried out by
Salihi et al. [73] Annual average ATFR of 1.91 °C. Besides, a study was also carried out with

double and triple layered PCM which suggests more efficient than single layer PCM with the
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energy consumption reduction from 30% to 21%. Tripled layered PCM comprising Paraffin
RT 21, RT 25, and RT 28 facilitates energy performance for cooling in summer and heating

in winter resulting in annual energy savings of 324 kWh and 102 kWh respectively.

Kheradmand et al. [74] subjected realistic daily temperature profiles to a prototype test
cell (with hybrid PCM plastering mortar) and compared its performance with a similar
prototype test cell (without PCM) to determine the hybrid mortar's thermal performance. To
verify the capability of simulating temperature evolved within the prototype with hybrid
PCM and to comprehend the contribution of hybrid PCM to energy efficiency, a numerical
simulation model was applied (using ANSYS-FLUENT). It was reported that plastering
mortars that include hybrid PCM have been found to have the potential to reduce
heating/cooling temperature demands for maintaining the interior temperature within comfort
levels, in comparison to both traditional mortars (without PCM) and mortars comprising a

single type of PCM.

During the hot season in China, Su et al. [75] studied the thermal performance of a binary
micro-encapsulated PCM drywall system (two distinct phases change temperature) in a
model room during the hot season in China. The investigation was carried out by increasing
the thickness from 1 mm to 5 mm, it was reported that the peak air temperature decreased by
approximately 6.7 °C, and the comfort temperature in the indoor air was increased by

approximately 12 °C, compared to other drywalls.

Saffari et al. [76] carried out a simulation-based optimization to determine the ideal
melting temperature of PCM to improve the overall energy efficiency of cooling and heating
a residential structure in a variety of climates. It was reported that the optimal melting
temperature of PCM to reduce annual energy usage in a climate with cold temperatures is
between 24 °C to 28 °C. However, in warm climates, the PCM that has melting temperatures
ranging from 18 °C to 22 °C is the most appropriate.
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The thermal behavior of the wall was investigated in several orientations during the
summer, and Lee et al. [77] presented a plug-and-play wall structure integrated with an air-
conditioning system. The author reported that the peak heat flow was postponed by around 2—

3 hours, and the peak heat transfer rate of the wall is seen to be greatly reduced.

Numerical analysis was carried out by Barrientos et al. [78] by incorporating the PCM into
the external walls. Large differences in the heat gain resulted during the summer season, due
to higher solar radiation fluxes. However, not much reduction in the heat was observed

during the winter season despite the wall’s orientation.

Upon reviewing the literature, it is evident that integrating encapsulated PCM into
building fabrics has significantly reduced heat gain within rooms and delayed peak
temperatures. However, further improvements are necessary to maximize energy savings,
which depend on various factors. One crucial aspect lies in enhancing the inherent thermo-

physical properties of the base PCM.

Despite the diverse range of PCM availability in the market, organic PCMs have gained
significant popularity in building applications as evident from the above literature. Inspite of
several advantages of organic PCM, they are flammable and suffer from poor thermal
conductivity, leading to extended freezing and melting times and, consequently, a reduction
in the number of phase change cycles per day [79]. PCM encapsulation has overcome few
issues such as material congeniality, leakage issues, nevertheless thermal behaviour and the
thermal conductivity are considered crucial as discussed to remove the barriers for its end

applications.

Researchers tried incorporating the encapsulated PCM in the cement mortar used as internal
plastering material to achieve peak temperature delay and energy savings. Table 4 depicts the

literature related to the encapsulated PCM used in the internal plastering.
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Table 4. Encapsulated PCM used in internal plastering applications

Author Encapsulated PCM Outcomes

25% of Microencapsulated PCM capsules | There was differences in peak temperature by 2.6
Ana et al. [80]
(Industry manufactured) were used. °C compared with reference cement mortar.

Petroleum-based  paraffin  wax was | The outcomes exhibited PCM effectiveness to

employed as a PCM in this study, the | stabilise the indoor temperature, showing an AITR
Yasiri et al.
melting temperature range of paraffin lies | of 2 °C during the day. The PCM amount should
[81]
within the daily temperature range of the | vary in walls considering their orientation and

location considered for the study. peak outdoor conditions.

The results indicated peak temperature reduction

Rathore and Paraffin based encapsulated PCM melts at by 40.67 % - 59.79 %, time lag extension by 60—

Shukla [82] 23 °C with enthalpy of 96 k/kg 120 min and electrical energy saving by 0.40 US

$/day

Several works were carried out by the researchers towards enhancing the properties such
as thermal stability, thermal reliability, especially thermal conductivity which plays a crucial
role in reducing freezing and melting times. A detailed review regarding enhancing the
properties of the various PCM using metallic and non-metallic nanoparticles has been

presented below.

2.9. Enhancing the thermal properties of PCM using nanoparticles

PCMs exhibit a diverse range of phase change temperatures, but only a limited number of
them are suitable for building applications. In addition, PCMs, regardless of their
applications, encounter common challenges, as illustrated in Fig. 12. To overcome these
challenges, the thermal properties of the PCM can be significantly improved through the
dispersion of nanoparticles. Fig. 13 provides an overview of the instruments used for testing
the thermal and physical properties of the PCM and their respective purposes.
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Fig. 13. Characterization techniques to test the PCM.

Wu et al. [83] enhanced the thermal conductivity of paraffin PCM by dispersing copper
nanoparticles. 2% by wt. of Cu nano inclusions in the PCM enhanced thermal conductivity by
14.2% and 18.1% in liquid and solid state respectively. The enhanced thermal conductivity
resulted in reduced melting and freezing times by 33.3% and 31.6%, respectively.
Samiyammal et al. [84] fabricated MgO nanoparticles, the prepared nanoparticles were
dispersed in the paraffin PCM. 1.0% by wt. of MgO nano inclusions in the PCM enhanced
thermal conductivity by 55.5%, besides thermal stability was also enhanced with nano
inclusions. Kalaiselvam et al. [85] conducted an experimental and analytical study to

develop a Latent Thermal Energy Storage (LTES) system for building applications. The
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researchers dispersed nanoparticles in the PCM to enhance its heat transfer capabilities. Six
different types of PCMs were analyzed in their pure form, and then aluminium and alumina
nanoparticles were dispersed in them. The findings revealed that by dispersing alumina and
aluminium in a mixture of 60% n-tetradecane and 40% n-hexadecane PCM, the solidification
time was reduced by 4.97% and 12.97%, respectively. This indicated an improvement in heat
transfer efficiency during the melting and freezing processes. The enhanced heat transfer was
attributed to the micro convection effects generated within the PCM mixture without
compromising energy efficiency. These results demonstrate the potential of using

nanoparticles to enhance PCM performance in LTES systems for building applications.

Ma et al. [86] prepared Cu-based RT-24 PCM, which favoured approximately 8.3% and
25.1% more heat charged and discharged respectively, compared with pure PCM. Khan and
ahmad khan [87] dispersed various nanoparticles aluminium nitride, aluminium oxide and
graphene nanoplatelets in the paraffin PCM, which resulted in an increase in the charging rate
by 36.47%, 28.01%, and 44.57%, and the discharging rate by 39.45%, 14.63%, and 41%,
respectively. Zeng et al. [88] improved the thermal conductivity of 1-tetradecanol PCM from
0.32 W/m K to 1.46 W/m K, with the dispersion of 11.8% by vol. of silver nanoparticles. It is

reported that the composition exhibited reasonable energy storage of 76.5 kJ/kg.

Alumina nanoparticles with a weight proportion of 5% and 10% were dispersed in the n-
Octadecane PCM. Ho et al. [89] reported that with the increased mass percentage of
nanoparticles in the PCM, there was a non-linear increase in the thermal conductivity
compared with pure PCM. Soni et al. [90] enhanced the thermal conductivity of Erythritol
PCM using various nanoparticles such as titania (TiO,), copper (Cu), alumina (Al), and
silicon oxide (SiO;). There was an enhancement in the PCM, however, the thermal
enhancement of the PCM was 8% greater due to the dispersion of Al and Cu nanoparticles in

the PCM compared with TiO, and SiO,. The time taken for melting the expanded graphite-
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based stearic acid was lowered by 63% compared to pure PCM, during the investigation that
was carried out by Li et al. [91]. Elbahjaoul et al. [92] enhanced the heat transfer

characteristic and solidification process by preparing copper nano-based n-Octadecane PCM.

Parameshwaran et al. [93] prepared Ag-TiO, hybrid nano-based dimethyl adipate PCM
(HINPCM), the maximum dispersion of nanoparticles in the PCM enhanced thermal
conductivity by 58.4% than pure PCM. Besides, the HINPCM reduces the freezing and
melting times by  29.9% and 9.17% respectively. Ag nano/organic ester PCM prepared by
Parameshwaran et al. [94] exhibited good thermal properties. Thermal conductivity was
increased from 0.284 W/m K to 0.765 W/m K, which reduced the freezing and melting times
by 30.8% and 11.3%, respectively. The thermal conductivity of Palmitic acid PCM was
enhanced by Wang et al. [95] by dispersing multi-walled carbon nanotubes. It was reported
that with the dispersion of 0.01 mass fraction of CNT, thermal conductivity was enhanced by
46% and 38% at a temperature of 25 °C and 65 °C, respectively. Interestingly, the thermal
conductivity of the CNT/PCM composite in a solid state near its melting point increases
suddenly, and the value drops when the composite is in a liquid state. Harikrishnan et al. [96]
enhanced thermal conductivity of oleic acid by dispersing copper-oxide nanoparticles. The
enhanced thermal conductivity resulted in reducing the freezing and melting times by 27.67%
and 28.57%, respectively. Besides, the CuO nano-based PCM exhibited good thermal

reliability even after 150 thermal cycles.

From the literature discussed above, it is clear that the dispersion of metallic and non-
metallic nanoparticles in PCM has proven to be highly effective in enhancing its thermal
properties, particularly thermal conductivity. This improvement is crucial in reducing the
freezing and melting times, and in some cases, it also contributed in enhancing thermal

stability.
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From the literature studies of PCM encapsulation, it is noticed that the organic-based
polymer shell materials have gained prominence due to their optimal combination of strength
and flexibility. In contrast, inorganic shell materials, such as silica, offer excellent thermal
conductivity but are prone to brittleness and frequent fracturing, which can disrupt their
fundamental function of safeguarding the PCM within the shell [19]. The review focused on
organic-based shell materials in PCM encapsulation sheds light on strategies to enhance the
thermal properties of encapsulated PCM. This progress has paved the way for applying
encapsulated PCM and advanced encapsulation technologies in construction for efficient
thermal energy storage (TES) systems. Below is the literature pertaining to the enhancement

of encapsulated PCM.

2.10. Thermal enhancement of Encapsulated PCM

Researchers have tried various strategies to enhance the thermal properties especially the
thermal conductivity of organic Based shell material.

Trivedi et al. [97] encapsulated dimethyl adipate PCM using melamine-formaldehyde shell
material. Further cryogenic conditioning of microencapsulated PCM was carried out to
enhance the thermo-physical properties. Graphene-oxide-modified poly (melamine
formaldehyde) micro encapsulated n-Dodecanol PCM was developed by Zhongguao et al.
[98]. Cui et al. [99] modified a polyurea shell of micro encapsulated PCM using graphite. The
graphite-modified microcapsules with size ranging from 150 to 350 um was dispersed in the
cement motor resulting in a drop in the compressive strength, despite the reduction still the
value stands higher at 32.9 MPa.

The Thermal conductivity of melamine formaldehyde shell-based microcapsules was
enhanced by Zhang et al. [100]. The shell of microcapsules was modified using hydrophobic
silicon carbide. Modified capsules with 2% H-SiC enhanced thermal conductivity by 55.82%

and latent heat of melting was 93.21 J/g, H-SiC modified microcapsules exhibited good
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thermal stability than unmodified capsules. Song et al. [101] coated silver nanoparticles on
the bromo-hexadecane based micro encapsulated PCM. The nanoparticles coated on the
aminoplast shell of microcapsules enhanced thermal stability and toughness. Cui et al. [102]
developed modified carbon nanotubes reinforced melamine formaldehyde resin used as the
shell for encapsulating an Octagon PCM. The modified CNT-reinforced melamine
formaldehyde-based microcapsules enhanced thermal conductivity by 24% compared with

unmodified micro encapsulated PCM.

Non- Pickering emulsion polymerization technique was used by Parvate et al. [103] to
develop TIO, nanoparticles quoted micro encapsulated extradition PCM. Poly (4-methyl
styrene co-dvinyl benzene) copolymer shell was used to encapsulate the PCM. TIO,
nanoparticles coated capsules exhibited good thermal stability. The author reported that the
developed capsules use in the field of residential building, biomedical, and industries as
thermal energy storage. Wang et al. [104] encapsulated n-tetradecane PCM using melamine-
formaldehyde shell material, further TIO, nanoparticles were adsorbed on the capsules to

enhance the thermo-physical properties.
2.11. Summary of the Literature Survey

From the extensive literature review, it is clear that the direct impregnation of PCM in
cementitious materials has been associated with leakage issues and a significant drop in
compressive strength. However, PCM encapsulation has effectively addressed these
difficulties. Encapsulating PCM has proven to overcome leakage problems, with the core
PCM inside the shell demonstrating good phase change characteristics during freezing and
melting processes. The concept of PCM encapsulation has also been shown to improve
thermal stability and reliability. When incorporating encapsulated PCM in cement mortar, a
marginal drop in compressive strength was observed, but it was less compared to PCM direct
impregnation. Despite the advantages of using organic-based shell materials for
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encapsulation, their thermal conductivity is low, which can leads to reduce the overall
thermal conductivity of the cement mortar due to incorporation of organic shell based PCM
capsules.

Overall, the research demonstrates the effectiveness of PCM encapsulation in addressing
the limitations of direct impregnation and highlights the potential benefits of incorporating
encapsulated PCM in building materials for improved thermal performance and energy
efficiency. It also enlightens the necessity of metallic and non-metallic nanoparticles to

enhance the thermal properties of organic PCM.

2.12. Research Gaps

The literature review carried on the utilization of encapsulated PCM in cement mortar for
external plastering; the findings suggest that it can effectively reduce heat gain within a room,
thus delaying the peak temperatures. Nevertheless, the use of encapsulated PCM-based
cement mortar for external plastering has been associated with only a marginal temperature
difference between indoor and outdoor environments, which falls short of being satisfactory.
Besides, research on encapsulated phase change materials (PCMs) for indoor applications
addressing heating challenges are limited. Typically, these capsules are sourced from
industrial suppliers. This underscores the need to develop encapsulated PCM capsules that
can freeze and melt within the range of human comfort temperatures. The literature reveals
that the capsules used for indoor applications exhibit low thermal conductivity, leading to
reduced phase change cycles per day. The encapsulated PCM capsules used for internal
plastering applications did not yield significant temperature differences. Despite a significant
demand for energy-efficient materials, both pure PCM and encapsulated PCM have struggled
to gain a foothold in the commercial market due to the aforementioned limitations, limiting
their availability. Given these challenges, there is an imperative to develop new materials and

strategies for implementing PCM in building fabrics to achieve substantial benefits, including
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reduced heat gain, minimized temperature differentials between indoor and outdoor spaces,
and delayed peak temperatures. These improvements, in turn, can lead to reduced air

conditioner capacity requirements and result in energy savings.

The existing literature indicates a conspicuous scarcity of studies addressing the
development of encapsulated PCM-incorporated cement mortar for internal plastering,
specifically for cooling applications in buildings. Furthermore, there is a notable dearth of
research concerning the micro-structural, thermal, and structural alterations associated with
this application. In contrast to encapsulated PCM-based cement mortar for external
plastering, the variant intended for internal plastering necessitates a robust thermal
conductivity. This is imperative for rooms equipped with air conditioners, as internal
plastering utilizing encapsulated PCM-based cement mortar requires high thermal
conductivity to effectively absorb and release energy during peak and off-peak periods,
respectively. Optimal thermal conductivity facilitates rapid phase change in encapsulated
PCM, allowing for an increased number of phase change cycles per day and consequently
enhancing energy utilization efficiency. This improvement in thermal conductivity can be
achieved by controlling the size of the capsules, scaling them down from micro to nano, as
demonstrated in prior research. Additionally, the incorporation of nanoparticles onto the
PCM capsules has the potential to augment thermal conductivity, although there is a paucity
of studies addressing this concept. The addition of metallic and non-metallic nanoparticles
has shown promise in improving the thermal properties of PCM, but further exploration is
needed to optimize these enhancements for practical applications. There is a clear gap
existing on the optimal types and concentrations of nanoparticles that maximize energy
efficiency and thermal stability while minimizing adverse effects on the material’s structural

properties.
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Most research articles have focused on the behavior of cement mortar containing
encapsulated PCM inclusions over 7 and 28 days curing period. From the literature it is
evident that there is a scarcity of studies pertaining to the cryogenic treatment of cement
mortar, and to date, no research has been reported on the cryogenic treatment of encapsulated

PCM-embedded cement mortar with varying curing rates.

2.13. Problem Definition

Considering the identified research gaps and the potential advantages associated with the
mentioned material, there exists a substantial opportunity for enhancing the thermal
properties of encapsulated PCM-incorporated cement mortar designed for internal plastering.
Moreover, it is imperative to elevate the thermo-structural characteristics of cement mortar.
Specifically, the encapsulated PCM integrated into cementitious materials intended for
internal plastering should possess the capability to efficiently absorb and release energy
within the temperature range of 22 °C to 26 °C, aligning with typical indoor comfort
temperatures. This capability would ensure effective cooling and precise temperature control
within enclosed spaces. Continued research and development efforts in this domain hold the
promise of delivering innovative solutions that can significantly contribute to sustainable and
energy-efficient building practices. Based on the existing research gap, the following

objectives were formulated for the current work.
2.14. Reasons behind selecting the PCM and Hybrid nanocomposites for the current study.

The availability of Phase Change Materials (PCMSs) that phase transition at temperatures
within the human comfort range is notably limited. Within this limited selection, 1-
Dodecanol and n-Octadecane emerge as notable organic PCMs capable of undergoing phase

change precisely within this temperature spectrum. Additionally, the latent heat of fusion
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values for 1-Dodecanol and n-Octadecane PCMs stand at 194.43 J/g and 203.18 J/g,

respectively.

As an organic compounds, 1-dodecanol and n-Octadecane are generally considered safer
and less toxic compared to inorganic PCMs like salts, which can be corrosive or have other
hazardous properties. This safety aspect is essential for indoor applications where health

considerations are critical.

While organic PCMs like 1-dodecanol might not always be the cheapest option, their
benefits in terms of energy savings and environmental impact can make them cost-effective

solutions in the long term.

Keeping In view the phase change temperatures and latent heat storage, the above two
PCMs were selected for the current study which enables them to absorb and release a
significant amount of thermal energy during the phase change process, enhancing thermal

inertia and reducing temperature fluctuations.

The primary advantages of using Copper-Titania (Cu-TiO,) Hybrid Nanocomposites in phase

change materials (PCMs) are their enhanced thermal properties and stability:

1. Enhanced Thermal Conductivity: Copper significantly boosts the heat transfer rate
within the PCM, crucial for the efficient freezing and melting processes due to its

high thermal conductivity.

2. Increased Thermal Stability: Titanium dioxide (titania) enhances the PCM's
structural integrity and chemical stability under repeated thermal cycling, mitigating

degradation.
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3. Synergistic Effects: The combination of copper and titania leverages the high thermal
properties of copper and the stability of titania, improving the PCM's freezing and

melting behavior.

4. Dispersion Stability: Titania facilitates better dispersion of copper nanoparticles,
reducing agglomeration and promoting uniform distribution, critical for consistent

thermal performance throughout the PCM.

2.14.1. Comparison with Other Nanopatrticles

1. Metals like Silver and Aluminum: While silver offers higher thermal conductivity, it is

more expensive. Aluminum is cheaper but less effective than copper.

2. Carbon-Based Materials (Graphene, Carbon Nanotubes): These offer very high
thermal conductivities but are costly and challenging to integrate effectively due to dispersion

issues.

Synthesis Process - Sol-Gel Chemical Process:

e Advantages:

e Low Temperature Synthesis: Allows control over nanoparticle properties

with reduced energy costs.

e Homogeneous Mixing: Ensures uniform distribution of copper and titania at

the molecular level.

e Versatility and Control: Enables fine-tuning of nanoparticles’ size,

distribution, and morphology by adjusting synthesis parameters.

o Cost-Effectiveness: Generally less expensive in terms of equipment and

operational costs compared to other methods.
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2.14.2. Other Synthesis Methods

1. Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD): While
offering high purity and controlled compositions, these methods involve higher costs and

energy.

2. Hydrothermal Synthesis: Effective for growing oxide crystals but involves high pressure

and temperature, which adds to the complexity and cost.

2.14.3. Efficiency and Cost Comparison

The sol-gel process stands out for its efficiency in producing well-mixed Cu-TiO2
composites and its cost-effectiveness compared to other nanoparticle synthesis methods like
CVD, PVD, and hydrothermal synthesis. The use of relatively low-cost materials like copper
and titania further enhances the economic viability of Cu-TiO2 hybrid nanocomposites for

PCM applications.

In-situ polymerization technique is used for encapsulating the selected PCM with melamine

formaldehyde. The technique has the following advantages mentioned below.

1. Control and Uniformity: In-situ polymerization typically results in better control over shell
morphology compared to interfacial polymerization. While interfacial polymerization can
sometimes produce uneven shell thickness due to the complex dynamics at the interface, in-
situ polymerization allows for a more uniform and consistent shell because the

polymerization reaction occurs uniformly around the PCM.

2. Chemical and Thermal Integrity: In-situ polymerization ensures that the shell material is
chemically bonded to the PCM, enhancing the integrity and stability of the encapsulation.
Interfacial polymerization may result in weaker bonding at the interface, which can be

susceptible to delamination under thermal cycling or mechanical stress.
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2.14.4. Comparison with other techniques
In-situ Polymerization vs. Spray Drying:

1. Shell Integrity: Spray drying typically involves the rapid drying of a carrier solution
containing the PCM and shell material, which can lead to less control over the
microstructure and potential defects like porosity or weak spots. In contrast, in-situ
polymerization creates a more robust and impermeable shell by forming the polymer

directly around the PCM.

2. Material Efficiency: Spray drying can lead to significant losses of material during the
process, especially if the PCM or polymer is sensitive to the conditions used (e.g., high
temperatures or shear forces). In-situ polymerization occurs at milder conditions and

encapsulates the PCM more efficiently, reducing material wastage.
In-situ Polymerization vs. Physical Methods (e.g., Fluidized Bed Coating):

1. Seamless Encapsulation: Physical methods like fluidized bed coating might not achieve
as seamless a coating as in-situ polymerization, which can form a more integral and
contiguous shell. This is crucial for preventing leakage of the PCM, especially under

conditions where the capsule might be subject to compressive or tensile forces.

2. Thermal and Chemical Resistance: The chemical cross-linking possible in in-situ
polymerization provides superior resistance to thermal and chemical degradation
compared to physical coatings, which may degrade or melt at lower temperatures or under

solvent exposure.
Process Benefits:

Scalability and Environmental Impact: In-situ polymerization can be scaled up with
relatively lower environmental impact compared to techniques like spray drying, which

require significant energy input for heating and maintaining the drying environment. In-
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situ polymerization reactions are generally conducted at ambient or slightly elevated

temperatures, saving energy and reducing carbon footprint.
2.15. Objectives of the study

1. To develop new cryogenically conditioned nanoencapsulated PCM-embedded cement
mortar for sustainable cooling in buildings.

2. Synthesis and characterization of the cryogenically conditioned nanoencapsulated
PCM-embedded cement mortar through different sequence of operations pertaining to
the mix preparation.

3. To evaluate and compare the thermal behaviour of reference cement mortar and
nanoencapsulated PCM-based cement mortar subjected to identical heating and
cooling conditions in an insulated test chamber, aiming to assess the shift in peak

temperatures and thermal regulation.

Taking into account the previously outlined problem statement and the identified research
gap, two specific types of organic PCMs namely 1-Dodecanol PCM and n-Octadecane PCM
were selected, in order to address the objectives. Notably, the freezing and melting
temperatures of both PCMs fall within the human comfort range (22 °C to 26 °C), which

served as a pivotal criterion for their inclusion in the current research endeavor.

2.16. The limitations of the study were outlined in the thesis following the stated objectives

1. The complex procedures involved in synthesizing the nanoencapsulated PCM-
embedded mortar might lead to variations in the final product depending on slight

changes in the synthesis process.
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2. The performance of PCM-embedded mortars is highly dependent on environmental
conditions. Different climates might yield different results, limiting the general

applicability of findings.

3. Any modeling or simulation work to predict performance can have limitations in

terms of assumptions made, which may not fully capture real-world complexities.
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CHAPTER -3

RESEARCH METHODOLOGY

3.1. Methodology

Based on the thorough literature review on the proposed research topic, the following

investigations pertaining to the proposed CNPCs are planned:

1.

Cryogenic conditioning of the nanoencapsulated PCM-embedded cement mortar is one
of the novel ideas of the proposed research work.

Systematic preparation of hybrid nanocomposites based PCM and nanoencapsulated
PCM will be performed.

The as-prepared hybrid nanocomposite based PCM and nanoencapsulated PCM were
experimentally analyzed using the physical and structural characterization techniques
including micro-structural (FESEM), crystallization nature (XRD), surface structure
(FTIR), phase change temperatures and latent heat capacities (DSC), thermal stability
(TGA), thermal conductivity and thermal reliability.

The nanoencapsulated PCM with varying proportions are embedded in the cement
mortar, and the cube specimens were cured in the water and also conditioned at
cryogenic temperatures.

Thermo-structural studies of cryogenic conditioned nanoencapsulated PCM-embedded
cement mortar samples are carried out.

Thermal behaviour of reference cement mortar and nanoencapsulated PCM-based
cement mortar are carried out subjected to identical heating and cooling using Insulated

Test Chamber.
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3.2. Plan of action

The proposed objectives have been successfully realized, as illustrated in the Fig. 14
depicting the action plan. The entire project was divided into three distinct stages. Initially, the
work commenced with 1-Dodecanol PCM, aimed at enhancing thermo-physical properties
through the dispersion of Cu-TiO, hybrid nanocomposites. Subsequently, direct impregnation
of pure PCM and HN based PCM into the cement mortar was carried out for further
investigations. To address potential leakage issues in the cube specimens, 1-Dodecanol PCM

was encapsulated at both micro and nano size.

The same synthesis and investigative procedures were replicated in stage 2, but with
n-Octadecane PCM. After thorough analysis of phase change characteristics, thermal
conductivity, and the cement mortar's behaviour with encapsulated PCM inclusions, the
election of PCM (1-Dodecanol and n-Octadecane PCM) and the optimal proportions suitable or

practical applications were finalized.

Stage 3 was dedicated to preparing cement mortar cube specimens with the chosen
encapsulated PCM and the ideal proportions for cryogenic treatment. Various curing rates were
considered to evaluate the compressive strength gain of PCM-based cement mortar when

subjected to cryogenic liquid treatment.

Finally the developed PCM based cement mortar slab were tested to study the behaviour
when subjected to temperature of 42 °C and 22 °C on either side of the slab. Due to temperature
difference heat transfer take place through the slab, and the temperatures were recorded using J
type thermocouples. The same experimentation was carried using reference cement mortar slab
for comparative study. The detailed information regarding the experimentation and the

observations were presented in the Chapter-6.
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Fig. 14. Workflow chart
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3.3. Overview of various samples prepared

Table 15 presents the details regarding the synthesis of HN, MDP, NDP, NP, HNNP, the

table also exhibits the information related to the preparation of HN based PCM and the

encapsulated PCM embedded cement mortar samples.

Table 5. Summary of synthesis carried out for the current work.

S. No. Preparation Technique Details
Cu-TiO, hybrid nanocomposites Sol-gel chemical Copper nanoparticles are adsorbed on the
1
(HN) process titania nanoparticles
Sonication was
Cu-TiO, hybrid nanocomposites The HN nanocomposites were dispersed
2 used for dispersion
based 1-Dodecanol PCM (HDP) in the 1-Dodecanol PCM
of HN
Cu-TiO, hybrid nanocomposites
based 1-Dodecanol PCM Direct The prepared HDP sample was dispersed
3
embedded cement mortar cube impregnation in the cement mortar
specimens (HDPC)
Microencapsulated 1-Dodecanol Insitu Melamine formaldehyde shell materials
4
PCM (MDP) polymerization was used for encapsulating the PCM
Melamine formaldehyde shell materials
Nanoencapsulated 1-Dodecanol Insitu
5 was used for encapsulating the PCM at
PCM (NDP) polymerization
nano level
Melamine formaldehyde shell material
Nanoencapsulated n-Octadecane Insitu
6 was used for encapsulating the PCM at
PCM (NP) polymerization
nano level
Cu-TiO2 hybrid nanocomposites
Insitu Cu-TiO2 hybrid nanocomposites were
7 adsorbed nanoencapsulated PCM
polymerization adsorbed on the nanocapsules
(HNNP)
Cu-TiO, hybrid nanocomposites Direct Pure PCM direct impregnation in the
8
based n-Octadecane PCM impregnation cement mortar
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S. No. Preparation Technique Details

embedded cement mortar cube

specimens

The NP capsules in the proportion of 3 to
Nanoencapsulated n-Octadecane
Encapsulated PCM | 15% by wt. of cement with the increment
9 PCM embedded in the cement

impregnation of 3% were dispersed in the cement
mortar cube specimens (NPeCM)
mortar

Cu-TiO2 hybrid nanocomposites The HNNP capsules in the proportion of
adsorbed nanoencapsulated PCM | Encapsulated PCM | 3 to 15% by wt. of cement with the

0 (HNNP) embedded in the cement | impregnation increment of 3% were dispersed in the
mortar cube specimens cement mortar
Cryogenic treatment of optimized Cryogenic treatment of HNNPeCM cube
proportion of HNNP (15%) Cryogenic specimens. Optimized proportion of

" embedded in the cement mortar treatment HNNP samples embedded in the cement
cube specimens mortar cube specimens were treated

3.4. Details of instruments for materials characterization

The prepared samples were characterized using the below mentioned instruments. The
specifications of the equipment being used for all the characterization tests are summarized in
Table 16. The summary of the tests carried out on the prepared materials was presented in
Table 17. The cryogenic conditioning of the reference cement mortar and PCM based cement
mortar are crucial in the study, Table 18 exhibits a strategic plan carrying out the experiment
using liquid nitrogen. The samples were cured with liquid nitrogen for 6 hrs, 12 hrs and 24
hrs, another case study is hybrid approach treating the samples with liquid nitrogen followed

by water curing.
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Table 6. Equipment details with specifications

Instrument type Model & Make Specifications Test sample type
Field emission scanning
electron microscope
200 V — 300 kV (STEM)
(FESEM) with energy APERO S, FEI, Powder sample
Detector: ETD
dispersive X-ray
spectrometry (EDAX)
Intensity: 40 kV, 30 mA Powder / Liquid
X-ray diffractometer ULTIMA 1V,
Step size: 0.0001° (Attachment
(XRD) RIGAKU
Cu Ka (A=1.54060 A°) required)
Max resolution: 0.5 cm™
Infrared wavelength: 400 to 4000 cm™
Fourier Transform Infrared | FT/IR — 4200, Max resolution: 0.5 cm™
Powder/Liquid
(FTIR) spectroscopy JASCO S/N ratio: 30,000:1
Display wave number range: 15,000 to
0 cm™ (standard)
Heat flow + 40 pW;
Differential scanning DSC TA - 250 Temperature range -150 °C to 600 °C;
Solid/Liquid
calorimeter SHIMADZU Cooling time 6 min from 600 °C to 40
°C with LN,
Room temperature to 1100 °C
Readability: 0.001 mg
DTG-60,
Thermo gravimetric Measurable range: £ 500 mg
SHIMADZU Solid/Liquid

analyser (TGA)

Measurable range: + 1000 pV
Sample quantity: 1 g max, in gross

weight
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Instrument type

Model & Make

Specifications

Test sample type

Thermal conductivity

analyser

TPS 500S, HOT

DISK

Thermal conductivity: 0.03 to 200
W/m K; Accuracy: 2%

Measuring Range: -35 °C to 200 °C.
Accuracy: Better than 5%,
Reproducibility: 2% (thermal
Conductivity)

Reproducibility: 10% (thermal

diffusivity)

Solid /Liquid

/Powder/

Compression testing

machine

402 model

Supply input: 220 to 240 V AC, 50 Hz,
capacity: 2000 kN, horizontal
clearance: 475 mm, load resolution: 0.1
kN up to 1000 kN, displacement
control: 0.001 mm, Max. displacement:
50 mm, load control: 0.1 kN/sec. to 50

kN/sec

Solid

PCR thermal cycler

Master cycler pro

S & Eppendorf

India Pvt. Ltd

Temp. Control Range 4°t0 99°C
Gradient Range 1°to 24°C

Control Accuracy+0.2°C

Heating Rate: 6 °C/sec

Heating Rate: 4.5 °C/sec

Power Supply: 950W

Solid
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Table 7. Overview of materials preparation and characterization

Thermal Thermal Freezingand | Compression
PCM Preparation PSA FESEM FTIR DsC TGA
conductivity cycling Melting time Testing

Cu-TiO, hybrid nanocomposites (HN) Yes Yes Yes NA Yes NA NA NA NA
Cu-TiO, hybrid nanocomposites based 1-

NA NA Yes Yes Yes Yes Yes Yes NA
Dodecanol PCM (HDP)
Cu-TiO, hybrid nanocomposites based 1-

1-Dodecanol | Dodecanol PCM embedded Cement NA NA Yes NA Yes NA NA NA Yes
PCM Mortar (HDPC)

Microencapsulated 1-Dodecanol PCM

Yes Yes Yes Yes Yes Yes Yes NA NA
(MDP)
Nanoencapsulated 1-Dodecanol PCM

Yes Yes Yes Yes Yes Yes Yes NA NA
(NDP)
Cu-TiO, hybrid nanocomposite-based n-

NA NA Yes Yes Yes Yes NA Yes NA
Octadecane PCM (HOP)
Cu-TiO, HN based n-Octadecane PCM
embedded cement mortar cube NA NA NA NA Yes Yes NA NA Yes

specimens (HOPC)
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Thermal Thermal Freezingand | Compression
PCM Preparation PSA FESEM FTIR DsC TGA
conductivity cycling Melting time Testing
Nanoencapsulated n-Octadecane PCM
NA
(NP) Yes Yes Yes Yes Yes Yes Yes NA
n-Octadecane | Nanoencapsulated n-Octadecane PCM
NA NA NA NA Yes Yes NA NA Yes
PCM embedded cement mortar (NPeCM)
Cu-TiO, hybrid nanocomposites
adsorbed nanoencapsulated n- Yes Yes Yes Yes Yes Yes Yes NA NA
Octadecane PCM (HNNP)
Cu-TiO, hybrid nanocomposites
adsorbed nanoencapsulated
NA NA NA NA Yes Yes Yes NA Yes
n-Octadecane PCM embedded cement
mortar (HNNPeCM)
Reference cement mortar NA Yes NA NA NA NA NA NA Yes
Cryogenic
conditioning
HNNPeCM-10 cube specimens NA Yes NA NA NA NA NA NA Yes
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Table 8. Strategy for water cured and cryogenic conditioning of reference cement mortar and HNNPeCM specimens.

S. No.

Sample Type

Details

Average compressive
strength of water cured
specimens (MPa)

Average compressive strength
of Cryo-conditioned specimens

Average compressive strength of
Cryo-conditioned specimens
followed by 28 days water curing
(MPa)

Reference Cement
Mortar

The plain cement mortar without
PCM capsules.

Cryo-conditioned plain cement
mortar cured with liquid nitrogen
with different curing rates.

7 days 28 days

24 hrs. 12 hrs. 6 hrs.

24 hrs. 12 hrs. 6 hrs.

Cryo-conditioned plain cement
mortar cured with liquid nitrogen
with different curing rates followed
by water curing.

HNNPeCM

Optimized proportion of HNNP
capsules impregnated cement
mortar cube samples.

Optimized proportion of HNNP
capsules impregnated cement
mortar cube samples mortar cured
with liquid nitrogen with different
curing rates.

NA NA NA

NA NA NA

Optimized proportion of HNNP
capsules impregnated cement
mortar cube samples mortar cured
with liquid nitrogen with different
curing rates followed by water
curing.
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CHAPTER -4
MATERIALS AND METHODS

This chapter emphasizes material details, synthesis procedure of HN, microencapsulated
1-Dodecanol PCM (MDP), nanoencapsulated 1-Dodecanol PCM (NDP), nanoencapsulated
n-Octadecane PCM (NP) and Cu-TiO; hybrid nanocomposites adsorbed nanoencapsulated
PCM (HNNP). This chapter also describes the procedure adopted for the direct impregnation
of pure PCM and the prepared encapsulated PCM embedded in the cement mortar for cube

specimen preparations.
4.1. Materials

The list of materials presented in Table 4 were used for the synthesis of Cu-TiO, hybrid
nanocomposites, microencapsulated PCM, nanoencapsulated PCM, and the encapsulated

PCM embedded cement mortar cube specimens.

Table 9. Details of the materials.

S. No. Material name (Formula) CAS no. Manufacturers Purpose

1-Dodecanol PCM

1 112-53-8 Loba chemie PCM
(C12H60)
Polyvinylpyrrolidone Stabilizing agent for nano
2 9003-39-8 SRL
(CgHgNO), particle synthesis
Used as precursor for hybrid
3 Titanium dioxide (TiOy) 13463-67-7 Loba chemie
nanoparticle synthesis’
Used as precursor for hybrid
4 Cupric nitrate (Cu(NOs),) 10031-43-3 Loba chemie
nanoparticle synthesis
Used as reducing agent for the
Sodium borohydride SD Fine-Chem
5 16940-66-2 preparation of hybrid
(NaBH,) Limited.

nanoparticle synthesis’
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S. No. Material name (Formula) CAS no. Manufacturers Purpose
Used as reducing agent for the
6 Ascorbic acid (CsHgOs) 50-81-7 Sigma Aldrich preparation of hybrid
nanoparticle synthesis’
Used as solvent along with
7 Ethanol (C,Hs0H) 64-17-5 Alpha Chemika
TiO2.
Used as admixture along with
Superplasticizer cement mortar sample
8 | e BASF, India
(Masterglenium Sky 8233) preparation to enhance the
workability.
Used as shell material for
9 Melamine (C3HgNe) 108-78-1 Finar Limited
encapsulating the PCM
Used as shell material for
10 Formaldehyde (H,CO) 50-00-0 Loba Chemie
encapsulating the PCM.
Used as an emulsifier for the
11 Span 60 (C,4H4606) 1138-41-6 SRL chemicals preparation of oil-in-water
(O/W).
Used as an emulsifier for the
12 Tween 20 (CsgH11402) 9005-64-5 SRL chemicals preparation of oil-in-water
(O/W).
Used as nucleating agent during
Ammonium chloride SD Fine-Chem
13 12125-02-9 the synthesis process of PCM
(NH,4CI) Limited.
encapsulation.
SD Fine-Chem
14 Sodium hydroxide (NaOH) 1310-73-2 Used as pH buffer
Limited.
De-ionized double distilled
I J I Millipore distiller | Used as solvent for reactions.
water
n-Octadecane
16 593-45-3 Sigma Aldrich Used as PCM
CH3(CH,)16CHs)
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S. No. Material name (Formula) CAS no. Manufacturers Purpose

Used as an emulsifier for the

preparation of oil-in-water

17 Span 80 (C,4H4606) 1338-43-8 SRL chemicals
(O/W) during the process of
encapsulation.
Used as an emulsifier for the
preparation of oil-in-water
18 Tween 80 (CgqH12402) 9005-65-6 SRL chemicals

(O/W) during the process of

encapsulation.

4.2. Synthesis of Cu-TiO, hybrid nanocomposites (HN)

5 g of titanium dioxide (referred to as precursor 1) were combined with 30 ml of ethanol;
subsequently, the resulting solution as shown in Fig. 15 (a) underwent 15 mins sonication
process. Meanwhile, cupric nitrate (referred to as precursor 2) was dissolved in 30 ml of
Double Distilled Water (DDW) as shown in Fig. 15 (b). This solution was subjected to

continuous stirring at a rate of 350 rpm while maintaining a temperature of 50 °C.

Following this, the titanium dioxide solution was amalgamated with the cupric nitrate
solution and subjected to 15 minutes of stirring. Simultaneously, 0.5 g of
Polyvinylpyrrolidone (serving as a stabilizing agent) was dissolved in 30 ml of distilled water
at room temperature. Once the Polyvinylpyrrolidone (PVP) powder was entirely dissolved in

the water, the resulting solution was added drop by drop to the precursor solution.

Distinct solutions were prepared separately by dissolving 0.1 g of sodium borohydride
(strong reducing agent) and 0.5 g of ascorbic acid (weak reducing agent) in 30 ml of distilled
water. The sodium borohydride solution, acting as the strong reducing agent, was then
gradually introduced drop by drop into the primary solution, succeeded by the addition of the

ascorbic acid solution. Notably, during the incorporation of the reducing agents, observable
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shifts in color transpired, transitioning from a light blue hue to a pale brown color as shown
in Fig. 15 (c). The titration process persevered until a discernible change in coloration
became apparent.

Subsequent to the procedure, decanting was performed when necessary, and washing with
acetone on three times. The resultant hybrid nanoparticles were subsequently subjected to
filtration through a dual-layer filter paper as shown in Fig. 15 (d). Following filtration as

shown in Fig. 15 (e), the particles were dried before being collected for further analysis or

applications.

Fig. 15. Synthesis of HN. a) Titania solution. b) Cupric nitrate solution. c) Copper-titania

colloidal solution. d) Filtering process. e) Drying process.

4.3. Preparation of Cu-TiO, hybrid nanocomposites based 1-Dodecanol PCM (HDP)
Cu-TiO, hybrid nanocomposite (HN) particles, synthesized during the present research

work, were dispersed into the pure PCM using proportions varying between 0.02% and 0.1%

by weight of PCM as shown in Fig 16. For stable and homogenous preparation of HN based

PCM sample, probe sonicator was used, the samples were kept undisturbed for 1 day to study

the settlement of the particles.
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Fig. 16. Pure 1-Dodecanol PCM and HDP samples.

4.4. Preparation of Cu-TiO, hybrid nanocomposites based 1-Dodecanol PCM embedded

Cement Mortar (HDPC)

The graphical representation of the HDPC is depicted in Fig. 17, illustrating the synthesis

procedure of HN, which is followed by dispersing the as-prepared HN in the 1-Dodecanol

PCM. Subsequently, the HDP was incorporated into the cement mortar for the preparation of

cube specimens. More comprehensive details regarding this process can be found in the

subsequent sections.

J

(10 min)

5 i +
ﬁ Titanium dioxide (Precursor) 30l Etiazol ﬁ L 2 %':‘;B‘::;:,:sit :l:i:]) iI:W
. Go) J Ultrasonication l 30 ml DDW

Dropwise l into

0.5 g Cupric nitrate (Precursor) 50 °C, 350 rpm Leads to
ﬁ in 30 ml DDW + —_— t Pale bluish white precipitate
0.5g PVPin 30 ml DDW Magnetic stirring

J

(10 min)
Thick TiO, Leads to l
precipitate

Pale brownish white
suspension

]

Filtration I

Drying

Cu-TiO, HN

Fig. 17. Schematic representation for preparation of HDPC.
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As it can be observed from Table 7 that the chosen cement has passed all the tests and
hence is being used for making the HDPC and the reference mortar specimens. For the
preparation of HDPC, measured quantities of the pure PCM with HN particles, varying
between 2% and 10% by weight of cement, were being tried and an optimum of 6% was
arrived at by the authors during in-house investigations.

The trial range for pure PCM was decided based on earlier studies [30, 105, 106]. The
optimized quantity of 6% of pure PCM with HN particles (HDP) was thoroughly pre dry
mixed with fresh cement, thus ensuring the uniform dispersion of HN in the mixture. The
uniform dispersion of HN in the mixture is expected to tap full TES potential of HDP.
Standard cement to fine aggregate ratio of 1:4 was considered for making the mortar
specimens.

In the next stage, the prepared cement, with varying proportions of pure PCM dispersed
with HN particles, was mixed with measured quantities of fine aggregates (river sand) and
water. With a view to enhance the workability, 0.7% by weight of cement of High Range
Water Reducing (HRWR) super plasticizer is being added to the measured quantity of water.

Freshly mixed HDPC, after placing inside the cube with the standard 70.6 mm sides, is
vibrated for 2 mins with a dedicated mortar vibrator, vibrating at the specified speed of
12000£400 vibrations/minutes. A minimum of 3 cube specimens were cast to represent each
attempted combination of HN particles and the pure PCM, to verify the reproducibility of the
results. Then, the cube specimens with moulds were left at temperature of 27 °C and 90%
relative humidity for 24 hrs. The cube specimens were then separated from the moulds, kept

in still water for a total period of 28 days as shown in Fig. 18.

The specimens were removed from the water were immediately tested for compressive
strength on a standard servo hydraulic closed loop feedback strain controlled 2000 kN
compression testing machine. A standard rate of loading of 350 kg/cm?minute was applied

during the testing process. For each combination three specimens were prepared for
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reproducibility. The design proportions of all the ingredients of HDPC are summarized and

presented in Table 8 for reference.

Fig. 18. HDPC preparation and curing process.

4.5. Synthesis of Microencapsulated 1-Dodecanol PCM (MDP)

A facile in-situ polymerization process was followed for the synthesis of the
microencapsulated PCM, wherein 1-Dodecanol PCM was encapsulated with MF shell
material. Several trials have been carried out for encapsulating the PCM. It was noticed from
the trials that, by altering the proportion of cross-linking agent, the formation of the
microcapsules was affected [107]. Moreover, the reaction under acidic conditions was much

favoring for the formation of the microcapsules [108].

Although, a complete control on the occurrence of agglomeration/coalescence could not
be achieved, however, by reducing the copolymer percentage, fine tuning the Hydrophilic—
Lipophilic Balance (HLB) scale of surfactant molecules, adjusting the pH value of reaction

have led to a good control on the formation of the MDP [109-112].

Based on the above observations, the reaction was fine-tuned as follows: Tween 20 and

span 60 of equal quantities were used as surfactants for the O/W preparation. 50 ml of
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1-Dodecanol PCM was added to the above mixture and stirred in the range of 8000 rpm to

8500 rpm using a high-speed shear mixer.

The pH value for O/W emulsion was in the range of 5-6. Whereas, for the preparation of
the shell precursor, 10 g of melamine (precursor) was added into 100 ml DDW followed by
the addition of 30 ml formaldehyde (another precursor) solution into it. The whole reaction
was carried out at 700 rpm and 70 °C using a magnetic stirrer with hot plate. During this
reaction, the NaOH solution was added to maintain the pH value in the range of 10-11, and
the reaction was continued until a thick white colloidal solution turns into a transparent
colourless solution. Finally, for encapsulation, the prepolymer was added drop by drop to the

O/W emulsion very slowly.

To accelerate the above reaction, aliquot quantity of ammonium chloride aqueous solution
was mixed [113]. Apart from accelerating the reaction, it also helps in removing residual
formaldehyde as shown in the equation (2). During this process, it was ensured that the final
solution pH had not exceeded the value of 7. Fig. 19 depicts the graphical representation of

MDP synthesis.
4NH,CI + 6CH,0 —> (CH_)sN4+ 6H,0 + 4HCI ----- )

The mixture is then stirred using a magnetic stirrer at 1500 rpm for 3 to 4 hours until
sedimentation begins, and the solid particles start settling at the bottom. Later, the supernatant
was decanted, and the whitish powder was collected. This powder was then cleaned twice

with acetone and the final encapsulated PCM was obtained.
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aqueous Tween 20 PCM droplet

Fig. 19. Graphical representation of MDP synthesis procedure.

4.6. Synthesis of nanoencapsulated 1-Dodecanol PCM (NDP)

For the synthesis of nanoencapsulated PCM (NP) Tween 80 and Span 80 which were used
as surfactant added to the water and stirred for 20 mins as shown in Fig. 20 (a) and (b),
further n-Octadecane PCM was added to the solution and stirred for 10 minutes 5 (c). Later,
for stable oil in water emulsion preparation, the solution was sonicated using a probe
sonicator for 15 mins as shown in Fig. 20 (d). Whereas, for the shell precursor preparation, 20
g of melamine powder (shell precursor) was added slowly into 100 ml DDW, in due course,
40 ml formaldehyde (shell precursor) was added as shown in Fig. 20 (e). The hot plate
magnetic stirrer was set to 75 °C and speed of 350 rpm. The pH regulator NaOH is added to
the shell precursor solution to maintain the pH value in the range of 8-10. The whole reaction
is continued stirring until a transparent colourless solution appears 20 (e). Further, the
prepolymer was added drop by drop slowly to the Oil in Water emulsion to maintain the
stirrer speed at 300 rpm. In the due, ammonium chloride aqueous solution was added to the
whole reaction to remove out any unreacted formaldehyde as show in the eq. (2). [113].
Maintaining the pH value of not more than 7, the whole reaction should be stirred
continuously at a speed of 300 rpm for 3 hrs. The resultant capsules were cooled to room

temperature subsequently washed with acetone for 3 times to remove un-encapsulated PCM
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if any and impurities as shown in Fig. 20 (c). Finally, the solution is filtered and dried in an
oven to maintain a temperature of 60 °C for 1 day as shown in Fig. 20 (g). The capsules are
in the form of white powder as shown in Fig. 20 (h), which is used for further

characterization and preparation of cube specimens.

Fig. 20. Synthesis procedure of NDP. a) - ¢) O/W emulsion preparation. d) O/W emulsion
preparation using probe sonicator. (e) Shell material preparation (f) Final solution. (g)

Filtering process (h) Final dried nanocapsules in powder form.

4.7. Synthesis of Cu-TiO2 hybrid nanocomposite-based n-Octadecane PCM (HOP)
Cu-TiO; hybrid nanocomposite (HN) particles, synthesized during the current study, were
dispersed into the pure PCM using the proportions varying between 0.02% and 0.1% by
weight of PCM as shown in Fig. 21. For stable and homogenous preparation of HOP samples,
probe sonicator was used, the samples were kept undisturbed for 1 day to study the settlement

of the particles.
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Fig. 21. Cu-TiO, Hybrid nanocomposite-based n-Octadecane PCM (HOP).

4.8. Preparation of Cu-TiO, HN based n-Octadecane PCM embedded cement mortar cube
specimens (HOPC)

Cu-TiO2 hybrid nanocomposites were dispersed in the n-Octadecane PCM with the
proportion ranging from 0.02 to 0.1% by weight of PCM with the incremental step of 0.02%.
The prepared HN based n-Octadecane PCM samples were characterized to study thermo-
physical properties such as thermal conductivity, chemical compatibility, freezing and
melting time. Further, the prepared HN based n-Octadecane PCM samples were embedded in
the cement mortar as shown in Fig. 22 to study the leakage issues, energy storage capability,

thermal conductivity, compressive strength.

Fig. 22. Cu-TiO; HN based n-Octadecane PCM embedded cement mortar cube specimens.
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4.9. Synthesis of nanoencapsulated n-Octadecane PCM (NP)

For the preparation of nano encapsulated PCM, Tween 80 and Span 80 nonionic
surfactants were used for oil-in-water emulsions. To get the ideal Hydrophilic-Lipophilic
Balance (HLB) values for emulsification, the mixing ratios were computed using eq. (3)
[114]. The O/W ratio plays a vital role in developing capsules, keeping this in view; different
trials were performed with varying oil-to-water ratios. The optimized proportions of Tween
80 and Span 80 were added to the DDW, and the mixture was stirred at 300 rpm, maintaining
a temperature of 70 °C. Later, PCM was added drop by drop to the mixture slowly, and
further the mixture was sonicated with a frequency of 20,000 Hz, and amplitude of 40% for a
stable O/W emulsion as shown in Fig. 23 (a). During the synthesis process, it is important to
maintain the temperature of the O/W emulsion at a higher level than melting point of PCM.
As pH plays a vital role in affecting the size and morphology of the capsule, in this regard,

citric acid was added to the O/W emulsion to regulate the pH value to 4.

Formation, smoothness, and dispersion of the capsules are significantly affected by the
formaldehyde to melamine ratio. A single molecule of melamine has the potential to react
with six molecules of formaldehyde. Thus, the reaction rate and degree of polymerization
were both enhanced by high formaldehyde to melamine molar ratio, favouring the
precipitation of resin capsules. Considering shell material precursor preparation, melamine to
formaldehyde ratio is 1:4 [115]. Different trials of experiments were carried out varying the
melamine to formaldehyde ratio and temperatures during shell material precursor preparation
and the optimized proportions were considered for the present work. Melamine powder of 30
gm was dissolved in 100 ml of DDW, later 120 ml of formaldehyde was added to the
mixture. The temperature during shell material precursor preparation should be maintained at
80 °C while stirring at 350 rpm as shown in Fig. 23 (b). The pH value of prepolymer should
be regulated to 11 by adding NaOH solution, and the mixture continued for stirring; slowly

the mixture changes its color from thick white colloidal solution to transparent colorless
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solution. The reaction is stopped, and the shell material precursor is added drop by drop
slowly to the O/W emulsion, the mixture is stirred at speed of 700 rpm maintaining
temperature of 70 °C. An aliquot quantity of ammonium chloride aqueous solution was
mixed to accelerate the aforesaid reaction. As demonstrated in the eq. (2), it not only
accelerates the reaction but also aids in the removal of unreacted formaldehyde [116]. The
whole reaction is continued stirring for 3 hrs which yields Nano capsules, the final solution
shown in Fig. 23 (c) is further filtered, and the capsules are washed with acetone twice to

collect finally the encapsulated PCM as shown in Fig. 23 (d).

Fig. 23. Synthesis procedure of NP a) Oil in Water emulsion preparation using probe

sonicator b) Shell material; ¢) Final Solution; d) Drying process of nanocapsules.

4.10. Synthesis of Cu-TiO, hybrid nanocomposites adsorbed nanoencapsulated n-
Octadecane PCM (HNNP)

The as-prepared HN were adsorbed on the nanoencapsulated PCM. Fig. 24 depicts the
principle behind the synthesis of nanoencapsulated PCM and the HN adsorption of the
nanoencapsulated PCM (NP).

Various trials of experimentation were carried out adsorbing Cu-TiO, hybrid
nanocomposites at different stages such as O/W emulsion phase, shell material phase etc.
However, it was noticed that, by adding the Cu-TiO, hybrid nanocomposites colloidal
solution either in O/W emulsion or along with the shell material precursor solution, the

formation of nano encapsulated PCM (NP) is affected. In this context, the colloidal solution
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was added separately to the final combination. The Cu-TiO, hybrid nanocomposites in dry

powder condition are dispersed in DDW and sonicated for 15 minutes to deagglomerate.

NH4 sol. is added

0 accelerate .
reaction Copper _
MF Shell material nanoparticles HN

T i

MEF Prepolymer

MF Prepolymer
x pH 8
Sonicated at fre q ency pH 4
of 20,

.\ ” 0% Adsorption
o =9 + -> é » Titania ;
.J \ =~ nanoparticles

r\q"eo"“P" 80 | n- omdenmc | I Cu-TiO2 Hybrid Cu-Ti ()le\h id nanocomposite
& O/W Nanoencapsulated PCM ?
o P( M droplet [ emulsion ] [ Final Reaction ] Ps ites (HIN) sl P alated PC “

(ll\hl’)

Fig. 24. Graphical representation of NP and HNNP synthesis procedure.

Later, the Cu-TiO; hybrid nanocomposites solution is added slowly to the solution which
contains the nano capsules. The mixture is stirred very slowly on a magnetic stirrer at room
temperature, in view of fact that the higher stirring speeds and higher temperatures will
reduce the tendency of adsorption. The stirring is continued for 3 hours, further the capsules
are filtered, and washed twice with acetone. Graphical representation regarding synthesis of

Cu-TiO; hybrid nanocomposites adsorbed nanocapsules was presented in Fig. 25.

Cu-TiO, Hybrid
nanoparticles

SHELL

PCM

Fig. 25. Graphical representation of Cu-TiO, hybrid nanocomposites adsorbed

nanoencapsulated n-Octadecane PCM (HNNP)

HLB mixture = [(HLB Tween 8o * Tween 80%) + (HLB spanso * Span 80%)] -------- (3)

HLB tweenso= 15, HLB Span 80 = 4.3
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4.11. Challenges encountered during synthesis

1. Type of Emulsifiers and the Oil to Water (O/W) ratios plays a crucial role in the
formation of PCM droplet which confirms the size of the capsules. Stirring speed of
O/W emulsion also deciding factor for capsule size. After sonicating the O/W
emulsion, it is important to avoid higher stirring speeds which affect the PCM droplet.
While the pH value of shell material plays a vital role in the surface morphology of

encapsulated PCM.

2. Methods like controlling the stirring rate, reactant concentrations, and polymerization
temperature are used to influence size, but consistently applying these methods to

produce nanoparticles within a narrow size range can be difficult.

3. Surfactants or stabilizers are often required to maintain stability and prevent
aggregation. However, choosing the right surfactant that does not interfere with the

PCM’s thermal properties or the polymerization process is challenging.

4. Precisely controlling reaction conditions to modulate the polymerization rate without

compromising the quality and functionality of the PCM is complex.

4.12. Preparation of pure PCM, NP and HNNP embedded cement mortar cube specimens
For the preparation of cube specimens, cement, fine aggregate, water, super plasticizer
was used, and to accommodate thermal energy storage, additives such as pure PCM, NP and

HNNP capsules were dispersed.
4.12.1. Mix Design for Cube specimen preparations

Two distinct types of capsules, namely NP and HNNP, were dispersed within the cement
mortar matrix across a range of 3% to 15%, incrementing in 3% intervals relative to the
cement weight. A lower limit of 3% was selected due to its substantial impact on thermal

properties, as indicated in reference [59]. The cube specimens depicted in Fig. 26, were
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crafted with dimensions of 70.6 mm, involving the dispersion of capsules within the cement

mortar. The codes designated for these cube specimens are enumerated in Table 13.

Past literature underscores the correlation between the strength gain of cement mortar
cubes and the duration of curing. In alignment with this, the cube specimens prepared
underwent curing for durations of 7 days and 28 days in water [59]. To ensure precision and
reproducibility, a minimum of 3 cube specimens were cast to represent each unique
combination of NP and HNNP within the cement mortar. Table 14 outlines the allocation of

separate codes to cube specimens based on their corresponding curing periods.

Fig. 26. NPeCM and HNNPeCM cube specimen preparation.

Subsequent to mixture preparation, the material was placed into the cube molds and
subjected to vibration at a controlled speed of 12,000 vibrations/min. This step was
undertaken to eliminate entrapped air pockets from the cube specimens, resulting in reduced

porosity, heightened density, and increased compressive strength.

4.13. Cryogenic treatment

Cryogenic temperatures are acknowledged as one of the most extreme environments for
utilizing concrete, exerting a substantial influence on various aspects of concrete
performance, including its mechanical properties, freeze-thaw resistance, and overall

durability. Cement-based materials exhibit markedly distinct characteristics at cryogenic
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temperatures compared to ambient conditions. Liquid nitrogen, known for its extreme
coldness with a boiling point of approximately -196 °C, at standard atmospheric pressure, is
the preferred choice for cryogenic treatment.

4.13.1. Need for cryogenic conditioning of cement mortar

Cryogenic conditioning profoundly impacts the strength of concrete and regular practice
for a few applications. The strength acquired during cement hydration is a pivotal factor,
signifying the gradual enhancement of mechanical strength in cement mortar as it undergoes
the hydration process. During the initial stages of cement hydration process, which transpire
within the first few hours after mixing, there is a rapid dissolution of cement particles, and
during this phase, the admixture does not yet possess significant mechanical strength.
Subsequently, early strength gain occurs in the ensuing days to weeks, as the cement mortar
progressively strengthens and begins to exhibit load-bearing capacity. Although the rate of
strength gain decelerates significantly after the initial few months, concrete continues to
fortify over an extended period. A wide range of investigations were carried out and also
proven technique treating the concrete with cryogenic liquid. However, there are very limited

studies reporting the cryogenic treatment of cement mortar.
4.13.2. Cryogenic conditioning of reference cement mortar and HNNPeCM

In the present study, an experiment involving the cryogenic conditioning of cement mortar
using liquid nitrogen was carried out. Generally, the 28 days curing period is considered for
the cement mortar for the appreciable strength gain. The investigations were carried out to
study the impact of cryogenic conditioning of the reference cement mortar and HNNPeCM-
10 cube specimens using liquid nitrogen with different curing periods such as 6 hrs, 12 hrs,
and. 24 hrs as shown in Fig 27 (a). Fig. 27 (b) illustrates a close-up view of the cement mortar
cube specimen after undergoing cryogenic treatment. Two different approaches for cryogenic

conditioning were carried out as presented in Table 15. The first approach was the casted
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cubes specimens were conditioned with liquid nitrogen for 6 hrs., 12 hrs., and 24 hrs.,
followed by the compression strength testing, the second approach was the cryogenically
conditioned cube specimens were cured in the water for the 28 days. The cement mortar cube
specimens as shown in the Fig. 28 (a) & (b) were further subjected to cryogenic conditioning
and examined to assess their compressive strength using compression testing machine as
shown in the Fig. 28 (c), providing valuable insights into the strength enhancement achieved

through varying cryo-conditioned rates.

Fig. 27. Cryogenic conditioning of cube specimens

Fig. 28. a) Cryo-conditioned cement mortar cube specimens b) Cryo-conditioned HNNP

based cement mortar cube specimens ¢) compression testing of Cryo-conditioned specimens.
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CHAPTER -5
RESULTS AND DISCUSSIONS

The present study involved a comprehensive thermal and structural investigations of HN
based PCM. The test results encompassed a wide range of critical aspects, including the
surface morphology, crystal structure, chemical stability, phase transitions, thermal energy
storage capacity, thermal stability, thermal conductivity, and compressive strength of the

novel HNNP and HNNPeCM.

These results highlight the importance of incorporating HN based PCM into cement
mortar. This strategic integration serves towards enhancing the thermal properties of the
material while ensuring the adequacy of structural integrity of the HN based PCM
incorporated into the cement mortar. This underscores the potential significance of this

innovative approach in the realm of sustainable construction materials.
5.1. Results of HN and HDP
5.1.1. Morphology of hybrid nanocomposite (HN)

The surface morphology of the Cu-TiO, HN being characterized through the FESEM has
clearly showed (Fig. 29) the formation of the hybrid nanocomposite particles. The HN
particles were nearly spherical in shape, and the adsorption of the tiny copper nanoparticles
on the surface of the titania nanoparticles can be clearly visualized through the microscopic
image. Similar results were reported in terms of the formation and nucleation of copper

nanoparticles over the surface of the titania nanoparticles [117, 118].

The copper nanoparticles present on the surface of the titania nanoparticles acts as
extended heat transfer surfaces, with better heat transfer during phase transition process

[119]. Furthermore, as depicted in Fig. 29. inset, the EDX spectra strongly supported the
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formation of the HN and the strong peaks confirmed the presence of highly crystalline copper

and titania nanoparticles.
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Fig. 29. FESEM and EDX of HN.

5.1.2. Crystal structure and chemical stability of the HDP

The results related to the XRD peaks at 20 angle confirmed the formation of the copper-
titania HN particles in terms of their intense and sharp Bragg reflections exhibited as shown
in Fig. 30. The anatase phases of the titania nanoparticles were clearly observed which were
attributed to the scattering occurred at interplanar spacing. On the other hand, the formation
of the highly crystalline copper nanoparticles on the surface of the titania nanoparticles with
prevailing (111) Face Centered Cubic (FCC) structure was also verified from the XRD
results.

It is noteworthy that, the weight proportions of the HN has played a vital role in terms of
building nucleation sites for reducing copper ions to be adsorbed on the surface of TiO,
nanoparticles. The XRD results obtained for the HN were in good agreement with the JCPDS

File No. 21-1272 for titania and 04-0836 for copper nanoparticles respectively [120, 121]
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Fig. 30. XRD pattern of HN.

The Fourier transform infrared (FTIR) spectra measured for the pure PCM and HDP are
depicted in Fig. 31. The test results infer that, a strong and broad band was observed at
3359.4 cm™ which was ascribed to the stretching frequency of the characteristic alcohol
group (C-H) of the PCM. Similarly, the absorption bands obtained at 2926.5 cm™ and 2857.2
cm™ were assigned to the alkane (C-H) functional groups of the pure PCM [122]. The
vibrational peaks observed at 1460 cm™ and 1057 cm™ were attributed to the C-H stretching
vibration of the methylene/methyl group and C-OH stretching vibration, respectively.
Interestingly, the vibrational peaks induced in the HDP were typical with the same functional
group as that of the pure PCM. The marginal shifts observed in the wavenumbers of HDP
were due to the physical blending and some capillary/surface tension forces between the HN
and the pure PCM during the preparation of HDP. In short, the FTIR results clearly justified
that, there was no chemical interaction between the pure PCM and the HN particles owing to

the chemical stability of the HDP on a long run.
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Fig. 31. FTIR spectra of the pure PCM and HDP.

5.1.3. Phase change characteristics of pure PCM and HDP

The DSC measurement results reveal that, the pure PCM and the HDP has exhibited near-
congruent freezing and melting processes with the required phase transition temperatures and
good latent heat capacities. The onset temperatures measured during the freezing process
were consistent around 21 °C for both the pure PCM and the HDP. Likewise, during the
melting process, the onset temperatures were recorded to be closer to 22 °C.

It is evident from the results presented in Fig. 32. that, with the increased dispersion of the
HN into the pure PCM, still the differences in the onset phase transition temperatures were
marginal and the latent heat enthalpies were also unaltered to a greater extent. The average
values of enthalpy of latent heat for the HDP during freezing and melting were 190.03 J/g
and 195.03 J/g, respectively. These values are in good agreement with the enthalpy values of

the pure PCM.

83



pure PCM 0.02% 0.04 %
LH- 182.97 Jig L.H- 191.48 Jig
2] LH-181.48 Jig 24 2
Freezing Process On set - 21.31 °C Freezing Process On'set-21.17.%C Freezing Pracess Onisels21i52uG
2 2 2
2 2 2
z 2 2
20 20 > 20
[T [T w
® ® ®
Q ) )
I T T
Melting Process Melting Process Melting Process
-2 LH- 19443 Jig -2 LH- 18297 Jig 2 LH- 200.01 Jig
On set - 22.13 °C On set -21.17°C SGih On set-22.18°C
EXOUP EXQO UP
-60 -40 -20 0 20 40 60 -60 -40 20 0 20 40 60 -60 -40 20 0 20 40 60
Temperature (°C) Temperature (°C) Temperature (°C)
o Py o
0.06 % L.H - 202.19 J/g 0.08 % LH- 187.66 Jig 01%
2] On set - 21.49°C 5 On set - 21.46 °C | LH- 185.85 J/ig
Freezing Process Freezing Process Freezing Process On set - 20.91 °C
2 2 2
= 2 =
z z z
20 20 20
w (TR L
© T T
@ [} [}
T T T
Melting Process Melting Process Melting Process
-2 L.H- 207.02 Jig -2+ L.H- 195.80 Jig -2 L.H- 189.36 Jig
On set-22.99°C On set -22.93 °C On set - 20.20 °C
EXO UP EXO UP EXO UP
T T T T T T T T T T T T T T T
-60 -40 20 0 20 40 60 -60 -40 -20 0 20 40 60 60 -40 -20 0 20 40 60
Temperature (°C) Temperature (°C) Temperature (°C)

Fig. 32. DSC graphs of pure PCM and HDP

However, the variations observed in the latent heat values with regard to the loading of the
HN were due to the physical interaction of the nanoparticles with the pure PCM, increased
mass proportion and any dissipation effects due to viscosity of the HDP [123, 94].
Furthermore, the near-congruent phase transition effects and the relatively good latent heat
enthalpies of the HDP can be attributed largely due to the incorporation of the highly

crystalline and thermally conductive HN particles into the pure PCM.

The HN particles aided the process of heat transfer within the PCM matrix layers, which
then paved way for achieving effective nucleation kinetics leading to the near-congruent
freezing and melting characteristics of the HDP. The minor peaks being observed in the pure
and the HDP can be ascribed to the supercooling effect of the pure PCM, but it was quite
marginal and with 0.06% of HN in the PCM, the supercooling effect was eliminated (Fig.
32). The HN particles served as efficient nucleation sites within the PCM layers and
promoted the heterogeneous nucleation due to freezing point depression. The results are in

justification with the following reference [124].
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The thermally conductive HN enabled for achieving faster freezing of the HDP thereby;
the effect of supercooling was minimized to a greater extent. Thus, the DSC results justified
the usefulness of embedding the HN particles and due to which the HDP showed good heat
storage (freezing) and discharge (melting) characteristics without any induced high
concentration defects in the PCM. The results are in justification with the following

references [125, 27].
5.1.4. Heat storage and release properties

The Thermal Energy Storage (TES) experimental setup schematic shown in Fig. 33 was
utilized to investigate the time taken for freezing and melting process of pure PCM and the
HDP samples as shown in Fig. 33. The test samples shown in Fig. 34 (a), immersed in water,
were gradually cooled to 15°C, while the cooled samples at 15°C were progressively heated
to 30°C. Thermocouples were employed to record the temperature changes for each sample
as shown in Fig. 34 (b). These recorded temperatures were then utilized to develop the
cooling and freezing graph, as depicted in Fig. 35. The data acquired from these experiments

were analysed, and the resulting findings were comprehensively presented in Table 19.

The findings clearly indicate that the pure PCM initiates its freezing and melting processes
within a span of 9.5 mins. The complete freezing and melting of the pure PCM are
accomplished within 25 and 28 mins, respectively. With the incorporation of HN into the
PCM, both the commencement and completion times for freezing and melting processes were
significantly reduced. Specifically, through maximum dispersion of HN at a concentration of
0.1%, the freezing and melting processes were remarkably expedited, occurring within
approximately 15.83 and 34.4 minutes, respectively. Notably, the highest dispersion of HN at

0.1% led to a significant enhancement of 33.6% in freezing time and 14.28% in melting time.
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The intrinsic Brownian motion, interaction of phonons, high surface-to-volume ratio, and
surface modifications of the HN have collectively contributed to the attainment of enhanced
thermal conductivity, accelerated solidification (crystallization), minimized degree of
supercooling, and augmented heat energy transfer within the HDP. To be precise, the
outcomes of the experiments unequivocally validate that HDP, exhibiting efficient and
improved thermal properties, hold substantial promise as a viable contender for addressing
the energy redistribution needs in specialized cooling and thermal energy storage

applications.
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Fig. 33. Thermal energy storage setup
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Fig. 35. Freezing and melting curves of pure PCM and HDP samples.
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Table 10. Heat storage and release characteristics of pure PCM and HDP

HN based 1-Dodecanol PCM

Process Parameters Pure
0.02% 0.04% 0.06% | 0.08% 0.1%
PCM
Commencement
10.2 8.3 1.7 7.1 6.8 6.5
(min)
Completion (min) 39.2 36.2 34.4 31.1 29.8 27.8

Process duration

Freezing (i) 29 27.9 26.7 24 23 21.3
Enhancement % 18.6 24.5 30.3 33.3 36.2
Commencement

92.1 83.6 80.8 76.6 73.4 71.7
(min)
Completion (min) 118.2 105.3 101.2 96.4 924 89.9
Process duration
. 26.1 21.7 20.4 19.8 19.0 18.2

Melting (min)

Enhancement % . 9.2 12.2 16.8 20.3 22.1

5.1.5. Thermogravimetric analysis

The thermal stability of the pure PCM and the HDP was determined using the TGA and
the results are illustrated in Fig. 36. The test results infer that, the pure PCM and the HDP
showed a single step dominant mass loss with an onset decomposition temperature of 100.4
°C. The pure PCM was thermally stable up to 100 °C and beyond which the decomposition
has started, and the process was completed at 190.11 °C. Likewise, the HDP was thermally
stable up to 100.4 °C, but the end points of the HDP being decomposed has shown some

variation with respect to the mass concentration of the HN. With the dispersion of HN in pure
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PCM, there was no much effect on the start of decomposition temperature but a slight shift in

the end of the decomposition temperature was observed as shown in Fig. 36.
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Fig. 36. TGA curves of pure PCM and HDP.

The TGA results showed that, the incorporation of the HN into the pure PCM paved way
for a marginal improvement at the end-set temperature, however, for this 1-dodeconal PCM,
the effect of HN on thermal stability was not appreciable. On the other hand, both the pure
PCM and the HDP, they were thermally stable up to 100.4 °C, which was reasonably higher

from the viewpoint of the intended passive TES application in buildings.

5.1.6. Thermal conductivity of pure PCM and HDP samples

The effective thermal conductivity of the pure PCM and the HDP were measured, and the
results are depicted in Fig. 37. With the increased percentage of HN in the pure PCM, the
thermal conductivity of the HDP has increased linearly to the maximum value of 0.1926 W/m
K at 0.08% of the PCM, which is equivalent to 5.53% improvement in thermal conductivity
of the HDP. The effect of improved thermal conductivity was mainly due to the surface

morphology, phonon interaction, and the clustering of the HN particles [126, 127].
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The thermal conductivity enhancement was mainly because of buildup of closely packed
thermal network by the HN in the pure PCM. Also, the copper nanoparticles adsorbed on the
titania nanoparticles, which mimicked as fin like structures helped in achieving better heat
transfer through the layers of the pure PCM thereby; augmented the heterogeneous

nucleation, swift heat storage and release characteristics of the HDP.

0.225

0.200 - 0.1926

< 0.1825 0.1844 0.1848 0.1865 T 0.1841
S

E 0.175 -

>

=

S 0.150 S

=

(3]

>

k]

c 0125

Q

3]

©

£ 0.100 -

-

()

o oy

= o075

0.050 ; . . . . . T T T T
& o\e \o o\e \ \
o & & & & &
& N Qb‘ & N Q\
QY N o° o N

Fig. 37. Thermal conductivity of pure PCM and HDP.

The reduction in the value of thermal conductivity observed at 0.1% of HDP could be
anticipated due to a possible settlement of some HN particles thereby; giving way to
remaining HN particles to conduct the heat through the pure PCM. Due to the low mass
proportions of the HN infused into the pure PCM, the thermal conductivity enhancement of
HDP was observed to be minimal, however, any value of improvement in thermal

conductivity would be beneficial for the PCM for storage and discharge of thermal energy.

5.1.7. Compressive strength of HDPC
Average values of compressive strengths of 28-day cured specimens for all the
combinations are presented graphically through Fig. 38. Also a few selected photographs of

the cube specimens are presented through Fig. 39 for reference.
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It has been reported [29, 128, 31] that the addition of PCM in cement mortar has always
shown the trend of drop in compressive strengths as the PCM, in the presence of water, due

to the excessive lubricating effect induced to the mortar.
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The results obtained during the present studies also confirm similar trend of drop in 28
days compressive strengths (22.3 MPa, recorded for specimen 1 with zero HDPC and 20.2
MPa, recorded for specimen 7 with 6% HDPC having 0.1% HN particles) with incremental
proportion of HDPC in the mortar. The relative drop in strengths from specimen 2 to
specimen 7, with uniform pure PCM inclusion of 6% and incremental HN particle ranging
from 0.02% to 0.1%, was observed to be 1.7 MPa, which is quite marginal.

5.1.8. Summary

In the present work, the effects of dispersion of the HN particles into the pure PCM and in
turn the incorporation of the HDP into the cement mortar for achieving enhanced thermal
properties and TES capabilities were experimentally investigated. The test results clearly
suggest that the HN dispersion in the PCM has really favoured in enhancing the thermal
conductivity, this resulted in reducing the commencement of freezing and melting process,
besides the time taken for freezing and melting process were reduced by 36.2% and 22.1%
respectively.

However, it was noticed that the 1-Dodecanol PCM was leaking out from the cement
mortar cube specimens during curing in water, besides the compressive strength was also
reduced.

Despite the numerous benefits associated with HDP direct incorporation in cement mortar,
the leakage of 1-Dodecanol PCM diminishes its energy storage capacity. This leakage issue
stems from the constraint on increasing PCM percentage due to the direct impregnation
method, subsequently leading to a reduction in the compressive strength of the cement
mortar. Additionally, organic PCM are flammable in nature. From the application standpoint,
it becomes evident that the direct impregnation technique of PCM might not be conducive

and viable towards achieving optimal energy storage capabilities. In light of this, PCM
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encapsulation emerges as the most viable alternative technique, effectively addressing the

aforementioned challenges arising from PCM direct impregnation.

A comprehensive exploration of the synthesis process for encapsulating 1-Dodecanol
organic PCM was presented in the preceding chapter. The subsequent section delves into the

discussion of the characterization outcomes pertaining to MDP.
5.2. Microencapsulated 1-Dodecanol PCM (MDP)
5.2.1. Morphology of the MDP

FESEM with EDS detector was used to study the surface morphology of the as-
synthesized microcapsules. The FESEM images as shown in Fig. 40 (a) depicts that, the
microcapsules were spherical in shape with slight roughness on their surface being spotted.
The formation of the MDP capsules mainly relied on the interfacial tension between the
PCM, polymer and the surfactant. From Fig. 40 (b) and (c), it is observed that the
microcapsules exhibited agglomeration or coalescence behaviour, which might have led to
the slight increase in the size of the oil droplets/particles supported by the incremental

inclusion/adjoining shell material [129, 130].

The EDAX results of the MDP shown in Fig. 40 (d) revealed that, the weight percentage
of carbon, nitrogen, and oxygen was observed to be 39.42%, 50.49%, and 10.09%,
respectively. The existence of nitrogen in the capsule can be attributed to the amine (shell
material) and the presence of the oxygen and carbon corresponds to the organic material (1-
Dodecanol PCM). Hence, the EDAX confirmed the formation of the melamine formaldehyde

shell which has effectively encapsulated the 1-Dodecanol PCM core.
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Fig. 40. FESEM images of MDP a) Microcapsules b) Agglomeration of microcapsules c)

Coalescence of the microcapsule d) EDAX spectrum of the MDP.

5.2.2. Particle size distribution of the MDP

The size of the microcapsules varied from less than 60 nm to nearly 980 nm as illustrated

in Fig. 41. The average capsule diameter for the first and second peaks was 119.6 nm and

549.8 nm with an intensity of 67.9% and 32.1%, respectively.

The Z-average size of the microcapsules diameter for both the peaks was determined to be
490.2 nm. This in turn well supported the formation of the micro/nano sized MDP through
the facile synthesis carried out in this study. Furthermore, the surface energy was expected to

increase as the radius of curvature between two adjoining particles was decreased as evident

from Fig. 40 (b) and by virtue of the reduced size of the particles [131].
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Fig. 41. Particle size distribution of the MDP.
5.2.3. Crystal structure of the MDP

The XRD pattern of the MDP is presented in Fig. 42, wherein a broad and a large peak
was induced at 21.24° which signified that the material is largely amorphous in nature. The
reason behind this could be due to some disordered molecular structure of the MDP, which

could have resulted in the change in the lattice parameter.

The reason behind the absence of highly crystalline structure was either due to physical
interaction of the PCM with the shell material [132], or because of the less number of

incident electrons being diffracted from that particular lattice direction of the MDP.

Besides, the grain size of the powder MDP sample could have also contributed towards the
low peak intensity and non-high crystalline ability of the microcapsules. However, the
amorphous structure of the MDP was expected to possess huge internal energy, and the
microcapsules being synthesized were in powder form, they exhibited good dispersing

capability as well [133-135]. Furthermore, the low peak intensity also characterized the shell
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stability and resistance towards cracking, but at the penalty of reduction in the encapsulation

properties [136, 137].
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Fig. 42. XRD pattern of the MDP.
5.2.4. FTIR Analysis of MDP

The FTIR spectrum of the 1-Dodecanol PCM as shown in the Fig. 43 demonstrated that,
the peak at 3359 cm™ which is strong and very broad was characterized to the stretching
frequency of the O-H group. The peak at 2926 cm™ and 2857 cm™were belonged to the C-H

stretching vibration of the aliphatic chain.
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Fig. 43. FTIR spectra of the PCM, MF shell and the MDP.

Table 11. Summary of FTIR results of pure PCM, melamine and MDP.

Wavenumbers (cm™) Assignment
1-Dodecanol MDP after thermal
Melamine MDP Vibration Functional group
PCM cycling
3359 --- --- --- Stretching O-Hor N-H
--- 3140 3140 3141 Stretching N-H
2927 2926 2924 Stretching C-H
2857 2851 2849 Stretching C-H
1566 1594 1590 Bending N-H
1462 --- --- --- Bending C-H
1406 1404 1404 1410 Bending N-O
1063 1005 1005 1002 Stretching C-0
Out of plane
-—- 810 810 810 Triazine
deformation
727 Rocking vibration -CH,-
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The IR peaks at 1460 cm™ and 1063 cm™ correspond to the medium bending vibration of
methylene/methyl and C-O stretching of primary alcohol functional group, respectively. The
peak at 727 cm * was ascribed to in-plane rocking vibration of methylene group. The FTIR
spectrum of the melamine showed a peak at 3140 cm™, which pertains to the N-H bending

vibration of the amine group.

The strong peak at 1558 cm ' was associated to the in-plane bending vibration of the N-H
bonds. The peak at 810 cm* resembled to the stretching vibration of the triazine rings [138-
140]. The results obtained from the FTIR test are summarized in Table 20 for ready

reference.

The FTIR spectrum of the MDP contains the corresponding peaks of both the PCM and
the melamine-formaldehyde shell, wherein no sign of shifts in the absorptions peaks was
found. This clearly signified that there is no chemical interaction between core and shell
material and also confirms the effective encapsulation of the PCM into the melamine-

formaldehyde shell material.
5.2.5. Phase change and latent heat of the MDP

The phase change behaviour of the pure PCM and the MDP was studied using the DSC
and the results obtained are depicted in Fig. 44 and summarized in Table 21. The results infer
that, the pure 1-Dodecanol PCM exhibited a single peak congruent phase transformation
during the cooling and melting processes. Interestingly, during the freezing process the pure

PCM has directly transformed from the isotropic liquid phase to triclinic phase.

However, the MDP behaved differently during its phase transformation with the existence
of dual peaks in the course of cooling process, whereas the MDP revealed a single peak

during the melting process, which was quite similar to that of the pure PCM. The dual peaks
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(o-rotator phase) and (B-triclinic phase) of the MDP were induced at an onset temperature of

20.78 °C and 14.21 °C, respectively.
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Fig. 44. DSC graphs of pure PCM and MDP

Thermal properties of pure PCM and MDP.

Sample Type

Melting
temperature

Tm (°C)

Latent heat of
melting

AH,, (KJ/Kg)

Freezing
temperature

T: (°C)

Latent heat of
freezing

AH; (kJ/kg)

K (W/m K)

1-Dodecanol

PCM

22.13

194.43

21.31

181.48

0.186

Melamine/1-

Dodecanol MDP

19.68

79.45

a=20.78

B=14.21

60.70

0.172

MDP after
200 thermal

cycles

19.01

75.41

a=20.41

B=13.88

56.95

0.171
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Melting Latent heat of Freezing Latent heat of
Sample Type temperature melting temperature freezing k (W/m K)
T (°C) AH, (kJ/kg) T: (°C) AH; (kJ/Kg)
MDP after
a=20.21
500 thermal 19.71 70.48 52.77
B=14.88
cycles
MDP after
o=20.01
1000 thermal 19.24 68.79 49.06
B=14.23
cycles

The reasons behind the existence of the dual crystallization peak include (a) 1-Dodecanol
PCM been confined in to a closed shell (MDP), (b) with the decreasing temperature of the
MDP, the core PCM inside the shell has transited in to two stages from heterogeneously
nucleated liquid phase to the rotator phase (o) and the rotator phase to the triclinic phase (p)

at temperatures of 20.78 °C and 14.21 °C, respectively.

From the DSC results obtained (Fig. 44), the proportion of the latent heat of crystallization
due to the a and B peaks was estimated to be 47.2% and 52.9% at 20.78 °C and 14.21 °C,
respectively. With respect to the long axis, the rotator phase (o) exhibited a lack of molecular

rotational degree of freedom and with weakly ordered crystallite phases [141].

On the other hand, the degree of super cooling (which is the difference between the onset
temperatures of melting and cooling processes) was also a major factor which influenced the

nucleation kinetics of the PCM present inside the shell material.

The degree of super cooling for the pure PCM was computed to be 0.82 °C, whereas, for
the MDP, there was a slight increase in the super cooling degree of 1.1 °C. With the

increased value of super cooling, the phase change may occur over a wide range of
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temperature, which may affect the nucleation of the ice crystals of the PCM during the

freezing/crystallization process.

Also, the supercooling increases with lack of nucleation sites present inside the shell, and
which generally occurs due to the reduced capsule size. However, the supercooling degree for
the MDP was imperceptible when compared to the pure PCM, and hence the MDP exhibited

good phase change behaviour [132, 50, 142].

Furthermore, the thermal energy storage of the pure PCM and the MDP was evaluated
based on three key parameters, namely, encapsulation ratio (R), encapsulation efficiency (EE)
and thermal energy storage capability/capability (¢). The respective values are summarized in

Table 22 for ready reference.

The encapsulation ratio (R) of MDP was estimated to be 40.9% using Eq. (4). It is worth
noting that the encapsulation ratio describes the effective encapsulation of 1-Dodecanol PCM
in MF shell material, while the loading content is considered as the total weight percent of
PCM in the shell. However, only with encapsulation ratio, the thermal storage capacity of the

PCM present in the shell cannot be decided.

Thus, the encapsulation efficiency (EE) of the MDP was considered as given in Eq. (5),
and it was estimated to be 37.3% by the enthalpies involved in both of the melting and
freezing processes. This is in turn preferred as a more suitable parameter for the evaluation
the working efficiency of the PCM in MF shell, when compared to that of the encapsulation
ratio. However, depending upon the application, the ratio of the core-to-shell can be varied,
which may in turn influence on the latent heat enthalpies of the microencapsulated PCMs

[112].

In this regard, the thermal energy storage capability (¢) of the 1-Dodecanol PCM present

inside the MF shell material was determined using the Eq. (6), wherein, the MDP exhibited a
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high thermal storage capability () of 91.2%. This indicated that, almost all the encapsulated
1-Dodecanol PCM could effectively store and release the energy through phase

transformation. Eq. (5,) Eq. (6) Eq. (7) were referred from the references [143-145].

AHp, MDpP
= ———X1U00  -----
R T 100 (4)
EE = 20m mpe *8He MDP , 40004 ... (5)

AHm,pcm+ AHcpem

= AHm, MDP; AHc, MDP % 100% ---n- (6)

AHm,PCM+AHc,PCM

where, AHp, pcm and AHg, pcm are the latent heat of melting and freezing of pure PCM and

AHpm mpp and AH¢ mpp are the latent heat of melting and freezing of MDP, respectively.

Table 13. Thermal energy storage capability of pure PCM and MDP

Latent heat of | Latent heat Encapsulation Thermal storage
Encapsulation
Sample Type melting AH, of freezing efficiency (EE) capacity
ratio (R) (%0)
(kJ/kg) AHs (kJ/kg) (%) (&) (%)

1-Dodecanol

194.43 181.48 - - -
PCM
Melamine/1-

79.45 60.7 40.8 37.3 91.2
Dodecanol MDP
MDP after
200 thermal 75.41 56.95 38.8 35.2 90.7
cycles
MDP after
500 thermal 70.48 52.77 36.2 33.0 91.3
cycles
MDP after
1000 thermal 68.79 49.06 35.3 31.6 89.5
cycles
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The reasons behind the reduced latent heat of the MDP could be ascribed to the presence
of solid-to-liquid and solid-to-solid phase transition behaviour of the pure PCM inside the
shell material. In addition, the less content of the PCM availability inside the shell material
could also be attributed to the reduced latent heat enthalpy [146]. The key parametric
comparison of the synthesized MDP with the existing microencapsulated PCMs from the

literature is presented in Table 23.

From Table 23, it is noteworthy that, the major thermal properties of the as-synthesized
MDP were in good agreement with the similar kinds of encapsulated PCM. Thus, the DSC
results suggest that the synthesized MDP in this study has exhibited good phase transition

characteristics, appreciable latent heat potential and high thermal energy storage capacity.
5.2.6. Thermal stability of the MDP

Thermal stability of the pure PCM and the MDP was determined using TGA and the
results are presented in Fig. 45. Based on the tangential method, the test results reveal that,
the single step mass loss/degradation of the pure PCM commenced at 102.98 °C and the

decomposition of the PCM was completed at 187.47 °C with mass loss of 99.67%, leaving

Table 14. Thermal properties of PCM (Literature)

Thermal Thermal
Encapsulati Encapsulation
storage cycling test
Author PCM/Shell Shell material | onratio (R) | efficiency (EE)
capacity(g) (number of
(%) (%)
(%) cycles)
Zhang et al. Melamine
n-Dodecanol 79.61 50.21 75.6 No
[147] formaldehyde
Su et al. Dodecanol Methanol 91.2 68.4 141.5 No
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[148] modified
Melamine
formaldehyde
Huang et al. Urea
Paraffin - 32.7 - No
[149] formaldehyde
Wu et al. Melamine urea
n-Dodecanol 63.11 63.65 99.15 No
[112] formaldehyde
Huang et al. Melamine
n-Dodecanol 52.4 54.1 101.7 Yes (50)
[138] formaldehyde
Wang et al. Methyl
Polyurethene 83.3 83.9 99.35 Yes (30)
[150] laurate
Present Melamine
1-Dodecanol 40.9 37.3 91.2 Yes (200)
study formaldehyde

the residual contents behind in the crucible. The decomposition of the MDP resulted in two
steps: (a) during the first step decomposition there was a mass loss, which was mostly
ascribed to the loss of water vapor and other molecular ingredients on the surface of the

microcapsules.

When the temperature was further increased, cracking of the MF shell material was
noticed and as a consequence of which, the PCM inside the shell material was exposed to the
elevated temperature and it began to decompose at 132.82 °C. To substantiate this
observation, the inset of Fig. 45 clearly shows the FESEM image of the cracked

microcapsules after complete decomposition of the PCM.
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Fig. 45. TGA graphs of pure PCM and the MDP

The PCM in the shell was completely decomposed at 159.95 °C with mass loss of 39.44%.
The second step decomposition commenced at around 190 °C which was related to the loss of
the shell material (MF) and there was a sudden mass loss observed in the temperature range

of 388.14 °C to 416.74 °C and the decomposition continued till 600 °C [151].

It is obvious from the TGA results that, the MDP possessed excellent thermal stability in
the sense that, the decomposition temperature of which was very high when compared to the
operating temperature range of the PCM (22 °C to 26 °C) for low temperature TES

applications.
5.2.7 Thermal conductivity of the MDP

The thermal conductivity of the pure PCM and the MDP were measured to be 0.186 W/m

K and 0.172 W/m K, respectively. The test report in Table 21 suggests that the thermal
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conductivity of the MDP was slightly lower than that of the pure PCM. This marginal
reduction could be due to the presence of the outer MF polymeric shell material, which

eventually possess a very low thermal conductivity [152].

On one side, this low thermal conductivity was much favourable in terms of enabling the
MDP to serve as a good thermal insulating material. On the other side, due to low thermal
conductivity, the melting and freezing behaviour of the PCM inside the shell would have
been slightly affected due to the insulating nature of the shell material towards the heat flow.
This could have also influenced in the reduction of latent heat enthalpy of the MDP.
Nevertheless, the MDP has established excellent thermal stability and good heat insulation

ability.
5.2.8. Thermal cycling test of the MDP

Thermal cycling test was conducted to study the reliability and phase change behaviour of
the MDP, wherein, the MDP was subjected to 200, 500 and 1000 cycles of heating and
cooling from 10 °C to 60 °C and vice versa, respectively. The thermal cycling results being

obtained for the MDP is shown in Fig. 46.

The result demonstrates that, after 200 thermal cycles, the onset temperatures of o and
phases of the MDP during the freezing process were slightly shifted to a lower temperature
[108]. The drop in the onset temperatures of a and B phases during the freezing process was
identified to be 0.37 °C and 0.33 °C. Likewise, the onset melting temperature after thermal
cycling was observed to marginally drop by 0.67 °C, when compared to the MDP before

thermal cycling test.
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Fig. 46. DSC graph of MDP after thermal cycling

It is interesting to note that, based on Eq. (7), the thermal energy storage capacity of the
MDP after the thermal cycling test was accounted to be 90.7% (Table 22). Besides, the latent
heat during melting and freezing were reduced by 3.75 kJ/kg and 4.04 kJ/kg, respectively,
and the reduction in the latent heat was very marginal. That is, the reduction in the latent heat
potentials of 5.1% (melting) and 6.2% (freezing) of the MDP after 200 thermal cycles can be
reasoned to its slight diminution of energy storage capability against the repeated thermal
cycling [153].

To further substantiate the thermal reliability of the MDP, the thermal reliability index
(Rre1) was considered [150], which is given by equation (7),

Encpasulation efficienc ;
(R)rel — ( p Y)After thermal cycling % 100% o (7)

(Encpasulation efficiency)gefore thermal cycling
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Table 15. Thermal energy storage capability of pure PCM and MDP

Latent heat of Latent heat of Encapsulation Thermal reliability
Sample Type
melting AHp, (kJ/kg) | freezing AH; (kJ/kg) | efficiency (EE) (%) index (Rre) (%)
1-Dodecanol PCM 194.43 18148 | e e
Melamine/1-
79.45 60.7 37.3 100
Dodecanol MDP
MDP after
75.41 56.95 35.2 94.4
200 thermal cycles
MDP after
70.48 52.77 33.0 88.4
500 thermal cycles
MDP after
68.79 49.06 31.6 84.7
1000 thermal cycles

Thus, from Table 24 it can be clearly observed that, the thermal reliability index of the
synthesized MDP after completion of 200 successful thermal cycles was estimated to be
94.4%. This revealed the good thermal reliability of the MDP and its feasibility for low

temperature TES applications.

It was also noticed that there was no leakage of the 1-Dodecanol PCM from the
microcapsules even after 200 thermal cycling. Hence, the thermal cycling results strongly

confirmed the reliability of the MDP on a long term basis without any leakage of the PCM.

As observed from Fig. 47, the chemical stability of the MDP before and after the thermal
cycling was excellent in the sense that, there was no change in the position and the
chemical/surface structure of the functional groups even after 200 thermal cycles [154, 150].
In total, based on the aforementioned results, it is obvious that the as-synthesized MDP
capsules have exhibited enhanced properties for them to be considered as potential candidate

for low temperature TES applications [155].
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Fig. 47. FTIR spectra of MDP before and after thermal cycling

5.2.9 Summary from the synthesis of MDP

In this work, a new microencapsulated organic PCM (MDP) comprising of 1-Dodecanol
as the PCM and melamine formaldehyde as the shell material was successfully synthesized
through a facile in-situ polymerization process. The experimental characterization of the as-
synthesized MDP suggested good thermo-physical properties, the MDP exhibited good
thermal reliability even till 200 thermal cycling’s. However, the freezing process took place
in two stages such as o and [ phases which commences at 20.78 °C and 14.21 °C
respectively. The current research work aims to develop enhanced PCM based plastering
material intended for internal plastering of buildings. When the MDP based mortar is
incorporated as internal plastering for an air-conditioned room, it becomes evident that the

crystallization temperature of the MDP deviates from the designated operating conditions of
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22 °C to 26 °C. In an effort to tackle this concern, an endeavour was undertaken to

encapsulate the PCM at the nano level.

5.3. Results and Discussions of Nanoencapsulated 1-Dodecanol PCM (NDP)
5.3.1. Surface Morphology of Nanoencapsulated 1-Dodecanol PCM (NDP)

FESEM was employed to analyze the surface morphology of the capsules. As illustrated in
Fig. 48, the capsules exhibit a distinct spherical shape. It is noteworthy that the capsules
display agglomeration tendencies as shown in Fig. 48. This occurrence might be attributed to
an excessive PCM content that remained unencapsulated. Alternatively, the agglomeration
could be linked to the proportion of emulsifier concerning the aqueous fraction in the Qil in

Water preparation (O/W).

Fig. 48. FESEM Images of NDP

5.3.2. Phase change characteristics of nanoencapsulated 1-Dodecanol PCM (NDP)

It is very crucial to study the phase change characteristics of nanoencapsulated PCM. The
phase change behaviour of the nanoencapsulated PCM (NDP) closely resembled that of
MDP, exhibiting dual freezing peaks-namely, the (a-rotator phase) and the (B-triclinic phase).
Nonetheless, minor deviations were observed in the phase transition temperatures as shown
in Fig. 49. The assessment of capsule phase change behaviour spanned temperatures from -40

°C to 40 °C. Within this range, the core PCM in the shell material initiated its freezing at a
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specific temperature of 19.01 °C, indicative of the a phase, accompanied by a latent heat of
55.80 kJ/kg. Similarly, the onset of the 3 phase occurred at 13.77 °C, with an identical latent
heat value of 37.21 kJ/kg. Notably, the nanoencapsulated PCM exhibited a melting latent heat

of 101.10 kJ/kg, and the core PCM embarked on its melting process at 20.11 °C, presented in

Table 25.
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Fig. 49. Phase change characteristics of pure 1-Dodecanol PCM and NDP

The encapsulation ratio (R) of the NDP was calculated 51.9% as shown in Table 26. It's
important to emphasize that this ratio elucidates the efficient incorporation of 1-Dodecanol
PCM within the MF shell material. In contrast, the encapsulation efficiency (EE) of the
nanoencapsulated PCM, as defined in Eq. (5), was determined at 51.6%. This estimation was

grounded in the enthalpies inherent to both the melting and freezing processes, making it a
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more fitting parameter for evaluating the operational efficacy of the PCM within the MF

shell.

Table 16. Thermal properties of pure 1-Dodecanol PCM and NDP

Melting Latent heat of Freezing Latent heat of
Sample Type temperature melting temperature freezing k (W/m K)
T (°C) AH, (kJ/kg) T:(°C) AH; (kJ/Kg)
1-Dodecanol
22.13 194.43 21.31 181.48 0.186
PCM
Melamine/1- T¢(a) =19.01 T 0 =55.80
20.11 101.10 0.164
Dodecanol NDP B)=13.77 p=37.21

Notably, contingent upon the application, the core-to-shell ratio can be adjusted, thereby
exerting an impact on the latent heat of the NDP. In this context, the thermal energy storage
capability (¢) of the 1-Dodecanol PCM residing within the MF shell material was computed
via EQ. (6), revealing a significant thermal storage capacity (g¢) of 99.4% for the
nanoencapsulated PCM. This observation underscores that nearly all the encapsulated 1-
Dodecanol PCM could effectively store and release the energy through the process of phase
transformation.

Table 17. Thermal energy storage capability of pure 1-Dodecanol PCM and NDP.

Latent heat of | Latent heat of Encapsulation Thermal storage
Encapsulation
Sample Type melting AHp, freezing AH;s efficiency (EE) capacity
ratio (R) (%)
(kJ/kg) (kJ/kg) (%) (e) (%)
1-Dodecanol
194.43 181.48 - - -
PCM
Melamine/1-
101.01 54.38 51.9 51.6 99.4
Dodecanol NDP
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5.3.3. Summary from the synthesis of NDP

It is evident from the characterization results that the modifications in surfactant and the
Oil to Water ratios (O/W), resulted in the size reduction. The DSC results suggest that the
freezing process of Nano PCM is similar to that of MDP which took place in two stages. The
changes in the synthesis procedure also enhanced the encapsulation ratio from 37.3% to
51.9%. However, it's important to note that the phase change temperatures of both
microencapsulated 1-Dodecanol PCM (MDP) and nanoencapsulated 1-Dodecanol PCM
(NDP) falls beyond the operational parameters of end applications, which range from 22 °C
to 26 °C. Given this context, the adoption of n-Octadecane PCM was deemed necessary to
achieve the desired objectives.

5.4. Cu-TiO; hybrid nanocomposites-based n-Octadecane PCM embedded cement
mortar (HOPC)
5.4.1. Chemical stability

The Fourier transform infrared (FTIR) spectra, as depicted in Fig. 50 were obtained for
both pure n-Octadecane PCM and the HOP. In Fig. 50, the test results for n-Octadecane PCM
reveal several significant IR peaks. Specifically, the peaks at 2921 cm™ and 2847 cm™ are
attributed to the C-H stretching vibration of the aliphatic chain. Additionally, the peak at
1469 cm™ corresponds to the bending vibiration of the methylene/methyl group, while the
peak at 727 cm" signifies the in-plane rocking vibration of the CH2 group [37, 156, 157].
Importantly, it is evident that the FTIR results for the HN-based PCM exhibit IR peaks
comparable to those of the pure PCM, with no discernible additional peaks. This observation

confirms the chemical stability between HN and the n-Octadecane PCM.
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Fig. 50. FTIR spectra of the pure PCM and HOP

5.4.2. Phase change characteristics of pure PCM and HOP

The pure PCM and HN-based PCM samples were examined to explore their phase change
characteristics. These findings significantly enrich our understanding of how the
incorporation of HN impacts these characteristics. The test results suggest that the pure PCM
commences its freezing and melting process in a single step at a temperature of 23.17 °C and
24.90 °C thereby absorbing and releasing the latent heat of 204.91 J/g and 203.18 J/g
respectively as shown in the Fig. 51 [158]. The pure PCM both the base and HN enhanced
PCMs exhibited a single peak, signifying a clear solid-liquid phase transition, devoid of any
indications of secondary solid-solid peaks. These attributes confer significant advantages to
PCMs, enhancing their ability to efficiently store and release heat throughout freezing and
melting cycles. Besides, the HN dispersed in the n-Octadecane PCM varies in the proportion
ranging from 0.02 to 0.1% by weight of PCM with the increment of 0.02%. The DSC results,

as detailed in Table 27, suggest a significant phenomenon: the solid-liquid phase transition of
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the base PCM occurred at a temperature below its designated melting point. Additionally,
there was a minor reduction in the freezing temperature, resulting in the PCM exhibiting a
relatively modest super cooling effect. A similar trend was observed for the HN-based PCMs,
where the incorporation of HN in varying proportions, ranging from 0.02% to 0.1%, led to
reductions in both freezing and melting points. From the results, it is evident that the degree
of super cooling for HN based PCM decreased as the mass of HN increased, signifying that
the introduction of HN into the n-Octadecane PCM induced heterogeneous nucleation,
effectively promoting the phase-change process at the expense of depressing the freezing
point. Conversely, the minor shifts in latent heat observed during the freezing (crystallization)
of the base n-Octadecane PCM, in comparison to its melting (fusion), offer a comprehensive
insight into its phase-change and heat storage capability. Interestingly, while the latent heat
values for freezing and melting in HN based PCMs exhibited a marginal decrease, they
remained nearly identical to those of the base PCM. This underscores the profound impact of
the incorporated HN, specifically its surface adsorption and nucleation effects, on the latent
heat capacities of the PCM.
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Fig. 51. Phase change characteristics of pure PCM and HOP
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Table 18. Thermal properties of pure n-Octadecane PCM and HOP

Latent heat of Latent heat
Sample Freezing Melting Thermal conductivity
crystallization of fusion
Type Point (°C) Point (°C) (W/m K)
(kJ/kg) (kJ/kg)

Pure PCM 23.17 24.90 204.91 203.18 0.195
0.02% 23.10 24.62 200.17 200.01 0.257
0.04% 23.01 24.40 196.76 195.41 0.291
0.06% 22.89 24.87 190.17 189.07 0.314
0.08% 22.70 23.81 183.36 182.22 0.396
0.1% 22.54 23.47 181.66 178.71 0.437

5.4.3. Heat storage and release characteristics of n-Octadecane pure PCM and HOP

T
Pure PCM
B

. -

Pure PCM and HNP samples

Freezing of sambles

Fig. 52. Pure PCM and HOP samples
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Table 19. Heat storage and release characteristics of pure n-Octadecane PCM and HOP

HN based n-Octadecane PCM
Parameters
Process Pure 0.02% 0.04% 0.06% | 0.08% 0.1%
Commencement
11.4 9.1 8.4 7.8 7.5 6.9
(min)
Completion (min) 41.2 34.4 33.6 32.8 30.9 28.9
Complete process
Ereezin 29.8 25.3 25.2 24.4 23.1 22
g duration (min)
Enhancement % 20.1 26.3 315 34.2 39.4
Commencement
83.4 79.2 77.4 73.5 71.0 65.3
(min)
Completion (min) 111.6 103.2 100.7 96.1 91.3 84.7
Complete process
Meltin 28.2 24 23.3 22.6 20.3 19.4
g duration (min)
Enhancement % . 5.03 7.1 11.8 14.8 21.7
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The cooling and heating curves of HOP samples as shown in Fig. 52 were tested depicting
the heat storage and release capabilities of the HOPC are presented in Fig. 53. Detailed
experimental observations were recorded at each time step throughout the test sequences, and
the corresponding measurement results are comprehensively summarized in Table 28.
Essentially, the thermal energy storage and release processes unfolded through a fundamental
3 stage progression during the freezing and melting of both pure and HOP samples. As
depicted in Fig. 53, these three stages, delineating heat energy storage and release, are self-
explanatory. According to the test results presented in Table 28, it can be depicted that, in
comparison to the pure PCM, the time required for the complete phase transition of HOP was
reduced. The experimental results infer that, the time taken for the pure PCM to commence
the freezing process (that is to form the first ice crystal at onset temperature) and the time for
complete solidification were recorded to be 11.4 min and 41.2 min, respectively. The pure
PCM completed the freezing process in 29.8 mins. Due to HN inclusions in the n-Octadecane
PCM with the proportions of 0.02%, 0.04%, 0.06%, 0.08% and 0.1%, the time taken for
freezing process was enhanced by 20.1%, 26.3%, 31.5%, 34.2% and 39.4% respectively.

On the contrary, the pure PCM required approximately 28.2 minutes to complete the
melting process, and these consistent findings were observed in the context of freezing
process enhancement as well. The start time and duration of the melting process were
significantly reduced. The addition of HN inclusions to the PCM in varying proportions,
namely 0.02%, 0.04%, 0.06%, 0.08%, and 0.1%, led to substantial reductions in melting
times by 5.03%, 7.1%, 11.8%, 14.8%, and 21.7%, respectively. This improvement can be
attributed to enhanced thermal conductivity, effective promotion of heterogeneous
nucleation, physical adsorption capabilities, surface modification, and the high surface-to-
volume ratio of the HN, all of which have made significant contributions to the enhanced

thermal storage capability and heat transfer characteristics of the HOP [159-161].
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5.4.4. Thermogravimetric analysis

The thermal stability of both the pure PCM and the HOP was assessed through TGA
analysis, and the findings are presented in Fig. 54. The results indicate that both the pure
PCM and the HOP exhibited a single-step mass loss, commencing at an onset decomposition
temperature of 142 °C. The pure PCM demonstrated thermal stability up to 142 °C, after
which decomposition commenced, ultimately completing at 242 °C. Remarkably, as the
percentage of HN added to the PCM increased, the decomposition temperature also showed
an upward trend. At the maximum dispersion of 0.1% HN in the PCM, the onset
decomposition temperature increased by 55 °C compared to that of the pure PCM. In
summary, the dispersion of HN in the PCM markedly enhanced its thermal stability. The
Onset temperature and the mass (%) were presented in the Table 29.

Table 20. Thermal decomposition of pure n-Octadecane PCM and HOP

Onset decomposition
Sample Type Mass (%)
temperature (°C)
pure PCM 142 97
0.02% 179 95
0.04% 184 93
0.06% 189 92
0.08% 190 90
0.1% 197 92

119



— Pure PCM
100 -+ — 0.02%
—— 0.04%
— 0.06 %
80 — 0.08%
— 0.1%
X 60-
n
n
©
= 404
20
0 -
y T ’ T ! T § T ' T ' T y T '
0 50 100 150 200 250 300 350 400

Temperature (°C)

Fig. 54. TGA curves of pure PCM and HOP

5.4.5. Thermal conductivity of pure PCM and HOP samples

The effective thermal conductivity of both the pure PCM and the HOP was measured, and
the outcomes are graphically represented in Fig. 55. From the Table 27 it is evident that with
the increased proportion of HN in the pure PCM, the thermal conductivity of the HOP
exhibited a consistent linear ascent, progressing from 0.195 W/m K to its peak value of 0.437
W/m K at a concentration of 0.1% within the PCM. This noteworthy increase, enhanced to
124.10% improvement, can be chiefly attributed to several factors: the surface morphology,
phonon interaction, and the clustering of HN particles [93, 161, 127]. The enhancement in
thermal conductivity primarily resulted from the formation of a densely interconnected
thermal network by the HN within the pure PCM. Additionally, the presence of copper
nanoparticles adsorbed onto the titania nanoparticles, resembling fin like structures,

facilitated more efficient heat transfer through the layers of the pure PCM. This, in turn,
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augmented the heterogeneous nucleation process and accelerated the heat storage and release

characteristics of the HOP.

0.5
HOP 0.437
0.396
0.4 4
0.314
0.291
0.3 7 0.257

0.195

Thermal conductivity (W/m K)

I 1 I T 1
Pure PCM  0.02wt.% 0.04wt.% 0.06 wt.% 0.08 wt.% 0.1 wt.%

Fig. 55. Thermal conductivity of pure PCM and HOP samples

5.4.6. Thermal conductivity of HOPC cube specimens

The thermal conductivity analyzer was employed to investigate the thermal properties of
the prepared cube specimens. As depicted in Fig. 56, the results indicate that the reference
cement mortar exhibits excellent thermal conductivity. However, the introduction of an
optimized 6% of n-Octadecane pure PCM into the cement mortar led to a significant 33.5%
reduction in thermal conductivity. Moreover, a consistent 6% of PCM was maintained in the
cement mortar, ranging from specimen 3 to specimen 7, while the HN inclusions increased
from 0.02% to 0.1%. Notably, the decrease in thermal conductivity due to PCM inclusions in

the cement mortar was likely enhanced by the incorporation of HN inclusions.
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Fig. 56. Thermal conductivity of HOPC cube specimens

5.4.7. Compressive strength of HOPC cube specimens

Fig. 57 illustrates the compressive strength results for cube specimens. Specimen 1,
representing the reference cement mortar, exhibited an appreciable compressive strength of
45.06 MPa. Nevertheless, in the case of specimen 2, where PCM (6% by weight of cement)
was directly incorporated into the cement mortar, a substantial and sudden decline in
compressive strength was observed. This decline can be attributed to the presence of PCM
and the lubricating effect induced by water within the mortar, as elaborated in references [29,
31, 128].

Specimens 3 to 7, in contrast, represent PCM-incorporated cement mortar with different
levels of HN inclusion, spanning from 0.02% to 0.1% by weight of PCM. The test results
indicate that the addition of HN had a minimal effect on the compressive strength of the cube
specimens. Within this range, the compressive strength remained consistently stable, with
only a slight decrease observed, transitioning from 21.14 MPa to 19.58 MPa as the HN

content in the optimized PCM (6%) increased from 0.02% to 0.1%.
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Fig. 57. 28-day compressive strength of HOPC specimens
5.4.8. Summary

In this current study, experimental investigations were carried out to examine the impact
of dispersing HN particles within pure n-Octadecane PCM and subsequently incorporating
HOP into cement mortar. The research unequivocally demonstrates an improvement in both
thermal conductivity and thermal stability attributed to the inclusion of HN. This
enhancement was directly proportional to the increased percentage of HN in the PCM.
Furthermore, the presence of HN inclusions significantly accelerated both the onset and
completion times of the freezing and melting processes in n-Octadecane PCM. However, the
leakage issues were noticed due to direct impregnation of pure PCM and HOP in the cement
mortar. As previously discussed, PCM encapsulation represents a superior method for
mitigating leakage concerns in cement mortar. Among these approaches, nanoencapsulation
stands out as a highly promising solution to enhance PCM efficiency, as it facilitates a
significant increase in the specific surface area, thereby leading to improved thermal
conductivity. In light of this, the subsequent section delves into the characterization of the n-

Octadecane PCM encapsulated at nano size.
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5.5. Nanoencapsulated n-Octadecane PCM (NP) and Cu-TiO, HN adsorbed

nanoencapsulated PCM (HNNP)
5.5.1. Surface morphology of HN, NP and HNNP

FESEM was used to study the surface morphology and the elemental composition of HN,
NP and HNNP. The FESEM images shown in Fig. 58 depict the formation of the hybrid
nanocomposites. The HN particles were almost spherical in shape and the Fig. 58 (a) and (b)
images depict the adsorption of the tiny copper nanoparticles onto the surface of the titania
nanoparticles. The tiny copper nanoparticles on the surface of the titania nanoparticles
resembled extended heat transfer surfaces, which are useful for attaining improved heat
transfer during phase transition [158]. In addition, as shown in the Fig. 58 (d), EDAX
analysis also confirms the presence of Titania, Oxide and Copper elements. The EDAX
spectra significantly indicated the existence of highly crystalline copper and titania

nanoparticles.

The encapsulated PCM was tested to study the surface morphology of nanoencapsulated
PCM before HN adsorption. The FESEM results as shown in the Fig. 59 (a), (b) and (c)
depicts that the capsules are spherical in nature and there was absence of the cracked
capsules. The clear observation of capsules shows the rough surface morphology and besides,
it is evident from the Fig. 59 (c) that the presence of spots which are in nano size all over the
capsules. The size of the capsules are ranging from 50 nm to 450 nm as evident from particle
size analysis, generally the reduced size of the capsules tends to agglomerate, nevertheless
the FESEM images exhibited monodisperse NP capsules with an absence of agglomeration,
this is due to the fact that the high temperature causes a quick reaction rate, which produces
resins with a high degree of polymerization in a short time, which leads to reduce the
tendency of agglomeration of smaller size capsules due to rapid formation of resin. EDAX
analysis was performed to study the elemental composition of the capsules. The result shown
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in the Fig. 59 (d), exhibits the presence of Carbon, Oxygen and Nitrogen with the weight
proportion of 36.38%, 45.68% and 17.94% respectively. Fig. 60 (a) to (d) corresponds to the
FESEM images of HNNP; and it is evident from the FESEM images that the HN was
adsorbed on the nanoencapsulated PCM. The HNNP capsules are monodisperse with no
agglomerations, and the settlement of Cu-TiO, hybrid nanocomposites were not coated
randomly nor settled throughout the capsule, rather they coated with a perfect network like a
structure. The amino groups in the MF resin based nano capsules played a vital role in the
adsorption of HN on the nanoencapsulated PCM. The development of higher active sites
during the adsorption process might have been significantly influenced by the protonation of
the amine group. As a result, more Cu-TiO, hybrid nanocomposites (HN) are bound to
functionally active surfaces on the nanoencapsulated MF resin shell. Considering the above,
the core PCM was encapsulated with melamine shell material over which Cu-TiO; hybrid

nanocomposites were adsorbed with perfect network like structure. EDAX results shown in

“ Full Scale 21104 cts Cursor: 0.000

Fig. 58. (a) - (c) FESEM of HN and (d) EDAX results of HN
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Fig. 61 also confirms the presence of Copper, Titania and Oxygen with weight percentage
of 0.84, 26.79 and 11.73 respectively, which attributes to Cu-TiO, hybrid nanocomposites.
Besides, the elemental composition of Carbon, Nitrogen and Oxygen in the EDAX report

with the weight percentage of 35.92, 24.72 and 11.73 ensures the presence of n-Octadecane

PCM and Melamine shell material.

Element  Weight%  Atomic%
CK 3638 4087
NK 4568 44.00
oK 1795 1513
© Totals 100.00

Fig. 60. (a) - (d) FESEM results of HNNP
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Fig. 61. (a) - (d) EDAX results of HNNP

5.5.2. Crystallinity of the HNNP

Cu-TiO; hybrid nanocomposites (HN) displayed an intense and sharp bragg reflection at
20 angle, as measured by XRD. The scattering at interplanar spacing clearly correlates to
Titania nanoparticles, as seen in the Fig. 62. In addition, the highly crystalline copper
nanoparticles adsorbing on Titania's surface exhibit a face-centered cubic shape (111). The
XRD results of copper nano which were adsorbed over Titania nanoparticles are consistent
with JCPDS (Joint Committee on Powder Diffraction Standards) file no. 04-0836 and 21-
1272 respectively. XRD analysis was carried out to study the crystallinity of HNNP; the
peaks induced at 20 angle exactly matches with the XRD results of Cu-TiO, hybrid

nanocomposites. This confirms the adsorption of HN on the capsules [38, 41].
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Fig. 62. XRD pattern of HN, NP and HNNP

5.5.3. Particle size analysis

Dynamic Light Scattering (DLS) was used to study the particle size distribution of HN,
NP, and HNNP. The particle size influences the thermo-physical properties. Table 30
presents a brief literature survey on capsule size and their encapsulation efficiency of various
nanoencapsulated PCM. Fig. 63 (a) shows the results pertaining to Cu-TiO, hybrid
nanocomposites; it is evident from the results that the particles were in the range from
approximately 30 nm to 200 nm with an average diameter of particle size of 68.14 nm. From
the results it is clear that a single peak was evolved which suggests that the particles are
monodisperse with the absence of multiple size particles. Besides, the size distribution of NP
was ranging from approximately 50 nm to 450 nm with an average diameter of the capsule as

120.5 nm, the capsules are monodisperse as shown in the Fig. 63 (b).
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Table 21. Literature on particle size of nanoencapsulated PCM

Particle Size | Encapsulation
PCM Shell Material References

(nm) Efficiency (%)
n-Octadecane Methyl methacrylate 300-500 52.9 37
n-tetradecane Polystyrene 60-486 89 57
Paraffin Methyl methacrylate 200-400 52.95 41
n-Octadecane Polystyrene 50-200 53.5 52
n-Octadecane Polymethyl methacrylate 60-360 89.5 58
n-Dotriacontane Polystyrene 80-400 61.2 57
n-Octadecane Styrene methyl methacrylate 63-129 45 52
n-Nonadecane Polystyrene 200-300 55.9 162
n-Nonadecane Poly (styrene-co-methacrylic acid) 180-280 54 36
Paraffin Wax Melamine-Formaldehyde 260-450 75.58 163
n-Octadecane Styrene methyl methacrylate 50-200 40 164

Present
n-Octadecane Melamine Formaldehyde 50-450 71.9
study
ize Disibution by Intensy (‘,) Size istiution by Intnsiy (b)

0

3

®
R S S

Intensity (Percent)
>

IS

o n

1000 10000
1000 1000

Size (d.nm)

14 ©) )

s let Particle size Z-Average size
AMPIELYRE distribution (nm) (nm)

HNNP

Peak

iy 10 30 . 200 68.14
Intensity : 100%

Z-Average (d.nm): 302

Intensity (%)

T T r T T T T T T
-500 -250 O 250 500 750 1000 1250 1500 1750
Size (d.nm)

Fig. 63. Particle size distribution of @) HN b) NP ¢) HNNP and d) Average particle size

129




The HNNP capsules were tested to study the particle size distribution. Fig. 63 (c) suggests
that there was a single peak evolved and the particle size was distributed over a wide range
from approximately 200 nm to 1100 nm with an average diameter of 302 nm. Considering the
maximum size of HNNP, there would have a two-step adsorption of HN for a few capsules.
This is also in line with FESEM results. Table 30 presents the capsule size of

nanoencapsulated PCM.
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Fig. 64. FTIR spectra of pure PCM, Melamine, HN and HNNP
5.5.4. Chemical structure and chemical stability

The FTIR records the changes in the spectral bands between transmittance (%) and
wavenumber (cm™) [165]. The FTIR analysis was carried out for the pure PCM, melamine,
HN, and the HNNP to study the chemical compatibility between them, the results are
presented in the Table 31. From the test results of n-Octadecane PCM as shown in the Fig.
64, the IR peaks evolved at 2921 cm™ and 2847 cm™ belongs to the C-H stretching vibration

of the aliphatic chain. The peak at 1469 cm™ corresponds to the bending vibration of
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methylene/methyl group. The peak at 727 cm™* corresponds to in-plane rocking vibration of
CH, group [37, 156, 157].

The FTIR spectrum of melamine from Fig. 64 shows a peak at 3140 cm™ belongs to N-H
bending vibration of the amide group. The strong peak at 1558 cm™* associated to the in-
plane bending vibration of N-H bonds. The peak at 810 cm™ belongs to the stretching

vibration of the triazine rings [166, 167, 168].

Table 22. Summary of FTIR results of pure PCM, melamine, NP and HNNP

Wavenumbers (cm™) Assignment
n- HNNP after
HN Functional
Octadecane | Melamine HNNP thermal Vibration
nanocomposites group
PCM cycling
----- 3148 e 3152 3141 Stretching N-H
2921 e 2925 2924 Stretching C-H
2851 e 2847 2849 Stretching C-H
----- 1727 1730
1469 e 1450 Bending C-H
----- 1401 1410 Bending N-O
T4 I B e B (e e
---------- 1286 1286
---------- 1124
————— 1005 1002 Stretching C-0
Out of plane
----- 810 - 810 810 Triazine
deformation
Rocking
727 | - | e 720 | - -CH,-
vibration
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The FTIR results of HNNP shows the IR peaks of Pure PCM, melamine, and HN. There
was no much deviation was observed in the IR peaks induced at particular wave number
which suggest that there was no chemical reaction between n-Octadecane PCM, shell
materials and hybrid nanocomposites and also probably the PCM encapsulated in melamine
formaldehyde shell material with HN adsorption on the capsule, However, DSC and TGA

results are also equally important for further justification.

5.5.5. Phase change characteristics of pure PCM, NP and HNNP

To study the phase change characteristics of pure PCM, NP and HNNP, a DSC
instrument was used. The phase change characteristics results summary was presented in
Table 32. The pure PCM commences its freezing and melting process in a single step at a
temperature of 23.17 °C and 24.90 °C thereby absorbing and releasing the latent heat of
204.91 J/g and 203.18 J/g respectively as shown in the Fig. 65 [114]. Besides, the PCM
encapsulated using melamine shell material at the nano level doesn’t alter much in terms of
freezing and melting temperatures. The nanoencapsulated PCM (NP) exhibited good phase
change characteristics as shown in the Fig. 65. The core PCM inside the nanocapsules freezes
and melts at 25.06 °C and 26.12 °C, their latent heats are 159.73 J/g and 156.89 J/g
respectively. Furthermore, due to the adsorption of hybrid nanocomposites on the NP, the
HNNP exhibited very good phase change characteristics in terms of freezing and melting
process in a single stage with good encapsulation ratio and encapsulation efficiency. The
HNNP behaved similarly to that of pure PCM with no major changes in their phase change
temperature. As shown in the Fig. 66, the HNNP freezes and melts at temperature of 23.78
°C and 25.77 °C with the latent heat of 146.71 J/g and 144.46 J/g respectively. The freezing
and melting of HNNP took place over a narrow range of temperatures when compared with
pure PCM and NP; this is due to the fact that the hybrid Cu-TiO, nanocomposites (HN) on
the capsule would have enhanced the thermal conductivity which in turn accelerated the heat
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transfer characteristics. The latent heat of HNNP is less in comparison with NP; this is due to
the presence of additional hybrid nanocomposites adsorbed on the capsule. Inspite of
encapsulation, the phase change process of NP and HNNP took place in a single step with no
major changes in freezing and melting temperatures. The NP and HNNP behaved similar to
that of pure PCM, this clearly suggests the absence of chemical reaction between PCM, Cu-

TiO, and Melamine shell material.

Encapsulation Ratio (R), Encapsulation Efficiency (EE), and Thermal Energy Storage
capacity (¢) are the important factors for evaluating the thermal energy storage capability of

NP and HNNP [144, 169, 170].

The encapsulation ratio illustrates the degree to which n-octadecane PCM is effectively
encapsulated within the Melamine Formaldehyde shell material, whereas the loading content
is considered as the overall weight percentage of the PCM contained within the shell. Eq. (8)
was used to calculate the encapsulation ratio for the NP and HNNP capsules, the results are
presented in the Table 33. The encapsulation ratio calculated for the NP and HNNP were
77.2% and 71% respectively, nevertheless, only with the encapsulation ratio, the thermal

storage capability of the PCM contained in the shell cannot be decided.

Hence, the encapsulation efficiency (EE) of the NP and HNNP were calculated using the
enthalpies involved in both the freezing and melting process. Considering Eq. (9) the
encapsulation efficiency calculated for NP and HNNP are 77.5% and 71.3% respectively.
Encapsulation efficiency is a more appropriate parameter than the encapsulation ratio for
evaluating the PCM energy storage and release capability in a Melamine Formaldehyde shell.
The latent heat of encapsulated PCM latent, however, may be affected by alteration of core-

to-shell ratio, which in turn depends on the application.
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Using the Eq. (10), the thermal energy storage capacity (g) of the n-Octadecane PCM
enclosed within the shell material was determined, and the NP and HNNP demonstrated a
100% thermal energy storage capacity (¢). This indicated that all of the encapsulated n-
Octadecane PCM could store and release energy efficiently during phase transformation

[108].

R=Am Ne 190 - (8)

AHp, pcMm

AHp np + AHenp

EE = x 100% ----- 9
AHmpcm+ AHepem ( )
AHmM,NP + AHc,NP
&= R x 100% - (10)
AHm,PCM+AHc,PCM

where, AHpy, pcm , AHe pem, AHm, np and AHc np, and AHm, pnne, AHe, unnp are the latent heat
of melting and freezing of pure PCM, nanoencapsulated PCM and hybrid nanocomposites
adsorbed nanoencapsulated PCM respectively. The same above eqg. (8), (9) and (10) were
used to calculate encapsulation ratio, encapsulation efficiency and thermal energy storage

capability of HNNP.
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Fig. 65. Phase change characteristics of pure PCM, and NP
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Table 23. Thermal properties of pure PCM, NP and HNNP

Freezing Melting Latent heat of Latent heat of
Sample Type temperature | temperature freezing melting k (W/m K)
T: (°C) Tm (°C) AHs (kJ/kg) AHp, (kd/kg)
n-Octadecane PCM 23.17 24.90 204.91 203.18 0.195
NP 25.06 26.12 159.73 156.89 0.121
HNNP 24.02 25.77 146.71 144.46 0.287
HNNP after
24.42 26.01 133.11 136.21 0.285
500 thermal cycles
HNNP after
24.77 25.62 121.92 127.84 0.262

1000 thermal cycles
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Table 24. Thermal energy storage capability of pure PCM, NP, and HNNP.

Latent heat of | Latent heat of Thermal storage
Encapsulation Encapsulation
Sample Type freezing AHs melting AHy, capacity
ratio (R) (%) | efficiency (EE) (%)
(kJ/kg) (kJ/kg) (e) (%)
Pure PCM 204.91 203.18
NP 159.73 156.89 77.2 775 100
HNNP 146.71 144.46 71 71.3 100
HNNP 500 cycles 133.11 136.21 67 65.9 98.5
HNNP 1000
121.92 127.84 62.9 61.2 97.3
cycles

5.5.6. Thermal stability of pure PCM, NP and HNNP

Examining thermal stability is essential for determining the maximum temperature in its
application to prevent PCM decomposition. The details of onset and end set decomposition
temperatures of pure PCM, NP, and HNNP are presented in the Table 34. The TGA curve of
pure PCM as shown in the Fig. 67 depicts that the decomposition of pure PCM took place in
a single step commences around 142 °C and the PCM completely decompose at 242 °C. In
contrast, NP and HNNP behaved differently, and their degradation occurred in two stages.
With the increased temperature of NP and HNNP capsules, there was a mass loss at a
temperature of approximately 50 °C. The mass loss at 50 °C is due to water vapour and other
molecular ingredients on the capsule's surface, and not the PCM. This is fact, as the PCM
decomposition temperature took place at 142 °C; hence there is no possibility of PCM
decomposition below 142 °C. As the temperature continues to increase, the core PCM in the
capsule experiences a rise in pressure this tend to crack the shell of the capsule. This
tendency causes the core PCM to degrade through the cracked shell at around 161 °C as

shown in the Fig. 67. The first stage of decomposition completes around 210 °C, and 75.64%
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of the core PCM from the shell material has decomposed in stage 1. Whereas on the other
hand, the core PCM of HNNP capsules have commenced degradation at 184 °C, and around
259 °C, and the core PCM inside the HNNP capsules completely decomposes, resulting in a
mass loss of 72.18%. The mass loss of the core PCM from NP capsules and HNNP capsules
are in-line with the encapsulation ratio. With further increase in temperature, the second step
of degradation begins which corresponds to the loss of copolymer shell material. Based on
the above data, encapsulating the PCM using melamine formaldehyde shell material has
enhanced the thermal stability by 19 °C than the pure PCM. Besides, the HNNP exhibited
excellent thermal stability, delaying the commencement of decomposition by 23 °C and 42
°C than nanoencapsulated PCM and the pure PCM respectively. The Cu-TiO; hybrid
nanocomposites adsorbed on the capsule performed a crucial impact in enhancing the thermal
stability of the novel HNNP capsules. The HNNP and NP are proposed for use in cooling
applications in buildings with operating temperatures between 21 °C and 26 °C. However, the
onset decomposition temperatures of both NP and HNNP are higher than the operating

temperatures.

Table 25. Thermal stability of pure PCM, NP and HNNP

First step Second step
Sample type Onset End set Mass Loss Onset End set Mass Loss
Temp. (°C) Temp. (°C) (%) Temp. (°C) | Temp. (°C) (%)
Pure PCM 142 242 97 142
NP 161 210 75.64 234 284 12.47
HNNP 184 259 72.18 310 490 20.17
HNNP (500
182 253 70.11 288 470 24.41
Thermal cycling)
HNNP (1000
177 240 66.79 271 450 21.58
Thermal cycling)
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Fig. 67. Thermal decomposition of pure PCM, NP, HNNP before and after thermal
cycling
5.5.7. Thermal conductivity of pure PCM, NP and HNNP
The thermal conductivity of pure PCM, NP, and the novel HNNP capsules was measured
using a thermal conductivity analyzer. As shown in Fig. 68, the thermal conductivity of pure
n-Octadecane PCM is 0.195 W/m K [18, 171]. The thermal conductivity of NP and HNNP is
0.121 W/m K and 0.287 W/m K respectively. The thermal conductivity of nanoencapsulated
PCM is in line with the literature presented in Table 35. The n-octadecane PCM when
encapsulated using polymer-based melamine shell material, tends to reduce thermal
conductivity. The percentage drop in thermal conductivity of NP was 37.94% compared with
pure PCM.
The thermal conductivity of nanoencapsulated n-octadecane PCM using melamine as a
shell material was very poor, due to this, the applications of melamine as a shell material was

limited.
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The adsorption of Cu-TiO, hybrid nanocomposites has greatly enhanced thermal conductivity

of 47.17% and 137.19% over pure PCM and nanoencapsulated PCM respectively. The hybrid

0.287
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0.25

0.195

0.20 A

0.15 1 0.121

0.10

Thermal conductivity (W/m K)

0.05

0.00

I I
pure PCM NP HNNP

Fig. 68. Thermal conductivity of pure PCM, NP and HNNP

Table 26. Comparison of thermal conductivity of encapsulated PCM using melamine/urea

formaldehyde shell material with literature.

Thermal conductivity

PCM Shell Material References
(W/m K)
Paraffin Melamine formaldehyde 0.12 171
n-hexadecane Silver/Urea formaldehyde 0.0663
172
n-Octadecane Silver/Urea formaldehyde 0.0695
Dodecanoic
Melamine formaldehyde 0.134 173
acid

poly(melamine-formaldehyde)/silicon

n-Octadecane 0.20 174
carbide
Paraffin Modified H-SiC Melamine formaldehyde 0.1739 77
Present
n-Octadecane Melamine formaldehyde (HNNP) 0.287
study
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nanocomposites possess metallic (Cu) nanoparticles resembles fin like extended surface
settled on slightly larger metal oxide (TiO,) nanoparticles, is the reason behind enhancement
of thermal conductivity of HNNP. The enhanced thermal conductivity of HNNP capsule
surely enhances increased heat transfer capability from the cementitious material when used

in buildings thereby increasing more number of phase change cycles per day.
5.5.8. Thermal Reliability of HNNP

The main intention of a performing thermal cycling test is to study the reliability of the
material. Besides, PCMs would degrade over time if exposed to external environments
without sufficient shielding. Similarly, when PCM is subjected to higher thermal cycles, its
thermo-physical characteristics may change. Thermal cycling test is essential for ensuring the

long-term behaviour of a thermal energy storage unit.

HNNP exhibited good thermal behaviour in terms of phase change characteristics, thermal
stability, and thermal conductivity, keeping in view; thermal cycling test of HNNP was
carried out. The HNNP was subjected to 500 and 1000 thermal cycles, and the capsules were
examined to study their phase change characteristics, thermal conductivity, and thermal
stability. The sample was heated and cooled over a temperature range of 10 °C to 50 °C. The
phase change temperature and latent heat of HNNP subjected to thermal cycling are shown in
the Table 32. As shown in Fig. 66, there was not much deviation in the phase change
temperature of HNNP subjected to 500 and 1000 thermal cycling. The encapsulation ratio of
HNNP subjected to 500 and 1000 accelerated thermal cycling’s resulted in 67% and 61.9%,
respectively as shown in Table 33. The thermal conductivity of HNNP capsules was slightly
reduced when exposed to thermal cycles of 500 and 1000. The results presented in Table 33,
suggest that there was negligible variation in thermal conductivity of HNNP before and after
thermal cycling. Besides, The HNNP exhibited very thermal stability when subjected to 500
and 1000 thermal cycles. Fig. 67 depicts that there was a slight drop in the on-set
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decomposition temperature of HNNP subjected to thermal cycling. The result depicts that
mass loss of PCM from the HNNP capsules after subjected to 500 and 1000 thermal cycles
was 70.11% and 66.79%, respectively. Considering the above test results, The HNNP

subjected to thermal cycling exhibited very good reliability.
5.5.9. Distribution of capsules in the cement mortar

To study the distribution and the condition of capsules (NP and HNNP) in the cement
mortar, FESEM instrument was used. Sample in the form of slices were extracted from the
NPeCM-10 and HNNPeCM-10 28 days cured cube specimens, respectively. Fig. 69 and 70
clearly shows the NP and HNNP capsules distributed in the cement mortar respectively, the
capsules are in good condition without any damage or crack formation. However, there is
porous structure formed due to dispersion of capsules in the cement mortar evident from Fig.

69 and 70.
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Fig. 69. FESEM results of NPeCM-10 sample (28 days curing period)
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Fig. 70. FESEM results of HNNPeCM-10 sample (28 days curing period)
5.5.10. Density of the cube specimen

The cube specimens with dimension of 70.6 mm were prepared by dispersing the capsules
(NP and HNNP) in the cement mortar as shown in the Fig. 22. It is crucial to study the
density of cube specimens to get clarity on the compressive strength and thermal
conductivity. The results shown in the Fig. 71 reveals that the density of the cube specimen
decreases with increased percentage of capsules (NP and HNNP) embedded in the cement

mortar.

This is due to fact that, with the increased percentage of low-density NP and HNNP
capsules in the cement mortar, there is a possibility of fine aggregate replaced with PCM
capsules which results in the reduced density compared with plain cement mortar. Moreover,
NP and HNNP capsule dispersion in the cement mortar have led to the formation of porosity
as evident from the Fig. 69 and 70. Generally, air void formation leads to the porosity in the
cement mortar, may also be the reason for less dense microstructure of NPeCM and

HNNPeCM cube samples [64].

142



o S
2000—- §
1750-_ §
1500 - \

N
1250—. §
1000—- §
750 \
500- \

N

250 —

IS
o2
SR
R

73S
RRRK
&

A2

7 0 8
0

07

Q0
(X

SRS

S
XK

3RKS
R

To%

2RKS
B
35
o2
o
XX

5

8
S

KK

9.0
X2

XX XX

XX

QXXX
0% % %%

3
5
%%

7RSS

LRSS

RRRRS
5

Q

b

@.

X

X2

Density (kg/m?®)

.0
%5
XS

N/
X
%!

90%%%%%%% %% % %% %% %% % %% % %"

5
&5

0%

%%

QXX
5
&
\/
X
%

Q

Q
XX

0.

35
X
XX
4.
QKKK
20%%

OO
.09,
&

&
X
%!

TR
XRKS
ERKS
%% 0 %%
N/
o
%!

&
o0’
X
%!

00
5

S

Do

NN
K
%,

S
5%

Jo%e

1
3% 6 % 9% 12%

(9]
=
N

Fig. 71. Density of NPeCM and HNNPeCM 28 days cured specimens.

The percentage reduction in the density of NPeCM-6, NPeCM-7, NPeCM-8, NPeCM-9,
and NPeCM-10 are 6.58%, 11.8%, 13.1%, 18.4%, and 19.7% respectively than plain cement
mortar. Besides, the cube specimens of HNNPeCM-6, HNNPeCM-7, HNNPeCM-8,
HNNPeC-9, and HNNPeCM-10 also exhibited reduced density in the percentage of 7.9, 10.5,

11.8, 14.4 and 17.1 respectively compared with reference cement mortar (CM-2).

5.5.11. Thermal conductivity of NPeCM and HNNPeCM cube specimens

The thermal conductivity study of cube specimens is very crucial; the tests were carried
out at a temperature of 28 °C. The thermal conductivity results of NPeCM and HNNPeCM
cube specimens cured for 28 days was summarized and presented in the Table 36. The
thermal conductivity of reference cement mortar (CM-2) cube specimen is 1.746 W/m K,
however with increased percentage of NP capsules, dispersed throughout the cement mortar,
thermal conductivity was reduced as shown in the Fig. 72. The percentage drop in thermal
conductivity of cube specimens NPeCM-6, NPeCM-7, NPeCM-8, NPeCM-9, and NPeCM-

10 were 12.86%, 12.71%, 24.74%, 26.17% and 25.48% respectively. The main reason behind
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reduction in thermal conductivity is due to polymer-based shell material whose thermal
conductivity is poor as presented in the Fig. 68 [64, 60].

Besides, HNNP capsules embedded in the cement mortar exhibited very good thermal
conductivity as shown in the Fig. 72. The enhancement in the thermal conductivity of cube
specimens HNNPeCM-6, HNNPeCM-7, HNNPeCM-8, HNNPeCM-9, HNNPeCM-10 are
3.02%, 5.57%, 8.22%, 12.18%, 13.14% respectively in comparison with reference cement
mortar (CM 2). 51.50% of enhancement was achieved by HNNPeCM-10 cube specimen over
NPeCM-10 cube specimen as shown in the Fig. 73. Cu-TiO, hybrid nanocomposites
adsorbed on the capsules have really favoured enhancing the thermal conductivity of cement
mortar cube specimens [175]. This will for ensure enhances the heat transfer from the
surrounding to the core PCM and vice versa, thereby the core PCM inside the capsule can

undergo more number of phase change cycles per day.

Table 27. Thermal conductivity of NPeCM and HNNPeCM specimens cured for 28 days

Proportions (% by Thermal conductivity (W/m K)
Sample Type
weight of cement) Trial 1 Trial2 | Trial 3 | Average Value
CM 2 cement mortar 1.746 1.731 1.752 1.743
NPeCM 6 3% 1.521 1.501 1.53 1.517333
NPeCM 7 6% 1.488 1.503 1.475 1.488667
NPeCM 8 9% 1.314 1.299 1.333 1.315333
NPeCM 9 12% 1.289 1.271 1.254 1.271333
NPeCM 10 15% 1.231 1.202 1211 1.214667
HNNPeCM 6 3% 1.788 1.768 1.839 1.798333
HNNPeCM 7 6% 1.811 1.829 1.799 1.813
HNNPeCM 8 9% 1.839 1.798 1.842 1.826333
HNNPeCM 9 12% 1.829 1.844 1.789 1.820667
HNNPeCM 10 15% 1.811 1.827 1.883 1.840333
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5.5.12. Compressive strength of NPeCM and HNNPeCM

The cube specimens prepared with NP and HNNP capsule inclusions in the cement mortar
were cured in water for 7 days and 28 days in the laboratory at a temperature of 28 °C. The
main intention behind different curing periods is to study the rate of compressive strength
gain. Further, the cured cube specimens were tested to study the compressive strength. Table
37 exhibits the compressive strength results of NPeCM and HNNPeCM cured for 7 days and
28 days, respectively. The average compressive strength of reference cement mortar

specimens cured for 7 and 28 days are 31.06 MPa and 45.06 MPa, respectively.

The compressive strength was enhanced to 45.07% for 28 days curing period of reference
cement mortar compared with 7 days curing period. Besides, with the increased percentage of
NP in cement mortar, the compressive strength of the cube specimen was reduced, as shown
in Fig. 74. There was a similar trend in the reduction of compressive strength of the cube
specimens for both 7 days and 28 days curing periods. The percentage reduction in
compressive strength of 7 days and 28 days cured NPeCM-5 and NPeCM-10 cube specimens
(15% by weight of NP in cement mortar) are 42.59% and 39.28%, respectively, compared
with reference cement mortar. The compressive test of the cube specimens were carried with
HNNP inclusions in the cement mortar and the results are plotted as shown in the Fig. 74.
The results suggest that with the increased percentage of HNNP capsules in the cement
mortar, the compressive strength for both 7 days and 28 days cured specimens were reduced.
When the HNNP capsules occupied 15%, the percentage reduction in the compressive
strength of 7 days and 28 days cured specimen cubes are 53.54% and 45.27% respectively

compared with reference cement mortar.
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Fig. 74. Compressive strength of reference cement mortar, NPeCM and HNNPeCM

specimens 7 days and 28 days curing period

Considering 7 days and 28 days curing period of both NPeCM and HNNPeCM samples, the
compressive strength of 7 days curing period was less compared with 28 days curing samples
this is due to fact that cement hydration plays a vital role gaining the compressive strength of
the samples. 7 days of curing period is not sufficient to completely remove the heat evolved
during curing of the samples, could be the reason for reduced compressive strength when
compared with 28 days. The trend in the drop of compressive strength of 7 days and 28 days
cured samples are in the line with the literature survey. Besides, there was a drop in
compressive strength of both NPeCM and HNNPeCM cube specimens. The main reason
behind this is due to dispersion of capsules (NP and HNNP) in the cement mortar, which

leads to the porous structure as evident from the FESEM images of Fig. 69 and 70 [161].
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Table 28. Compressive strength of NPeCM and HNNPeCM specimens cured for 7 days and

28 days.
Proportions (by Compressive strength (MPa)
Sample Type
weight of cement) Trial 1 | Trial 2 | Trial 3 | Average Value
CM 1 (7 days) cement mortar 29.22 31.7 32.26 31.06
CM 2 (28 days) cement mortar 44.21 44.78 46.2 45.06333
NPeCM 1 3% 24.88 24.12 27.25 25.41667
NPeCM 2 6% 22.58 24.55 25.12 24.08333
NPeCM 3 9% 24.12 23.79 21.59 23.16667
NPeCM 4 12% 21.45 18.24 19.87 19.85333
NPeCM 5 15% 21.01 17.21 15.28 17.83333
NPeCM 6 3% 42.78 41.87 39.78 41.47667
NPeCM 7 6% 41.25 41.01 38.45 40.23667
NPeCM 8 9% 36.25 40.78 37.44 38.15667
NPeCM 9 12% 35.15 32.09 33.33 33.52333
NPeCM 10 15% 26.75 29.45 25.88 27.36
HNNPeCM 1 3% 27.12 26.08 29.21 27.47
HNNPeCM 2 6% 22.91 23.49 24.76 23.72
HNNPeCM 3 9% 22.14 23.15 21.89 22.39333
HNNPeCM 4 12% 18.69 17.25 16.61 17.51667
HNNPeCM 5 15% 14.49 15.33 13.48 14.43333
HNNPeCM 6 3% 39.58 40.58 | 41.91 40.69
HNNPeCM 7 6% 37.44 38.97 36.58 37.66333
HNNPeCM 8 9% 36.25 38.11 35.25 36.53667
HNNPeCM 9 12% 31.48 30.89 30.78 31.05
HNNPeCM 10 15% 24.12 25.09 24.78 24.66333
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The larger size and surface morphology of HNNP capsule would be the reason for
increased porosity which leads to further drop in compressive strength, this is the reason for
more drop in compressive strength of HNNPeCM when compared with NPeCM for both 7
days and 28 days curing period samples [59, 60, 175]. The desired compressive strength of
cement mortar used as plastering material for residential buildings, according to the Indian
Standards (IS) code of practice 2250:1981 is around 7.5 MPa to 10 MPa for external
plastering and 7.5 MPa for internal plastering. Keeping in view the above compressive
strength, the maximum inclusion of HNNP capsules (15%) in the cement mortar for 7 days
and 28 days yields the compressive strength of 14.66 MPa and 24.66 MPa respectively. The
resulted compressive strength is more than the desired and can be used as plastering material

for cooling applications in buildings.
5.5.13. Summary

As reported, extensive research has been conducted to enhance the novel Cu-TiO; hybrid
nanocomposites adsorbed nanoencapsulated PCM (HNNP). Within the nanoencapsulated
(NP) capsules, the core n-Octadecane PCM resides, freezing and melting at precise
temperatures of 25.06 °C and 26.01 °C, respectively. During the phase transitions, the core
PCM absorbs a substantial latent heat of 159.73 J/g and 156.89 J/g, respectively. It becomes
evident from these results that the phase change characteristics of the nanoencapsulated n-

Octadecane PCM align with the designed operating temperature range (22 °C to 26 °C).

Despite the commendable thermal properties of NP capsules, they fall short in terms of
thermal conductivity, leading to a reduction in the number of phase change cycles per day. To
tackle this challenge, HN particles were introduced onto the shell of the nanoencapsulated
PCM (HNNP). The overarching objective of this work is to develop a thermally efficient

PCM-based cement mortar with enhanced energy utilization efficiency. This achievement
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was made possible by augmenting the thermo-physical properties of the polymer-based
melamine formaldehyde shell material through the adsorption of Cu-TiO, hybrid

nanocomposites over nanoencapsulated PCM.

Limited literature exists on the augmentation of the thermo-physical properties of
polymer-based melamine shell material through nanoparticle adsorption. The incorporation of
HN onto the nanoencapsulated PCM (HNNP) led to a remarkable 47.17% improvement in
thermal conductivity compared to pure PCM, and an even more impressive 137.19%
improvement compared to nanoencapsulated PCM. Furthermore, HNNP capsules exhibited
outstanding thermal stability, with an onset decomposition temperature increased by 42 °C

and 23 °C compared to pure PCM and nanoencapsulated PCM, respectively.

Cement mortar cube specimens embedded with NP and HNNP capsules were subjected to
curing in water for 7 days and 28 days. Based on the aforementioned findings, the novel
HNNPeCM demonstrated exceptional thermal conductivity and compressive strength.
Notably, the highest percentage of HNNP embedded in the cement mortar (HNNPeCM-10)
showcased an enhanced thermal conductivity of 1.84 W/m K. Moreover, its compressive
strength reached a notable 24.66 MPa, positioning it on the higher end and rendering it

suitable for plastering material applications.

The HNNP capsules, when integrated into cement mortar at a weight proportion of 15%,
exhibited the ability to undergo freezing and melting within the human comfort temperature
range. This makes them ideally suited for use as internal plastering material in buildings,

particularly in hot climatic conditions where cooling requirements are paramount.
5.6. Cryogenic conditioning
Curing is a key process for cement-based materials achieving good compressive strength.

Keeping in view, the cryogenic conditioning was carried out for the reference cement mortar
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samples and HNNPeCM (15% of HNNP) samples. These specimens were subjected to liquid
nitrogen cooling with varying rates, as described in section 4.12.2. Subsequently, the
microstructural properties, crystalline structure, and compressive strength of CM 2 and
HNNPeCM-10 cube specimens conditioned at cryogenic temperatures were examined. The
outcomes of the tests are elaborated on in the sections following, providing clear and

comprehensive observations based on the test results.
5.6.1. Microstructural behaviour of cryogenic conditioning of cube samples

Curing conditions influence the hydration degree and porosity directly, which leads to the
changes in the compressive strength. The degree of hydration and porosity of cement mortar
is also affected by temperature. Keeping in view the importance of curing of cement mortar,
an attempt was made conditioning the reference cement mortar and the optimised HNNP

based cube specimens using liquid nitrogen following the different strategies.

Numerous studies have been conducted to elucidate the intricate relationship between the
strength and microstructural properties of cement mortar, notably its pore structure, which is
deemed to exert a substantial influence on compressive strength. Keeping in view, FESEM
instrument was employed to examine alterations in the microstructural behaviour of
cryo-conditioned HNNPeCM-10 samples, aiming to evaluate their influence on relevant

engineering properties for containment.

The test results indicate that, when compared to the microstructural images of untreated
cryogenic samples of HNNPeCM-10, a major difference was observed in the cryo
conditioned HNNPeCM-10 samples. The microstructure of cryo conditioned HNNPeCM-10
samples exhibited increased porous structure as shown in Fig. 75 a) & b). Given that the

cryo-conditioned HNNPeCM-10 samples were structured in the mould prior to cryo-
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conditioned, this likely accounts for the absence of evidence regarding cracks and increased

air void sizes observed in the images.

Fig. 75. a) 24 hrs cryogenic conditioning of cube specimens of HNNPeCM-10 b) 24 hrs

cryogenic conditioning of cube specimens of HNNPeCM-10 followed by water curing
5.6.2. Compressive strength of Cryo-conditioned cube specimens

As previously discussed, reference cement mortar and HNNPeCM-10 cube specimens
were cryogenically conditioned at varying curing rates to investigate compressive strength.
The summarized results are presented in Table 38, revealing that the average compressive
strength of reference cement mortar and HNNP-based cubes conditioned with liquid nitrogen
for 6 hrs., 12 hrs., and 24 hrs. are 16.25 MPa, 17.33 MPa, 20.73 MPa, and 7.14 MPa, 8.72

MPa, 15.73 MPa, respectively.

The data indicates a consistent increase in compressive strength with prolonged cryogenic
conditioning, although it remains lower than specimens cured in water for 28 days. Notably,
the 24 hrs cryo-conditioned HNNPeCM-10 specimens exhibit superior compressive strength

compared to those water cured for 7 days.

Furthermore, an attempt was made exploring a hybrid approach, processing reference
cement mortar and HNNPeCM-10 samples with liquid nitrogen followed by 28 days of water

curing. The compressive strength results for Cryo-conditioning of 6 hrs., 12 hrs., and 24 hrs.
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are 25.65 MPa, 26.14 MPa, 34.01 MPa, and 10.43 MPa, 14.58 MPa, 16.15 MPa, respectively.
This strategy demonstrates enhanced compressive strength, although it still falls below the

levels achieved with traditional 28 days of water curing.

The reduced compressive strength in cryo conditioning samples is attributed to increased
porosity, as evidenced by FESEM images in Fig. 75 a) & b). The inverse relationship
between compressive strength and porosity is evident-lower porosity results in stronger
hardened cement mortar. The impact of cryogenic conditioning on porosity influences the

overall physical characteristics, and properties of the cement mortar.

Despite satisfactory compressive strength in samples processed for 24 hrs, suitable for
internal plastering in buildings, challenges in cryo conditioning and application persist. The
compressive strength needs further improvement to surpass the values achieved with the 28

days curing period, making it recommendable for specialized applications.
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Table 29. Compressive strength of cryogenic conditioning of reference cement mortar and HNNPeCM-10 specimens.

Average compressive . Average compressive strength of
Average compressive strength of L .
strength of water cured ditioned . cryo conditioned specimens followed
. specimens (MPa) cryo conditioned specimens by 28 days water curing (MPa)
Sample Type Details
7 Days 28 Days 6 hrs. 12 hrs. 24 hrs. 6 hrs. 12 hrs. 24 hrs.
The plain cement mortar without
PCM capsules. 31.06 45.06 NA NA NA NA NA NA
Cryo conditioned plain cement
Reference mortar cured with liquid nitrogen NA NA 16.25 17.33 20.73 NA NA NA
with different curing rates.
Cement Mortar
Cryo conditioned plain cement
mortar cured with liquid nitrogen
with different curing rates followed NA NA NA NA NA 25.65 26.14 34.01
by water curing.
0 .
15% of HNNP capsules impregnated 14.43 24.66 NA NA NA NA NA NA
cement mortar cube samples.
15% of HNNP capsules impregnated
cement mortar cube samples mortar
T . NA NA 7.14 8.72 15.73 NA NA NA
HNNPeCM-10 cyred with I|_qU|d nitrogen with
different curing rates.
15% of HNNP capsules impregnated
cement mortar cube samples mortar
cured with liquid nitrogen with NA NA NA NA NA 10.43 14.58 16.15
different curing rates followed by
water curing.
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Table 30. Result summary

Freezing and Onset Thermal Compressive
PCM Preparation PSA (nm) DSC Results Melting time | Decomposition | Thermal cycling conductivity stren i)h (MPa)
(Mins.) (°C) (W/m K) 9
T¢=21.31°C Freezing time
(L.H); =181.48 J/g (t) =29
Pure PCM Tm=21.31°C Melting time 102.9 0.1825
(L.H),, =194.43 J/g (tm) =26.1
Max. dispersion Freezing ti
. . T.220.91 °C reezing time
Cu-TiO, hybrid L H; = 185.85 J/g (t) =213
nanocomposites based 1- 68.14 .T f_20 20‘ oc Melting time 101.7 0192 | 0 -
m = . _
Dodecanol PCM (HDP) (L.H),, = 189.36 Jig (tm) = 18.2
Cu-TiO, hybrid Reference
nanocomposites based 1- cement mortar =
Dodecanol PCM embedded 22.3
Cement Mortar (HDPC) HDPC=20.2
1-Dodecanol
PCM After 200 thermal
cycles
Tk
o=20.41
=20.78
e ‘521421 ( B):13.88
Microencapsulate A L.H)y =56.95
1-Dodecanol PCM (MDP) 490.2 (L.H)M_— 60.7 J/g 132.8 g 0.172
Tw=19.68, Tm=19.01
(L.H)w=79.45 J/g gty
(L.H)w =75.41
Jg
o=19.01
Nanoencapsulated L H? :_13'37(7)1 3
1-Dodecanol PCM (NDP) 157.4 M T g 0.173
Tw=20.11,

(L.H)y = 101.10 J/g
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Freezing and Onset Thermal Compressive
PCM Preparation PSA (nm) DSC Results Melting time | Decomposition | Thermal cycling conductivity strength (MPa)
(Mins.) (°C) (W/m K)
T¢=23.17 °C Freezing time
(L.H)¢ =204.91 J/g (t) =29
Pure PCM Tm=24.62 °C Melting time 142 0.195 -
(L.H),, =203.18 J/g (tm) =26.1
. . T;=22.54 °C Freezing time
nano%gn-wrrl)gszitgggsid n- (L.H): = 181.66 J/g (ty) =29.8
Octadecane PCM (HOP) Tm=23.47°C Melting time 197 0.437 -
. : (L.H),, =178.71 J/g (tm) = 28.2
(Max. dispersion 0.1%)
Cu-TiO, HN based n- Reference
Octadecane PCM embedded For 0.6% of HN CM-= 45.06
cement mortar cube specimens 2.017 HOPC = 1'9 58
(HOPC). '
T;=25.06 °C
nanoencapsulated (L.H)r = 159.73 Jig
n-Octadecane PCM (NP) 120.5 T =26.12 °C NA 161 0.121
n-Octadecane (L.H), =156.89 J/g
PCM
nanoencapsulated Reference CM= g&f:rjg%%
n-Octadecane PCM embedded 1.743 NPeCMiO:
cement mortar (NPeCM) NPeCM10=1.214 2736
1000 thermal
_ o cycles
Cu-TiO, hybrid " ;3;241'25 7? g T,=24.77°C
nanocomposites adsorbed 302 T =25.77 °C NA 184 (L.H); =121.92 .
nanoencapsulated (LH), = 144.46 J/g Jg
n-Octadecane PCM (HNNP) cm ' Tm=25.62 °C
(L.H),, =127.84
J/g
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Freezing and Onset Thermal Compressive
PCM Preparation PSA (nm) DSC Results Melting time | Decomposition | Thermal cycling conductivity stren i)h (MPa)
(Mins.) (°C) (W/m K) 9
nanosncapsulated 1.743 CM=45.06
n-Octadecane PCM embedded HNNlP ggg/l 10= HNN;:EQA 10=
cement mortar (HNNPeCM) ' '
Table 31.Comparison between MDP, NDP, NP and HNNP
MDP NDP NP HNNP (Cu-TiO2 Hybrid
(Microencapsulated 1- (Nanoencapsulated 1-Dodecanol | (Nanoencapsulated n-Octadecane Nanoencapsulated
Dodecanol PCM) PCM) PCM) n-Octadecane PCM)
Tt (o) =20.78 °C T+ (a)=19.01 °C T¢ = 25.06 °C T; = 24.02°C
Phase change
o (B)=14.21°C (B)=13.77 °C Tn=26.12 Tw=2577°C
characteristics
T,=2131°C T,=20.11°C
Encapsulation ratio 40.9% 51.9% 77.2% 71%
Thermal stability 132.82°C - 161°C 184°C
Thermal conductivity 0.172 W/m K 0.164 W/m K 0.121 W/im K 0.287 Wim K
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MDP
(Microencapsulated 1-
Dodecanol PCM)

NDP
(Nanoencapsulated 1-Dodecanol
PCM)

NP
(Nanoencapsulated n-Octadecane
PCM)

HNNP (Cu-TiO2 Hybrid
Nanoencapsulated
n-Octadecane PCM)

Ease of synthesis

In-situ polymerization technique
was used for the synthesis of
MDP. For the preparation of oil
in water (O/W) emulsion,
homogenizer was used. In situ
polymerization requires less
complex instruments compared
to other encapsulation
techniques like interfacial
polymerization or spray drying.
This reduces the initial capital

investment in equipment.

In-situ polymerization technique
was used for the synthesis of
MDP. For reducing the size of
capsules, probe sonicator was
used, however the synthesis time
and procedure was common with
respect to the synthesis of MDP.

In-situ polymerization technique was
used for the synthesis of NP. The
process of synthesis and the time
consuming was similar compared to
NDP, however the stirring speed, pH
value and temperatures were
modified to enhance encapsulation

ratio.

The procedure followed for the synthesis of
NP capsules was considered for the
adsorption of Cu-TiO2 hybrid
nanocomposites. This is an extension of NP
synthesis procedure. For developing HNNP
capsules, complex instruments were not
necessary, however it is time consuming

process.

Merits

This property ensures that the
material can withstand
temperatures much higher than
its melting point without
degrading. This stability is
crucial in applications where the
PCM might be exposed to high

temperatures,

This higher encapsulation ratio is
beneficial for applications where high
energy storage density is required,
such as in thermal regulation systems

for buildings and textiles.

The narrow temperature gap between
freezing (25.06 °C) and melting

(26.12 °C) points suggest that NP can
quickly respond to slight temperature

variations, making it suitable for

HNNP exhibits enhanced thermal
conductivity facilitates faster heat transfer,
making HNNP more suitable for
applications. HNNP can withstand higher
temperatures than NP (161°C). This
property makes it ideal for high-temperature
applications and environments.

The phase change temperatures (freezing at
24.02°C and melting at 25.77°C) are very
close, suggesting that HNNP can efficiently

manage heat with minimal temperature
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MDP
(Microencapsulated 1-
Dodecanol PCM)

NDP
(Nanoencapsulated 1-Dodecanol
PCM)

NP
(Nanoencapsulated n-Octadecane
PCM)

HNNP (Cu-TiO2 Hybrid
Nanoencapsulated
n-Octadecane PCM)

precise temperature control
applications, such as in medical
transport and storage where strict

temperature maintenance is crucial.

The ability to withstand temperatures
significantly higher than its melting
point without degrading makes NP
ideal for high-temperature
applications, including high heat
industrial processes where durability

and stability are necessary.

deviation, essential for maintaining precise

temperature control.

HNNP operates effectively within a specific
temperature range. This narrow operational
window can limit its application in
environments where the ambient
temperatures do not frequently correspond to
the phase change temperatures, reducing its
effectiveness and efficiency in broader

applications.

Demerits

The MDP capsules have low
encapsulation ratio. Keeping in
view, the cost for the synthesis
of MDP and the resulted
encapsulation ratio may not be
beneficial. Besides, the freezing
process takes place over long
range in two stages. The dual
freezing stages might
complicate the control systems

required to effectively utilize

This can be a disadvantage in
applications requiring fast heat
dissipation, such as in high-
performance electronics cooling,
where quicker thermal response is
necessary to prevent overheating.
Nano encapsulation can also add
complexity to the manufacturing
process, possibly increasing the
cost and technical challenges

associated with producing and

Due to poor thermal conductivity,
potentially limiting its effectiveness
in applications where faster rate of
heat transfer is essential. This could
hinder its use in active cooling
systems where quick dispersion of
heat is necessary.

Nanoencapsulation generally
involves complex and potentially

costly manufacturing processes. This

Adsorption of Copper- Titania hybrid
nanocomposites on the encapsulated PCM
increases the complexity and cost of
producing HNNP. This could make the
material less economically viable for
widespread application, particularly in cost-

sensitive markets.
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MDP
(Microencapsulated 1-
Dodecanol PCM)

NDP
(Nanoencapsulated 1-Dodecanol
PCM)

NP
(Nanoencapsulated n-Octadecane
PCM)

HNNP (Cu-TiO2 Hybrid
Nanoencapsulated
n-Octadecane PCM)

the PCM. This could lead to
increased costs and complexity

in system design and operation.

The low thermal conductivity
(0.172 W/m-K) is a drawback in
applications requiring quick
thermal response. For instance,
the MDP capsules incorporated
in the cement in electronic
cooling systems, a higher
thermal conductivity would
facilitate faster heat transfer,
thus maintaining optimal
operating temperatures more

efficiently.

using NDP. The effective
temperature range of NDP may
limit its application to regions or
environments where the ambient
temperature commonly falls
within or fluctuates around the
phase change temperatures. This
could restrict its market potential
to specific geographic areas or

seasonal uses.

could limit its accessibility and
increase the cost for end-users,
making widespread adoption

challenging

Applications

The phase change temperatures
suggest the developed capsules
viable for the applications such
as Building Applications,
Thermal Regulation in Data
Centers, Cooling Vests for

Workplace Comfort.

The phase change temperatures of
NDP are similar to that of MDP,
so the applications of MDP are

applicable to NDP.

Due to narrow freezing and melting
temperatures they are specifically
used for human comfort temperatures
such as interior side of walls in
buildings, thermo comfort clothing,
and Interior space of vehicle for

passenger comfort.

Due to narrow freezing and melting

temperatures they are specifically used for
human comfort temperatures such as interior
side of walls in buildings, thermo comfort

clothing, and Interior space of vehicle for

passenger comfort.

160




161



CHAPTER -6

THERMAL ANALYSIS OF HNNP BASED CEMENT MORTAR

This chapter presents a comprehensive study of heat transfer analysis of Hybrid
Nanocomposites Adsorbed Nanoencapsulated PCM (HNNP) based cement mortar, exploring
its potential to enhance the thermal behaviour of building materials. This analysis aims to
quantify the thermal behaviour of HNNP based cement mortar, including its thermal
conductivity, heat capacity, and its ability to maintain thermal comfort within built
environments. Through detailed experimental studies and comparative assessments, this
chapter evaluates the effectiveness of HNNP in modifying the traditional characteristics of
cement mortar, thereby contributing to more sustainable and energy-efficient building

practices.

6.1. Experimental setup details

The schematic of experimental setup shown in the Fig. 76, composed of two primary
chambers: the cold chamber and the hot chamber. The insulated test chamber is shown in Fig.
77 (a). The cold and hot chambers are configured to simulate the interior and exterior
environments that the building materials would face in actual usage. The specimen is
mounted between these two chambers as shown in Fig. 77 (b), allowing for precise
manipulation and measurement of the temperature on both sides of the material. The setup
has a flexibility to maintain the set hot chamber temperature of maximum 70 °C. The cold
chamber has a flexibility to set cold chamber minimum temperature of 15 °C and maximum
of 30 °C. The test setup has a capability to vary a minimum 1 °C; there is a controller which

maintains the setup temperatures.
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INSULATED WALLS SPECIMEN
........................... —
HOT coLD
CHAMBER CHAMBER
INSULATED TEST CHAMBER

Fig. 76. Schematic of Insulated Test Chamber

The test setup is equipped with a precision temperature control system that is capable
of varying the temperature by increments as small as 1°C. This fine control is achieved
through an integrated controller, which actively monitors and adjusts the temperature within
the setup to maintain the desired conditions. The controller ensures that the temperature
settings are consistently upheld throughout the duration of the test, providing reliable and
accurate data necessary for evaluating the thermal behaviour of the material being tested.
This high degree of temperature control is crucial for conducting thermal tests under steady-

state or dynamic conditions.

Fig. 77. a) Insulated test chamber b) slab positioned between the hot and cold

chamber
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6.2. Slab Preparation

For the purpose of this study, two distinct slabs were cast: a reference slab and a slab
incorporating HNNPeCM-10. Given the constraints of the experimental setup, which can
accommodate specimens measuring 1 feet X 1 feet, both slabs were constructed with a
maximum thickness of 50 mm. It is important to note that this thickness does not represent
typical wall constructions, where external walls generally range from 6 to 9 inches thick and

internal walls approximately 4 inches thick.

In accordance with IS 2402: 1963 - Code of Practice, the thickness of plastering on
walls is adjusted based on the application needs and local building standards. For external
walls, plaster typically ranges from 12 to 20 millimeters to ensure robust protection against
environmental elements and mechanical impacts. In contrast, internal plastering is usually
thinner, ranging from 6 to 12 millimeters. This reduced thickness suffices for smooth finish

applications and serves as an effective base for subsequent painting or decorative finishes.

The focus of this study is on internal plastering materials, maintaining a minimum
plaster thickness of 6 mm. Although the slabs do not replicate the full scale of actual walls,
the plastering applied mirrors the real-world application as per the standard code of practice,
ensuring the study's relevance to practical scenarios. Fig. 78 in the accompanying
documentation provides a schematic representation of the wall structure, illustrating the

configuration and dimensions used in the experimental analysis.
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Fig. 78. Reference and HNNPeCM slab
6.3. Test Procedure

ASTM C1363 standard was followed for carrying out the experiments for the present
investigation. The hot chamber was maintained with constant temperature of 42 °C, and cold
chamber featuring an air conditioning system set at 22 °C. The test involves two types of
cement mortar slabs, each measuring 1 feet by 1 feet with a thickness of 50 mm. Both slabs,
one a reference cement mortar and the other HNNP-based cement mortar was subjected to a
controlled comparison of their thermal behaviors. At the commencement of the experiment,
both chambers reach and maintain their designated temperatures to ensure that any heat
transfer observed is attributable solely to the material properties of the specimens and not
external temperature fluctuations. Each slab is placed strategically in a groove located
between the two chambers, exposing one face to the hot chamber and the other to the cold
chamber. This setup creates a thermal gradient necessary for studying heat conduction

through the materials.

J type thermocouples are used to record temperature variations across the slabs. This
data collection is vital for analyzing how each material conducts heat from the hot side to the

cold side. Before experimentation, the setup was calibrated following the procedures of
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ASTM C1363 standards to ensure the accuracy of the measurements. The objective of this
experimentation is to compare the thermal behaviour of the HNNP-based cement mortar slab
against that of the reference slab. Key parameters of interest include the rate of temperature
change, and the final equilibrium state. This comparison aims to ascertain the effectiveness of

the HNNP additive in enhancing the cement mortar energy storage and release capabilities.

6.4. Observations from the experimentation

To study the behaviour of reference cement mortar and HNNPeCM-10 slabs were kept
in between 42 °C and 22 °C. Due to temperature differences heat transfer takes place from
hot chamber to cold chamber. Fig. 77 (b) exhibits the position of slab between the chambers
and the thermocouples arrangement. The data recorded by the thermocouples were used to

plot the graph considering Time (minutes) on X axis and Temperature (°C) on Y axis.

6.4.1. Heating process

The results presented in the Fig. 79 clearly depict that the reference cement mortar
slab which is initially at 22 °C start raising its temperature. With respect to the time the
gradual increase in temperature were noticed, nearly at 142 minutes the reference slab
reached temperature from 22 °C to nearly 42 °C. However the HNNPeCM-10 slab behaved
differently compared with the reference cement mortar slab. It is evident from the heating
curve of HNNPeCM-10 slab that the time taken to reach 42 °C is 198 minutes. The time
taken for HNNPeCM-10 slab to reach 42 °C is more than the reference slab. The peak
temperatures of HNNPeCM-10 have delayed by 56 mins compared with the reference cement
mortar slab. It is noticed that for HNNPeCM-10 slab the temperature rise nearly at 24 °C is
delayed compared with the reference cement mortar slab. This is due to fact that the HNNP
capsules incorporated in the cement mortar slab freezes and melts at 24.02 °C and 25.77 °C

respectively. The HNNP capsules in the cement mortar slab start phase transforming due to
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heat wave from hot chamber side. The delay in temperature rise noticed for HNNPeCM-10
approximately from 22 °C to 25 °C was due to fact that the heat wave from hot chamber is
been absorbed by the HNNP capsules. The temperature was not exactly constant however the
temperature gradient was very low compared with reference cement mortar slab. Due to this
reason, the peak temperatures HNNPeCM-10 slab were delayed by 52 minutes compared
with reference cement mortar slab. And on other side, by the time the reference cement
mortar slab reaches 42 °C, the HNNPeCM-10 slab temperature is lower and the differences

achieved was 3.12 °C.

Temperature (°C)

Hot Chamber
—— HNNPeCM slab
—— Reference slab

200 t+——T—"—T T T T T T T T T T I
0 20 40 60 80 100 120 140 160 180 200 220 240

Time (min)

Fig. 79. Heating process of Reference cement mortar and HNNPeCM-10 slab

specimen.
6.4.2. Cooling process

The cooling curves of reference cement mortar slab and HNNPeCM-10 slab were
presented in the Fig. 80. The reference cement mortar slab and the HNNPeCM-10 which
were initially at 42 °C were subjected to the cold chamber temperature of 22 °C. Due to this

there was significant temperature drop noticed at initial stage for HNNPeCM-10 slab
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compared with the reference cement mortar slab. Until 25 °C, the temperature drop for
HNNPeCM-10 slab was more compared with the reference cement mortar slab. However
closure to 25 °C, the HNNPeCM-10 slab experienced low temperature gradient than the
reference cement mortar slab this is due to fact that the HNNP capsules commence its
freezing thereby absorbing latent heat from the cold chamber. The time taken for the
reference cement mortar and HNNPeCM-10 slabs to attain steady state temperature of 22 °C
is 109 mins and 198 °C. The temperature differences noticed for reference cement mortar and
HNNPeCM-10 was 3.42 °C. Due to freezing of HNNP capsules nearly around 25 °C, the

delay in attaining the steady state cold chamber temperature is 89 min.

The results obtained from the experimental analysis clearly demonstrate that the
HNNPeCM-10 slab outperforms the reference cement mortar slab in thermal performance.
Specifically, the HNNPeCM-10 slab exhibited a good capability in delaying the peak
temperatures within the testing environment. This attribute is crucial for enhancing thermal
inertia and stability in built environments, potentially contributing to reduced cooling loads

and increased energy efficiency.

Moreover, a noteworthy temperature difference of 3.12 °C was achieved between the
HNNPeCM-10 slab and the reference slab during heating. This significant differential
underscores the effectiveness of the HNNPeCM-10 material in maintaining cool internal
conditions compared to traditional cement mortar. Such behaviour indicates the potential of
HNNPeCM-10 plaster in improving indoor thermal comfort. These findings validate the
enhanced thermodynamic properties of the HNNPeCM-10 material, making it a promising

alternative for future construction applications where thermal management is a priority.
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Fig. 80. Cooling process of Reference cement mortar slab and HNNPeCM slab
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CHAPTER -7

CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this research work is to develop thermally efficient encapsulated
PCM-based cement mortar, aiming to enhance energy utilization efficiency for cooling
applications. To accomplish the research goals, two organic PCM varieties, namely 1-
Dodecanol PCM and n-Octadecane PCM, were chosen based on their phase change
characteristics. Although organic PCMs exhibit favourable properties, they are hindered by
their poor thermal conductivity. To address this limitation, the as-prepared Cu-TiO, hybrid
nanocomposites were dispersed into both 1-Dodecanol PCM and n-Octadecane PCM.
Furthermore, the pure PCM and HN based PCM when directly integrated into cement mortar,
it became apparent that PCM leakage was an issue. To tackle this challenge, both the PCMs
were encapsulated at nano size using In-situ polymerization technique. Recognizing the
advantages of using melamine in construction materials, it was decided to use melamine
formaldehyde as the shell for encapsulating the PCM. Despite its numerous benefits,
melamine formaldehyde suffers from poor thermal conductivity. To overcome this drawback,

the as-prepared Cu-TiO, hybrid nanocomposites to the encapsulated PCM shell.

To establish an effective thermal energy storage system within the cementitious material,
both NP (prior to HN adsorption) and the novel HNNP were embedded in the cement mortar
in varying proportions, ranging from 3% to 15% by weight of cement. Besides, the
compressive strength gain of the cement mortar is closely connected with the curing period,;
the investigations were carried out after curing the cube specimens for 7 days and 28 days.
Summary of the comprehensive results was presented in Table 39. In conclusion, the

following key findings were drawn from this research endeavour.
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7.1. Conclusions

1. The Hybrid nanocomposites were synthesized using Sol-Gel chemical process. The main
intention behind developing HN is to enhance the thermo-physical properties of 1-
Dodecanol and n-Octadecane PCM.

2. The FESEM and EDAX results suggest that the HN particles were quasi-spherical and
highly crystalline in nature. The formation of the tiny copper nanoparticles over the
surface of the titania nanoparticles were clearly visible from the FESEM image, thus
confirming the efficacy of the synthesis process.

3. The XRD results verified the formation of the copper-titania hybrid nanoparticles through
their combined presence in terms of their sharp peaks being observed at the required 26
angle, which were attributed to their high crystalline nature with enhanced surface
characteristics.

4. FTIR results confirmed the chemical stability/compatibility between the HN and the PCM
and the dispersion of the HN in the PCM was purely by physical amalgamation.

5. The DSC results infer that, on an average, the pure 1-Dodecanol PCM freezes and melts at
a temperature of 21.31 °C and 22.13 °C and their latent heats are 190.03 J/g and 195.03
J/g, respectively. These values along with the phase change temperature of the HDP were
found to be appreciable with respect to the pure PCM.

6. Thermal conductivity of the HDP was found to be improved by 5.53% with 0.08%
increased mass proportion of the HN in the pure PCM. The HN dispersion in the PCM
favoured in reducing the commencement time of the freezing process and the process
completion time was also reduced by 39.4% and 22.1% respectively. it was noticed that
few nanoparticles were settled for the HN proportion of 0.1%.

7. The optimized proportion of pure PCM and HDP were directly impregnated in the cement

mortar and further the prepared cube samples were cured in the water for 28 days.
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8. It was noticed that during the curing period the PCM was leaking from the cube

10.

11.

12.

specimens. This results in reduced PCM percentage in the cement mortar which further
leads to the reduction in energy storage capability. Besides, due to PCM direct
impregnation, the compressive strength was reduced. Due to this reason, the 1-Dodecanol
PCM was encapsulated using melamine formaldehyde shell material.

In-situ polymerization technique was followed for the synthesis of encapsulating 1-
Dodecanol PCM. Tween 20 and span 60 were used for the preparation of Oil in Water
Emulsion. It is evident from the DSC results that the crystallization temperature of the
MDP and NDP deviates from the designated operating conditions of 22 °C to 26 °C.

The same synthesis and investigative procedures were replicated with n-Octadecane PCM.
The maximum HN inclusions in the n-Octadecane PCM enhanced the freezing and
melting times by 39.4% and 21.7% respectively.

At the maximum dispersion of HN in the n-Octadecane PCM, the thermal conductivity
was increased from 0.195 W/m K to 0.437 W/m K, the enhancement was nearly 124.10%
compared with the pure PCM.

n-Octadecane PCM was encapsulated using melamine formaldehyde shell material. The
surfactants were modified; Tween 80 and span 80 were selected for the preparations of
O/W emulsion. To achieve the encapsulated PCM in nano size with enhanced
encapsulation ratio. Different trials were carried out varying the O/W. The synthesis

procedure yields the capsules with an average size of 120.5 nm.

13. The nanoencapsulated PCM (NP) exhibited good phase change characteristics, the core

PCM inside the nanocapsules freezes and melts at 25.06 °C and 26.12 °C respectively.

The encapsulation ratio was 77.2%.

14. The shell of the nanocapsules favoured enhancing the thermal stability; the onset

decomposition temperature of NP was delayed by 19 °C compared with pure PCM.
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15.

16.

17.

18.

19.

20.

21.

Besides, the thermal conductivity of pure n-Octadecane PCM was reported 0.195 W/m
K, and due to polymer-based melamine formaldehyde shell material it was dropped to
0.121 W/m K.

The reduced thermal conductivity of nanoencapsulated PCM (NP) will result in reduced
phase change cycles when used in the cement mortar used as internal plastering. To
overcome this issue, Cu-TiO, HN was adsorbed on the shell of nanoencapsulated PCM.
The HN adsorption on the NP capsules favoured in enhancing the thermal conductivity,
the enhancement was 47.17% and 137.19% over pure n-Octadecane PCM and
nanoencapsulated PCM (NP) respectively.

The developed HNNP capsules exhibited excellent thermal stability, the onset
decomposition temperature was increased by 23 °C and 42 °C than the pure n-
Octadecane PCM and the nano encapsulated PCM respectively. The mass loss of HNNP
capsules was approximately 72%, this is in-line with the encapsulation ratio.

The HNNP capsules exhibited excellent thermal reliability; the encapsulation ratio was
67% and 61.9% when subjected to 500 and 1000 accelerated thermal cycles respectively.
The thermal conductivity of NPeCM cube specimens was reduced in comparison with
reference mortar; this is mainly due to polymer-based shell material. Contrarily, the
thermal conductivity of HNNPeCM cube specimens was increased. The thermal
conductivity enhancement of HNNPeCM-10 over reference cement mortar and NPeCM-
10 was 13.14% and 51.50% respectively.

With the increased percentage of NP and HNNP capsules dispersed in the cement mortar,
there was a proportionate drop in the density and compressive strength of cube
specimens compared with reference cement mortar.

The compressive strength of NPeCM-10 and HNNPeCM-10 cube specimens (15%) are

27.36 MPa and 24.66 MPa, Inspite of the reduction in compressive strength of cube
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22.

23.

24,

25.

26.

specimens due to maximum dispersion of NP and HNNP capsules, the compressive
strength achieved is acceptable for plastering material.

Curing is a key process for cement-based materials achieving good compressive strength.
Keeping in view, the cryogenic conditioning was carried out for the reference cement
mortar and HNNPeCM-10 (15% of HNNP) samples.

These specimens were subjected to liquid nitrogen cooling with varying rates of 6 hrs.,
12 hrs., and 24 hrs. followed by testing the samples. Furthermore, an attempt was made
exploring a hybrid approach, processing reference cement mortar and HNNPeCM-10
samples with liquid nitrogen followed by 28 days of water curing.

The test results indicate that, when compared to the micro-structural images of untreated
cryogenic samples of HNNPeCM-10, a major difference was observed in the cryo-
conditioned HNNPeCM-10 samples. The microstructure of cryo-conditioned
HNNPeCM-10 samples exhibited increased porous structure. The cryo-conditioned
HNNPeCM-10 samples were structured in the mould prior to cryo-conditioned, this
likely accounts for the absence of evidence regarding cracks.

The result indicates a consistent increase in compressive strength with prolonged
cryogenic conditioning, although it remains lower than specimens cured in water for 28
days. Notably, the 24 hrs cryo conditioned HNNPeCM-10 specimens exhibit superior
compressive strength compared to those treated for 7 days.

The reduced compressive strength in cryo-conditioning samples is attributed to increased
porosity. Despite satisfactory compressive strength in samples processed for 24 hrs,
suitable for internal plastering in buildings, challenges in cryo processing and application
persist. The compressive strength needs further improvement to surpass the values
achieved with the 28 days curing period, making it recommendable for specialized

applications.
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27.

28.

29.

Heat transfer analysis was carried out to evaluate the behaviour of reference mortar and
an HNNP-based mortar. The investigation conforms to ASTM C1363 standards, using an
"Insulated Test Chamber™ where the hot chamber is held constant at 42°C and the cold
chamber at 22°C.

The results suggest that the peak temperatures of the HNNPeCM-10 slab during heating
process were delayed by 52 minutes relative to the reference cement mortar slab,
indicating enhanced thermal resistance. Moreover, when the reference slab reached
42°C, the HNNPeCM-10 slab maintained a significantly lower temperature, exhibiting a
notable difference of 3.12°C.

This demonstrates the improved thermal behaviour of the HNNPeCM-10 slab. This
significant differential underscores the effectiveness of the HNNPeCM-10 material in
maintaining cool internal conditions compared to traditional cement mortar. Such
behaviour indicates the potential of HNNPeCM-10 plaster in improving indoor thermal

comfort.

7.2. Specific contributions

Based on the above findings and facts, the Novel HNNP capsules exhibit the remarkable

capability to undergo freezing and melting within the range of human comfort temperatures

(22 °C to 26 °C). This distinctive feature renders them exceptionally well-suited for

integration into the internal plastering materials for air conditioning room in the building,

addressing the cooling requirements in hot climatic conditions. Moreover, HNNP proves to

be

highly compatible for incorporation into cement mortar, seamlessly enhancing cooling

applications within structures without compromising structural stability. This not only makes

it an optimal choice but also contributes to increased energy utilization efficiency in

buildings.
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7.3. Potential Commercialization Paths for HNNP in Building Applications

The market entry of HNNP capsules for cooling applications in buildings faces practical

barriers, but these can be addressed with targeted strategies:

1. High Initial Costs
Barrier: The initial cost of encapsulated PCM products is often higher than conventional

cooling materials, which cannot be deter potential buyers.

Overcoming Strategy: Highlighting the long-term savings in energy costs and the potential
for reduced HVAC system load can make a compelling case. Additionally, seeking subsidies

or incentives for energy-efficient technologies can help lower the upfront cost for end-users.

2. Technical and Performance Uncertainties
Barrier: Concerns about the long-term stability, effectiveness under varying climatic

conditions, and integration into existing building designs can act as barriers.

Overcoming Strategy: Conducting and publishing extensive performance testing and research
demonstrating the reliability and effectiveness of PCMs in different climates and buildings
can address these concerns. Offering warranties and technical support can also reassure

potential users.

3. Lack of Awareness

Barrier: There's a general lack of awareness among the end users about the benefits of PCMs
in building cooling applications.

Overcoming Strategy: Education and marketing efforts focused on the energy savings,
comfort improvements, and sustainability benefits of PCMs can increase adoption. Providing
case studies, pilot projects, and training sessions for industry professionals can also boost

awareness and acceptance.
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4. Regulatory and Building Code Challenges

Barrier: Existing building codes and regulations may not account for innovative materials like
PCMs, complicating their adoption.

Overcoming Strategy: Working with regulatory bodies to update building codes and
standards to include PCMs and their benefits. This may involve demonstrating the safety,

environmental, and energy efficiency benefits of PCMs to regulatory agencies.

5. Integration with Building Materials and Systems
Barrier: Integrating PCMs into existing building materials and systems requires technical
know-how, which can be a barrier for adoption by construction and building industry

professionals.

Overcoming Strategy: Developing easy-to-use PCM products that can be readily incorporated
into existing building designs and materials. Collaboration with manufacturers of building

materials to create integrated solutions that are plug-and-play can also facilitate adoption.

6. Perception and Trust

Barrier: Doubts regarding new technologies can be a significant market entry barrier.
Overcoming Strategy: Offering transparent, third-party validated data on PCM performance
and engaging in pilot projects that allow potential customers to witness the benefits firsthand
can help build trust. Testimonials and endorsements from credible industry leaders can also

change perceptions.
Overcoming the Barriers

To successfully overcome these barriers, a multi-faceted approach that includes
technological advancements, market education, strategic partnerships, and advocacy for

regulatory change is essential. Collaboration across the industry to establish standards and
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best practices for the use of PCMs in cooling applications can also pave the way for broader

adoption.

7.4. Practical Challenges of Implementing Cryogenically Conditioned Plastering Materials

in Real-Time Building Applications

For the current study an attempt was made cryo-conditioning the HNNP-based cement
mortar (HNNPeCM-10) to improve its compressive strength, in addition to enhance its
thermal properties. The expectation from this work was a significant increase in compressive
strength, potentially allowing for a higher proportion of HNNP in the cement mortar. This

adjustment is anticipated to enhance the mortar thermal energy storage capacity.

Handling and Storage: Maintaining cryogenic temperatures for a building material like
plaster requires specialized equipment and storage facilities, which would significantly
increase costs and complexity.

Application: Once conditioned, the material must be quickly applied and allowed to return to
ambient temperatures before hydration (in the case of cement) or setting occurs. This rapid
temperature change could result in unpredictable behavior such as rapid setting or reduced
workability.

While cryogenic conditioning of plastering materials is an interesting concept, it faces
significant challenges that currently make it impractical for widespread use in construction.
The cost, equipment requirements, and potential risks to material performance outweigh the
theoretical benefits, making it a less viable option compared to more traditional methods and
technologies in building construction.

Keeping in view the above results, the cryo-conditioning of HNNP-based cement

mortar used as internal plastering may not be advantage due to difficulty in handling
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cryogenic liquid (Liquid Nitrogen), further more studies are required to recommend for

specialized industrial applications.

7.5. Future Scope of Work

The novel HNNP proved to absorb, store, and release energy in the range of human
comfort temperature, which best suits its use in building for cooling applications. There is a
scope to evaluate the performance of the developed HNNP by incorporating in the traditional
building construction materials. The focus will be on utilizing prototype constructions as
experimental platforms to comprehensively investigate the behavior of the developed Cu-
TiO, hybrid nanocomposite adsorbed Nano-encapsulated PCM (HNNP) under realistic
climatic conditions. This approach will provide invaluable insights into the material
performance in actual environmental scenarios, enabling us to refine its properties and
optimize its suitability for practical applications. By subjecting these prototypes to varying
climatic conditions, expect to elucidate the material thermal dynamics, structural integrity,
and overall efficacy in regulating indoor temperatures and energy consumption. This future
work will not only contribute to advancing our understanding of innovative construction
materials but also pave the way for their widespread adoption in sustainable building

practices.

Life Cycle Assessment (LCA), often referred to as LCA, stands as a pivotal approach for
conducting a thorough investigation into the environmental impacts of any product or system.
It serves as a crucial tool in evaluating the environmental implications of Phase Change
Materials (PCMs) when applied in building contexts. The goal is to strike a balance between
the positive environmental contributions during the operational phase of PCMs and the

negative environmental consequences throughout their entire life cycle.
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The innovative HNNP-embedded cement mortar, designed for cooling applications within
buildings, offers a fertile ground for conducting Life Cycle Inventory Analysis (LCI). A
comprehensive examination of factors such as cost, material performance, and environmental
sustainability is imperative.

This comprehensive approach not only aids readers, designers, manufacturers, and
customers in gaining a broad understanding of the environmental implications but also

ensures informed decision-making in the realm of sustainable building materials.
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Al. Introduction

The cement and the sand used for preparation and testing the cube specimens, necessary tests

were carried out. The tests carried out on cement and sand were confirmed to IS code of

APPENDIX 1

PRELIMINARY TESTS ON CEMENT AND SAND

practice mentioned below.

Al.1.Tests on fine aggregates

Grain size distribution plays a major role in selecting the fine aggregate for use in mortars.
Sieve analysis was performed, and the results are presented in Table Al.1. IS 1542:1992
(reaffirmed in 2003) confirms the fine aggregate as passing the required gradation standards.
In addition, 4 different tests were performed on the fine aggregates, as per IS 2386 (parts 1 to
8) standard specifications and the results are presented in Table Al.2. The results confirm the

suitability of fine aggregate for mortars when compared with specified values in the relevant

parts of 1S 2386 code of practice.

Table Al.1. Results of sieve analysis on fine aggregates

Percent range allowed as
S. No | IS Sieve Designation | Percent passing
per 1S 1542:1992

1 10 mm 100 100

2 4.75 mm 98 95-100
3 2.3 mm 97.5 95-100
4 1.18 mm 94 90-100
5 600 pm 92 80-100
6 300 pm 37 20-65
7 150 pm 8 0-15
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Table A1.2. Properties of fine aggregates

Property Value
Fineness modulus 2.675
Sand specific gravity 2.43

Silt content 2.25%
Bulking of sand 18%

Al.2. Tests on cement

To establish the suitability of the cement as the binder in the mortar, relevant tests were
conducted as per IS 4031 Part 5: 1988 and IS 12269: 2013 and the results are summarized in
Table A1.3.

Table A1.3. Results of tests conducted on cement.

Property Observed value Standard value
Specific gravity 3.146 3.15
Initial setting time 42 min Minimum of 30 min
Final setting time 480 min Maximum of 600 min
Normal consistency 31.2%

The essential experiments were carried out in accordance with the standards to determine

the suitability of the materials, namely fine aggregate and cement.

Al.3. Bulking of sand

"Bulking of sand" pertains to the expansion of sand's volume due to elevated moisture
levels. This phenomenon occurs as a water film envelops the sand particles, compelling them
to disperse from each other. Consequently, both the sand's volume and its moisture content

experience augmentation. Analysis of the test outcomes, detailed in Table Al.5, revealed
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calculated sand bulking of 19.35%. This value correlates with an approximate moisture

content increase of 3%.

Table Al.4. Properties of fine aggregates

Property Value
Fineness Modulus 2.52
Specific gravity 2.63

Bulking of sand 19.35%

Al.4. Tests for Water to cement ratio (W/C)

The main intention of performing Cement-Normal consistency test is to determine the
amount of water by weight that should be added to cement, to form a paste of standard
consistency. Eqg. (Al.1) was used to calculate the normal consistency. The results from the
experiment are shown in the Table A1.7.

Normal consistency of cement = (weight of water/weight of cement) * 100 ---- (A1.1)

Table A1.5. Normal consistency of cement.

Penetration of plunger
S. No. WIC ratio Wt. of water (g)

(mm)
1. 29% 116 ¢ 29 mm
2. 31% 124 ¢ 20 mm
3. 33% 132 ¢ 16 mm
4., 35% 140 g 10 mm
5. 36% 144 g 8 mm
6. 36.5% 146 g 6 mm
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The design proportions of all the ingredients of HDPC are summarized and presented in

Table A1.6 for reference.

Table Al.6. Proportions for mix design of reference and HDPC specimens

_ Weight of | Weight of fine | Weight of | Weight of super | Weight of Weight of
Specimen
cement (g) | aggregate (g) | water (g) plasticizer (g) PCM (%) HN (%)

1 (Reference)” 155.5 622.2 70 1.19 0 0.00
2 (with PCM)* 155.5 622.2 70 1.19 6 0.00

3 (HDPC)® 155.5 622.2 70 1.19 6 0.02

4 (HDPC) 155.5 622.2 70 1.19 6 0.04

5 (HDPC) 155.5 622.2 70 1.19 6 0.06

6 (HDPC) 155.5 622.2 70 1.19 6 0.08

7 (HDPC) 155.562 622.248 70.0029 1.19 6 0.1

“Refers to plain cement mortar specimen; “Refers to cement mortar with only PCM; @Refers

to cement mortar incorporated with HDP.

Table AL.7. Assigned codes for the cube specimens.

NPeCM HNNPeCM
Control Mix
3% | 6% | 9% | 12% | 15% 3% 6% 9% 12% 15%
C1 E3-1 | E6-1 | E9-1 | E12-1 | E15-1 | HE3-1 | HE6-1 | HES-1 | HE12-1 | HE15-1
Cc2 E3-2 | E6-2 | E9-2 | E12-2 | E15-2 | HE3-2 | HE6-2 | HE9-2 | HE12-2 | HE15-2
C3 E3-3 | E6-3 | E9-3 | E12-3 | E15-3 | HE3-3 | HE6-3 | HE9-3 | HE12-3 | HE15-3
C4 E3-4 | E6-4 | E9-4 | E12-4 | E15-4 | HE3-4 | HE6-4 | HE9-4 | HE12-4 | HE15-4
C5 E3-5 | E6-5 | E9-5 | E12-5 | E15-5 | HE3-5 | HE6-5 | HE9-5 | HE12-5 | HE15-5
C6 E3-6 | E6-6 | E9-6 | E12-6 | E15-6 | HE3-6 | HE6-6 | HE9-6 | HE12-6 | HE15-6
C7 E3-7 | E6-7 | E9-7 | E12-7 | E15-7 | HE3-7 | HE6-7 | HES-7 | HE12-7 | HE15-7
Cc8 E3-8 | E6-8 | E9-8 | E12-8 | E15-8 | HE3-8 | HE6-8 | HE9-8 | HE12-8 | HE15-8
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Table A1.7 represents the coding for the various proportion of NP and HNNP embedded
in the cement mortar cube specimens. Table A1.8 outlines the allocation of separate codes to

cube specimens based on their corresponding curing periods.

Subsequent to mixture preparation, the material was placed into the cube molds and
subjected to vibration at a controlled speed of 12,000 vibrations/min. This step was
undertaken to eliminate entrapped air pockets from the cube specimens, resulting in reduced

porosity, heightened density, and increased compressive strength.

Table A1.8. Assigned codes for the cube specimens based on the average values.

PCM inclusions NP embedded cement mortar HNNP embedded cement mortar
S. No. | by weight of cement 7 Days 28 Days 7 Days 28 Days

1 0 CM1 CM 2 CM1 CM 2

2 3% NPeCM-1 NPeCM-6 HNNPeCM-1 HNNPeCM-6
3 6% NPeCM-2 NPeCM-7 HNNPeCM-2 HNNPeCM-7
4 9% NPeCM-3 NPeCM-8 HNNPeCM-3 HNNPeCM-8
5 12% NPeCM-4 NPeCM-9 HNNPeCM-4 HNNPeCM-9
6 15% NPeCM-5 NPeCM-10 HNNPeCM-5 HNNPeCM-10
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APPENDIX 2
ERROR ANALYSIS

A 2.1 Introduction

In the course of the experimental work, due diligence is given to account for both the
experimental error and the uncertainty associated with the measured values. This entails a
thorough consideration of errors stemming from human actions or instrumental inaccuracies
throughout the experiment. Broadly speaking, measurement uncertainty is the numerical
representation that signifies the reliability of measurement results. The errors arising in
experimentation can be categorized into rough errors, random errors, and systematic errors,
each serving as explanatory facets. During the experimentation, essential precautions were
taken to minimize errors. Thermocouple junctions were employed to measure the temperature
of various surfaces covered by insulation, thus mitigating the impact of atmospheric
temperature on the readings. The instruments were calibrated based on the output results
obtained. The calibration process included connecting all the used thermocouples to the
logger. Temperature measurement errors stem from inaccuracies in the voltage output from
the thermocouple. The maximum uncertainty in temperature measurement is contingent upon

the precision of the instrument.
A 2.2 Uncertainty specifications

The origin of error hinges on the selection of both the sampling rate and the total
integration time. Here, only the essential equations for delineating the uncertainty of the

measured quantity are presented.

It is evident that, when examining a singular set of measurement data, the average mean

(X) of the sample over time becomes discernible as the ratio of the sum of the individual data
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to the total number of data points (N). In this particular context, the expression for the

variance of X can be articulated as follows:

2T10o x2 <
T

Var [X] = 6% [X] ~
o [X]: The variance of time averaged mean X
6,2 = The variance of X
N: Number of sample in data
T1 = Integral timescale
T = Total integration time

For multiple set of measurement data, the ensemble mean [Xn] for N (different) set of
measurement data can be defined as the proportion of the sum of the mean of the individual
measurement data set to the number of sample in data (N). the variance of Xy for the evenly

distributed and statically independent samples can be obtained by:

_ 2
Var [Xn] = =~

In the context of an ergodic process, the assessment of a statistical quantity can be carried
out through either ensemble averaging or time-mean averaging methods. Building upon the

previously mentioned equations,

2
~ 2Tlox

Var [§ N] = o [?] =0l X -

After simplification of the aforementioned equation

This equation reveals that, in a single time history record the N independent realizations

can be treated as N consecutive independent samples. By separating the samples into two
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integral time scales, |, the evaluated quantitates in terms of statically independent samples

can be accomplished.

This equation unveils that within a single time history record, the N independent
realizations can be considered as N consecutive independent samples. Through the
segregation of these samples into two integral time scales, denoted as I, the computation of

evaluated quantities in terms of statistically independent samples can be achieved.
The sample interval can be expressed as:
At=2TI

This implies the determination of the optimal sampling interval for digital measurements.
To acquire the optimal N number of measurement data, a single set of measurement data
should be gathered at the sampling interval of At for a tool integration time of NAt, when
they are at their optimum. Sampling should then continue at a longer interval until the
necessary N (optimal) number of samples is achieved. This approach allows for an extension

of the total integration time without a significant increase in accuracy.

Likewise, sampling should be conducted at shorter intervals (below the optimal sampling
interval) until the total integration time is achieved. Halting the measurement of the quantity
before reaching the (optimal) total integration time, even if the optimal number of data points
has been attained, would lead to increased uncertainty. This is because the sample under

measurement would cease to be statistically independent at that point.

The normalized error can be defined by

M= (5%

The specification uncertainty with a probability of (1-a) can be expressed by,
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Where € [X] : The normalized error of X

Z o - Gaussian probability function
A 2.3 Error in measured and computed values

The parametric measurements related to temperature for PCM frrezing and melting
temperatures were monitored using sensors equipped at the corresponding locations as
depicted in experimental pic. The error analysis for the measurements obtained using the
sensors utilized in the experiment was executed using the root mean square method and their

range and error in Table Al.1

Table A2.1 Description of sensors utilized in the experiment with the range and error.

Parameters measured Sensor type Range Uncertainty error
Temperature J type thermocouple 0°Cto 100 °C 1.40
Latent heat, phase change Differential scanning -170 to 600 0.01 to 500
temperatures calorimetry K/min o

Thermal conductivity: 0.03
Thermal conductivity Thermal conductivity to 200 W/m K;
analyzer analyzer Measuring temperature

range: -35 °C to 200 °C
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