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This research focuses on developing sustainable and energy-efficient building materials by
integrating Phase Change Materials (PCMs) into concrete structures. The building sector's
increasing energy consumption, especially in residential structures, presents a critical global
concern. PCMs offer a promising solution by efficiently storing and releasing thermal energy,
reducing heating and cooling loads, and promoting sustainability in construction. This innovative
approach can create and maintain a comfortable thermal environment while substantially cutting
energy consumption. This research comprises of eight chapters, each contributing to the
development of sustainable and energy-efficient building materials.

Chapter 1 introduces PCM integration into cement structures to address rising energy
consumption in the building sector.

Chapter 2 addresses the challenges of integrating PCMs into concrete structures, focusing on
the development of innovative fly ash foam concrete. It utilizes several PCMs with different phase
change temperature ranges without energy loss or damage. In the results of the analysis, the
potential for energy savings and thermal comfort in architectural applications is identified.

Chapter 3 aims to significantly increase the energy storage and thermal storage capacity of
concrete by increasing the thermal conductivity and integrating the two types of PCMs. It employs
a strategy of dual combination approaches, focusing on enhancing thermal conductivity and
integrating the blended PCMs, to improve the potential for reducing energy use.

Chapter 4 describes a collaborative study with a precast concrete plant that used this material
and focused on addressing issues in multi-family housing using exterior insulation. Requirements
included reducing the temperature rise of the concrete, maintaining the bond strength between tile
and concrete, and maintaining the integrity of the PCM capsules. This study proposed the use of
PCM polymer cement mortar to increase bond strength and reduce excessive temperature
fluctuations.

In Chapter 5, in collaboration with the Technical University of Darmstadt, Germany, an
ultralight PCM foam concrete, NRG foam, was introduced to establish an empirical model for
thermal insulation and energy storage.

In Chapter 6, a comprehensive numerical simulation analysis was performed to validate the
experimental data and establish a predictive model for the energy efficiency of concrete. The role
of PCM in maintaining room temperature was clarified.

In Chapter 7, EnergyPlus software was used for energy analysis simulations. The effectiveness
of PCM use in housing was shown to be intrinsically linked to a specific climate zone in regions
where the climate closely matches the phase change temperature of the PCM material, and energy
loads are significantly reduced when the phase change temperature range of the PCM matches the
climate zone.

Chapter 8 summarizes the results of this study and presents challenging prospects for the future.

The results show that PCM can minimize indoor temperature fluctuations, saving energy and
improving building comfort. This study contributes to future sustainable building research by
proposing energy-efficient buildings using PCM concrete.
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CHAPTER 1
INTRODUCTION



1.1 INTRODUCTION

1.1.1 World Energy sources and consumption

First, what energy do we have in today’s world? There are two types of energy sources: renewable
and non-renewable. The renewable energy sources include solar, wind, geothermal energy from the
heat inside the earth, hydropower from flowing water, ocean (in the form of wave and tide), and
biomass from plants. While non-renewable one comprises petroleum, hydrocarbon gas liquids,

natural gas, coal, and nuclear energy [1].
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Figure 1.1.1 From 2019 to 2040, the fluctuation in the number of global energy sources [2].

As 0f 2019, the global population stood at 7.7 billion. However, projections indicate that this figure
is expected to surge to approximately 9 billion by the year 2040. In light of this anticipation, despite
the presence of readily available energy resources (details provided in the graph below), the demand
for energy continues to rise and is predicted to double over the course of two decades, driven by an
improvement in living standards. Notably, as countries like India and China transition their
populations out of poverty, there is a corresponding increase in electricity consumption among their
citizens. While the United States has been a significant consumer of oil in recent years, China now
leads the world in electricity consumption. Other nations also play a part in this energy consumption

landscape, with their ranking’s contingent upon the types of energy resources they utilize.
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Figurel.1.2 From 2019 to 2050, Global primary energy consumption by region [3].

Another source also approved that the need for whole world energy consumption tends to
sustainably climb from over 500 quadrillion (by British thermal units) to 900 quadrillion from 2010
until 2050. According to the Energy information administration (EIA), the energy consumption will
nearly be 2040 years. The 6 different colors of sources below the table show us the energy demand
forecast over 3 decades from 2020. Many developing nations in the Asian continent who are not
registered at Organization for Economic Cooperation and Development (OECD) rather increase the

energy consumption greatly.
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Figure 1.1.3 From 2010 to 2050, Global energy consumption by sector [3].
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The largest share of energy consumption, divided by sectors, is attributed to the industrial sector,
encompassing activities such as refining, mining, manufacturing, agriculture, and construction. In
essence, this sector accounts for roughly half of the total energy usage from 2010 to 2050. It is
anticipated that as industrial production continues to expand, energy input in this sector will witness
a minimum 30% increase over the course of three decades.

The second most significant contributor to energy demand, namely the transportation sector, is
expected to experience a notable surge of approximately 40% in energy consumption over the 30-
year period starting in 2020. It's worth highlighting the non-OECD countries in this context, as their
energy consumption is projected to escalate by a substantial 80% during the same timeframe. This
increase can be attributed to heightened tourism and freight shipping activities, which are set to
consume more energy compared to developed OECD countries.

Energy usage in buildings designated for residential and commercial purposes is forecasted to rise
by 65%, climbing from 91 quadrillion to 139 quadrillion BTUs. While this increase is slightly lower
than that of the transportation sector, factors such as urban concentration and increased access to
electricity will contribute significantly to the growth in energy consumption.
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Figure 1.1.4 From 2019 to 2050, Global electricity consumption by sector [3].

From 2018 to 2050, the growing energy consumption across various end-uses is expected to drive
a significant 79% increase in electricity generation. This increase can be attributed to several factors,
including the rising population and the migration of people into urban residential areas in Asian
countries. As individuals' living standards improve, there will be a notable surge in energy
consumption related to personal electronic devices and appliances.
Furthermore, the transportation sector will play a significant role in this escalation of electricity
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consumption. This increase will be facilitated by a higher number of daily commuters utilizing

electric vehicles for their personal transportation needs, along with the expansion of public rail

systems.
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Figure 1.1.5 From 2019 to 2050, Global primary energy consumption by energy source [3].

Between 2018 and 2050, the demand for electricity generation will see an urgent need for a
significant increase. To address this demand, renewable energy sources such as solar, wind, and
hydroelectric power will emerge as highly favorable and cost-effective alternatives. In this Reference
case scenario, renewables are projected to surpass petroleum and other liquid fuels to become the
predominant energy source. Over this 32-year period, global renewable energy consumption is
expected to grow at a rate of 3.1% annually. This growth rate outpaces natural gas consumption,
which is anticipated to increase by 1.1%, as well as petroleum and other liquids at 0.6%, and coal at
a slower rate of 0.4%.

The global consumption of natural gas will increase significantly, driven by a 40% share of the
world's population. This will result in a total consumption of 200 quadrillion Btu by 2050. Natural
gas will not only be used for electricity generation but will also have high demand in the industrial
sector, particularly in industries such as chemical and primary metals manufacturing, as well as oil
and natural gas extraction.

Liquid fuel consumption worldwide is projected to grow by more than 20% from 2018 to 2050,
reaching a total consumption of 240 quadrillion Btu by the end of the period. Demand for energy in
OECD countries is expected to remain at current levels throughout the project period, while non-

OECD countries will experience substantial growth of up to 45%.



1.1.2 Energy and buildings

Electricity in buildings serves various purposes, including heating during winter, cooling in
summer, air conditioning, ventilation systems, lighting, and powering a wide range of home and
industrial appliances. Among these uses, electricity and heat are the primary and direct forms of
energy consumption. Electricity serves multiple functions, encompassing heating, cooling, lighting,

air conditioning, and more, while heat is primarily used for heating purposes.

It's worth noting that the building sector accounts for a significant portion of global final energy
consumption. Specifically, less than half of the total final energy consumption (precisely 37%) is
attributed to industries, with 21% allocated to the residential sector, and an additional 29% to
transportation in global statistics. This highlights that the building sector garners significant attention
from researchers aiming to reduce overall energy consumption. Figure 1.2.6 illustrates the world's

total final consumption by sector.
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public service
8%
Residential
21%

Figure 1.1.6 World total final consumption by sector in 2017 [4].
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Figure 1.1.7 Breakdown of the final energy use by sectors in Japan 2018 [5].

The energy consumption of buildings varies significantly based on several factors, including
climatic conditions, the building's intended use (residential or commercial), architectural design, and
construction materials. For instance, buildings located in cold climate regions typically have higher
energy consumption for heating, while those in tropical areas consume more energy for cooling.
Commercial high-rise buildings and business centers in urban areas have elevated energy usage due
to extensive lighting and large-screen advertisements, surpassing the energy consumed by residential

lighting.

The pie chart below illustrates the distribution of energy consumption across different end-users
in selected cities within European countries and regions, specifically for residential buildings in 2019.

It demonstrates that the most substantial portion of energy consumption is attributed to space heating.
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Figure 1.1.8 Percentage shares of energy use in a residential building in Europe in 2019[6].
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Figure 1.1.10. Percentage shares of energy use in a residential building in India in 2010 [8].

Analyzing the upper pie chart, it's evident that heating, cooling, and ventilation together account
for the largest portion of energy consumption within buildings, surpassing all other purposes of energy
consumption. To significantly reduce this percentage, the introduction of more advanced and efficient
technologies in air conditioning, ventilation, and cooling systems is essential to enhance people's
comfort inside buildings and contribute to global energy conservation efforts. The successful adoption
of low-energy air conditioning innovations, once experienced by users, would lead to a reduction in
energy consumption and a decrease in fossil fuel emissions simultaneously. Additionally, it's clear

that buildings represent the most significant share of fossil fuel consumption worldwide.



1.2 OBJEVTIVES AND STRUCTURE OF THESIS

1.2.1 Structure of thesis

This research focuses on the development of sustainable and energy-efficient building materials
by incorporating phase change materials (PCMs) into concrete structures. PCM concrete offer a
promising solution by efficiently storing and releasing thermal energy, reducing heating and cooling
loads, and promoting sustainability in construction. This innovative approach can create and maintain
a comfortable thermal environment while significantly reducing energy consumption. This thesis is
structured into eight chapters, each contributing to the development of sustainable and energy-
efficient building materials.

Chapter 1 presents the integration of PCM into cement structures to address the increasing energy
consumption in the building sector.

Chapter 2 addresses the challenges of integrating PCM into concrete structures, focusing on the
development of innovative fly ash foam concrete that utilizes several types of PCM with different
phase change temperature ranges without energy loss or damage. In the findings, the potential for
energy savings and thermal comfort in building applications is highlighted.

In Chapter 3, aimed to significantly increase the energy storage and thermal storage capacity of
concrete by increasing the thermal conductivity and integrating the two types of PCMs. A two-
pronged approach focusing on thermal conductivity and the two mixed PCMs was adopted to improve
the potential for energy use reduction.

Chapter 4 describes a collaborative study with a precast concrete plant that used this material and
focused on addressing issues in multi-family housing using exterior insulation. Requirements
included reducing the temperature rise of the concrete, maintaining the bond strength between tile
and concrete, and maintaining the integrity of the PCM geometry. This study proposed the use of
PCM polymer cement mortar to increase bond strength and reduce excessive temperature fluctuations.

In Chapter 5, in collaboration with the Technical University of Darmstadt, Germany, an ultralight
PCM foam concrete, NRG foam, was introduced to establish an empirical model for thermal
insulation and energy storage.

In Chapter 6, a comprehensive numerical simulation analysis was performed to validate the
experimental data and establish a predictive model for the energy efficiency of concrete. The role of

PCM in maintaining room temperature was clarified.
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In Chapter 7, Energy Plus software was used for energy analysis simulations. It was shown that
the effectiveness of PCM use in housing is intrinsically linked to the specific climate zone in regions
where the climate closely matches the phase change temperature of the PCM material, and that energy
loads are significantly reduced when the phase change temperature range of the PCM matches the
climate zone.

Chapter 8 summarizes the results of this study and presents challenging prospects for the future.
The results of this extensive exploration are promising: PCM concrete has great potential to

revolutionize building materials if optimized with the right PCM materials and design.

Chapter 1: Introduction

e  Structure of thesis
e Literature review of Phase change material

Chapter 2: Fly ash foam concrete with PCM

e  Address challenges related to the integration of PCM into foam concrete
structures, with a focus on the development of innovative fly ash foam concrete.

Chapter 3: Enhancing energy storage capacity in concrete with
PCMs
e Aim to increase the energy storage and thermal storage capacity of

concrete by enhancing thermal conductivity and integrating the two
types of PCMs.

Chapter 4: Application of PCM to precast concrete wall panels

e This section describes a collaborative study conducted with a precast concrete
plant. The study's primary focus was on addressing issues related to multi-
family housing through the use of exterior insulation.

Chapter 5: Ultra-light weight PCM energy (NRG) FOAM concrete:

e An ultralight PCM foam concrete, NRG foam, was introduced to
establish an empirical model for thermal insulation and energy
storage.

Chapter 6: Numerical simulation analysis of PCM concrete:

e A comprehensive numerical simulation analysis was performed to
validate the experimental data and establish a predictive model for
the enerov efficiencv of concrete.

Chapter 7: Energy analysis simulation of buildings with PCM:

e  Energy analysis simulation was performed to determine
effectiveness of PCM in building.

Chapter 8: Concluding remarks:
e  Conclusions

Figure 1.2.1. Flow chart of research work.
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1.3 LITERATRURE REVIEW OF PHASE CHANGE MATERIALS (PCM)

1.3.1 Definition of PCM

Phase change materials (PCMs) fall under the category of thermal energy storage materials (TES).
They utilize a phase transition process, typically shifting from a solid to a liquid state within a specific
temperature range to store latent energy, or reversing from a liquid to a solid state to release the stored
energy. This phase change mechanism allows these materials to maximize their energy storage
capacity while experiencing minimal volume changes. Unlike concrete and many other materials,
which primarily exhibit sensible heat storage (energy storage due to temperature increases), PCMs
exhibit latent heat storage during a phase change. In this process, the temperature remains constant
while energy is absorbed during the melting phase and stored until the material reverts to a solid state.
At this point, the stored energy is released into the surrounding environment, as depicted in Figure

1.3.1. These unique characteristics make PCMs highly promising for integration into building systems.

P
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Figure 1.3.1 Structure and working principle of microencapsulation.

1.3.2 Classification of PCM

Phase change materials (PCMs) commonly employed in concrete can be categorized into three
main principles: inorganic, organic, and eutectics [2][3]. From a concrete design perspective, it's
crucial to determine which type of PCMs is appropriate for specific concrete applications because
different PCMs possess distinct melting/transition temperatures and chemical properties. Here are the
general characteristics of organic, inorganic, and eutectic PCMs.

a. Organic PCM

Organic PCMs can be categorized as either paraffin or non-paraffin. Paraffin PCMs have found
extensive use due to their high heat latent, a range of phase-change temperatures, supercooling, low
vapor pressure in a molten state, and good chemical stability. Paraffin wax is composed of a mixture
of predominantly straight-chain alkanes (CH3-(CH2)-CH3) [4]. The crystallization of the (CH3)-

chain releases a significant amount of latent heat [5]. Both the melting point and latent heat of fusion
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increase with chain length [5]. Paraffin is a suitable heat of fusion storage material due to its
availability across a wide temperature range [6]. Numerous previous studies have successfully
demonstrated the widespread use of organic paraffin with a phase change temperature in concrete [6].
Paraffin is one of the most common PCMs used in concrete because it is inert in an alkaline
environment, chemically stable, and cost-effective. However, paraffin does have drawbacks,
including flammability and low thermal conductivity in its solid state.

b. Inorganic PCM

Inorganic phase change materials (PCM) can be categorized into metallic and salt hydrate
materials. These inorganic PCMs have potential applications in certain building materials due to their
excellent thermal conductivity and high volumetric heat storage capacity [7]. These properties make
them advantageous for specific applications. However, inorganic PCMs, especially salt hydrates, have
certain unfavorable characteristics, including significant volume changes and supercooling during the
solid-liquid transition. As a result, hydrated salts are often not considered suitable materials for

incorporation into concrete [3].

Table 1-1 The advantages and disadvantages of the thermal properties of the PCM.

Material name Type Melting Melting Advantages Disadvantages
point (°C) heat

/g)

Heptadecane Organic 27.5 224 No corrosion, Low energy storage

n-octadecene Organic 19 240 high chemical density, volatile,

Hexadecenoic acid Organic 62.9 54.3 stability, no sub- large  volumetric

Paraffin C17 Organic 21.7 231 cooling degree  change

CaCI26H20 Inorganic 29 180 High energy Sub-cooling

Na2S0210H20 Inorganic 324 250.8 storage density, degree, severe
good flame corrosion, phase
retardant, low separation,  poor
price thermal stability

1.3.3 PCMs incorporation in concrete

There are three distinct techniques for incorporating phase change materials (PCMs) into concrete:

1. Immersion: This technique involves immersing porous concretes or mortars in melted (liquid) PCM.
2. Impregnation: Impregnation entails saturating porous aggregates with PCM.

3. Direct mixing: In this approach, microencapsulated PCM is directly mixed into the concrete mix

during the concrete mixing process.
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Previous research has shown that the method of PCM incorporation in concrete significantly impacts

the thermal and mechanical properties of PCM-concrete.

1.3.3.1 Immersion technique

This technique involves immersing liquid phase change material (PCM) into the open spaces
within a dried cementitious composite. Its effectiveness relies on several factors, including the
permeability and absorption capacity of the porous medium, the operating temperature, and the
specific type of PCM used. The process prioritizes the absorption capacity of cement-based materials,
followed by the type of PCM, and the required heating degrees to achieve quality saturation in porous
concrete [3]. This technique is particularly suitable for concrete bricks, blocks, or wallboards that can
absorb significant amounts of PCM. However, it has certain drawbacks, such as potential leakage
issues, especially after undergoing various thermal cycles. These issues can have implications for
both the environment and the flammability of the final product [8]. Experimental research related to

this technique has been conducted by[9][10][11].

1.3.3.2 Impregnation technique

The impregnation technique involves immersing a porous matrix in liquid phase change material
(PCM) in its melted state. Once the PCM has soaked into the gaps within the matrix, vacuum
treatment is applied, and then the matrix is removed to cool down [12]. Its principle is shown in

Figure 1.3.2.
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Figure 1.3.2 The principle of vacuum impregnation method [8]
1.3.3.3 Direct mixing technique

The direct mixing technique involves incorporating phase change materials (PCMs) into concrete
during the mixing process [8]. To prevent leakage and enhance fire resistance, the PCMs are first
encapsulated within a chemically and physically stable shell. It's important to note that
microencapsulated PCMs (M-PCMs) might reduce the mechanical properties of concrete, particularly
when particles are broken during mixing or when high dosages are used. This method has been studied

for its application in both Portland cement concrete and geopolymer concrete (GPC).
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Heat is absorbed

Figure 1.3.3 Direct mixing method
1.3.4 Main thermophysical properties of PCM

Figure 1.3.4 presents the general applications of phase change materials (PCMs) in thermal energy
storage (TES). These applications involve temperature control and the storage/release of heat while
maintaining minimal temperature fluctuations [11]. The figure demonstrates how heat can be
absorbed and stored as latent heat without significant changes in the material's temperature, which is
a fundamental characteristic of PCMs discussed in Chapter 2,3,4. This property makes PCMs suitable
for TES applications where precise temperature control is required.

One of the key advantages of PCMs is their ability to store heat efficiently through latent heat with
minimal temperature change, as indicated on the vertical "stored heat axis" within an allowed
temperature range where the phase change occurs. It's important to note that the behavior of typical
PCMs varies slightly from current PCMs. For typical PCMs, the preferred melting-peak temperature
and the isothermal phase-change process's melting temperature range have been altered, as shown in

Figure 1.3.4.
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Figure 1.3.4 Potential fields of application of PCM: Temperature control and storage and supply of heat with storage
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density and small temperature change [11].

1.3.5 Foam concrete
1.3.5.1 Definition of foam concrete

Foam concrete is a lightweight construction material consisting of fine sand, cement, stable foam,
and water. Its density is determined by millions of small, uniform air bubbles formed during the
drying process. This material offers numerous advantages, including being non-flammable,
waterproof, and providing sound and thermal insulation. Unlike traditional concrete, foam concrete
lacks aggregates, with its unique property lying in its ability to absorb moisture through a foaming
agent, enabling smooth cement hydration. Its cellular structure, created by incorporating uniform air
bubbles, distinguishes foam concrete, making it similar to other cellular materials. Production
involves adding foam to a cement slurry, aerating it to form bubbles, and allowing the cement to set
around them. Foam concrete properties vary widely, with mixes tailored to specific requirements,

offering diverse physical characteristics.

1.3.5.2 Density

Density plays a crucial role in foam concrete properties and applications. Achieving a specific
density level is a critical concern for various foam concrete uses because density significantly affects
mechanical, thermal, transport, and durability properties. Foam concrete can exhibit a wide range of
densities, with porosities varying from over 90 percent to as low as 10 percent of the total volume.
Consequently, dry density measurements of foam concrete can range from as low as 140 kg/m?® to
more than 1900 kg/m? [13] [14]. In the majority of foam concrete mixtures, dry density measurements
typically fall within the range of 400 to 1600 kg/m? [15]. The primary factor controlling density is the
volume of foam used in the mixture. To a lesser extent, the proportions and particle densities of fillers
and binders can also influence the final density of the solidified cement paste. It's worth noting that

the moisture content of a sample can significantly impact the measured density of foam concrete.

1.3.5.3 Mechanical Properties

The compressive strength of foam concrete is highly dependent on its porosity. Low-density foam
concrete mixes with a density of 160 kg/m? typically exhibit compressive strengths as low as 0.04
MPa, whereas mixes with a higher density of 1600 kg/m? can achieve compressive strengths of up to
25 MPa. For mixes with similar compositions but varying porosities, there are generally consistent
relationships between strength and porosity. However, for a given density, widely diverse values of

compression strength are reported for mixes of different compositions [16]. 1600 kg/m® mix may

18



have compressive strength as low as 2 MPa, or as high as 60 MPa [17]. This variation may be
attributed to differences in the intrinsic strength of the cement paste, as well as the presence of flaws
in the matrix on account of the air void system. The ratio between splitting tensile strength and
compressive strength of foam concrete mix may typically be between 0.06 and 0.10 [18]. Tensile

strength may be increased in the order of 50 [19] to 100% with the use of reinforcing fibers.

1.3.5.4 Thermal Properties

The thermal conductivity of lightweight concrete typically follows a logarithmic relationship with
its oven-dry density. In the case of foam concrete, it may exhibit slightly better thermal resistance
compared to other types of lightweight concrete. This improved thermal resistance is attributed to the
characteristics of the air-void system within foam concrete.

The presence of a homogeneous matrix with relatively thin cell walls in foam concrete creates a
tortuous path for heat transfer by conduction. Additionally, the low interconnectivity of air voids in
foam concrete helps suppress convection and radiative heat transfer. These combined factors
contribute to the enhanced thermal resistance of foam concrete, making it an effective choice for
applications requiring good insulation properties [20].

In comparison, the thermal conductivity of normal density concrete typically falls in the range of
approximately 1.1 to 1.4 W/m-K. Foam concrete, with its lower thermal conductivity values, is a
more effective insulating material, making it suitable for various applications where good insulation
properties are required [15]. The volumetric heat capacity of foam concrete increases with density.
Here are the calculated values for foam concrete at different dry densities: 350 kg/m® dry density:
Approximately 916 kJ/m?-K (equivalent to 2.62 kJ/kg-K), 400 kg/m* dry density: Approximately 967
kJ/m3-K (equivalent to 2.42 kl/kg-K), 800 kg/m® dry density: Approximately 1479 kJ/m?*-K
(equivalent to 1.85 kJ/kg-K) and 1200 kg/m? dry density: Approximately 1998 kJ/m*-K (equivalent
to 1.67 kJ/kg-K)[21]. In comparison, normal density concrete typically has a specific heat ranging
from approximately 0.79 to 0.92 kJ/kg-K, corresponding to approximately 1900 to 2200 kJ/m*-K.
[22]. Foam concrete's characteristics, including its low thermal conductivity and high heat capacity,
result in the material changing temperature slowly. This means it has a low thermal diffusivity, which
is an important property for resistance to extreme heat and fire [23]. As the density of foam concrete
increases, its thermal diffusivity also increases. For foam concrete with densities ranging from 583 to
1370 kg/m?®, thermal diffusivity was reported to increase from 0.27 to 0.34 mm2/s [24]. This
difference in thermal diffusivity contributes to foam concrete's ability to withstand high temperatures

and provides advantages in fire resistance.

19



1.3.6 Literature review of current study on Phase change material (PCM) in Japan

Researchers mostly involves the incorporation PCM into plaster board [25] [26], insulation

materials and wooden house etc. For example, Taniguchi et al.[27] specifically investigated the

thermal properties of wooden houses incorporating PCM. Their study examined the optimal

placement of PCM under the floor finishing material, revealing notable enhancements in heat

absorption and dissipation efficiency. Furthermore, Serikawa et al.[25] conducted a study on an

insulation box with PCM to introduce calculation methods for PCM behavior. However, only few

researchers were dealing with PCM concrete [28]. Applying PCM into concrete without any damage

and energy loss can be one of the major challenges. In our study, we dealt with problems and found

solutions to improve the thermal storage capacity of PCM concrete.
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CHAPTER 2

FLY ASH FOAM CONCRETE WITH PCM



2.1 EXPERIMENTAL OVERVIEW

This chapter is structured into four different sections, each section dedicated to exploring foam
concrete with different PCMs. Initial section deals with mix design and mechanical properties. We
examine how varying quantities of PCM and different admixtures impact the consistency, stability,
and overall strength of these concrete mixes. Second section deals with thermal properties such as
latent heat and specific heat capacity of PCM foam concrete. We meticulously analyzed the thermal
behavior of the concrete concerning different heating and cooling rates. Third section deals with
thermal conductivity analysis. The fourth and final section evaluates the heat cycle performance of

PCM foam concretes.

2.1.1 Introduction

Phase change materials (PCMs) have the remarkable ability to absorb and release substantial
amounts of energy as they undergo phase transitions. This unique property makes PCMs highly
suitable for various applications related to thermal energy storage, and they play a critical role in
reducing energy consumption within building environments. In order to incorporate PCMs into
building materials, the two commonly used methods for PCM integration are direct impregnation and
microencapsulation. The first, direct impregnation method, involves absorbing PCMs into porous
aggregates, but it can lead to PCM leakage and reduced thermal storage capacity [1]. In second
method, microencapsulation, addresses this issue by covering PCMs in protective shells, maintaining
their properties during heating and cooling cycle[2]. However, microcapsules of PCMs have a
significant drawback as they crack during the mixing process. Because the protective shell of PCM
is composed of polymer with limited mechanical stiffness, microencapsulated PCMs can be damaged.
Numerous studies have reported that a certain number of PCM microcapsules were damaged [3], [4],
[5].[6] who evaluated the durability of self-compacting concrete incorporating microencapsulated
PCMs, observed large numbers of broken microcapsules. From their findings, it can be suggested that
microencapsulated PCM is a sensitive soft material and has lower density than the concrete that
contains high density aggregates. PCM microcapsules can be easily damaged by shear stress when
mixed with conventional concrete containing high density raw materials. Such damage result in
substantial energy loss.

To address this issue and prevent the damage of PCM shells during the mixing process, two
factors need to be considered. First, using low density materials, such as foam and fly ash, in concrete
composites could help prevent cracking. Unlike conventional concrete, foamed concrete typically

signifies lightweight concrete characterized by a notably reduced density, high porosity, and low
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thermal conductivity [7], [8], [9], [10]. Because of its substantial amount of air voids and lightweight,
foamed concrete can be as an effective insulation material for external walls [1], [10], [11]. Second,
choosing an appropriate mixer also helps prevent cracking. It is also important to use an appropriate
mixer to avoid such damage, and OM mixer is claimed to be the most suitable option because, instead
of stirring blades, it has a flexible rubber ball which ensures that the PCM particles are mixed
homogeneously without any damage [12].

This research assesses the energy-saving potential of integrating microencapsulated PCMs into fly
ash foam concrete, investigating extensively material properties and thermal behavior. Our
experiments contribute to understanding phase change phenomena and have practical implications

for enhancing indoor comfort and reducing cooling and heating energy demand.

2.1.2 Cementitious material

Rapid Hardening Cement (RHC) is also called high early strength cement. The main difference
between the rapid hardening cement and ordinary Portland cement is the lime content. A large
proportion of lime is the distinguishing feature of rapid hardening cement.

The 3 days strength of rapid hardening cement is equivalent to the 7 days strength of OPC when
the water-cement ratio for both the cement is taken to be the same. The increased rate of strength is
because of a higher proportion of tri-calcium silicate (C3S) contained in RHC along with finer
grinding of the cement clinker. Though the rate at which RHC gains strength is higher than the rate
at which OPC gains strength, the ultimate strength is only we materials used as substance materials
for foam concrete were investigated and are shown in Figure. 2.1.1. As it can be seen, the dehydrated
particles are debris, with debris lying of particles in the microstructure of cement as well as chemical

elements of the cement (Figure 2.1.1).
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Figure 2.1.1 (a) Particle size characteristics of cement powder; (b) EDS spectrum of the cement.
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2.1.3 Fly ash

Fly ash is a by-product of burning pulverized coal in thermal power plants and is used as a raw
material for admixtures and fly ash cement. JIS defines it as "JIS A 6201 fly ash for concrete [13]"
By using high-quality fly ash, unit water volume is reduced, workability is improved, hydration
calorific value is reduced, long-term strength and durability, water tightness, chemical resistance and
chemical resistance are improved. Fly ash has been used as the raw material of foamed concrete. Such
as, it can be added to foamed concrete mixes as cement replacement and replacing fine aggregate.
[14] reported that he enhanced the consistency and mix stability contributed to long-term strength.
The additional beneficial effect of using fine fly ash has reduced the heat of hydration, which is
important as foamed concrete has high thermal insulation characteristics [14]. Table 2-1. Shows the
chemical composition of fly ash. Figure 2.1.2 shows SEM/EDS observations that Sr L, Si K and Zr
L were the constituents and less of Fe k, k k, Mn K and Mg K.

Table 2-1 Chemical composition of fly ash

Surface
SIO2 AIRO3 Fe203 CaO MgO Glass p(g/cm?®) Ig.loss Area
cm?/g
Japan FA
(JIS2) 64.5 23.9 4.8 53 1.5 77.1 2.26 2.10 3880
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Figure 2.1.2 (a) Particle size characteristics of fly ash powder; (b) EDS spectrum of the fly ash.
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2.1.4 Microencapsulation
Four types of encapsulated PCMs are studied. These included 6D, 18D, D28 and D43. All
encapsulated PCMs are micro-encapsulated free wax: <=2.5% PCM and solid content: 97.0-100.0.
These four are spray-dried and powders. Their sizes were provided by the manufacturers and were
determined as well by using optical microscopy (Table 2-3)[15]. In the latter, a PCM sample was

placed on a disk and the single PCM particles were measured along perpendicular axes (n = 500).

Table 2-2 Different studied encapsulated PCMs with their size, melting point and heat of fusion

Size pm Melting (°C) Heat of fusion Solid

Material Nature

J/g) content %
PCMé6D Dry 15.0-30.0 4to 8 181 97.0-100.0
PCM18D Dry 15.0-30.0 16 to 20 215 97.0-100.0
PCM28D Dry 15.0-30.0 26 to 30 189 97.0-100.0
PCM43D Dry 15.0-30.0 41 to 45 235 97.0-100.0

The EDS/SEM analysis of pure microencapsulated PCM has a strong peak appeared in the elemental
analysis of the PCM is the Zr L element and less of K K, Cu K, and Ti K.
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Figure 2.1.3 (a) Particle size characteristics of microencapsulated PCM powder (PCM6D);

(b) EDS spectrum of the (PCM6D).
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2.1.5 Foam & Foaming Agent

The foam concentrate used in this experimental study is Crete Foam Drexel brand as shown in
Figure 2.2.4 and is synthetic based type. They offer a much longer shelf life, have no obnoxious and
perform well under a variety of conditions. Foam plays a vital role in foamed concrete, when it is
added into the mix; it increases the concrete volume significantly hence decreasing the weight of the
mix. The foam usually forms the bubbles or voids in the concrete. When the foam evaporates, the
bubbles tend to create voids. So, understanding how bubbles form and evaporate as the concrete
hardens is a very important issue to be dealt with. The ratio of foam concentrates to water used was
1:50. Foam generating machines as shown in Figure 2.1.4, are used to get the foam output as shown
in Figure 2.1.5. The process of producing foam was very simple; foam concentrate and water were
placed in the pressure container and mixed gently for some time. Then the machine is connected to
power and switched on to develop pressure inside the container to produce foam. Foam generating

machine has the feature of generating low and high density of the foam.

Figure 2.1.4 Left: Foaming agent. Right: Foam generating machine.

Water + FOAM concenirate

Compressed AlIR

* .
-2 -

e
SV 393, Finished FOAM

v e o o
Py .

FOAM Soluion

Example of Foam Generator

Figure 2.1.5 Foam generator [16]
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2.1.6 Superplasticizer

MIGHTY 3000H superplasticizer agent manufactured by Kao corporation used in this
experimental study. Superplasticizer is a water-reducing admixture capable of producing large water
reduction or great flowability without causing undue set retardation or entrainment of air in mortar or
concrete. An admixture is a mixture of two or more components

The main of using a superplasticizer is to avoid particles from segregating. Segregation is the

action or state of setting someone or something apart from others. Superplasticizers are used to

improve the quality of concrete mixtures. The weak characteristics of concrete are improved by
superplasticizers.
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Figure 2.1.6 Superplasticizer used as water reducing agent
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2.1.7 OM-10E MIXER

The OM mixer is a device that does not have a stirring blade and has a flexible rubber ball mounted
on a rocking board[17]. It is a diffusion mixing method that can accelerate a mixture and swing it in
arandom direction in a short time. Is an epoch-making mixer. The standard OM mixer uses an epoch-
making mechanism that does not use stirring blades and has a highly viscous resin/coating agent such
as epoxy, as well as various powders and granules of materials with extremely different specific
gravity, fragile raw materials, and metal powder materials. The materials are suitable for mixing
additives and dispersion mixing of fiber materials such as G / R / C (alkoxy resistant glass fiber
reinforced cement) and water moss peat (Petemos), damaging the mixture (breakage of particles,
bending of fibers). It has excellent performance as soft mixing without giving. Besides, the process
up to the granulation of various industrial waste such as desulfurized gypsum, EP ash, and dust

collection can be performed with this machine, making the equipment extremely easy.

Table 2-3 Specification of OM mixer [17]

Model Capacity Drive type Power Weight Dimensions
(L) (v/KkW) (W*D*Hmm)
OM- 10E 10 Electric motor 100/0.5 140 810x660x1100
Rotating rod

Rubber container

Figure 2.1.7 OM-10E mixer and operation
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2.1.8 Evaluation of thermal energy storage of PCM

The DSC calorimeter submits the sample to controlled temperatures and records the corresponding
heat fluxes, thus provides information about temperatures and enthalpies associated with the phase
changes. From the heat flux, the specific heat as a function of temperature can be obtained, and the

enthalpy is determined by integration procedures.

2.1.8.1 DSC procedure for pure microencapsulated PCMs

The calorimetry measurements were taken with a TA device with a temperature accuracy of £+ 0.1
C. It measures the difference in the heat flow rate between samples and insert reference as a function
of time and temperature. The melting and freezing behaviors of the PCM were analyzed by a DSC
model Q200 at a high-tech plaza in Koriyama city, Fukushima Prefecture. The temperature was
measured at the sample platform with a thermocouple. The sample sizes were between 5 and 10 mg
and were encapsulated with Pans [18](container of the sample material) and Lids (cap of the
container). The samples were weighted by an analytical ultra-micro balance model: MC25. Then the
samples were sealed in the pan by using an encapsulating press. An empty aluminum crucible was
used as a reference in all measurements. To accurately measure the transition temperature, it is
recommended [19], [20] that the samples are scanned with a low heating/cooling rate. Once the
sample is measured with a low heating rate, conducting an experiment with a higher heating/cooling
rate is suggested to measure the value of the enthalpy. The effect of the thermal cycles and
heating/cooling rates on the phase change processes and specific enthalpy values was examined. In
this way, different heating/cooling rates of 10°C/min, 5°C/min, 2°C/min, 1°C/min and 0.5°C/min
were considered. The results of DSC test are shown in below table 2-4 and Figure 2.1.8- 2.1.15.

Table 2-4 Pure PCM enthalpy, onset and end temperatures for different PCM sample.

Melting Freezing
Onset End Enthalpy  Peak Onset End Enthalpy  Peak
Designation temp. Temp. J/g) Temp. temp. Temp. J/g) Temp.
°O °O °O) °O) O °O)
PCM6D -8.34 16.1 73.25 6.11 4.82 14.21 72.97 2.98
PCM18D 0.7 33.15 170.2 19.49 14.97 -3.32 177.5 7.71
PCM28D 9.13 40.85 181.3 28.13 27.10 6.69 183.1 20.46

PCM43D 16.17 58.55 218.8 44.53 42.61 20.35 214.8 28.99
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Figure 2.1.8 Results of DSC measurements of Pure PCM6D at various heating and cooling rates.
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Figure 2.1.9 Results of DSC measurements of Pure PCM 18D at various heating and cooling rates.
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Figure 2.1.10 Results of DSC measurements of Pure PCM28D at various heating and cooling rates.
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Figure 2.1.11 Results of DSC measurements of Pure PCM43D at various heating and cooling rates.
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Figure 2.1.14 Onset, peak and temperature for the phase transition in Pure-PCM28D.
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2.2 MIXTURE PROPORTIONS

2.2.1 Experimental program

In this chapter, the introduction of the experimental works such as the materials used, mix design,
mixing procedure, preparation and the testing procedure is presented. At the initial stage of this
experiment, different trial mixes were conducted to determine an optimum mix proportion by keeping
the strength constant. At the second stage of this experiment, the optimum mix proportion was used
to carry out PCM foam mortar. And then PCM was replaced by different cement ratios such as 10%,
20% and 30% in the foam mortar. After the replacement flow and air content tests had been done,
another compressive strength and density tests were conducted. As the final stage, the experimental

result was concluded.

{ PCM

T OM Mixer

| Molding \

l

‘ Curing ‘

‘ Product ‘

Figure 2.2.1 Flow diagram of experimental program
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2.2.2 Mix composition

The foamed concrete has been produced by using the following constituents of cementitious

material (rapid hardening cement & fly ash), superplasticizer, water and foaming agent.

There is no standard method for proportioning foamed concrete, but it is a specified target density
that becomes a prime design criterion. On the basis of target plastic density, a theoretical mix design
is to be formulated and trial tests are undertaken and the results from the trial tests are used as mix
design for the foamed concrete. The target densities for the foam concrete are 800-1050 kg/m3, for
various compositions of cement and fly ash. In order to reach target densities and light weight, sand
was not used as an aggregate. The amount of foam affects the dry density of concrete as the amount
of foam increases and the density of the mix decreases.

According to a survey, one of the big concerns was that a compressive strength of foam concrete
was lower than that of ordinary concrete. Therefore, in order to improve the compressive strength of
foam concrete, rapid hardening cement (R.C), ordinary cement (N.C), silica fume and superplasticizer
were used as the main and additional ingredients. In order to determine optimal mix composition,
series of trial test were conducted. Based on the tests’ results, the optimal mix composition and curing
temperature were chosen. Moreover, PCM was replaced by cement to make light weight ratio for the

chosen mix composition, the exact data of which is shown in Table 2-5.
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Table 2-5 Mix proportions for foam concrete with PCM6D,18D,28D and 43D.

Mix Cement Fly ash Ww/C PCM SP SF Foam
Designation (kg) (kg) (Lit) (kg) (kg) (kg) (gram)
10% 0.3 10-30% 1% 10%
Reference 4.5 0.45 1.35 0 0.045 0.45 800
PCM 6D (10%) 3.15 0.45 0.945 0.45 0.045 0.45 1200
PCM 6D (20%) 2.7 0.45 0.81 0.9 0.045 0.45 1500
PCM 6D (30%) 2.25 0.45 0.675 1.35 0.045 0.45 1800
PCM 18D (10%) 3.15 0.45 0.945 0.45 0.045 0.45 990
PCM 18D (20%) 2.7 0.45 0.81 0.9 0.045 0.45 1350
PCM 18D (30%) 2.25 0.45 0.675 1.35 0.045 0.45 1400
PCM 28D (10%) 3.15 0.45 0.945 0.45 0.045 0.45 860
PCM 28D (20%) 2.7 0.45 0.81 0.9 0.045 0.45 1150
PCM 28D (30%) 2.25 0.45 0.675 1.35 0.045 0.45 1244
PCM 43D (10%) 3.15 0.45 0.945 0.45 0.045 0.45 820
PCM 43D (20%) 2.7 0.45 0.81 0.9 0.045 0.45 1120
PCM 43D (30%) 2.25 0.45 0.675 1.35 0.045 0.45 1700
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Table 2-6 Result of compressive strength of foam concrete.

(Compressive Strength test)

Compressive Strength

Mix . . Foam . Fresh (MPa) Coef.finent
) Curing (gram) Period Density Variation
. . o,
Designation (kg/m?) 1 2 Average (%)
1044 5.1 10.0 7.6 33
40°C 1044 10.9 7.8 9.4 4.1
NO-PCM 0 240
H-95% 14 1044 10.9 7.8 9.4 4.2
28 1044 14.0 12.0 13.0 59
955 5.7 5.3 5.5 29
° 955 6.6 4.6 5.6 29
PCM6D 10 40°C 300
H-95% 14 955 7.5 5.5 6.5 3.3
28 955 7.2 6.5 6.9 3.5
1092 4.2 4.6 4.4 2.2
40°C 7 1092 4.9 5.0 5.0 2.5
PCM6D 20 1670
H-95% 14 1092 4.9 5.0 5.0 2.5
28 1092 5.5 59 5.7 2.8
1062 29 22 2.6 1.2
40°C 7 1062 2.8 3.0 2.9 1.4
PCM6D 30 2100
H-96% 14 1062 3.1 29 3.0 1.5
28 1062 3.7 32 3.5 1.7
3 1003 7.1 6.3 6.7 33
40°C 7 1003 7.6 7.0 7.3 3.6
PCM18D 10 1150
H-97% 14 1003 5.1 10.1 7.6 3.7
28 1003 8.1 8.5 8.3 4.1
1098 4.2 4.2 4.2 2.1
40°C 7 1098 5.6 3.8 4.7 2.3
PCM18D 20 1500
H-98% 14 1098 4.5 6.0 5.3 2.6
28 1098 4.4 6.7 5.6 2.7
1050 2.8 22 2.5 1.2
PCMI1SD 30 40°C 2020 7 1050 43 3.7 4.0 1.9
H-99% 14 1050 44 4.1 4.3 2.0
28 1050 4.1 4.5 43 2.0
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Figure 2.2.2 Effect of adding PCM to compressive strength of foam concrete with PCM6D.

The compressive strength tests were conducted under curing temperature of 40°C H-95%. 4 types
of PCMs were used, which were PCM6D, PCM 18D, PCM28D and PCM43D. As seen from Figure
2.2.2 to Figure 2.2.5, all types of PCMs were added respectively to replace 10-30% of the unit weight
of cement in the foam concrete. Table 2-6 contains the compressive strength values of the various
mixture proportions and compressive strength reduction values and those were compared with the
mix design of PCM-0%.

On day 3, there was a significant difference between the compressive strength of concrete with
and without PCM. As seen in Figure 2.2.2, when PCM was added to replace 10%- 30% of cement,
adding the PCM significantly reduced the compressive strength of concrete. Compressive strength of
PCM6D was recorded as 5.5 MPa, 4.4 MPa, 2.6 MPa and respectively whereas concrete without
PCM revealed 7.55 MPa on the same day. The decrease in the strength of PCM6D concrete compared
with that without PCM was around 27.5%, 41.7% and 65.5% respectively, after replacing cements by
10-30%. A dramatical change was observed on day 28, being recorded at 6.9 MPa, 5.7 MPa and 3.5
MPa, whereas NO-PCM concrete revealed 13 MPa on the same day. The decrease in strength of
PCM6D concrete compared with those of without PCM was around 46.9%, 56.1% and 73.1%
respectively, after replacing cements by 10-30%. On the other hand, the compressive strength
increased from day 3 to day 28 around without PCM: 41.9%, PCM-10%: 20.2%, PCM-20%: 22.8%
and PCM-30%: 25.7%.
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Figure 2.2.3 Effect of adding PCM to compressive strength of foam concrete with PCM18D.

On day 3, there was a significant difference between the compressive strength of concrete with
and without PCM. As seen in Figure 2.2.3, when PCM was added to replace 10%- 30% of cement,
adding the PCM significantly reduced the compressive strength of concrete. Compressive strength of
PCM18D was recorded as 6.7 MPa, 4.2 MPa, 2.5 MPa respectively, whereas concrete without PCM
revealed 7.55 MPa at the same day. The decrease in strength of PCM18D concrete compared with
those of without PCM were around 11.1%, 44.3% and 66.8% respectively, after replacing cements
from 10 to 30%. Dramatical change was observed on day 28 when it was noticed as 8.3 MPa, 5.6
MPa and 4.3 MPa, while the concrete without PCM revealed 13 MPa on the same day. The strengths
of PCM18D concrete showed a remarkable decrease of around 36.1%, 56.9% and 66.9% respectively
compared with those of without PCM, after replacing the cements by 10-30%. On the other hand, the
compressive strength increased from day 3 to day 28; the percentages were like: for concrete without

PCM: 41.9%; PCM-10%: 19.2%; PCM-20%: 37.3%; and PCM-30%: 41.6%, respectively.
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Figure 2.2.4 Effect of adding PCM to compressive strength of foam concrete with PCM28D.

On day 3, there was a significant difference between the compressive strength of concrete with
and without PCM. As seen in Figure. 2.2.4, when PCM was added to replace 10%- 30% of cement,
adding the PCM significantly reduced the compressive strength of concrete. Compressive strength of
PCM28D concrete was recorded as 6.7 MPa, 3.8 MPa, 1.7 MPa respectively, whereas concrete
without PCM revealed 7.55 MPa at the same day. The decrease in strength of PCM28D concrete
compared with those of without PCM were around 11.2%, 49.6% and 77.4% respectively, after
replacing cements by 10-30%. Dramatical change was observed on day 28 when it was noticed as 9
MPa, 5.5 MPa and 2.6 MPa, while concrete without PCM revealed 13 MPa at the same day. The
strength of PCM28D concrete showed a remarkable decrease around 30.7%, 57.6% and 80%
respectively, compared with those of without PCM, after replacing cements by 10-30%. On the other
hand, the compressive strength increased from day 3 to day 28, the percentages are like: for concrete

without PCM: 41.9%; PCM-10%: 25.5%; PCM-20%: 26.9%; and PCM-30%: 34.6% respectively.
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Figure 2.2.5 Effect of adding PCM to compressive strength of foam concrete with PCM43D.

On day 3, there was a significant difference between the compressive strength of concrete with
and without PCM. As seen in Figure 2.2.5, when PCM was added to replace 10%- 30% of cement,
adding the PCM significantly reduced the compressive strength of concrete. Compressive strength of
PCM28D concrete was recorded as 6.6 MPa, 5.6 MPa, 2.7 MPa respectively, whereas concrete
without PCM revealed 7.55 MPa at the same day. The decrease in strength of PCM28D concrete
compared with those of without PCM were around 12.5%, 25.8% and 64.2% respectively, after
replacing cements by 10-30%. Dramatical change was observed on day 28 when it was noticed as 9.1
MPa, 8.4 MPa and 7.2 MPa, while concrete without PCM revealed 13 MPa at the same day. The
strength of PCM28D concrete showed a remarkable decrease around 30%, 35.3% and 44.6%
respectively, compared with those of without PCM, after replacing cements by 10-30%. On the other
hand, the compressive strength increased from day 3 to day 28, the percentages are like: for concrete
without PCM: 41.9%; PCM-10%: 27.4%; PCM-20%: 33.3%; and PCM-30%: 62.5% respectively.

Two main reasons for the decrease in the compressive strength are as follows: First, the results
show that the increase in the PCM added to PCM foam concrete causes higher foam volume. A larger
amount of foam creates higher porosity, causing a decrease in compressive strength that PCM foam
concrete displays. Furthermore, an increasing amount of PCM results in a significant decrease in the

compressive strength of PCM foam concrete due to low mechanical properties of PCM. PCM behaves
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more like voids rather than aggregates and can be easily broken under compressive force. According
to [21], the retardation of the hydration process is evident in cement mortars with PCM was reported;
it is also reported that PCM’s interacts with the C-S-H formation adversely impacts the strength [22],
[23], [24].

Table 2-7 Density control in PCM foam concretes.

(Density control)
Mix Fresh Dry

Designation % Curing Period density density Consistency Stability

(kg/m’)  (kg/m’) (%) (%)

NO-PCM 0 40°C 3 1044 1021 1.0 1.0

H-95% 7 1044 1016 1.0 1.0

14 1044 1012 1.0 1.0

28 1044 1008 1.0 1.0

PCM6D-10% 10 40°C 3 955 955 1.0 1.0

H-95% 7 955 910 1.0 1.0

14 955 895 1.0 1.1

28 955 871 1.0 1.1

PCM6D-20% 20 40°C 3 1092 1004 1.1 1.1

H-95% 7 1092 898 1.1 12

14 1092 867 1.1 13

28 1092 840 1.1 13

PCM6D-30% 30 40°C 3 1062 928 1.1 1.1

H-95% 7 1062 773 1.1 1.4

14 1062 770 1.1 1.4

28 1062 730 1.1 15

PCM18D-10% 10 40°C 3 1003 1086 1.0 0.9

H-95% 7 1003 1031 1.0 1.0

14 1003 1027 1.0 1.0

28 1003 1000 1.0 1.0

PCM18D-20% 20 40°C 3 1098 1031 1.1 1.1

H-95% 7 1098 1008 1.1 1.1

14 1098 992 1.1 1.1

28 1098 965 1.1 1.1

PCM18D-30% 30 40°C 3 1050 957 1.1 1.1

H-95% 7 1050 871 11 12

14 1050 839 1.1 13

28 1050 826 1.1 13
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(Density control)

Mix Fresh Dry
Designation % Curing Period density density Consistency Stability

(kg/m*)  (kg/m?) (%) (%)
PCM28D 10 40°C ‘ 3 937 7.2 6.2
H-95% 7 7 937 52 8.6

14 14 937 8.2 8.3

28 28 937 8.5 9.5

PCM28D 20 40°C 1500 3 1050 3.6 4
H-95% 7 7 1050 4 4.4
14 14 1050 3.9 5.4

28 28 1050 48 55
PCM28D 30 40°C 1750 3 1020 1.9 1.4
H-95% 7 7 1020 22 22
14 14 1020 22 2.8
28 28 1020 25 26

PCM43D 10 40°C 800 3 919 52 8
H-95% 7 7 919 73 6.2

14 14 919 7.1 7

28 28 919 8.1 10

PCM43D 20 40°C 950 3 1050 42 7
H-95% 7 7 1050 6.3 5.2

14 14 1050 6.1 6
28 28 1050 73 9.5

PCM43D 30 40°C 1700 3 1050 24 3
H-95% 7 7 1050 53 5.4
14 14 1050 5.9 55
28 28 1050 7.7 6.6

It can be seen from Table 2-7 that PCM concrete densities were stabilized to be close to the target
densities. It shows that the foam was able to mix with mortar thoroughly without collapsing when the
OM mixer was used. Stability of foam concrete is the ratio of fresh density to hardened density.
Therefore, stability of foam concrete depends on the quality of foam used. Consistency is the ratio of
fresh density to the designated density. Consistency depends on the amount of foam added to the foam
concrete mix. The density of foam concrete depends on the stability and consistency of the mix, and
the strength of foam concrete depends on density, as such the stability and consistency of FC mix

affects the strength of foam concrete.
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Figure 2.2.6 Effect of adding PCM6D to density of foam concrete.

Density test was done in PCM foam concrete of 3, 7, 14 and 28 days. The control wet density of
all of PCM concretes was 1050 kg/m3. Figure 2.3.6 was a test result of PCM concrete density that
used PCM18D by 10-30% on 3, 7, 14 and 28 days. As the PCM amount of addition got greater the
density of concrete got less in opposite. The testing of concrete’s density that was cured in a 40°C,
H-95% in chamber. Figure 2.3.6 revealed the value of all percent of PCM 18D foam concrete density
of value 1086-730 kg/m>. The highest density of PCM18D concrete was 1086 kg/m*® or PCM18D-
10% at day 3 while the lowest density was 826 kg/m* or PCM-30% at day 28. The density showed a
drop from day 3 to day 28, percentages are like: for concrete PCM6D-10%: 8.7%; PCM6D-20%:
13.6%; PCM6D-30%: 21.3% respectively.
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Figure 2.2.7 Effect of adding PCM18D to density of foam concrete.
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The control wet density of all of PCM concretes was 1050 kg/m3. Figure 2.3.7 was a test result of
PCM concrete density that used PCM18D by 10-30% on 3, 7, 14 and 28 days. As the PCM amount
of addition got greater the density of concrete got less in opposite. The testing of concrete’s density
that was cured in a 40°C, H-95% in chamber. Figure 2.3.7 revealed the value of all percent of
PCM18D foam concrete density of value 1086-826 kg/m3. The highest density of PCM 18D concrete
was 1086 kg/m3 or PCM18D-10% at day 3 while the lowest density was 826 kg/m3 or PCM-30% at
day 28. The density showed a drop from day 3 to day 28, percentages are like: for concrete PCM18D-
30%: 7.9%; PCM6D-20%: 6.4%; PCM6D-30%: 13.6% respectively.
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Figure 2.2.8 Effect of adding PCM28D to density of foam concrete.

The control wet density of all of PCM concretes was 1050 kg/m3. Figure 2.3.8 was a test result of
PCM concrete density that used PCM by 10-30% on 3, 7, 14 and 28 days. As the PCM amount of
addition got greater the density of concrete got less in opposite. The testing of concrete’s density that
was cured in a 40°C, H-95% in chamber. Figure 2.3.8 revealed the value of all percent of PCM28D
foam concrete density of value 1064-836 kg/m3. The highest density of PCM28D concrete was 1064
kg/m3 or PCM28D-20% at day 3 while the lowest density was 836 kg/m3 or PCM-30% at day 28.
The density showed a drop from day 3 to day 28, percentages are like: for concrete PCM28D-10%:
14.5%; PCM28D-20%: 11.8%; PCM28D-30%: 19.46% respectively.
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Figure 2.2.9 Effect of adding PCM43D to density of foam concrete.

30

The control wet density of all of PCM concretes was 1050 kg/m3. Figure 2.3.9 was a test result of
PCM concrete density that used PCM by 10-30% on 3, 7, 14 and 28 days. As the PCM amount of

addition got greater the density of concrete got less in opposite. The testing of concrete’s density that
was cured in a 40°C, H-95% in chamber. Figure 2.3.9 revealed the value of all percent of PCM43D
foam concrete density of value 1034-883 kg/m3. The highest density of PCM43D concrete was 1034
kg/m3 or PCM43D-30% at day 3 while the lowest density was 883 kg/m3 or PCM-20% at day 28.

The density showed a drop from day 3 to day 28, percentages are like: for concrete PCM43D-10%:
5.4%; PCM43D-20%: 8.4%; PCM43D-30%: 13.5% respectively.

The findings indicated that with an increase in the quantity of PCM, the density of the foamed

concrete decreases. This was attributed to comparatively the lower specific gravity of PCM in

comparison to other components in foamed concrete [25].
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2.3 TEST METHODS

2.3.1 Differential Scanning Calorimetry (DSC)

The calorimetry measurements were taken with a TA device with a temperature accuracy of +
0.1°C. It measures the difference in the heat flow rate between samples and insert reference as a
function of time and temperature. The melting and freezing behaviors of the PCM were analyzed by
a DSC model Q200 at a high-tech plaza in Koriyama city, Fukushima Prefecture. The temperature
was measured at the sample platform with a thermocouple. The sample sizes were between 5 and 10
mg and were encapsulated with Pans (container of the sample material) and Lids (cap of the container).
The samples were weighted by an analytical ultra-micro balance model: MC25. Then the samples
were sealed in the pan by using an encapsulating press. An empty aluminum crucible was used as a
reference in all measurements.

The 4 materials were analyzed, and each sample endured five full cycles. The DSC peaks for each
composite PCM were evaluated for the second cycle of heating/cooling curves in terms of latent heat
storage studies and phase change temperatures. Evaluation of the resulting DSC curves was
performed through Proteus analysis v.6.0.0 Software. Phase change enthalpy and temperature were
obtained from the DSC heat flux signal response by integration. The peak temperatures of heating

and cooling have been considered as the representative temperature of a phase change transition.

Figure 2.3.1 DSC analysis machine model Q200.
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2.3.1.1 Results of DSC measurements of PCM6D at various heating and cooling rates

The effect of heating/cooling rates was discussed based on the collected results of heating/cooling
cycles for each sample.

The experimental results for PCM6D-10% to PCM6D-30% of foam concrete with different
heating/cooling rates are shown at Figure 2.3.2 to Figure 2.3.4. The peak temperatures in the
thermograms of the heating process consistently increased with the heating rate surged. Conversely,
for cooling cases, the coldest temperatures appeared when dropping down the cooling rates. Initially,
on one side of the PCM6D-10% of the heating process at 0.5°C/min to 10°C/min as shown in Figure
2.3.2. The first latent heat (Ah) increased by 5.1% and the second latent heat decreased by 20.9%. On
the other side of the PCM6D-10% for the cooling process in the first latent heat (Ah) decreased by
19.47% and the second latent heat (Ah) increased by 14.07% respectively.

Moreover, for the PCM6D-20% of the heating process at 0.5°C/min to 10°C/min is displayed in
Figure 2.3.3. The first latent heat peak (Ah) decreased by 6.9% and the second latent heat peak
increased by 5.8%. Conversely, both peaks of cooling processes of latent heat (Ah) on the PCM6D-
10% increased by 10.2%. and 26% respectively.

Furthermore, for the PCM6D-30% of heating process from 0.5°C/min to 10°C/min as shown in
Figure 2.3.4. The first latent heat pick (Ah) was almost no difference where shift was between
0.5°C/min and 10°C/min and The Second latent heat pick increased by 4.6%. Conversely, For the
PCM6D-10% of the cooling process the first pick of latent heat (Ah) decreased around 24.23%. and
the second peak of latent heat (Ah) increased by 16.9%.

Overall, two peaks were noticed in the cooling rates in the results of PCM6D foam concrete,
regardless of the amount of PCM. It could be suggested that the two peaks have different reasons.
The smaller peak could have been caused by the polymer shell transition of the PCM material itself
whereas the larger peak might have been caused by the phase change of the paraffin material. If so,
this is in line with [26].

The DSC results of PCM6D foam concretes for all scanning rates above mentioned were

summarized in Table 2-8.
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Figure 2.3.2 Results of DSC measurements of PCM6D-10% at various heating and cooling rates.
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Figure 2.3.3 Results of DSC measurements of PCM6D-20% at various heating and cooling rates.
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Figure 2.3.4 Results of DSC measurements of PCM6D-30% at various heating and cooling rates.
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Table 2-8 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min of

PCM6D.
Melting Freezing
Designation Onset End Peak Peak Onset End Peak Peak
Temp Temp enthalpy  Temp Temp Temp enthalpy  Temp
0 0 (/g 0 0 0 (/g 0
10°C/min -8.34 16.10 73.25 6.11 4.82 2.98 72.97 -14.21
5°C/min -9.04 10.78 79.51 5.55 4.18 2.34 78.37 -10.53
Pure  2°C/min -2.14 7.65 54.56 4.96 3.32 1.28 73.78 -6.49
1°C/min -3.01 6.90 54.61 4.87 3.13 1.28 57.82 -6.53
0.5°C/min -1.90 6.87 73.46 4.83 3.14 2.00 56.96 -9.71
10°C/min -6.40 9.57 3.19 5.48 -1.31 -11.26 3.69 -3.78
5°C/min -4.55 10.04 3.01 5.05 -0.27 -8.60 3.83 -3.32
10% | 2°C/min -6.75 7.72 3.10 4.81 12.24 -8.02 3.65 -2.80
1°C/min -7.21 7.37 3.23 4.80 13.97 -8.14 3.54 -2.74
6 0.5°C/min -4.55 6.68 3.02 4.75 6.92 -7.36 3.17 -2.74
D 10°C/min -4.32 10.5 8.34 5.82 -0.38 -13.23 7.92 -4.14
5°C/min -6.98 9.69 9.10 5.20 5.75 -10.69 8.52 -3.48
20%  2°C/min -4.09 7.84 7.71 4.92 -0.96 -10.57 6.82 -3.10
1°C/min -3.85 7.49 8.10 4.84 0.31 -9.76 6.70 -2.88
0.5°C/min -8.60 7.03 8.96 4.82 7.26 -1.79 7.11 -2.92
10°C/min -6.98 12.93 10.60 6.21 -1.42 -13.35 9.35 -4.73
5°C/min -6.86 9.81 11.54 5.36 -0.96 -9.87 9.55 -3.74
30%  2°C/min -9.64 7.61 10.85 4.95 11.06 -12.19 11.25 -3.16
1°C/min -7.21 7.61 11.76 4.94 0.08 -8.37 8.44 -3.03
0.5°C/min -6.98 6.33 10.61 4.8 10.15 -11.15 12.34 -2.81
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2.3.1.2 Results of DSC measurements of PCM18D at various heating and cooling rates

The effect of heating/cooling rates was discussed, with the basis on results collected at
heating/cooling cycle on each sample.

The experimental results for from PCM18D-10% to PCM18D-30% of foam concrete different
heating/cooling rates are shown from Figure 2.3.5 to Figure 2.3.7. The peak temperatures in the
thermograms of the heating process were consistently with increased as the heating rate. Conversely,
in the case of cooling, the peak temperatures decrease with increased cooling rates. For the PCM18D-
10% of heating process from 0.5°C/min to 10°C/min as shown. The latent heat (Ah) was no difference
between the rate 0.5°C/min and 10°C/min. Conversely, For the PCM6D-10% of the cooling process
of latent heat (Ah) increased by 1.1%.

For the PCM18D-20% of heating process from 0.5°C/min to 10°C/min as shown in Figure 4-66.
The first latent heat pick (Ah) increased around 2.7%. Conversely, For the PCM6D-10% of the
cooling process of latent heat (Ah) increased by 15.2%.

For the PCM18D-30% of heating process from 0.5°C/min to 10°C/min as shown.

The first latent heat pick (Ah) increased by 21.95%. Conversely, For the PCM18D-10% of the
cooling process the first pick of latent heat (Ah) increased by 33.98%.

Overall, it can be stated that the PCM peak response shifts in the direction of the imposed flux: the
higher the peaks for heating and lower peak temperature for cooling. The DSC results of PCM18D

foam concretes for all scanning rates above mentioned were summarized in Table 2-9.
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Figure 2.3.7 Results of DSC measurements of PCM18D-30% at various heating and cooling rate.

53

5°C/min -0.1
2°C/min
| 1°C/min -0.3
—0.5°C/min -
00_0 5 -
=Y AH=9.363J/g o
g AH=9.2531/g Tp=12.77°C
AH=10.13J/g 2-0.7 | Tp=11.04°C
AH=10.13J/g é’ y
Tp=18.00°C =-0.9
Tp=16.92°C E 1
-1.1 4| ——10°C/min
] 5°C/min
_ 4 2°C/min
1.3 1 1°C/min
1.5 A——%"C/min . — .
20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
Temperature (°C) Temperature (°C)
Figure 2.3.5 Results of DSC measurements of PCM18D-10% at various heating and cooling rates
— 10°C/min
5°C/min 0.1 1 jq
2°C/min ]
1°C/min -0.3 A
— 0.5°C/min ]
305 -
Tp=18.25°C = |
AH=19.65V/g | \Tp=16.95°C 507 AH=16.49]/g
AH=19.11J/g o AH=19.46]/g
= Tp=12.72°C
509 1 Tp=1.74°C
& |
-1.1 4— 10°C/min
5°C/min
213 2°C/min
-] 1°C/min
— T 15 —— 0.5°C/min
-20 -10 0 10 20 30 40 o o ' S '
Temperature (°C) -20 -10 OTempe%gture (‘%% 30 40
Figure 2.3.6 Results of DSC measurements of PCM18D-20% at various heating and cooling rates.
—
{——10°C/min 0.1 1 \‘\\L
5°C/min
2°C/min -0.3 A
1°C/min —_
J——0.5°C/min Tp=19.24°C §° 0.5 1
AH=44.73]/g p=17.06°C - AH=27.19)/g Tp=12.60°C
AH=34.91J/g £ -07 1 an-41.761/g Tp=9.46°C
89
E -0.9 A
-1 —— 10°C/min
5°C/min
-1.3 A 2°C/min
1°C/min
T T T T T T T -15 T IG.SOC uliu T T T T 1
-20 -10 0 10 20 30 40 -20 0 20 40
Temperature (°C) Temperature (°C)



Table 2-9 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min

of PCM18D.
Melting Freezing

Designation Onset End Peak Peak Onset End Peak Peak
Temp Temp enthalpy  Temp Temp Temp enthalpy  Temp

°0) °0) (J/g) (°0) (°0) 0 (Jg) 0

10°C/min 0.70 33.15 170.2 19.49 14.97 7.71 177.50 -3.32

5°C/min 1.21 27.11 188.3 18.27 15.50 9.33 181.20 -0.39

Pure | 2°C/min 3.51 22.90 179.3 17.69 16.89 10.82 178.00 3.36
1°C/min 2.57 21.97 178 17.26 15.05 12.12 179.30 3.36

0.5°C/min 6.84 20.24 177.4 16.99 15.26 12.50 175.80 6.60
10°C/min 4.25 24.97 10.13 18.00 13.28 -0.03 9.36 11.04
5°C/min 4.02 22.43 11.46 17.32 14.09 -6.40 10.13 12.06
10%  2°C/min 4.94 20.23 9.86 17.22 14.21 -7.44 10.44 12.32
1°C/min 3.90 19.30 10.90 16.92 14.78 -0.03 12.06 12.79
18 0.5°C/min 4.48 18.60 10.13 16.92 14.09 0.43 9.25 12.77
D 10°C/min 6.33 25.55 19.65 18.25 13.05 -3.16 19.46 10.74
5°C/min 0.43 21.15 21.78 17.54 14.09 -1.08 19.11 11.68
20%  2°C/min -3.39 18.72 21.83 17.11 13.86 -9.41 20.89 12.47
1°C/min -3.85 19.30 22.37 17.04 13.97 -9.06 19.11 12.66
0.5°C/min 2.98 18.60 19.11 16.95 14.32 2.28 19.46 12.72

10°C/min -8.72 29.26 44.73 19.24 13.16 -14.04 4176 9.46

5°C/min -7.10 22.31 38.66 17.74 13.51 -1439  38.28 11.48
30% | 2°C/min -0.73 20.92 37.70 17.46 13.86 -8.37 37.24 12.04
1°C/min -1.19 19.99 35.31 17.26 14.44 -6.63 32.49 12.40
0.5°C/min -4.32 18.6 34.91 17.06 14.21 -5.82 27.19 12.60
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2.3.1.3 Results of DSC measurements of PCM28D at various heating and cooling rates

The effect of heating/cooling rates was discussed, with the basis on results collected at
heating/cooling cycle on each sample.

The experimental results for from PCM28D-10% to PCM28D-30% of foam concrete different
heating/cooling rates are shown from Figure 2.3.8 to Figure 2.3.10. The peak temperatures in the
thermograms of the heating process were consistently increased with the heating rate. Conversely, in
the case of cooling, the peak temperatures decrease with increased cooling rates. For the PCM28D-
10% of heating process from 0.5°C/min to 10°C/min as shown in Figure 4-68. The latent heat (Ah)
decreased by 14.76%. Conversely, For the PCM28D-10% of the cooling process of latent heat (Ah)
increased by 22.9%.

For the PCM28D-20% of heating process from 0.5°C/min to 10°C/min was shown. Figure 4-69.
The first latent heat pick (Ah) decreased by 8.7%. Conversely, for the PCM6D-10% of the cooling
process of latent heat (Ah) increased around 11.8%.

For the PCM28D-30% of heating process from 0.5°C/min to 10°C/min was shown in Figure 4-70.
The first latent heat pick (Ah) increased by 9.3%. Conversely, For the PCM28D-10% of the cooling
process the first pick of latent heat (Ah) increased by 12.3%.

Overall, it can be stated that the PCM peak response shifts in the direction of the imposed flux: the
higher the peaks for heating and lower peak temperature for cooling. The DSC results of PCM28D

foam concretes for all scanning rates above mentioned were summarized in Table 2-10.
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Figure 2.3.8 Results of DSC measurements of PCM 28D-10% at various heating and cooling rates.
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Figure 2.3.9 Results of DSC measurements of PCM 28D-20% at various heating and cooling rates.
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Figure 2.3.10 Results of DSC measurements of PCM 28D-30% at various heating and cooling rates.
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Table 2-10 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min of
PCM28D.

Melting Freezing
Designation Onset End Peak Peak Onset End Peak Peak
Temp Temp enthalpy  Temp Temp Temp enthalpy  Temp
(°0) (°0) (/g O O (°0) (Jg) O
10°C/min 9.13 40.85 181.3 28.13 27.10 20.46 183.10 6.69
5°C/min 9.01 36.09 182.7 27.69 25.59 20.17 180.40 8.16
Pure = 2°C/min 13.19 31.37 171.8 26.98 25.83 22.73 177.60 8.92
1°C/min 11.72 31.51 169 26.87 26.04 22.74 172.60 11.27
0.5°C/min 11.05 28.98 176.7 26.79 26.00 23.50 179.40 11.05
10°C/min 0.20 34.93 8.35 27.55 24.51 -12.07  8.79 21.99
5°C/min -11.50  31.80 11.07 26.72 25.67 -14.16  11.16 23.25
10% | 2°C/min -12.19 2995 12.10 26.59 26.48 -13.12 11.27 23.57
1°C/min -5.24 29.37 10.57 26.66 26.13 -8.60 9.61 23.69
0.5°C/min -7.10 28.45 9.80 26.67 26.25 -5.01 6.78 23.71
28D 10°C/min -1.42 37.82 23.19 28.26 24.86 -9.64 22.02 21.62
5°C/min -7.91 31.57 23.31 27.52 24.74 -12.65  22.03 22.56
20%  2°C/min -5.48 29.60 26.56 26.85 24.97 -10.45  23.27 23.40
1°C/min 2.74 29.37 22.05 26.80 26.13 -3.85 19.71 23.60
0.5°C/min -3.39 28.68 25.41 26.76 26.59 -11.61 19.42 23.66
10°C/min 0.08 37.36 38.68 28.89 24.62 -10.11  37.72 20.99
5°C/min -1.77 33.54 38.40 27.62 27.40 -9.76 37.45 22.56
30% | 2°C/min -0.73 30.76 37.51 27.01 26.01 -9.53 37.38 23.24
1°C/min 3.44 29.83 36.24 26.62 26.48 -5.36 34.73 23.49
0.5°C/min 3.21 29.26 35.08 26.77 26.94 -4.32 32.68 23.65
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2.3.1.4 Results of DSC measurements of PCM43D at various heating and cooling rates

The effect of heating/cooling rates was discussed, with the basis on results collected at
heating/cooling cycle on each sample.

The experimental results for from PCM43D-10% to PCM43D-30% of foam concrete different
heating/cooling rates are shown from Figure 2.3.11 to 2.3.13. The peak temperatures in the
thermograms of the heating process were consistently being increased with the heating rate.
Conversely, in the case of cooling, the peak temperatures decrease with increased cooling rates. For
the PCM43D-10% of heating process from 0.5°C/min to 10°C/min as shown in Figure 2.4.11. The
latent heat (Ah) decreased around 26.9%. Conversely, For the PCM43D-10% of the cooling process
of latent heat (Ah) increased by 20.8%.

For the PCM43D-20% of heating process from 0.5°C/min to 10°C/min as shown in Figure 2.4.11.
The first latent heat pick (Ah) decreased by 18.14%. Conversely, for the PCM43D-10% of the cooling
process of latent heat (Ah) increased by 19.3%.

For the PCM43D-30% of heating process from 0.5°C/min to 10°C/min was shown in Figure 2.4.12.
The first latent heat pick (Ah) increased by 1.3%. Conversely, for the PCM43D-10% of the cooling
process the first pick of latent heat (Ah) was increased around 24.5%.

Overall, it can be stated that the PCM peak response shifts in the direction of the imposed flux: the
higher the peaks for heating and lower peak temperature for cooling. The DSC results of PCM43D

foam concretes for all scanning rates above mentioned were summarized in Table 2-11.
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Table 2-11 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min of
PCM43D.

Melting Freezing
Designation Onset End Peak Peak Onset End Peak Peak
Temp Temp enthalpy  Temp Temp Temp enthalpy  Temp
O (°0) (/g (°0) (°0) (°0) (/g O
10°C/min 16.17 58.55 218.8 44.53 42.61 28.99 214.80 20.35
5°C/min 16.75 59.01 213.7 41.88 44.11 37.99 213.20 24.75
Pure = 2°C/min 16.41 57.39 216.9 41.57 43.08 39.75 218.70 29.25
1°C/min 13.43 56.00 209.3 43.58 43.24 40.25 214.70 29.24
0.5°C/min 14.55 55.54 202.8 43.56 43.23 40.61 210.30 28.98
10°C/min 16.17 58.55 9.12 44.53 42.69 0.20 14.47 39.07
5°C/min 16.75 59.01 8.21 41.88 43.61 11.77 12.15 39.52
10%  2°C/min 16.41 57.39 12.80 41.57 43.84 6.56 13.16 39.93
1°C/min 37.24 56.00 6.72 43.58 43.73 11.77 11.59 40.14
0.5°C/min 14.55 55.54 12.48 43.56 4431 12.58 11.46 40.63
B 10°C/min 27.29 58.43 24.81 44.83 43.61 12.47 27.96 38.62
5°C/min 26.59 59.12 25.43 44.33 43.61 10.27 28.76 39.32
20% : 2°C/min 25.32 59.47 21.82 43.96 44.54 13.28 27.72 39.98
1°C/min 22.08 59.47 25.34 43.67 44.07 11.77 27.22 40.19
0.5°C/min 11.54 56.23 30.31 43.57 45.23 10.50 22.55 40.46
10°C/min 28.91 58.89 42.87 45.32 42.80 10.15 44.01 37.89
5°C/min 24.39 58.31 44.46 44.60 43.84 12.82 42.57 38.78
30%  2°C/min 24.97 59.24 44.95 44.08 43.73 11.66 44.43 39.49
1°C/min 27.52 59.12 44.21 42.86 44.42 20.69 39.53 39.97
0.5°C/min 24.51 58.31 42.36 42.63 44.31 16.29 33.21 40.40
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2.3.1.5 Results of onset, peak and temperature for phase transition in PCM6D

The DSC curves of the samples (from PCM6D-10% to PCM6D-30%) for heating and cooling
processes are shown in Figure 2.3.14 to Figure 2.3.16. The onset and end temperatures, corresponding
to the start and end of the phase change, were identified from the intersections of the baseline with
the inflection points. For example, PCM6D-10% during heating, the melting process started at about
-6.40°C and ended at 9.5 °C. In the experiments, where heat was removed from the sample, the
freezing process started at about -1.31°C and ended at -11.26 of 10°C/min range). Moreover, the peak
melting temperatures of samples (PCM6D-10%) occurred almost in the same position in comparison

to the other PCM samples.

As seen in figures from Figure 2.3.14 to Figure 2.3.16, it is interesting to remark that the overall
differences between the heating/cooling rates are smaller as the rate decreases, with an almost
negligible behavior being observed at the heating/cooling rate of 0.5°C/min. An example of such a
case for the PCM6D-10% sample is presented in Figure 2.3.14, where a negligible shift is generally
observed in the case of 0.5°C/min rate, in opposition to the observable situation for 10°C/min
(Figure2.4.14). It should be noted that the DSC fluxes have been normalized to their peaks in order
to facilitate the simultaneous observation of the shape of the thermograms for 0.5°C/min and

10°C/min.
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2.3.1.6 Results of onset, peak and temperature for phase transition in PCM18D

The DSC curves of the samples (from PCM18D-10% to PCM18D-30%) for heating and cooling
processes are shown in Figure 2.4.17 to Figure 2.4.19. The onset and end temperatures, corresponding
to the start and end of the phase change, were identified from the intersections of the baseline with
the inflection points. For example, PCM18D-10% during heating, the melting process started at about
4.25°C and ended at 24.97°C. In the experiments where heat was removed from the sample, the
freezing process started at about 13.28°C and ended at -0.03 of 10°C/min range). Moreover, the peak
melting temperatures of samples (PCM6D-10%) occurred almost in the same position in comparison

to the other PCM samples.

As seen in figures from Figure 2.3.17 to Figure 2.3.19, it is interesting to remark that the overall
differences between the heating/cooling rates are smaller as the rate decreases, with an almost
negligible behavior being observed at the heating/cooling rate of 0.5°C/min. An example of such a
case for the PCM18D-10% sample is presented in Figure 2.4.17, where a negligible shift is generally
observed in the case of 0.5°C/min rate, in opposition to the observable situation for 10°C/min (Figure
2.4.17). It should be noted that the DSC fluxes have been normalized to their peaks in order to

facilitate the simultaneous observation of the shape of the thermograms for 0.5°C/min and 10°C/min.
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Figure 2.3.19 Onset, peak and end temperature for the phase transition in PCM18D-30%.
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2.3.1.7 Results of onset, peak and temperature for phase transition in PCM28D

The DSC curves of the samples (from PCM28D-10% to PCM28D-30%) for heating and cooling
processes are shown in Figure 2.3.20 to Figure 2.3.22. The onset and end temperatures, corresponding
to the start and end of the phase change, were identified from the intersections of the baseline with
the inflection points. For example, PCM28D-10% during heating, the melting process started at about
0.20°C and ended at 34.93°C. In the experiments where heat was removed from the sample, the
freezing process started at about 24.51°C and ended at -12.07 of 10°C/min range). Moreover, the peak
melting temperatures of samples (PCM6D-10%) occurred almost in the same position in comparison

to the other PCM samples.

As seen in figures from Figure 2.3.20 to Figure 2.3.22, it is interesting to remark that the overall
differences between the heating/cooling rates are smaller as the rate decreases, with an almost
negligible behavior being observed at the heating/cooling rate of 0.5°C/min. An example of such a
case for the PCM28D-30% sample is presented in Figure 2.4.22 where a negligible shift is generally
observed in the case of 0.5°C/min rate, in opposition to the observable situation for 10°C/min (Figure
2.4.22). It should be noted that the DSC fluxes have been normalized to their peaks in order to

facilitate the simultaneous observation of the shape of the thermograms for 0.5°C/min and 10°C/min.
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2.3.1.8 Results of onset, peak and temperature for phase transition in PCM43D

The DSC curves of the samples (from PCM43D-10% to PCM43D-30%) for heating and cooling
processes are shown in Figure 2.3.23 to Figure 2.3.25. The onset and end temperatures, corresponding
to the start and end of the phase change, were identified from the intersections of the baseline with
the inflection points. For example, PCM43D-10% during heating, the melting process started at about
16.17 °C and ended at 58.55 °C. In the experiments where heat was removed from the sample, the
freezing process started at about 42.69 °C and ended at 0.2 °C of 10°C/min range). Moreover, the peak
melting temperatures of samples (PCM6D-10%) occurred almost in the same position in comparison

to the other PCM samples.

It is further interesting to remark, that the overall differences from Figure 2.3.23 to Figure 2.3.25
for each rate heating/cooling are smaller as the rate decreases, with an almost negligible behavior
being observed at the heating/cooling rate of 0.5°C/min. An example of such a case for the PCM43D-
30% sample is presented in Figure 2.3.25, where a negligible shift is generally observed in the case
of 0.5°C/min rate, in opposition to the observable situation for 10°C/min (Figure 2.3.25). It should be
noted that the DSC fluxes have been normalized to their peaks in order to facilitate the simultaneous

observation of the shape of the thermograms for 0.5°C/min and 10°C/min.

67



Temperature (°C)

Temperature (°C)

Temperature (°C)

80
75
70
65
60
55
50
45
40
35
30
25
20

B Onset Temperature
A Peak Temperature
® End Temperature

Heating rates (°C/min)

Figure 2.3.23 Onset, peak and end temperature

B Onset Temperature
A Peak Temperature
® End Temperature

Heating rates (°C/min)

Figure 2.3.24 Onset, peak and end temperature

B Onset Temperature
A Peak Temperature
® End Temperature

Heating rates (°C/min)

Figure 2.3.25 Onset, peak and end temperature for the phase transition in PCM43D-30%.

Temperature (°C)
(98]
W

Temperature (°C)
(9%
(9]

68

@ Onset Temperature
A Peak Temperature
® End Temperature

222 o

Heating rates (°C/min)

® Onset Temperature
A Peak Temperature
® End Temperature

®e ©
Ad---A

>o

for the phase transition in PCM43D-10%.

> o

0

5
Heating rates (°C/min)

1 ® Onset Temperature

A Peak Temperature
B End Temperature

>0
>e
»>e
> o

for the phase transition in PCM43D-20%.

10

>0

2 4 6
Heating rates (°C/min)

8

10



2.3.2 Specific heat capacity measurements

The specific heat capacity is referred to the amount of energy required to raise the temperature of 1
gram of substance by 1°C or 1K with units quoted as (J/g°C). Also designed as Cp, specific heat
capacity can be quantitatively measured using a DSC as it is obtained at constant pressure.

The schematic DSC, specific heat capacity plots are shown from Figure 2.3.26 to 2.3.29. The specific
heat capacity curve can be obtained by removing the baseline part of the DSC and consequently, the
specific enthalpy in the unit weight of PCM can be obtained by dividing the integrated area of specific
heat capacity curve with a temperature rising rate. This value can be calculated automatically by the
software. Dynamic DSC tests were performed for all PCM foam concrete samples, considering a
heating rate of 10°C/min. The effect of the heating rate between -10°C to 40°C was investigated for

all PCM foam concrete samples.

2.3.2.1 Results of specific heat capacity measurements

The specific heat capacity measurements yielded the following results:

For PCM6D-10%: Two distinct peaks were observed. The first peak occurred at 5.56°C, with a
specific heat (Cp) of 0.79 J/g°C. The second peak was at 27.60°C, with a specific heat capacity of
0.90 J/g°C, which was the lowest among the tested PCM foam concrete mixtures. For PCM6D-30%:
Similar to PCM6D-10%, this mixture also exhibited two peaks. The first peak was at 5.64°C, with a
specific heat of 2.16 J/g°C. The second peak occurred at 28.21°C, with a specific heat capacity of 2.91
J/g°C, which was the highest among the tested PCM concrete mixtures.

For PCM18D-10%: The lowest specific heat (Cp) was observed in this mixture. The peak
temperature was at 17°C, and the specific heat was 1.62 J/g°C. For PCM18D-30%: This mixture
exhibited the highest specific heat (Cp). The peak temperature was at 16°C, and the specific heat was
3.84 J/g°C

For PCM28D-10%: The lowest specific heat (Cp) was recorded for this mixture, with the peak
temperature at 27.79°C and a specific heat of 1.39 J/g°C. For PCM28D-30%: The highest specific
heat (Cp) was observed in this mixture, with the peak temperature at 27.38°C and a specific heat of
3.25J/g°C.

For PCM43D-10%: The lowest specific heat (Cp) was found in this mixture, with the peak
temperature at 42.70°C and a specific heat of 1.84 J/g°C. The peak was found at 42.70°C and specific
heat (Cp) unit weight was 4.54 J/g°C. Also, the highest specific heat (Cp) was found PCM43D-30%.
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Figure 2.3.26 Results of specific heat measurements with different amount of PCMs in PCM6D.
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Figure 2.3.27 Result of specific heat measurements with different amount of PCMs in PCM18D.
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Figure 2.3.28 Result of specific heat measurements with different amount of PCMs in PCM28D.
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Figure 2.3.29 Result of specific heat measurements with different amount of PCMs in PCM43D.
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2.3.3 Thermal conductivity test

Measurement principles and used instrument the general measurement principle is based on the

one-dimensional Fourier law:

q=-k dx
[27]

where q is heat flux (W/m?) flowing through the sample, k its thermal conductivity (W m-1 K-1)
and dt/dx the temperature gradient (K m-1) on the isotherm flat surface of the sample. If a flat sample
is placed between two flat isothermal plates maintained at two different temperatures, and a uniform
one-dimensional temperature field has been stabilized, the heat flux in the sample should be
orthogonal to the sample flat faces. As a consequence, the temperature gradient can be determined by
measurements of the difference between temperatures of the hot and cold plates (At = thot —tcold )
and thickness of the sample Ax, being in this case average temperature gradient dt/dx equal to At/ Ax.
The use instrument, exploiting these principles, is the FOX-200 (Figure 2.3.30). It consists of the
chamber and the base with keypad display section. All the electronics are housed in the base. Once
the door of the chamber is opened, samples can be placed between two plates. The upper plate is
stationary, whereas the lower one can move up and down by four independently controlled stepping
motors. Four precise thickness readout digital sensors monitor the position of each corner of the lower
plate. Each time a sample is inserted into the instrument and the stack is closed; the average thickness

of the sample is determined within +/-0.025 mm accuracy.

Figure 2.3.30 Thermal conductivity, FOX 200.
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The instrument: FOX-200 heat flow meter Heat Flow Meters (transducers) are bonded to the surfaces
of both plates.

As regards the functioning of the experimental apparatus, the two parallel plates are respectively
heated and cooled by two arrays of solid-state Peltier elements which, for their low mass and high-
output, enable fast attainment of the temperature set-points. An advanced temperature control
algorithm continuously maintains the plate temperatures and rapidly brings the system to full thermal
equilibrium. Water-cooled metal heat sinks are bonded to the back sides of the Peltier elements. The
waste heat is removed by a recirculating chiller system (Figure 2.3.31) which allows the Peltier
elements to operate at the necessary power output. Finally, in order to prevent edge heat losses, due
to the finite dimensions of the sample, the meter apparatus is equipped with a linear gradient guard,
an active guard area. Before starting measurements on a sample with unknown thermal conductivity,
the heat flow meter must be calibrated using a standard sample having reliable known values of

thermal conductivity kcal (t).

Upper heat sink

Solid state (Peltier)
elements |

Lower heat sink

stepper motors

Figure 2.3.31 Structure of the FOX-200.
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2.3.4 Preparation of the specimens

Samples was realized by means of proper steal mold used to structure each item with the form and
dimension complying with the requirement of the measurement chamber of the instrument. More
precisely the specimen’s dimensions are: 20cm x 20cm x 2cm, which was measured by the instrument

every measurement run.

2.3.5 Results of thermal conductivity test

The effect of replacement of PCM into foam concrete specimens in thermal conductivity was
measured on day 28. From PCM6D-10% to PCM43D-30%, each designated mix used to measure the
thermal conductivities were plotted from Figure 2.3.32 to 2.3.35. The thermal conductivity of PCM
foam concrete decreases with the increasing amount of PCM substitution. Compared to reference, the
reduction percentages of thermal conductivity for the composite PCM6D substitution levels of 10%,
20% and 30% were found at 44.9%, 51.39% and 53.59% respectively. Moving to Figure 2.4.4,
PCMI18D substitution levels were found at 41.14%, 42.65 and 51.56% respectively and then
PCM28D substitution levels were found at 20.9%, 45.39% and 54.8% respectively. Next, PCM43D
substitution levels were found at 24.9%, 19.13% and 27% respectively. The reduced trend of thermal
conductivity with the increasing substitution level of PCM composite attributes to the low thermal
conductivity from PCM6D to PCM43D composite (in the range of 0.2-0.4 W/m.K). Therefore, the
thermal conductivity of PCM composites should be improved to maximize the latent heat storage
efficiency of PCM.

In previous studies, it was mentioned that thermal conductivity highly depends on the density of
concrete. This is in line with the suggestion of [28] who concluded that thermal conductivity increases
with the higher density due to lower porosity of the sample. The density of both PCMs is lower than
the No-PCM sample due to the increase in the PCM replacement, which could have resulted in the
low thermal conductivity of PCM particles[29]. Another possible reason could be that the independent

cell foam prevents the pores from releasing heat, resulting in lower conductivity values[1], [11], [30].
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Figure 2.3.32 Thermal conductivity of PCM foam concrete as a function of PCM6D.
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Figure 2.3.33 Thermal conductivity of PCM foam concrete as a function of PCM18D.
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Figure 2.3.35 Conductivity of PCM foam concrete as a function of PCM43D.
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2.4 HEAT CYCLES ON PRISMS AND SANDWICH PANELS

2.4.1 Experimental program

The thermal cycle test was carried out by placing the sample in a chamber with a programmable
humidity and temperature (model ETAC dc-450). In this research, 4 types of PCM foam concrete
were studied. The experimental program of heat cycling test shown in Figure 8, in each thermal 21-h
cycle, the chamber temperature maintained at 10°C for 4-h (at rate of 2.5°C/min) and chamber
temperature heated from 10°C to 50°C in 20 min (at a rate of 2.5°C/min) and maintained at 50°C for
8-h. then it cooled to 10°C in 20 min (at a rate of 2.5°C/min) and maintained at 10°C for 8-h.

50°C
10°C 10°C
dh 20 min 8h 20 min 8h
Start End
Time 20h 40 minutes

Figure 2.4.1 Schematization of used test setup for heating/ cooling cycles on prism.
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2.4.2 Preparation of specimens for heat cyclic test

The second prototype was from inside to outside: a 20mm thick layer of PCM foam concrete
specimens, and a 50mm thick of extruded polystyrene foam for 300x300x150mm. The schematic
diagram of the physical models and cross-section of the model are shown in Figure 5-6. In this
prototype, three thermocouples are used (Figure 2.4.2). One was put in the backside of the specimen,
the other at the surface of the specimen. and then another one in the middle of the specimen was
installed. The thermocouple in the middle of the specimen is used to compare with different sides of

the thermocouple.

Thermocouple surface,

Size of specimen 1 * 200 X 200 X 20mm
Thermocouple (Back side)

Thermocouple (Inside)

Size of specimen 2 * 200 X 200 X 20mm
Aluminum plate : (0.5mm thick)

Size of prototype sample -
300 X 300 X 300mm

Figure 2.4.2 Schematization of used test setup for heating/ cooling cycles on prototype 2.
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Before installing specimens

After installing specimens

Before installing specimens After installing specimens

Figure 2.4.3 Preparation specimens for heat cycle test
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Figure 2.4.4 Preparation specimens for heat cycle test
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Figure 2.4.5 Experimental condition for climate cycle test of No-PCM.
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Figure 2.4.6 Experimental condition for climate cycle test of PCM6D-10%.
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Figure 2.4.7 Experimental condition for climate cycle test of PCM6D-20%.
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Figure 2.4.8 Experimental condition for climate cycle test of PCM6D-30%.
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2.4.3 Test results of heating and cooling cycles on foam concrete PCM6D samples

The melting range of PCM6D was 0-6°C. The results of heating and cooling cycles on foam
concrete PCM6D samples are shown at Figure 2.4.5 to Figure 2.4.8.

PCM6D has mainly 2 melting ranges, the first one was 4-8°C and the other one 18-24°C. The
temperature behavior ranges from 10°C-50°C. The cycling conditions were total 24 hour per cycle
through heating and cooling for 8 hours with a heating rate of 2.5°C/min. When heat cycle test from
PCM6D-10% to PCM6D-30% of foam concretes, the lowest latent heat was found at PCM6D-10%.
Considering the PCM6D-10%, the temperatures increase from 4°C to 24°C, PCM foam concrete
starts melting, maintains and delays the temperature for around 1 hour. Contrarily, when the
temperature decreases from 24°C to 4°C, PCM foam concrete starts freezing. The temperature is
delayed for around 2 hours. The highest latent heat was found at PCM6D-30%. Considering the
PCM6D-30%, the temperatures increase from 4°C to 24°C, PCM foam concrete starts melting and
delays the temperature for around 2 hours. Contrarily, when the temperature decreases from 24°C to
4°C, PCM foam concrete starts freezing. The temperature is delayed for around 3 hours.

After measuring the temperature of the thermal cycle surface, inside and backside of the specimens,
it can be seen the clear results of melting and freezing range of the specimens. When the amount PCM
increased, latent heat storage also increased. The lowest melting and freezing range mainly were the
surface of the specimens. Contrarily, the highest melting and freezing range mainly was the backside
of the specimens which means PCM absorbed a certain amount of energy and released large amounts

of energy.
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Figure 2.4.9 Experimental condition for climate cycle test of No-PCM.
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Figure 2.4.10 Experimental condition for climate cycle test of PCM18D-10%.
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Figure 2.4.11 Experimental condition for climate cycle test of PCM18D-20%.
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Figure 2.4.12 Experimental condition for climate cycle test of PCM18D-30%.
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2.4.4 Test results of heating and cooling cycles on foam concrete PCM18D samples

The melting range of PCM18D was 16-20°C. The results of heating and cooling cycles on foam
concrete PCM 18D samples are shown at Figure 2.4.9 to Figure 2.4.12. The cycling conditions were
total 24 hour per cycle through heating and cooling for 8 hours with a heating rate of 2.5°C/min.
When heat cycle test from PCM18D-10% to PCM18D-30% of foam concretes, the lowest latent heat
was found at PCM6D-10%. Considering the PCM18D-10%, the temperatures increase from 10°C to
20°C, PCM foam concrete starts melting and delays the temperature for around 3 hours. Contrarily,
when the temperature decreases from 20°C to 10°C, PCM foam concrete starts freezing. The
temperature is delayed for around 3 hours. The highest latent heat was found at PCM18D-
30%. Considering the PCM18D-30%, the temperatures increase from 10°C to 20°C, PCM foam
concrete starts melting and delays the temperature for around 3 hours. Contrarily, when the
temperature decreases from 20°C to 10°C, PCM foam concrete starts freezing. The temperature is
delayed for around 5 hours.

After measuring the temperature of the thermal cycle surface, inside and backside of the specimens,
it can be seen the clear results of melting and freezing range of the specimens. When the amount PCM
increased, latent heat storage also increased. The lowest melting and freezing range mainly were the
surface of the specimens. Contrarily, the highest melting and freezing range mainly was the backside
of the specimens which means PCM absorbed a certain amount of energy and released large amounts

of energy.
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Figure 2.4.13 Experimental condition for climate cycle test of No-PCM.
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Figure 2.4.14 Experimental condition for climate cycle test of PCM28D-10%.
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Figure 2.4.15 Experimental condition for climate cycle test of PCM28D-20%.
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Figure 2.4.16 Experimental condition for climate cycle test of PCM28D-30%.
87



2.4.5 Test results of heating and cooling cycles on foam concrete PCM28D samples

The melting range of PCM28D was 26-30°C. The results of heating and cooling cycles on foam
concrete PCM28D samples are shown at Fig.2.4.13 to Fig.2.4.16. The cycling conditions were total
24 hour per cycle through heating and cooling for 8 hours with a heating rate of 2.5°C/min. When
heat cycle test from PCM28D-10% to PCM28D-30% of foam concretes, the lowest latent heat was
found at PCM28D-10%. Considering the PCM28D-10%, the temperatures increase from 10°C to
20°C, PCM foam concrete starts melting and delays the temperature for around 2 hours. Contrarily,
when the temperature decreases from 20°C to 10°C, PCM foam concrete starts freezing. The
temperature is delayed for around 2 hours. The highest latent heat was found at PCM28D-
30%. Considering the PCM28D-30%, the temperatures increase from 10°C to 20°C, PCM foam
concrete starts melting and delays the temperature for around 6 hours. Contrarily, when the
temperature decreases from 20°C to 10°C, PCM foam concrete starts freezing. The temperature is
delayed for around 6 hours.

After measuring the temperature of the thermal cycle surface, inside and backside of the specimens,
it can be seen the clear results of melting and freezing range of the specimens. When the amount PCM
increased, latent heat storage also increased. The lowest melting and freezing range mainly were the
surface of the specimens. Contrarily, the highest melting and freezing range mainly was the backside
of the specimens which means PCM absorbed a certain amount of energy and released large amounts

of energy.
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Figure 2.4.18 Experimental condition for climate cycle test of PCM43D-10%.
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Figure 2.4.20 Experimental condition for climate cycle test of PCM43D-30%.
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2.4.6 Test results of heating and cooling cycles on foam concrete PCM43D samples

The melting range of PCM43D was 26-30°C. The results of heating and cooling cycles on foam
concrete PCM43D samples are shown at Figure 2.4.17 to Figure 2.4.20. The cycling conditions were
total 24 hour per cycle through heating and cooling for 3 hours with a heating rate of 2.5°C/min.
When heat cycle test from PCM43D-10% to PCM43D-30% of foam concretes, the lowest latent heat
was found at PCM43D-10%. Considering the PCM43D-10%, the temperatures increase from 40°C
to 50°C, PCM foam concrete starts melting and delays the temperature for around 8 hours. Contrarily,
when the temperature decreases from 50°C to 40°C, PCM foam concrete starts freezing. The
temperature is delayed for around 2 hours. The highest latent heat was found at PCM43D-
30%. Considering the PCM43D-30%, the temperatures increase from 10°C to 20°C, PCM foam
concrete starts melting and delays the temperature for around 8 hours. Contrarily, when the
temperature decreases from 20°C to 10°C, PCM foam concrete starts freezing. The temperature is
delayed for around 3 hours.

After measuring the temperature of the thermal cycle surface, inside and backside of the specimens,
it can be seen the clear results of melting and freezing range of the specimens. When the amount PCM
increased, latent heat storage also increased. The lowest melting and freezing range mainly were the
surface of the specimens. Contrarily, the highest melting and freezing range mainly was the backside
of the specimens which means PCM absorbed a certain amount of energy and released large amounts

of energy.
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2.4.7 Microstructure analysis

The observation of the microstructure of the PCM foam concrete mix by SEM produced the
images of the PCM foam concrete samples. These contain (A) No-PCM, (B) PCM-10% and (C)
PCM-30%, which are shown in Figure 2.4.21. The same effects can be seen for both PCM6D that
from the observation both fly ash particles and PCM capsules are dispersed in the foam concrete
matrix. It is said that the cementitious matrix that is composed predominantly of calcium-silica
hydrate (C-S-H) and portlandite (CH) host the inert inclusion of quartz [22]. Ref. [31] said that these
two phases are the main products of cement hydration. During the mixing process, the microcapsule

PCMs kept their spherical shapes without any cracks or damage.

e A

: . Small . E_artiqle ‘
e A 3 size of PCMs

PCMs

Fly ash

L

i

(A)No-PCM (B) PCM-10% (C) PCM-30%

Figure 2.4.21 SEM image of PCM foam concrete after 28 days of curing (x1000): (A) No-PCM, magnification
%1000 (B) PCM6D-10% magnification x1000 (C) PCM6D-30%, magnification x1000.
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2.5 CONCLUSIONS

This chapter is divided into 5 sections. The initial section deals with the design mix of foam
concrete and the effect of different amount of PCMs and the effect of admixture towards to
consistency, stability and strength of the mix compositions related to the objective of this study. the
design mix of foam concrete and examines how different amounts of PCMs and admixtures affect the
consistency, stability, and strength of the concrete mixes. It was observed that adding PCMs to replace
10% to 30% of cement led to a significant reduction in the compressive strength of the concrete.
Additionally, as the amount of PCM increased, the density of the concrete decreased. The use of a
special OM mixer was crucial in maintaining the integrity of the microcapsule PCMs during the
mixing process. This prevented the formation of typical cracks in the PCMs within the concrete,
preserving their energy storage potential.

The second section deals latent heat (Ah) and specific heat capacity of PCM foam concrete. The
influence of different heating/cooling rates on the thermal behavior of the PCM foam concrete has
been analyzed, namely with regard to the peak temperatures on the DSC, as well as on the specific
enthalpy calculated. Moreover, the impact of the heating/cooling rate on thermal behavior of the foam
concrete thermal response with PCM was analyzed. When the amount PCM increased, the specific
enthalpy also increased. The heat enthalpy was found in samples from PCM6D to PCM43D with the
rate of 10°C/min and the melting and freezing latent heat (Ah) stored in unit weight were found
between 3.19 J/g and 44.01 J/g. The highest specific heat (Cp) was found in PCM43D, with the rate
of 10°C/min and specific heat (Cp) unit weight was found between 4.54 J/g°C.

The third section deals with the thermal conductivity test. The reducing trend of thermal
conductivity with the increasing substitution level of PCM composite attributes to the low thermal
conductivity from PCM6D to PCM43D composites (in the range of 0.2-0.4 W/m.K).

The fourth section is about the heat cycle test. All PCMs tended to have a delayed temperature and
time between 1 hour and 8 hours. The highest maintained temperature was found at PCM43D. The
temperature was delayed for around 8 hours.

The fifth section is about SEM analysis, the microencapsulate PCM kept their spherical shapes
without virtually any cracks or damage. The OM mixer was shown to be highly effective for mixing
PCMs in the foam concrete, which is one of the fundamental findings of this research.

To conclude, PCM foam concrete has some useful characteristics such as better thermal
performance and latent heat storage. The results revealed that PCMs can reduce indoor temperature
fluctuations as they exhibit the potential for enhancing energy savings and thermal comfort of
buildings.
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CHAPTER 3
ENHANCING ENERGY STORAGE CAPACITY

IN CONCRETE WITH PCMs



3.1 EXPERIMENTAL OVERVIEW

Before this chapter, we confirmed that PCM foam concrete has capacity to reduce energy
consumption. This chapter is dedicated to enhancing the energy storage capacity (TES) of concrete
and comprises five key sections. The initial section examines the mechanical aspects, including the
compressive strength of various concrete types blended with PCMs. The second section focuses on
estimating specific enthalpy and specific heat capacity for blended PCM concretes. The third section
covers heat cyclic analysis with specific enthalpy estimation and phase change temperature for all
types of blended PCM concrete, crucial parameters for thermal characterization. The final section

presents the chapter's conclusion.

3.1.1 Introduction

To enhance the energy storage capacity (TES) of concrete, several important factors should be
considered. First, it is crucial to enhance concrete ability to transfer heat effectively [1], [2]. This can
be achieved by increasing thermal conductivity concrete. This is important because PCM foam
concrete tends to have low thermal conductivity, which slows down heat transfer rates during phase
change processes. For instance, the thermal conductivity of cement-based materials can be improved
through careful optimization of mixture design. Liu, et al. [3] found that when the water-cement ratio
decreased from 0.6 to 0.5, the thermal conductivity increased from 1.56 W/(m-K) to 1.81 W/(m-K).
Additionally, it's worth noting that the thermal conductivity of heat transfer cement materials can be
effectively modified by changing their composition [4]. Furthermore, the introduction of high-
thermal-conductivity additives, such as steel fibers [5], carbon nanotube [6], graphite[7] and metal
powder [8] has proven to be a successful strategy for enhancing the thermal performance of cement-
based materials. For example, Liu, Kai, et al. [9] concluded that sand—iron ore sand ratio ranks the
best effect on thermal conductivity.

Secondly, optimizing the amount of PCMs is vital. Furthermore, employing multiple PCMs with
closely matched melting and freezing temperatures has shown significantly improve the energy
storage capacity[10], [11]. For instance, Siyabi et al. [12]demonstrated better heat transfer rates in a
shell-and-tube heat exchanger with multiple PCMs. Mozafari et al. [13] achieved significant
improvements in thermal energy storage and recovery by using dual PCMs in a triplex tube heat
exchanger. However, there is currently no reported study using the multiple PCM in concrete structure.

In our experimental work, we adopted a combination of two distinct approaches within our
experimental framework. The first approach centers on improving the thermal conductivity of PCM
concrete, with the expectation that this will lead to an increase in heat transfer rates during phase
change processes. To accomplish this, we created different types of concrete and compared their
thermal conductivity and heat storage capabilities, including foam concrete, regular concrete, and

ultra-heavy concrete.
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The second approach involves integrating a blend of Phase Change Materials (PCMs) into the
concrete structure, with the goal of extending the duration of energy storage. This approach
encompasses a variety of concrete compositions that incorporate PCMs with different melting and
freezing temperatures. These compositions included scenarios with No PCM, PCM6DI18D,
PCM18D28D, PCM28D43D. Each type of concrete in this study contained blended PCMs.

This research dedicated to enhancing the energy storage capacity (TES) of concrete through the
incorporation blended microencapsulated PCMs into different types of concretes, investigating
extensively material properties and thermal behavior. Our experiments contribute to understanding
phase change phenomena and have practical implications for enhancing indoor comfort and reducing

cooling and heating energy demand.

3.2 MATERIAL PROPERTIES

3.2.1 Microencapsulated PCM

Four types of encapsulated PCMs are studied. These included 6D, 18D, 28D and 43D. All
encapsulated PCMs are micro-encapsulated free wax: <=2.5% PCM and solid content: 97.0-100.0.
Additionally, these four types of encapsulated PCMs were mixed with each other to create three
different combinations: PCM6D18D, PCM18D28D, and PCM28D43D. The sizes of these PCM
particles were provided by the manufacturers [14] and were also determined through microscopic
analysis using optical microscopy. Their sizes were provided by the manufacturers and were

determined as well by using optical microscopy (Table 3-1).

Table 3-1 Thermo physical properties of various microencapsulated PCMs.

Material Nature Size (pum) Melting Heat of Solid
O Fusion Content %
(J/g)
PCM6D18D Dry 15.0-30.0 0 to 30 189 97.0-100.0
PCM18D28D Dry 15.0-30.0 10 to 30 235 97.0-100.0
PCM28D43D Dry 15.0-30.0 30 to 50 189 97.0-100.0

3.2.2 Fine aggregate
Silica sand as fine aggregate obtained on the market with dry silica sand No.5 was used in this
study. The specific gravity and density of fine aggregate were 2.62 and 1.56. Table 3-2 and Table 3-3

show chemical composition and physical properties of silica sand.
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Table 3-2 Chemical composition of silica sand (No.5).

S10? APPO3 Fe?03 CaO Na?O K20 TiO? LOI
% 95.43 2.62 0.09 0.49 1.5 77.1 2.26 2.10

Table 3-3 Physical properties of silica sand (No.5).

Bulk True Water Amount of
pH specific specific Absorption Chloride
Gravity gravity (%) (%)
(g/cm’) (g/cm’)
6.1 1.53 2.63 0.57 0.001

3.2.3 High density aggregate

The high-density aggregate is obtained by replacing natural silica sand, which is a fine aggregate,
among the constituent materials of ordinary concrete used in this study described above, with high
weight aggregate. The density of the weight aggregate used is 3.0~5.0g/cm® and refers to concrete
with a specific gravity of 2.5~6.0 with grain size if 2.0 mm or less. Unlike ordinary concrete, it can
be effective against radiation. In general, iron ore, barium ore, iron oxide powder, and barite with a
high specific gravity are often used, and in particular, nuclear power is effective against radiation and

vy rays. It is used as concrete for radiation shielding used on walls of power plants.

Table 3-4 Chemical composition of aggregate.

Fe Si Ca Al Mg P etc.
% 81 7 3 0 6 0 3

Table 3-5 Physical properties of aggregate.

Bulk True Water Amount of
pH specific specific Absorption chloride
gravity gravity (%) (%)
(g/em?) (g/ecm?)
64.5 23.9 4.8 53 1.5
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3.2.4 Mix compositions

In total, we formulated 21 different mix compositions in this experiment to evaluate both thermal
storage capacity and mechanical properties. Each type of concrete in this study contained blended
PCMs. It included scenarios with No PCM, PCM6DI18D, PCM18D28D, PCM28D43D. We
quantified the blend of PCMs as a replacement for a portion of the cement in the chosen mix
composition, and the specific data can be found from Table 3-6 to Table 3-8. All the samples

underwent curing through water exposure at 20°C in a room with 95% humidity.

Regarding the foam concrete (FC) with blended PCMs, we didn't use a standard method for
proportioning foamed concrete. Instead, our target density became the primary design criterion. The
main ingredients included rapid-hardening cement, ordinary cement, silica fume, and superplasticizer.
For the ordinary concrete (NC) with blended PCMs, we followed the standard JIS A 5308[15]. This
material consisted of cement, water, and fine aggregate, specifically natural silica sand No. 5 (as
shown in Table 3-2). As for the high-density concrete (ND) with blended PCMs, we achieved it by
replacing the natural silica sand in the constituent materials of the ordinary concrete used in this study
with high-weight aggregates. The presence of iron ore in these aggregates was expected to enhance

thermal conductivity.

Table 3-6 Mix compositions of foam concrete.

Mix Cement Fly Ww/C PCM SP SF Foam
Designation (kg) ash (Lit) (kg) (kg) (kg) (gram)
(kg) 0.3 30% 1% 10%
10%
Reference 4.5 0.45 1.35 0 0.045 0.45 800
FC 6D18D 2.7 0.45 0.67 0.9 0.045 0.45 1500
FC 18D28D 2.7 0.45 0.67 0.9 0.045 0.45 1500
FC 28D43D 2.7 0.45 0.67 0.9 0.045 0.45 1500

Table 3-7 Mix compositions of ordinary concrete.

Mix Cement Water Sand PCM
Designation Ww/C (kg) (Lit) (kg) (kg)
0.5 10% 30%
Reference 0.5 0.83 0.41 1.9 0
NC 6D18D 0.5 0.83 0.4 1.1 0.18
NC 18D28D 0.5 0.83 0.4 1.1 0.18
NC 28D43D 0.5 0.83 0.4 1.1 0.18
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Table 3-8 Mix compositions of high-density concrete.

Mix Cement Water Aggregate PCM SP
Designation W/C (kg) (Lit) (kg) (kg) (kg)
10% 30% 1%
Reference 0.55 0.84 0.46 3.52 0 0.03
ND6D18D 0.3 0.84 0.25 2.06 0.18 0.02
ND18D28D 0.3 0.84 0.25 2.06 0.18 0.02
ND28D43D 0.3 0.84 0,25 2.06 0.18 0.02

3.3 MECHANICAL ANALYSES

3.3.1 Density test
The density test results presented in Figure 3.3.1 showcase the effects of incorporating Phase

Change Materials (PCMs) on three different types of concretes: ND (No-PCM), NC (No-PCM), and
FC (No-PCM) over various curing periods, specifically on days 7, 14, and 28.
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NIPCI;IAO' PCM- | PCM- | PCM- NPCCI:/;" PCM- | PCM- | PCM- FISCI;/‘[" PCM- | PCM- | PCM-
6D18D |18D28D|(28D43D 6D18D |18D28D(28D43D 6D18D |18D28D|(28D43D
B7day | 4263 | 2575 | 2698 | 2677 | 2174 | 1558 1526 | 1620 998 1238 | 1265 1060
D14 day| 4238 | 2575 | 2669 | 2704 | 2130 | 1536 | 1611 1598 996 1193 1133 1005
O28 day| 4188 | 2519 | 2621 | 2632 | 2035 1480 | 1553 1599 954 1158 | 1134 937

Figure 3.3.1 Results of density test results on different types of concretes with and without PCMs.
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For ND concrete, both with and without PCM, the density results ranged between 2519 kg/m? and
4263 kg/m3. Notably, after adding PCMs (PCM6D18D, PCM18D28D, and PCM28D43D), the
density of ND concrete experienced a significant reduction, amounting to approximately 39.5% at
the 7-day mark compared to ND No-PCM. This decrease in density suggests that the incorporation
of PCMs impacts the initial density of ND concrete considerably. A decrease in density was observed
from 7 to 28 days and the calculated percentages variations were as follows: for ND No-PCM: 1.7%;
ND PCM6D18D: 2.17%; ND PCM18D28D: 2.44% and ND PCM28D43D: 1.6%. Furthermore, ND
concrete is composed of high-density aggregate, which inherently leads to a higher density compared
to NC and FC.

Similar to ND concrete, NC concrete displayed a decrease in density upon the addition of PCMs
(PCM6D18D, PCM18D28D, and PCM28D43D) at the 3-day, resulting in a density range between
2174 kg/m? and 1526 kg/m?. A decrease in density was observed from 3 to 28 days and the calculated
percentages variations were as follows: for NC No-PCM: 6.3%; NC PCM6D18D: 5.0%; NC
PCM18D28D: % and NC PCM28D43D: 1.29%. The reduction was comparable to that observed in

ND concrete, demonstrating that PCMs have a similar impact on both ND and NC concrete densities.

As for FC concrete, however, showed different behavior compared to ND and NC. In the case of
FC concrete with PCMs (PCM6D18D, PCM18D28D, and PCM28D43D), the density exhibited no
significant reduction at the 7-day compared to FC No-PCM. This divergence from the trends observed
in ND and NC concrete indicates that FC concretes are more controlled by wet density and are less
affected by the addition of PCMs in terms of their initial density. A decrease in density was observed
from 3 to 28 days and the calculated percentages variations were as follows: for FC No-PCM: 4.4%;
FC PCM6D18D: 6.4%; FC PCM18D28D: 10.3% and FC PCM28D43D: 11.60%.

In conclusion, the study's findings suggest that the addition of PCMs has a significant impact on
the density of ND and NC concretes, resulting in a substantial reduction at the 3-day which is in
accordance with the result of [16], [17]. However, FC concrete, due to its unique composition, does

not exhibit a similar reduction in density after PCM inclusion.
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3.3.2 Compressive strength test
The compressive strength of each test piece was measured using the universal testing machine Hi-
Actis-200L in accordance with JIS A 1108. Tests were conducted in 7d, 14d, and 28d.
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NI]’)CIIII/IO- PCM6D | PCM18 | PCM24 NPCCII\\I/?' PCM6D| PCM18 | PCM24 FECI\I\I/‘[" PCM6D| PCM18 | PCM24
18 D24 D43 18 D24 D43 18 D24 D43

@7day | 9.02 3.25 4.8 6.5 9.01 3.73 3.43 5.79 3.52 1.63 2.25 3.13
E14day| 9.07 3.39 5.86 7.44 10.2 4.44 53 6.42 4.53 3.24 3.72 3.85
O28day| 12.2 5.36 6.48 8.82 11.3 5.24 6.24 7.21 53 4.2 4.8 4.7

Figure 3.3.2 Compressive strength test results on different types of concretes with and without PCM.

The compressive strength test results presented in Figure 3.3.2 examine the effects of incorporating
Phase Change Materials (PCMs) on three different types of concretes: ND, NC and FC over various
curing periods at 7, 14, and 28 days of curing, with a temperature of 20°C and relative humidity of
90%. In these three different concretes, 30% of cement’s weight in each type of concrete were
substituted with PCMs.

For ND concrete, the compressive strength result of No-PCM was recorded at 9.02 MPa on day 7.
In contrast, the compressive strengths of ND PCM6D18D, ND PCM18D28D and ND PCM28D43D
were 3.25 MPa, 4.8 MPa and 6.5 MPa, respectively, resulting in strength decrease of 63.9%, 46.7%
and 28.1%, respectively, compared to ND No-PCM. However, from day 7 to day 28, the compressive
strengths of all samples increased by 26% for ND No-PCM; to 39.3% for ND PCM6D18D; to 25.9%
for ND PCM18D28D; to 26.3% for ND PCM28D43D, respectively.
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For NC concrete, the compressive strength result of NC No-PCM was recorded at 9.01 MPa on
day 7. As opposed to this, the compressive strengths of NC PCM6D18D, NC PCM18D28D, and NC
PCM28D43D were 3.7 MPa, 3.43 MPa and 5.79 MPa, with the strength decreases of 63.3%, 61.9%
and 35.7%, respectively, compared to NC No-PCM. However, from day 7 to day 28, the compressive
strengths of all samples increased by 20% for NC No-PCM; to 29% for NC PCM6D18D; to 45% for
NC PCM18D28D; to 19% for NC PCM28D43D, respectively.

For FC concrete, the compressive strength result of FC No-PCM was recorded at 3.52 MPa on day
7. In contrast, the compressive strengths of FC PCM6D18D, FC PCM18D28D, and FC PCM28D43D
were 1.63 MPa, 2.25 MPa and 3.13 MPa, with the strength decreases of 53.6%, 36% and 11%,
respectively, compared to NC No-PCM. However, from day 7 to day 28, the compressive strengths
of all samples increased by 64% for FC No-PCM; to 61% for FC PCM6D18D; to 46% for FC
PCM18D28D; to 33% for FC PCM28D43D, respectively.

In conclusion, the incorporation of blended PCMs into concrete had a noticeable impact on
compressive strength in all three types of concrete (ND, NC, and FC). As evidenced by prior research,
Cui et al [18] showed that a 25% replacement of PCM led to 66.34% reduction in compressive
strength compared to the control cement paste, aligning with current study’s outcomes. A similar
impact of adding PCM on the strength of PCM concrete was reported by [19]Although there was an
initial decrease in strength when PCMs were introduced, all three types of concrete demonstrated

significant improvements in compressive strength from day 7 to day 28.
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3.4 THERMAL ANALYSIS

3.4.1 Differential Scanning Calorimetry (DSC)

The calorimetry measurements were taken with a TA device with a temperature accuracy of =+
0.1°C. It measures the difference in the heat flow rate between samples and insert reference as a
function of time and temperature. The melting and freezing behaviors of the PCM were analyzed by
a DSC model Q25. The temperature was measured at the sample platform with a thermocouple. The
sample sizes were between 5 and 10 mg and were encapsulated with Pans [20] (container of the
sample material) and Lids (cap of the container). The samples were weighted by an analytical ultra-
micro balance model: MC25. Then the samples were sealed in the pan by using an encapsulating
press. An empty aluminum crucible was used as a reference in all measurements. To accurately
measure the transition temperature, it is recommended [21], [22] that the samples are scanned with a
low heating/cooling rate. Once the sample is measured with a low heating rate, conducting an
experiment with a higher heating/cooling rate is suggested to measure the value of the enthalpy. The
effect of the thermal cycles and heating/cooling rates on the phase change processes and specific
enthalpy values was examined. In this way, different heating/cooling rates of 10°C/min, 5°C/min,

2°C/min, 1°C/min and 0.5°C/min were considered.

ki ==

Figure 3.4.1 DSC analysis machine model Q25.
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3.4.1.1 DSC and thermal analysis results of FC-PCM

The discussion outlines the results of a Differential Scanning Calorimetry (DSC) test conducted
on three different foam concrete (FC) samples, each containing a different type of blended Phase
Change Material (PCM). The test involved heating and cooling scans at a rate of 10°C per minute.
The results are presented in Figure 3.4.2 through Figure 3.4.4.

In the case of FC PCM6D18D, the DSC analysis revealed two melting peaks and two freezing peaks.
The first melting peak was observed at 6.02°C, and the first freezing peak was found at -7.25°C. The
latent heats of melting and freezing (Ah) stored in unit weight were 6.02 J/g and 4.69 J/g, respectively.
The second melting peak occurred at 17.9°C, with the second freezing peak at 15.7°C. The latent
heats of melting and freezing for the second peak were 10.95 J/g and 7.79 J/g.

In the FC PCM18D28D sample, similar to the first, two melting peaks and two freezing peaks
were observed. The first melting peak was at 17.86°C, and the first freezing peak was at 9.66°C. The
corresponding latent heats of melting and freezing were 11.21 J/g and 4.06 J/g. The second melting
peak was found at 26.4°C, and the second freezing peak at 21°C. The latent heats of melting and
freezing for the second peak were 4.06 J/g and 4.17 J/g.

The FC PCM28D43D sample also displayed two melting peaks and two freezing peaks. The first
melting peak was recorded at 26.7°C, while the first freezing peak occurred at 20.9°C. The latent
heats of melting and freezing were 6.63 J/g and 5.14 J/g. The second melting peak was observed at
44.2°C, and the second freezing peak at 37.2°C. The latent heats of melting and freezing for the
second peak were 9.07 J/g and 5.85 J/g.

A common observation across all three types of FC concretes containing blended PCMs was that
they melted and solidified within specific temperature ranges. Notably, the first melting peak
consistently exhibited a higher latent heat capacity than the second melting peak, even though the

same amount of the two types of PCM was incorporated into the concrete for each case.
This observation suggests that the behavior of the blended PCMs in the FC samples is dependent

on the specific type of PCM used and the corresponding temperature ranges at which phase transitions

occur.
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3.4.1.2 DSC and thermal analysis results of NC-PCM

The discussion outlines the results of a Differential Scanning Calorimetry (DSC) test conducted
on three different foam concrete (NC) samples, each containing a different type of blended Phase
Change Material (PCM). The test involved heating and cooling scans at a rate of 10°C per minute.
The results are presented in Figure 3.4.5 through Figure 3.4.7.

In the case of NC PCM6D18D, the DSC analysis revealed two melting peaks and two freezing
peaks. The first melting peak was observed at 4.06°C, and the first freezing peak was found at -5.15°C.
The latent heats of melting and freezing (Ah) stored in unit weight were 16.81 J/g and 17.03 J/g,
respectively. The second melting peak occurred at 16.98°C, with the second freezing peak at 10.5°C.
The latent heats of melting and freezing for the second peak were 6.33 J/g and 6.73 J/g.

In the NC PCM18D28D sample, similar to the first, two melting peaks and two freezing peaks
were observed. The first melting peak was at 18°C, and the first freezing peak was at 9.77°C. The
corresponding latent heats of melting and freezing were 13.99 J/g and 17.04 J/g. The second melting
peak was found at 26.57°C, and the second freezing peak at 21.30°C. The latent heats of melting and
freezing for the second peak were 4.08 J/g and 3.08 J/g.

The NC PCM28D43D sample also displayed two melting peaks and two freezing peaks. The first
melting peak was recorded at 26.17°C, while the first freezing peak occurred at 21.47°C. The latent
heats of melting and freezing were 15.15 J/g and 4.8 J/g. The second melting peak was observed at
43.77°C, and the second freezing peak at 29.17°C. The latent heats of melting and freezing for the
second peak were 11.50 J/g and 12.34 J/g.

A common observation across all three types of NC concretes containing blended PCMs was that
they melted and solidified within specific temperature ranges.
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The discussion outlines the results of a Differential Scanning Calorimetry (DSC) test conducted
on three different foam concrete (ND) samples, each containing a different type of blended Phase
Change Material (PCM). The test involved heating and cooling scans at a rate of 10°C per minute.
The results are presented in Figure 3.4.8 through Figure 3.4.10.

In the case of ND PCM6D18D, the DSC analysis revealed two melting peaks and two freezing
peaks. The first melting peak was observed at 5.42°C, and the first freezing peak was found at -5.49°C.
The latent heats of melting and freezing (Ah) stored in unit weight were 3.77 J/g and 3.52 J/g,
respectively. The second melting peak occurred at 17.16°C, with the second freezing peak at 10.22°C.
The latent heats of melting and freezing for the second peak were 1.47 J/g and 1.5 J/g.

In the ND PCM18D28D sample, similar to the first, two melting peaks and two freezing peaks
were observed. The first melting peak was at 18.74°C, and the first freezing peak was at 9.81°C. The
corresponding latent heats of melting and freezing were 7.24 J/g and 9.91 J/g. The second melting
peak was found at 26.32°C, and the second freezing peak at 21.25°C. The latent heats of melting and
freezing for the second peak were 1.19 J/g and 1.08 J/g.

The ND PCM28D43D sample also displayed two melting peaks and two freezing peaks. The first
melting peak was recorded at 26.29°C, while the first freezing peak occurred at 28.81°C. The latent
heats of melting and freezing were 9.94 J/g and 12.61 J/g. The second melting peak was observed at
43.54°C, and the second freezing peak at 37.77°C. The latent heats of melting and freezing for the
second peak were 6.61 J/g and 1.48 J/g.

A common observation across all three types of ND concretes containing blended PCMs was that

they melted and solidified within specific temperature ranges.
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3.4.1.4 Results of DSC measurements of PCM6D18D at various heating and cooling rates

The impact of varying heating and cooling rates on the test results of different types of concretes
containing is PCM6D18D illustrated in Figure 3.4.11 to Figure 3.4.16. These figures depict the phase
changes observed at five different heating and cooling rates: 10°C/min, 5°C/min, 2°C/min, 1°C/min,

and 0.5°C/min, with a specific focus on latent heat capacity, as shown on the right side.

One intriguing observation is the linear relationship between the heating rate and the variation in

latent heat capacity, which remains relatively constant across different rates.

When comparing all three types of PCM6D at various heating rates (Figure 3.4.11 to Figure 3.4.13),
it becomes evident that NC has, on average, a 0.8% higher latent heat capacity than FC concrete and,
on average, a 78% higher capacity than ND concrete. Concerning PCM 18D, NC exhibits, on average,
a 20% higher latent heat capacity than FC concrete and, on average, a 74% higher capacity than ND

concrete.

Similarly, when examining all three types of PCM6D at different cooling rates (Figure 3.4.14 to
Figure 3.4.16), it becomes evident that NC has, on average, an 8% higher latent heat capacity than
FC concrete and on average, a 78% higher capacity than ND concrete. Regarding PCM 18D, NC
showcases, on average, a 10% higher latent heat capacity than FC concrete and, on average, a 50%
higher capacity than ND concrete.

The DSC results of PCM6D18D concretes for all scanning rates above mentioned are summarized
from Table 3-10 to Table 3-12.

These comparisons highlight the significant impact of heating and cooling rates on the latent heat
capacity of PCM concrete and underscore the variations in these thermal properties among different
PCM types.
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Figure 3.4.16 Results of DSC measurement of ND PCM6D18D at various cooling rates.
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3.4.1.5 Results of DSC measurements of PCM18D28D at various heating and cooling rates

The impact of varying heating and cooling rates on the test results of different types of concretes
containing is PCM18D28D illustrated in Figure 3.4.17 to Figure 3.4.22. These figures depict the
phase changes observed at five different heating and cooling rates: 10°C/min, 5°C/min, 2°C/min,

1°C/min, and 0.5°C/min, with a specific focus on latent heat capacity, as shown on the right side.

One intriguing observation is the linear relationship between the heating/cooling rate and the
variation in latent heat capacity, which shows a slight decrease as the heating rate and cooling rates
increase.

When comparing all three types of PCM18D at various heating rates (Figure 3.4.17 to Figure
3.4.19), it becomes evident that NC has, on average, a 32% higher latent heat capacity than FC
concrete and, on average, a 51% higher capacity than ND concrete. Concerning PCM28D, NC
exhibits, on average, a 32% higher latent heat capacity than FC concrete and, on average, a 73%

higher capacity than ND concrete.

Similarly, when examining all three types of PCM 18D at different cooling rates (Figure 3.4.20 to
Figure 3.4.22), it becomes evident that NC has, on average, an 44% higher latent heat capacity than
FC concrete and on average, a 50% higher capacity than ND concrete. Regarding PCM28D, NC
showcases, on average, a 24% higher latent heat capacity than FC concrete and, on average, a 72%
higher capacity than ND concrete.

The DSC results of PCM18D28D concretes for all scanning rates above mentioned were
summarized from Table 3-10 to Table 3-12.

These comparisons highlight the significant impact of heating and cooling rates on the latent heat
capacity of PCM concrete and underscore the variations in these thermal properties among different
PCM types.
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Figure 3.4.17 Results of DSC measurement of FC PCM18D28D at various heating rates.
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Figure 3.4.19 Results of DSC measurement of NC PCM18D28D at various heating rates.
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Figure 3.4.21 Results of DSC measurement of FC PCM18D28D at various cooling rates.
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Figure 3.4.22 Results of DSC measurement of FC PCM18D28D at various cooling rates.
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3.4.1.6 Results of DSC measurements of PCM28D43D at various heating and cooling rates

The impact of varying heating and cooling rates on the test results of different types of concretes
containing is PCM28D43D illustrated in Figure 3.4.23 to Figure 3.4.28. These figures depict the
phase changes observed at five different heating and cooling rates: 10°C/min, 5°C/min, 2°C/min,
1°C/min, and 0.5°C/min, with a specific focus on latent heat capacity, as shown on the right side. The

One intriguing observation is the linear relationship between the heating rate and the variation in

latent heat capacity, which remains relatively constant across different rates.

When comparing all three types of PCM28D at various heating rates (Figure 3.4.23 to Figure
3.4.25), it becomes evident that NC has, on average, a 38% higher latent heat capacity than FC
concrete and, on average, a 33% higher capacity than ND concrete. Concerning PCM43D, NC
exhibits a value almost identical to FC concrete and, on average, a 52% higher capacity than ND

concrete.

Similarly, when examining all three types of PCM43D at different cooling rates (Figure 3.4.26 to
Figure 3.4.28), it becomes evident that NC has, on average, an 8% higher latent heat capacity than
FC concrete and on average, a 78% higher capacity than ND concrete. Regarding PCM43D, NC
showcases, on average, a 10% higher latent heat capacity than FC concrete and, on average, a 50%
higher capacity than ND concrete.

The DSC results of PCM2843D concretes for all scanning rates above mentioned were
summarized from Table 3-10 to Table 3-12

These comparisons highlight the significant impact of heating and cooling rates on the latent heat
capacity of PCM concrete and underscore the variations in these thermal properties among different
PCM types.
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Figure 3.4.25 Results of DSC measurement of ND PCM28D43D at various heating rates.
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Figure 3.4.27 Results of DSC measurement of NC PCM28D43D at various cooling rates.
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Figure 3.4.28 Results of DSC measurement of ND PCM28D43D at various cooling rates.
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Table 3-9 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min.

Melting Freezing
. _ Onset Peak Peak Onset Peak Peak
Designation
Temp Enthalpy Temp Temp Enthalpy Temp
O (/g (°C) (°0) Vg °C)

10°C/min -1.33/14.34 43.75/10.95 2.65/17.69 -5.69/11.02 4.69/15.75 -7.25/1.79

5°C/min 3.71/13.57 6.94/13.50 5.23/16.62 -4.79/11.71 7.29/15.14 -6.00/9.49

6D18D 2°C/min 3.61/13.64 5.93/14.15 4.65/16.08 -4.43/11.99 6.80/15.38 -5.21/16.08
1°C/min 3.56/13.85 6.05/13.88 4.41/15.92 -4.26/12.14 6.88/15.44 -4.8/11.12

0.5°C/min 3.56/14.11 5.95/14.06 4.27/15.84 -4.16/12.2 5.42/14.83 -4.57/11.39

10°C/min 15.43/24.35 11.21/4.06 17.86/26.47 11.32/22.37 10.32/4.17 9.66/21.04

5°C/min 15.16/24.20 11.61/3.86 17.70/26.30 11.45/22.45 10.04/3.60 9.86/21.25

FC 18D28D 2°C/min 14.92/23.72 11.70/4.94 16.53/25.56 12.30/23.10 10.42/3.41 11.31/22.45
1°C/min 14.98/23.92 12.23/5.00 16.36/25.49 12.54/23.19 8.71/3.63 11.59/22.63

0.5°C/min 15.15/23.86 12.23/5.31 16.30/25.42 12.75/23.07 11.34/3.16 12.01/22.71
10°C/min 23.76/40.87 6.63/9.07 26.78/44.22 22.48/39.22 5.14/5.85 20.91/37.24

5°C/min 23.84/41.74 7.13/6.82 26.15/43.51 22.97/39.77 4.50/5.48 21.92/38.31

28D43D 2°C/min 23.85/41.72 6.62/6.43 25.75/42.94 23.34/40.26 9.52/3.83 22.50/39.01
1°C/min 24.04/41.71 6.99/5.83 25.68/42.76 23.29/40.18 10.07/3.49 22.66/39.20
0.5°C/min 23.92/41.65 9.90/5.48 25.60/42.65 23.27/40.34 10.74/3.09 22.75/39.46
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Table 3-10 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min.

Melting Freezing
_ ) Onset Peak Peak Onset Peak Peak
Designation
Temp Enthalpy Temp Temp Enthalpy Temp
(°0) (/g (°C) (°0) (/g (°C)

10°C/min 1.82/15.44 16.81/6.33 4.30/16.98 -4.03/11.61 17.03/6.73 -5.15/10.57

5°C/min 1.81/15.23 16.78/6.55 3.84/16.60 -3.85/11.92 16.68/6.90 -4.58/11.1
6D18D 2°C/min 1.89/15.10 16.77/6.63 3.54/16.32 -3.7/12.33 17.60/7.01 -4.16/11.54
1°C/min 2.14/15.17 15.69/6.54 3.48/16.25 -3.66/12.53 17.14/6.83 -4.02/11.69
0.5°C/min 2.15/15.33 16.99/6.31 3.46/16.24 -3.63/12.68 16.82/6.55 -3.99/12.07

10°C/min 15.51/24.37 13.99/4.80 18.00/26.57 11.51/22.43 17.40/3.80 9.77/21.30
5°C/min 15.03/23.57 17.71/6.76 17.10/25.90 11.94/22.87 18.52/4.75 10.68/22.04
NC 18D28D 2°C/min 14.93/23.51 18.11/7.47 16.59/25.56 12.23/23.14 18.53/5.14 11.30/22.48
1°C/min 15.00/23.64 18.53/7.54 16.40/25.46 12.56/23.23 18.62/5.11 11.59/22.66
0.5°C/min 15.15/23.74 19.01/7.50 16.33/25.43 12.75/23.29 18.41/5.03 11.99/22.75
10°C/min 23.14/40.34 15.15/11.50 26.16/43.77 22.59/39.94 4.84/12.34 21.47/29.17
5°C/min 23.26/41.89 17.99/5.78 26.10/43.62 33.06/39.73 18.92/3.68 29.16/37.85
28D43D 2°C/min 23.26/41.96 17.79/5.82 25.47/42.76 23.18/40.21 20.48/3.68 22.50/39.15
1°C/min 23.51/42.01 18.63/5.06 25.44/42.63 23.26/40.28 21.20/3.43 22.65/39.39
0.5°C/min 23.50/42.03 20.44/4.96 25.40/42.59 34.07/40.26 20.13/3.19 22.71/39.55
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Table 3-11 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min.

Melting Freezing
Onset Peak Peak Onset Peak Peak
Designation
Temp Enthalpy Temp Temp Enthalpy Temp
O (/g) (°C) 0 (W) (°C)

10°C/min 1.81/15.54 3.77/1.47 4.52/17.16 -4.07/11.45 3.52/1.5 -5.49/10.22
5°C/min 1.79/15.24 3.41/1.4 3.85/16.60 -3.84/11.84 3.42/1.48 -4.67/10.99
6D18D 2°C/min 1.98/15.17 3.29/1.36 3.57/16.33 -3.72/12.21 3.49/1.52 -4.21/11.49
1°C/min 2.15/15.31 3.37/1.32 3.53/16.29 -3.7/12.48 3.28/1.40 -4.08/11.62

0.5°C/min 2.19/15.32 3.31/1.37 3.46/16.26 -3.65/12.6 3.05/1.30 -4.03/12
10°C/min 14.96/24.40 7.24/1.19 18.74/26.32 16.62/22.49 8.91/1.08 9.81/21.25
5°C/min 14.71/23.71 8.27/1.76 17.24/25.74 16.97/22.86 8.91/1.26 10.64/22.01
ND 18D28D 2°C/min 14.70/23.53 8.67/2.03 16.55/25.48 17.21/23.13 8.98/1.40 11.28/22.48
1°C/min 14.79/23.76 9.21/2.02 16.40/25.43 17.33/23.33 9.36/1.46 11.52/22.64
0.5°C/min 15.00/23.73 9.11/2.17 16.32/25.34 17.44/23.25 9.42/1.32 17.05/22.71
10°C/min 23.09/40.31 9.94/3.61 26.29/43.54 32.96/39.92 12.61/1.48 28.81/37.77
5°C/min 28.22/41.80 12.15/2.32 33.52/43.10 33.27/40.24 13.33/1.45 29.62/38.62
28D43D 2°C/min 26.64/41.95 13.03/2.11 33.47/42.73 33.60/40.53 14.18/1.38 30.12/39.30
1°C/min 26.23/41.97 13.34/1.97 33.35/42.64 33.75/40.55 14.17/1.25 32.82/39.49
0.5°C/min 23.02/41.98 14.05/1.95 25.39/42.58 33.85/40.76 14.05/1.23 33.30/39.90
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3.4.2 Specific heat capacity and specific enthalpy measurements

The specific heat capacity is defined as the amount of energy required to raise the temperature of
1 gram of a substance by 1°C or 1K, with units quoted as (J/g°C). Also designated as Cp, specific heat

capacity can be quantitatively measured using a DSC when obtained at constant pressure.

The specific heat capacity curve can be generated by subtracting the baseline part of the DSC,
subsequently allowing the specific enthalpy, in the unit weight of PCM, to be determined by dividing
the integrated area of the specific heat capacity curve by the temperature rising rate. This value can

be automatically calculated by the software.

Regarding specific enthalpy, it can be obtained from calorimetry measurements. Temperature-heat
capacity data pairs are measured, and interpolation is used to calculate enthalpy at the required

temperature points. This method provides the highest level of certainty.
Dynamic DSC tests were conducted for all PCM foam concrete samples, considering a heating

rate of 10°C/min. The effect of the heating rate ranging from 10°C to 50°C was investigated for all

PCM foam concrete samples.
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3.4.2.1 Results of specific heat capacity and specific enthalpy measurements of FC PCM
concrete

The discussion presents the results of specific heat capacity and specific enthalpy tests conducted
on three different foam concrete (FC) samples, each containing a different type of blended Phase
Change Material (PCM). The results are presented in Figure 3.4.29- Figure 3.4.31.

In all three FC PCM concrete samples, the specific heat capacity based on specific heat enthalpy
measurements displays two prominent peaks at different temperatures. These peaks indicate distinct
changes in the material's heat capacity and the energy required to raise its temperature by 1°C or 1K
per unit mass.

For FC PCM6D18D (Figure 3.4.29 (a)), the first peak in the specific heat capacity curve occurs at
5.7°C, with a specific heat (Cp) of 3.9 J/g°C. The second peak emerges at 18°C, with a specific heat
capacity of 3.8 J/g°C. FC PCM6D18D exhibits notable changes in heat capacity at these two distinct
temperatures. In the case of FC PCM18D28D (Figure 3.4.30 (a)), the first peak in the specific heat
capacity curve appears at 17.54°C, with a specific heat (Cp) of 4.59 J/g°C. The second peak is
observed at 27.3°C, with a specific heat capacity of 3.019 J/g°C. Notably, FC PCM18D28D displays
the highest specific heat capacity among all FC PCM concretes, making it particularly efficient in
absorbing and storing thermal energy. In contrast, FC PCM28D43D (Figure 3.4.31 (a)), exhibits the
lowest specific heat capacity. Its first peak in the specific heat capacity curve occurs at 26.81°C, with
a specific heat (Cp) of 2.42 J/g°C, and the second peak is noted at 43.71°C, with a specific heat
capacity of 2.78 J/g°C.

The specific enthalpy measurements, conducted within a temperature range of -30 to 60°C, allow
us to understand the phase transition behavior of these materials. The specific enthalpy is assumed
to be zero at -20 °C, enabling the analysis of changes in enthalpy.

For FC PCM6D18D (Figure 3.4.29 (b)), the phase transition range, characterized by substantial
changes in enthalpy, occurs from 6 to 24 °C. Within this phase transition range, FC PCM6D18D
exhibits a specific enthalpy of 18295 J/kg, indicating its significant capacity to absorb and release
thermal energy during this phase transition. For FC PCM18D28D (Figure 3.4.30 (b)), the phase
transition range is observed from 10 to 30 °C, and the specific enthalpy within this range is measured
at 167785 J/kg, showcasing its substantial thermal energy storage capabilities. As for FC
PCM28D43D (Figure 3.4.31 (b)), the phase transition range is noted from 30 to 50 °C, with a specific
enthalpy within this range measured at 17850 J/kg. While this specific enthalpy value is lower than
that of FC PCM6D18D, it still reflects the material's ability to effectively store and release thermal

energy during the specified phase transition.
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Figure 3.4.29 (a) Specific heat capacity and (b) specific enthalpy of FC PCM6D18D.
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Figure 3.4.31 (a) Specific heat capacity and (b) specific enthalpy of FC PCM28D43D.
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3.4.2.2 Results of specific heat capacity and specific enthalpy measurements of NC PCM
concrete

The discussion presents the results of specific heat capacity and specific enthalpy tests conducted
on three different NC samples, each containing a different type of blended Phase Change Material
(PCM). The results are presented in Figure 3.4.32- Figure 3.4.34.

In all three NC PCM concrete samples, the specific heat capacity based on specific heat enthalpy
measurements displays two prominent peaks at different temperatures. These peaks indicate distinct
changes in the material's heat capacity and the energy required to raise its temperature by 1°C or 1K
per unit mass.

For NC PCM6D18D (Figure 3.4.32 (a)), the first peak in the specific heat capacity curve occurs
at 6.19°C, with a specific heat (Cp) of 4.304 J/g°C. The second peak emerges at 18.47°C, with a
specific heat capacity of 5.9 J/g°C. In the case of NC PCM18D28D (Figure 3.4.33 (a)), the first peak
in the specific heat capacity curve appears at 18.9°C, with a specific heat (Cp) of 5.3 J/g°C. The
second peak is observed at 26.7°C, with a specific heat capacity of 3.4 J/g°C. Notably, NC
PCM6D28D displays the highest specific heat capacity among all NC PCM concretes, making it
particularly efficient in absorbing and storing thermal energy. In contrast, NC PCM28D43D (Figure
3.4.34 (a)), exhibits the lowest specific heat capacity. Its first peak in the specific heat capacity curve
occurs at 25.92°C, with a specific heat (Cp) of 3.56 J/g°C, and the second peak is noted at 47.6°C,
with a specific heat capacity of 4.32 J/g°C.

The specific enthalpy measurements, conducted within a temperature range of -30 to 60°C, allow
us to understand the phase transition behavior of these materials. The specific enthalpy is assumed
to be zero at -20 °C, enabling the analysis of changes in enthalpy.

For NC PCM6D18D (Figure 3.4.32 (b)), the phase transition range, characterized by substantial
changes in enthalpy, occurs from 6 to 24 °C. Within this phase transition range, NC PCM6D18D
exhibits a specific enthalpy of 18190 J/kg, indicating its significant capacity to absorb and release
thermal energy during this phase transition. For NC PCM18D28D (Figure 3.4.33 (b)), the phase
transition range is observed from 10 to 30 °C, and the specific enthalpy within this range is measured
at 17387 J/kg, showcasing its substantial thermal energy storage capabilities. As for NC PCM28D43D
(Figure 3.4.34 (b)), the phase transition range is noted from 30 to 50 °C, with a specific enthalpy
within this range measured at 19392 J/kg. While this specific enthalpy value is lower than that of NC
PCM6D18D, it still reflects the material's ability to effectively store and release thermal energy during

the specified phase transition.
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Figure 3.4.32 (a) Specific heat capacity and (b) specific enthalpy of NC PCM6D18D.

— NC
PCM18D28D

5.321

Tempalture(°C)

Enthalpy (J/Kg)

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000
0

-30

-10

10 30
Temperature(°C)

Figure 3.4.33 (a) Specific heat capacity and (b) specific enthalpy of NC PCM 18D28D.
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Figure 3.4.34 (a) Specific heat capacity and (b) specific enthalpy of NC PCM28D43D.
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3.4.2.3 Results of specific heat capacity and specific enthalpy measurements of ND PCM
concrete

The discussion presents the results of specific heat capacity and specific enthalpy tests conducted
on three different ND samples, each containing a different type of blended Phase Change Material
(PCM). The results are presented in Figure 3.4.35- Figure 3.4.37.

In all three ND PCM concrete samples, the specific heat capacity based on specific heat enthalpy
measurements displays two prominent peaks at different temperatures. These peaks indicate distinct
changes in the material's heat capacity and the energy required to raise its temperature by 1°C or 1K
per unit mass.

For ND PCM6D18D (Figure 3.4.35 (a)), exhibits the lowest specific heat capacity. The first peak
in the specific heat capacity curve occurs at 3.22°C, with a specific heat (Cp) of 1.46 J/g°C. The
second peak emerges at 16.4°C, with a specific heat capacity of 1.39 J/g°C. In the case of ND
PCM18D28D (Figure 3.4.36 (a)), the first peak in the specific heat capacity curve appears at 19.68°C,
with a specific heat (Cp) of 2.6 J/g°C. The second peak is observed at 25.1°C, with a specific heat
capacity of 1.5 J/g°C. Notably, ND PCM18D28D displays the highest specific heat capacity among
all ND PCM concretes, making it particularly efficient in absorbing and storing thermal energy. As
for ND PCM28D43D (Figure 3.4.37 (a)), Its first peak in the specific heat capacity curve occurs at
25.59°C, with a specific heat (Cp) of 2.2 J/g°C, and the second peak is noted at 44.5°C, with a specific
heat capacity of 2 J/g°C.

The specific enthalpy measurements, conducted within a temperature range of -30 to 60°C, allow
us to understand the phase transition behavior of these materials. The specific enthalpy is assumed
to be zero at -20 °C, enabling the analysis of changes in enthalpy.

For ND PCM6D18D (Figure 3.4.35 (b)), the phase transition range, characterized by substantial
changes in enthalpy, occurs from 6 to 24 °C. Within this phase transition range, ND PCM6D18D
exhibits a specific enthalpy of 9421 J/kg, indicating its significant capacity to absorb and release
thermal energy during this phase transition. For ND PCM18D28D (Figure 3.4.36 (b)), the phase
transition range is observed from 10 to 30 °C, and the specific enthalpy within this range is measured
at 12646 J/kg, showcasing its substantial thermal energy storage capabilities. As for ND PCM28D43D
(Figure 3.4.37 (b)), the phase transition range is noted from 30 to 50 °C, with a specific enthalpy
within this range measured at 15355 J/kg. While this specific enthalpy value is lower than that of ND
PCM6DI18D, it still reflects the material's ability to effectively store and release thermal energy during

the specified phase transition.
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3.4.2.4 Results of specific heat capacity and specific enthalpy measurements all three types of
PCM concrete

When comparing all three types of PCM6D18D (Figure 3.4.38), it becomes evident that NC has,
on average, a 25% higher specific heat capacity than FC concrete and, on average, a 73% higher
capacity than ND concrete. Regarding specific enthalpy, NC exhibits a value almost identical to FC

concrete, but it is also, on average, 48% higher than ND concrete.

For the PCM18D28D variants (Figure 3.4.39), the comparison reveals that NC has, on average, a
13% higher specific heat capacity than FC concrete and approximately 52% higher capacity than ND
concrete. As for specific enthalpy, NC shows around a 5% increase compared to FC concrete, and it

is approximately 27.9% higher than ND concrete.

Similarly, when examining all three types of PCM28D43D (Figure 3.4.40), it becomes evident that
NC boasts, on average, a 34.9% higher specific heat capacity than FC concrete and, on average, a
47% higher capacity than ND concrete. Regarding specific enthalpy, NC exhibits, on average, a 5%

increase compared to FC concrete, and it is approximately 27.9% higher than ND concrete.
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Figure 3.4.38 Comparison graphics of specific heat capacity and specific enthalpy of PCM6D18D.
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Figure 3.4.39 Comparison graphics of specific heat capacity and specific enthalpy of PCM 18D28D.
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Figure 3.4.40 Comparison graphics of specific heat capacity and specific enthalpy of PCM28D43D.
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3.4.3 Thermal conductivity test

Measurement principles and used instrument the general measurement principle is based on the one-

dimensional Fourier law:

= —ki
1 dx

[23]
where q is heat flux (W/m?) flowing through the sample, k its thermal conductivity (W m-1 K!) and
dt/dx the temperature gradient (K m™) on the isotherm flat surface of the sample. If a flat sample is
placed between two flat isothermal plates maintained at two different temperatures, and a uniform
one-dimensional temperature field has been stabilized, the heat flux in the sample should be
orthogonal to the sample flat faces. As a consequence, the temperature gradient can be determined by
measurements of the difference between temperatures of the hot and cold plates (At = thot —tcold ) and
thickness of the sample Ax, being in this case average temperature gradient d#/dx equal to At/ Ax. The
use instrument, exploiting these principles, is the FOX-200. It consists of the chamber and the base
with keypad display section. All the electronics are housed in the base. Once the door of the chamber
is opened, samples can be placed between two plates. The upper plate is stationary, whereas the lower
one can move up and down by four independently controlled stepping motors. Four precise thickness
readout digital sensors monitor the position of each corner of the lower plate. Each time a sample is

inserted into the instrument and the stack is closed; the average thickness of the sample is determined

within +/-0.025 mm accuracy.

Figure 3.4.41 Thermal conductivity, FOX 200.
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3.4.3.1 Results of thermal conductivity test

The effect of three different types of concretes with blended PCMs on thermal conductivity was
measured on day 28. Figures in Figure 3.4.42 represent the thermal conductivity for FC, NC, and ND
concretes, each containing blended PCMs at a 30% substitution level.

Compared to the reference concrete, the reduction percentages in thermal conductivity for the
composite FC PCM6D18D, PCM18D28D, and PCM28D43D were found to be 28.5%, 39%, and
28%, respectively. Similarly, for the composite NC with PCM6D18D, PCM18D28D, and
PCM28D43D, the reduction percentages in thermal conductivity compared to the reference were
39.4%, 35.1%, and 32.5%, respectively. For the composite ND with PCM6D18D, PCM18D28D, and
PCM28D43D, the reduction percentages in thermal conductivity compared to the reference were 24%,
23.3%, and 21.7%, respectively.

When comparing all three types of PCM6DI18D, it becomes evident that ND has thermal
conductivity improved by 25% compared to FC concrete and, on average, is 21.5% higher than NC
concrete. Similarly, for PCM18D28D and PCM28D43D, thermal conductivity in ND is improved by
36% and 33.2%, respectively, when compared to FC concrete, and, on average, 16.6% and 15.9%
higher than NC concrete. When examining all types of FC with blended PCMs concretes and NC
concretes with blended PCMs, it becomes evident that NC concretes with blended PCMs boasts, on
average, a 19% higher thermal conductivity than FC concretes with blended PCMs. This is in line
with the suggestion of [24] [25] who concluded that thermal conductivity increases with the higher
density due to lower porosity of the sample.

Figure 3.4.42 clearly illustrates the trend that adding PCM results in a decrease in the thermal
conductivity of concrete. These results indicate that enhancing the thermal conductivity of PCM

composites is essential for maximizing the latent heat storage efficiency of PCMs.
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Figure 3.4.42 Thermal conductivity of different types of PCM concretes.
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3.4.4 Heat cycles test

3.4.4.1 Experimental program

The thermal cycling experiment was conducted using a specialized chamber (model ETAC dc-
450) with adjustable temperature and humidity settings. Two variations of PCM foam concrete were
the focus of this study. The heat cycling procedure, outlined in Figure 3.4.35, encompassed a 21-hour
cycle. During each cycle, the chamber temperature remained at 10°C for a 4-hour period, achieved at
a gradual rate of 2.5°C per minute. Subsequently, the temperature was raised from 10°C to 50°C in
20 minutes and maintained at 50°C for 8 hours. Afterward, the temperature was lowered back to 10°C

in 20 minutes and sustained at that level for 8 hours.

50°C

Figure 3.4.43 Heat cycling program.

3.4.4.2 Preparing the specimens for heat cycling test

To evaluate the impact of PCM foam concrete when employed as a building wall material, two
enclosed prototypes were constructed at a laboratory scale. The initial prototype was structured in the
following sequence, from interior to exterior: a 20mm thick layer of PCM foam concrete for
200x200x20mm specimens, accompanied by a S0mm thick layer of extruded polystyrene foam for
300x300x50mm dimensions. Within this prototype setup, a total of three thermocouples were
employed. One thermocouple was positioned on the backside side of the sample, another was placed
on the surface, and a third was inserted in the middle of the prototype box. The mid-specimen

thermocouples were utilized to facilitate comparisons with the various sides of the thermocouples.
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Figure 3.4.44 Heat cyclic analysis of different types of PCM6D18D on the surface side of prototype.
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Figure 3.4.45 Heat cyclic analysis of different types of PCM6D18D on the backside of prototype.
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Figure 3.4.46 Heat cyclic analysis of different types of PCM6D18D on the inside of prototype.
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Figure 3.4.47 Heat cyclic analysis of different types of PCM18D28D on the surface side of prototype.
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Figure 3.4.48 Heat cyclic analysis of different types of PCM 18D28D on the backside of prototype.

] —— Chamber
50 - No PCM Inside
1 Melting Freezing ——FC 18D28D Inside
40 1 ———ND 18D28D Inside
] ——NC 18D28D Inside
30 y———>»{r/ >4 r -~ —————
] /
) I
20 :I |
] 1
NN
0 ]
0:00 4:48 9:36 14:24 19:12 0:00 4:48

Time(h:mm)

Figure 3.4.49 Heat cyclic analysis of different types of PCM18D28D on the inside of prototype.
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Figure 3.4.51 Heat cyclic analysis of different types of PCM28D43D on the backside of prototype.
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Figure 3.4.52 Heat cyclic analysis of different types of PCM28D43D on the inside side of prototype.
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3.4.5 Results of heat cyclic analysis

The thermal performance of three types of concrete panels blended with various proportions of
PCMs was assessed by analyzing temperature changes. Temperature measurements were taken at the
surface, backside of the foam concrete, and the center of the prototype test room. The heat cycling
conditions consisted of 24-hour cycles, with heating and cooling rates lasting for 8 hours at 2.5°C per
minute. The temperature range during the heat cycling ranged between 10°C and 50°C, chosen based

on the melting and freezing ranges of the two types of PCMs.

(Melting and Freezing Range: 0°C - 30°C):

Figure 3.4.44- 3.4.46 shows heat cyclic analysis of different types of concrete with PCM6D18D.
The surface temperature of all samples increased dramatically up to 40°C at the beginning of the
heating process, gradually reaching 50°C in about 3 hours. Meanwhile, the backside of the foam
concrete panel showed a melting process, maintaining the temperature for approximately 10 minutes
within the 0-30°C range. Notably, NC exhibited a clear melting curve compared to the other samples.
Subsequently, the temperature of all the samples gradually increased up to 50°C. However, No-PCM,
FC 6D18D, and ND6D18D experienced a more dramatic increase. Inside the prototype, the behavior
was similar to No-PCM during the heating process. On the contrary, during the cooling process, the
surface temperature dropped dramatically from 50°C to 20°C. Over the following 3 hours, the
temperature gradually decreased to 15°C. On the backside of the foam concrete panel, all the
concretes initiated freezing and began releasing heat when the temperature reached the 0-30°C range.
Both NC and ND showed a similar temperature delay of around 1 hour and 30 minutes, while FC and
No-PCM displayed a similar trend. Inside the prototype, NC and ND exhibited a temperature delay

of around 2 hours during the cooling process.

PCM18D28D (Melting and Freezing Range: 10°C - 30°C):

Figure 3.4.47 to 3.4.49 show heat cyclic analysis of different types of concrete with PCM18D28D.
The surface temperature of all the sample panels increased dramatically up to 40°C at the beginning
of the heating process. A delay of about 1 hour was observed for ND compared to other samples.
Subsequently, the temperature gradually increased up to 50°C in about 3 hours. On the backside of
the panels, as the temperature increased from 10°C to 30°C, NC and ND began to melt and absorb
heat, showing a delay of approximately 1 hour compared to No-PCM and FC. After completing the
melting process, the temperature gradually increased up to 47°C in about 7 hours. Inside the prototype,
as the temperature increased from 10°C to 30°C, NC began to melt and absorb heat, maintaining the
room temperature for around 10 minutes. Other sample panels followed a similar trend to No-PCM.
After the melting process, the temperature gradually increased to 50°C in about 3 hours. Contrarily,
during the cooling process, the surface temperature dropped dramatically from 50°C to 30°C. Over
the following 3 hours, the temperature gradually decreased to 10°C. On the backside of the foam

concrete panel, as the temperature fell from 30°C to 10°C, all sample panels initiated freezing and
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releasing heat. The temperature was delayed for approximately 2 hours compared to No-PCM, which
decreased more rapidly. Although FC exhibited a heat release curve, it was relatively small, similar
to No-PCM. Inside the prototype, there was a noticeable temperature difference between No-PCM
and PCM28D-30%. The room temperature was maintained for around 1 hour and 30 minutes during

the cooling process compared to No-PCM and FC.

PCM28D43D (Melting and Freezing Range: 30°C - 50°C):

Fig 3.4.50- 3.4.52 showed heat cyclic analysis of different types of concrete with PCM28D43D.
The surface temperature of all sample panels increased dramatically up to 40°C at the beginning of
the heating process, gradually reaching 50°C in about 3 hours. In contrast, No-PCM maintained a
steady temperature up to 50°C. Heat was transferred to the backside of the foam concrete panel, where,
as the temperature increased from 20°C to 50°C, NC and ND began to melt and absorb heat, causing
a delay of approximately 4 hours. However, their temperature increased dramatically compared to
No-PCM and FC. Inside the prototype, the room temperature was maintained for 3 hours and 30
minutes within the specified range. FC's temperature exhibited the highest values throughout the
heating process. Conversely, during the cooling process, the surface temperature dropped
dramatically from 50°C to 40°C. Over the following 3 hours, the temperature gradually decreased to
10°C, while the decrease rate in the temperature of all sample panels remained steady up to 10°C. On
the backside of the foam concrete panel, as the temperature fell from 50°C to 20°C, NC and ND
initiated freezing and began releasing heat. The temperature was maintained for about 68 minutes
within the phase-changing range. After that, the temperature gradually decreased and reached 10°C
after around 4 hours, while No-PCM decreased more rapidly. Inside the prototype, both NC and ND
were effective in maintaining temperature within the phase-changing range. The temperature

decreases observed in both FC and No-PCM followed a similar trend.

In conclusion, the findings suggest the potential of PCMs to enhance thermal performance in
certain applications. Regarding the inside of the prototype, both types of NC and ND, except FC,
were effective in maintaining temperature within the phase-changing range. However, on the surface
side of the prototypes, the temperature of both types of PCM increased dramatically, although it was
expected to reduce excessive temperatures. Furthermore, some differences were observed. Although
FC exhibited a higher energy heat storage capacity than ND based on DSC analysis, the heat cyclic
analysis showed the lowest result. This indicates that thermal conductivity plays a significant role in
heat transfer. Both factors, thermal conductivity, and energy storage capacity, should be considered
to enhance energy storage capacity. In the case of blended PCMs, it might be suitable to increase the

melting and freezing temperature range.
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3.5 CONCLUSIONS

This chapter focused on addressing the specific question of how to enhance energy storage
capacity (TES) of concrete. Three different types of concretes with blended PCM have been studied

to evaluate mechanical aspect and thermal characterization. It can be divided into 5 sections.

The initial section deals mechanical aspect including compressive strength of different types of
concretes with blended PCMs. Regarding density test, that the addition of PCMs has a significant
impact on the density of ND and NC concretes, resulting in a substantial reduction at the 3-day.
However, FC concrete, due to its unique composition, does not exhibit a similar reduction in density
after PCM inclusion. Regarding compressive strength result, the incorporation of blended PCMs into
concrete had a noticeable impact on compressive strength in all three types of concrete (ND, NC, and
FC). Although there was an initial decrease in strength when PCMs were introduced, all three types

of concrete demonstrated significant improvements in compressive strength from day 7 to day 28.

Second section deals with specific enthalpy estimation and phase change temperature for blended
PCM concretes. The influence of different heating/cooling rates on the thermal behavior of the
blended PCMs has been analyzed, namely with regard to the specific enthalpy on the DSC, as well
as on the specific heat capacity calculated. Moreover, the impact of the heating/cooling rate on
thermal behavior of the different types of concrete thermal response with PCM was analyzed.
Comparing all types of blended PCMs concretes, NC had the highest Ah of 16.81 J/g and 17.03 J/g
for the first and second peaks, respectively. When comparing all three types concrete at various
heating and cooling rates, it becomes evident that NC has, on average, a 34% higher latent heat
capacity than FC concrete and, on average, a 43% higher capacity than ND concrete.
Regarding specific heat capacity and specific enthalpy, it becomes evident that NC has, on average,
a 25% higher specific heat capacity than FC concrete and, on average, a 73% higher capacity than
ND concrete. Regarding specific enthalpy, NC exhibits a value almost identical to FC concrete, but

it is also, on average, 47% higher than ND concrete.

The third section deals with the thermal conductivity test. The reducing trend of thermal
conductivity with the increasing substitution PCM composite attributes to the low thermal
conductivity from PCM6D18D to PCM28D43D composites (in the range of 0.16-0.33 W/m.K).
When comparing all three types of PCM6D18D, it becomes evident that ND has thermal conductivity
improved by 25% compared to FC concrete and, on average, is 21.5% higher than NC concrete.
Similarly, for PCM18D28D and PCM28D43D, thermal conductivity in ND is improved by 36% and
33.2%, respectively, when compared to FC concrete, and, on average, 16.6% and 15.9% higher than
NC concrete. When examining all types of FC with blended PCMs concretes and NC concretes with
blended PCMs, it becomes evident that NC concretes with blended PCMs boasts, on average, a 19%
higher thermal conductivity than FC concretes with blended PCMs.
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These results indicate that enhancing the thermal conductivity of PCM composites is essential for

maximizing the latent heat storage efficiency of PCMs.

The fourth section is about the heat cycle test. In order to assess the effect of PCM foam concrete,
prototype was built with laboratory-scale dimensions. NC and ND tended to have a delayed
temperature and time between 1 hour and 3 hours. The highest maintained temperature was found at

NC. The temperature was delayed for around 3 hours and 30 min.

The findings suggest the potential of PCMs to enhance thermal performance in certain applications.
Regarding the inside of the prototype, both types of NC and ND, except FC, were effective in
maintaining temperature within the phase-changing range. However, on the surface side of the
prototypes, the temperature of both types of PCM increased dramatically, although it was expected
to reduce excessive temperatures. Furthermore, some differences were observed. Although FC
exhibited a higher energy heat storage capacity than ND based on DSC analysis, the heat cyclic
analysis showed the lowest result. This indicates that thermal conductivity plays a significant role in
heat transfer. Both factors, thermal conductivity, and energy storage capacity, should be considered
to enhance energy storage capacity. In the case of blended PCMs, it might be suitable to increase the

melting and freezing temperature range.
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CHAPTER 4
APPLICATION OF PCM TO PRECAST

CONCRETE WALL PANELS



4.1 EXPERIMENTAL OVERVIEW

This chapter is dedicated to finding solutions to reduce excessive heat in precast concrete wall
panels and to enhance their overall quality and durability. The initial section investigates mechanical
aspects, including the compressive strength of polymer-modified concrete with various phase change
materials (PCMs). The second section is dedicated to estimating specific enthalpy and specific heat
capacity for PCM polymer-modified concretes. The third section delves into heat cyclic analysis,
including thermal expansion analysis for all types of PCM concrete, which are crucial parameters for
thermal characterization. The final section provides the conclusion of the chapter, summarizing the
key findings and insights.

4.2 RESEARCH BACKGROUND

This research delves into a collaborative effort undertaken with a precast concrete factory
specializing in the production of PC precast concrete wall panels with attached tiles. Traditionally,
the tile attachment process in the factory was a manual and time-consuming task. In an effort to
improve factory efficiency, a new method was sought, which involved installing the tiles during the
concrete casting process. However, this transition gave rise to specific challenges.

Reports emerged of external noise disturbances and the development of cracks in the outer walls
of the structures, issues believed to be triggered by fluctuations in external temperatures and solar
radiation as shown in Figure 4.2.1. The root cause of these problems appears to be the stress resulting
from differences in expansion rates among the tiles, the exterior wall materials, and the foundational
structure.

The core focus of this research is to address a significant issue prevalent in housing complexes
that employ the exterior heat-insulated precast concrete construction method. The objective is to
develop solutions that mitigate these problems and enhance the overall quality and durability of such
construction.

' .
Manufacturing status | Crack occurrence status 1 Bonding
| H strength

Standard Others

Tile installation in factory

| 0.22N/mm?
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: {0.2N/mm?}
'
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Tile installation on site

'
t (D2N/mm?)
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.
:
No erack !Ed
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Figure 4.2.1 A view of PC walls with tiles bonded on site and in factory.
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In order to address the issues identified, the precast concrete factory established precise criteria,
which included the following:
1. Adhesion Strength and Durability: Tiles or concrete used should possess an adhesion strength
exceeding 0.4 MPa and exhibit durability for a minimum of 60 years.
2. Flow Value: The flow value of the materials should be approximately 50 cm.
3. PCM Integrity: The PCM should remain intact during the mixing process.
4. Temperature Reduction: The temperature rises of the frame due to solar radiation should be
reduced by half by applying PCM (Phase Change Material) concrete to the exterior side of the gable
wall.
5. Crack Prevention: Even when tiles and PCM concrete are cast on the precast concrete board
simultaneously, they should not develop cracks. To tackle the challenges, we recommended the use

of polymer-modified concrete, emphasizing several advantages associated with this choice.

To meet these specific requirements, our focus centered on two main factors. First one is to
enhancing adhesion strength and other mechanical properties. The exploration of suitable materials
led to the selection of polymer-modified concrete, known for its ability to improve material properties
such as strength; tensile, flexural, bonding strength, adhesive forces [1], [2], [3], [4], and durability
such as; water resistance, chemical resistance, freeze-thaw resistance [2], [5], [6]. This is due to the
fact that polymers play a role in filling capillary pores, thereby decreasing permeability and improving
mechanical properties and durability [7]. For instance, Ohama et al. [8] found almost ten times higher
adhesion strength in polymer-modified mortar with ratio of 20% compared to unmodified mortar. Our
choice of polymer-modified mortar was informed by its proven capabilities and the findings from the
literature review.

Secondly, the study explores the integration of Phase Change Materials (PCMs) into polymer-
modified concrete, expecting to reduce excessive temperature in the external wall. In general,
researchers have primarily focused on applying PCMs in inner parts of wall to maintain human
comfort temperature [9], [10], [11], [12]. In contrast, there are few researchers who have studied to
applying PCMs on the walls’ exterior surfaces showed better results. In such cases, PCM layers work
more as thermal insulation, effectively reducing heat gain from outdoor environment, particularly in
summer or in warmer climates [13], [14], [15], [16]. For instance, a thermal analysis in study [17]
examined building bricks with PCM for use in hot weather conditions, utilizing PCMs with a melting
point of 47°C. The results of these studies suggest that PCM with higher melting point could be found
beneficial in external wall.

Based on the discussion above, our research involves both improving mechanical properties
through polymer-modified concrete and the exploration of PCMs integration in polymer modified

concrete to address temperature control of the exterior wall.
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Figure 4.2.2 Way of applying PCM into precast concrete wall panels.

4.3 MATERIAL PROPERTIES
4.3.1 Microencapsulated PCMs

Four types of encapsulated PCMs are studied. These included 6D, 18D, 28D and 43D. All
encapsulated PCMs are micro-encapsulated free wax: <=2.5% PCM and solid content: 97.0-100.0.
Additionally, these four types of encapsulated PCMs were mixed with each other to create three
different combinations: PCM6D18D, PCM18D28D, and PCM28D43D. The sizes of these PCM
particles were provided by the manufacturers [18] and were also determined through microscopic
analysis using optical microscopy. Their sizes were provided by the manufacturers and were

determined as well by using optical microscopy (Table 4-1).

Table 4-1 Thermo physical properties of various microencapsulated PCMs.

Material Nature Size Melting Heat of Solid Content
(um) () Fusion %
(J/g)
PCM6D Dry 15.0-30.0 4t08 181 97.0-100.0
PCM18D Dry 15.0-30.0 16 to 20 215 97.0-100.0
PCM28D Dry 15.0-30.0 26 to 30 189 97.0-100.0
PCM43D Dry 15.0-30.0 41 to 45 235 97.0-100.0
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4.3.2 Fine aggregate

Silica sand as fine aggregate obtained on the market with dry silica sand No.5 was used in this
study. The specific gravity and density of fine aggregate were 2.62 and 1.56. Table 4-3 and Table 4-4
shows chemical composition of silica sand.

Table 4-2 Chemical composition of silica sand (No.5).

S102 APO? Fe?0? CaO Na2O K20 TiO? LOI
% 95.43 2.62 0.09 0.49 1.5 77.1 2.26 2.10

Table 4-3 Physical properties of silica sand (No.5).

Bulk specific True specific Water Amount of
H gravity gravity Absorption chloride
P (g/em?) (g/em) (%) (%)
6.1 1.53 2.63 0.57 0.001

4.3.3 Polymer materials

A total of five polymer types were selected, including one polymer type was chosen from
styrene-butadiene rubber latex (SBR): 1. Tomax Super, and one from ethylene-vinyl acetate (EVA):
2. NS Hi-flex. Additionally, three from aqueous styrene-acrylic ester copolymer emulsions (PAE)
(Figure 4.3.1): 3. PAE 6880, 4. PAE-LDM 7000, and 5. PAE-7700 Powder LDM 7000P. The selection
process was based on the comprehensive evaluation of various factors, including water-cement ratio,
compressive strength, bending strength, and density tests conducted during casting, all at a target flow
value of 170£10 cm. The test results for each polymer type are presented below, with each sample
containing a specific Phase Change Material (PCM).

lMuwinyI“-Powder
LDM 7000P §

NET 15
Japan Coating Resin

248, Imabanh, Braa b,

1. SBR-Modified 2. EVA-Modified 3. PAE-68- 4. PAE-7700-- 5. PAE Powder-
Modified . .
Modified Modified

Figure 4.3.1 Different types of polymers.
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4.4 MIX DESIGN OF TRIAL TESTS

In this research, a trial test was carried out using five different types of polymers with PCM. A
total of 40 distinct mix compositions were created to identify the optimal polymer cement ratio and
water cement ratio, ensuring proper adhesion to the tiles, setting speed, flowability, and the required
strength.

The polymer-modified concrete employed consisted of early strength Portland cement, and fine
aggregate was provided by natural dry silica sand No. 5. Silica fume was introduced to achieve the
necessary strength. The mix designs can be observed in Table 4-5 and Table 4-6. As the non-volatile
components of the polymers used were approximately 50%, both the solid and liquid components of
the polymers were incorporated into the water and cement calculations. The weights of silica fume
and PCM were determined through cement weight substitution and were deducted from the cement

quantity.

Table 4-4 Mix design of polymer-modified concrete with PCMs.

Mix Polymer- Water Cement Sand PCM SF
Designation Cement Cement (kg/m?) (kg/m?) -30% -5%
Ratio Ratio (kg) (kg)
(o) (%)
0 0.5 1350 1457 71.1
5 0.45 1350 1457 71.1
10 0.6 1350 1457 71.1
SBR-Modified 20 0.35 1350 1457 71.1
0 0.5 924 1457 426 71.1
5 0.8 924 1457 426 71.1
10 0.8 924 1457 426 71.1
20 0.85 924 1457 426 71.1
0 0.5 1350 1457 71.1
5 0.45 1350 1457 71.1
10 0.4 1350 1457 71.1
EVA-Modified 20 0.35 1350 1457 71.1
0 0.92 924 1457 426 71.1
5 0.85 924 1457 426 71.1
10 0.75 924 1457 426 71.1
20 0.6 924 1457 426 71.1
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Table 4-5 Mix design of polymer-modified concrete with PCMs.

Mix Polymer- Water Cement Sand PCM SF
Designation Cement Cement (kg/m?) (kg/m?) -30% 5%
Ratio Ratio (kg) (kg)
(%) (%)
0 0.5 1350 1457 71.1
5 0.55 1350 1457 71.1
10 0.4 1350 1457 71.1
PAE-68- 20 0.35 1350 1457 71.1
Modified 0 0.92 924 1457 426 71.1
0.9 924 1457 426 71.1
10 0.8 924 1457 426 71.1
20 0.7 924 1457 426 71.1
0 0.5 1350 1457 71.1
5 0.45 1350 1457 71.1
10 0.37 1350 1457 71.1
20 0.35 1350 1457 71.1
PAE-77-
Modified 0 0.92 924 1457 426 71.1
0.85 924 1457 426 71.1
10 0.72 924 1457 426 71.1
20 0.8 924 1457 426 71.1
0 0.5 1350 1457 71.1
5 0.45 1350 1457 71.1
10 04 1350 1457 71.1
Powder- 20 0.37 1350 1457 71.1
Modified 0 0.7 924 1457 426 71.1
0.9 924 1457 426 71.1
10 0.85 924 1457 426 71.1
20 0.8 924 1457 426 71.1
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4.4.1 Relation between polymer-cement ratio and flow test of different types of polymer-

modified concretes

Tests were conducted in accordance with JIS A1173 [19] to measure slump of polymer modified
mortar. According to Ohama et al. [20] is suggested that flow test of polymer-modified concrete
should be over 171 mm. After conducting series of experiment repeatedly. We managed to keep flow
of the mortar between 171 and 250. It can be seen Figure 4.4.1, the flow values for the various
polymers, whether with or without PCM, were close to the specified value of 170 +£ 10 mm. However,
for samples with PCM, adjusting the moisture content of the concrete proved challenging. For SBR
and PAE7700, the flow values exceeded 200 mm, significantly surpassing the 170 + 10 mm target set

for the condition.

4.4.2 Relation between polymer-cement ratio and water cement ratio of different types of

polymer-modified concretes

Regarding the water-cement ratio, it was consistently approximately 40% higher for all polymers
when PCM was present, compared to the water-cement ratio for polymers without PCM as shown in
Figure 4.4.2. As a general pattern, a higher polymer content led to a lower water-cement ratio.
Specifically, for all polymers, concretes with a 20% polymer-cement ratio and PCM had a water-
cement ratio of about 80%, whereas concretes without PCM maintained a water-cement ratio of

approximately 40%.
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4.4.3 Compressive strength tests on different types of polymers modified concretes

Tests were conducted in accordance with JIS A1172 [21] to measure strength of polymer modified
mortar. The compressive strength test results highlight noteworthy variations between curing
conditions in an autoclave and an environmental chamber, both with and without the presence of
PCM, particularly after 1 day of curing (Figure 4.4.3- 4.4.4).

For the samples without PCM, it's evident that the compressive strength generally showed higher
values when cured in the autoclave compared to the environmental chamber (Figure 4.4.3). In the
autoclave curing, PAE-6880 displayed the highest strength, and its strength consistently increased
with the addition of polymers, ultimately reaching the level of 20 MPa at a polymer-cement ratio of
20%. Interestingly, PAE-6880 exhibited similar behavior when cured in the environmental chamber,

maintaining its compressive strength at a comparable level to the autoclave-cured samples.

In contrast, the samples with PCMs showed a dramatic reduction in compressive strength with the
addition of PCMs (Figure 4.4.4). This reduction was approximately 75% compared to the samples
without PCM. In the case of autoclave curing with PCM samples, only PAE-6880 and EVA
demonstrated the highest compressive strength, achieving approximately 6 MPa at a polymer-cement
ratio of 20%. However, in the case of environmental chamber curing, the strength of PAE-7700 and

PAE-6880 increased with a higher polymer content.
Overall, both concretes containing PCM and those without PCM had higher compressive strength

values when cured in the autoclave compared to the environmental chamber. Additionally, the

compressive strength was consistently higher for all test samples.
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4.4.4 Bending strength tests on different curing condition

The bending strength test results highlight noteworthy variations between curing conditions in an
autoclave and an environmental chamber, both with and without the presence of PCM, particularly
after 1 day of curing (Figure 4.4.5- 4.4.6).

For the samples without PCM, there was no relationship between polymer content and flexural
strength in terms of flexural strength, since flexural strength did not increase with increasing polymer
content in autoclave curing and environmental curing. However, when comparing autoclave and
environmental chamber curing, samples cured in autoclave was higher around 20-30%. In particular,
the strength of PAE-7700 tended to be higher under all curing conditions.

In contrast, the samples with PCMs showed a dramatic reduction in bending strength with the
addition of PCMs (Figure 4.4.6). This reduction was approximately 76% compared to the samples
without PCM. In the case of autoclave curing with PCM samples, only PAE-7700 demonstrated the
highest bending strength, achieving approximately 2.1 MPa at a polymer-cement ratio of 20%.

Results of flexural strength tests of various polymers containing No-PCM and PCM, comparing

autoclave curing and constant temperature oven curing.
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4.4.5 Density tests on different types of polymers modified concretes with PCM and without
PCM

The density measurement test results provided interesting insights into the effects of different
polymers, polymer-cement ratios, and the presence of phase change materials (PCMs) on the density
of the concrete.

For SBR, there was no significant difference in density, whether it contained PCMs or not. This

suggests that the presence of SBR polymer did not substantially affect the density of the concrete.

The density of EVA concrete without PCMs decreased as the polymer content increased. This
reduction in density might be attributed to the lightweight characteristics of EVA. In contrast, EVA
concrete with PCMs tended to exhibit an increase in density as the polymer content increased. The
introduction of PCMs, which typically have higher density compared to EVA, seemed to offset the

natural lightweight nature of EVA, resulting in increased density.

For PAE-7700, the density of the concrete with PCMs remained approximately 1600 kg/m?* and
did not show significant changes with varying polymer content. The concrete without PCMs in this

category also displayed little density change with different polymer content.

The density measurement results for PAE-68 reveal an interesting correlation between the curing
period and density. After curing in an autoclave, the density reached its highest value at 2094 kg/m?,
which was significantly higher compared to the samples cured in an environmental chamber, where

the density was approximately 500 kg/m?* lower.

Notably, the density of concrete without PCMs was about 400 kg/m?* higher when PCMs were
present in the mix. This suggests that the addition of PCMs led to a substantial increase in the overall
density of the concrete. Furthermore, as polymer content increased, the density difference between
PCM-containing concrete and No-PCM concrete was still noticeable, with about a 200 kg/m?

difference at higher polymer content.
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4.5 MIX DESIGN

Based on results of all these trial tests, we selected to use PAE-68 with polymer cement ratio of
20% as optimal mix composition. To tackle the challenges, we used the polymer cement concrete,
emphasizing several advantages associated with this choice. Polymer cement concrete was selected

for its ability to improve bonding strength, adhesive forces, and durability of the construction.

The samples used in this study were of a size measuring 40 x 40 x 160 mm. The PCM was added
to the mix at a rate of 30% by mass of the cement. To prevent damage to the microcapsules of the
PCM, an OM mixer was utilized, which could efficiently absorb the impact during the mixing process.
The mixing procedure involved initially combining cement, silica fume, sand, and the PCM in the
mixer and kneading them for a duration of 3 minutes. Subsequently, water and a high-performance
AE reducer were introduced into the mixture, and mixing continued for an additional minute. Polymer
was initially mixed with mixing water to achieve a concrete flow value within the range of 170 + 10

mm.

Following the mixing process, the concrete was placed in a formwork in two layers and subjected
to steam curing. The curing procedure consisted of the following temperature and time stages: 23°C
for 1 hour, 50°C for 3 hours, 40°C for 2 hours, and finally, 23°C for 1 hour. This meticulous curing
process aimed to achieve the desired material properties and characteristics for the concrete samples
used in the study.

Table 4-6 Mix compositions.

W/C Sand PCM SF Polymer
Mix Cement
o (kg) (kg) (kg) (kg) (kg)
Designation (kg)

0.7,0.35 55% 30% 5% P/C 20%

Reference 4.79 0.71 6.16 0 0.25 1.92
PCM 6D 291 1.16 5.47 1.34 0.22 1.17
PCM 18D 291 1.16 5.47 1.34 0.22 1.17
PCM 28D 291 1.16 5.47 1.34 0.22 1.17
PCM 43D 291 1.16 5.47 1.34 0.22 1.17
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4.6 MECHANICAL ANALYSIS

Table 4-7 Mechanical results of No-PCM and PCM6D.

Type of Curing Curing Density Compressive Bending Adhesion
concrete condition period (Kg/m?) strength strength Strength
(MPa) (MPa) (MPa)
Autoclave 1 2023 29.7 6.5 22
29.7 7.2
29 6.5
20°C 7 1982 46.4 5.7 2.3
472 5.9
No- 46.7 5.9
PCM 20°C 14 1976 54.15 11.7 2.1
52.3 12.7
52.6 11.5
20°C 28 1971 61.75 16.8 3
59.05 14.6
60.8 14.7
Autoclave 1 1659 5.55 2.2 0.81
5.75 2.5
5.9 2.6
20°C 7 1585 11.35 4.3 0.6
9.4 3.7
PCM- 11.3 3.9
6D 20°C 14 1562 14.4 4.7 1.3
14.35 4.4
14 4.5
20°C 28 1553 17.25 5.6 1.4
15.35 6.7
17.25 6.6
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Table 4-8 Mechanical results of PCM 18D, PCM28D and PCM43D.

Type of Curing Curing Density Compressive Bending Adhesion
concrete  condition period (Kg/m®) strength strength Strength
(MPa) (MPa) (MPa)
Autoclave 1 1700 6.6 2.6 0.87
6.15 2.7
6.55 2.6
20°C 7 1590 13.55 4.4 1.26
13.6 4.6
13.4 4.4
PCM-
18D 20°C 14 1571 16.35 5.8 1.28
15.7 5.6
16.4 5.5
20°C 28 1567 18.1 6.3 1.31
18.25 6.6
17.2 7
Autoclave 1 1686 7.7 2.6 1.07
7.45 2.6
7.6 33
20°C 7 1596 14.75 5.1 1.24
14.3 5.6
14.55 4.9
PCM- 5
»8D 20°C 14 1578 16.45 6.6 1.28
16.35 6
16.95 6.6
20°C 28 1570 18.85 7.4 1.4
19.15 7.1
18.8 6.7
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4.6.1 Density test
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Figure 4.6.1 Density test on polymer-modified concretes with different PCMs.

4.6.1.1 Results of density test on polymer-modified concrete with different PCMs

Figure 4.6.1 illustrates the density measurement test results, which highlights distinctive patterns
in the density of concrete samples with and without PCMs. The density of No-PCM concrete was
2023 kg/m? after 1 day of curing, which decreased by approximately 2.5 % after 28 days. Notably,
the density of No-PCM concrete was consistently remained about 16.3% higher than that of PCM-
containing concrete throughout the curing period. The substantial difference in density between No-
PCM and PCM-containing concretes underscores the impact of PCM presence on the overall concrete
density.

The density of PCM-containing concrete followed a similar trend, with decreasing density levels
observed in all PCM types from 1 day to 28 days of curing. PCM6D, PCM18D, PCM28D, and
PCM43D displayed reductions in density ranging from about 6 % to 10% during the 28-day curing
period. Despite the reductions, PCM-containing concretes-maintained density levels within the
specified range for various PCMs. Notably, PCM43D tended to exhibit higher density compared to
other PCM types, even after the 28-day curing period. The discussion of density emphasizes the
influence of curing time and PCM incorporation on concrete density. The consistent variation in
density levels between PCM and No-PCM concretes highlights the significance of PCM content in
affecting the overall density of the concrete. Previous studies have shown comparable density
reductions. For geopolymer concrete, a 13% reduction was observed following the addition 5% PCM
[22]. In the case of normal mortar, a reduction of 22.39% was reported for 20% microencapsulated
PCMs [23].
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Comparing these outcomes concerning density, it is evident that reduction in density of Polymer

modified PCM mortars is relatively low, even after replacing 30% of PCM.
4.6.2 Compressive strength test

The compressive strength test results presented in Figure 4.6.2 examine the effects of incorporating
PCMs on polymer-modified concrete: No-PCM, PCM6D, PCM18D and PCM43D over various
curing periods at 1,7, 14, and 28 days of curing, with a temperature of 20°C and relative humidity of
90%. In these three different concretes, 30% of cement’s weight in each type of concrete were
substituted with PCMs.

For No-PCM modified concrete, the compressive strength result of No-PCM was recorded at 29
MPa on day 1. In contrast, the compressive strengths of PCM6D, PCM18D PCM28D and PCM43D
were 3.25 MPa, 4.8 MPa and 6.5 MPa, respectively, resulting in strength decrease of 80%, 77%, 74%
and 65% respectively, compared to No-PCM polymer-modified concrete. However, from day 7 to
day 28, the compressive strengths of all samples increased by 26% for No-PCM; to 52.4% for
PCM6D; to 66.4% for PCM18D; to 64.4% for ND PCM28D; to 61.5% for PCM43D, respectively.

In conclusion, the incorporation of PCMs into concrete had a noticeable impact on compressive
strength in all five types of concretes. PCMs are more like voids than aggregates in concrete matrix
[24]. The results are in line with the conclusion of [25], who studied polymer modified concrete with
PCM and reported a 77% reduction for the incorporation of 20% microencapsulated PCM. Although
there was an initial decrease in strength when PCMs were introduced, all three types of concrete

demonstrated significant improvements in compressive strength from day 7 to day 28.
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Figure 4.6.2 Compressive strength analysis on different types of PCMs.
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4.6.3 Bonding strength test

Tests were conducted in accordance with JIS A 5557 [26] to measure the adhesion strength
between tiles and concrete. The test method is outlined below: First, cut a piece of tile and concrete
to the size of 40 x 40 mm, which matches the size of a steel test piece, using a tile cutter. Next, apply
two-component epoxy resin adhesive to the tile and bond it to the test piece of steel. After bonding,
cure the tiles in a dryer at 40°C for a minimum of 1 day. Tests were carried out with concrete curing
periods ranging from day 1 to 28 days. Two tests were conducted simultaneously, and the average
value was utilized as the test result.
4.6.3.1 Results of adhesive strength test on polymer-modified concrete with different PCMs

The adhesive strength comparison between concrete with and without phase change materials
(PCMs) reveals interesting trends throughout the curing period. Here is a summary of these
observations: The adhesive strength of the concrete without PCM was consistently higher compared
to that of the concrete with PCM across all curing periods. On the first day of curing, the adhesive
strength for the concrete without PCM was recorded at 2.2 MPa. By day 28, the adhesive strength
increased to 3 MPa, indicating a significant improvement over time. Payam et al. [27] reported a
value of 2 MPa, which is consistent with these results for polymer-modified mortar without PCM.

In contrast, the adhesive strength of the concrete with PCM exhibited lower values across all curing
periods. On the first day of curing, the adhesive strength ranged between 0.8 and 1 MPa for the
concrete with PCM. By day 28, the adhesive strength for the concrete with PCM improved but still
ranged between 1.4 and 1.55 MPa, indicating a relatively lower adhesive strength compared to the
concrete without PCM.
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Figure 4.6.3 Adhesive strength analysis on different types of PCMs.
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4.7 DSC AND THERMAL ANALYSIS

DSC (Differential Scanning Calorimetry) tests were performed on four different types of polymer-
modified concretes, each containing distinct types of phase change materials (PCMs): PCM6D,
PCM18D, PCM28D, and PCM43D. These tests encompassed a range of heating and cooling rates,
spanning from 0.5°C/min to 10°C/min, with the primary goal of determining the latent heat capacity
of these materials. The DSC results of all types of polymers modified concretes for all scanning rates

above mentioned were summarized in Table 4-9.

Figure 4.7.1 displays line graphs depicting the impact of these various heating and cooling rates
on polymer-modified concrete with PCM6D. Notably, the slowest scanning rate, at 0.5°C/min,
resulted in the lowest latent heat (Ah) values. For PCM6D, this rate produced melting and freezing
peaks at 4.01°C and -6.68°C, accompanied by latent heat storage values of 14.23 J/g and 14.45 J/g,
respectively. Conversely, the highest latent heat values were observed for PCM28D-30% at the
heating/cooling rate of 10°C/min. The melting and freezing peaks at 5.18°C and -4.51°C,
accompanied by latent heat storage values of 12.45 J/g and 12.33 J/g, respectively.

Figure 4.7.2 presents line graphs illustrating the influence of heating and cooling rates on foam
concrete with PCM18D. In this case, the rate of 10°C/min resulted in the lowest latent heat (Ah)
values for PCM 18D, with melting and freezing peaks occurring at 16.55°C and -11.62°C, and latent
heat storage capacities of 10.9 J/g and 9.83 J/g, respectively. The highest latent heat values were
observed under the fastest heating/cooling rate of 0.5°C/min, where melting and freezing peaks
appeared at 15.85°C and 14.84°C, with latent heat storage capacities of 10.9 J/g and 14.64 J/g,

respectively.

Figure 4.7.3 showcases line graphs displaying the effects of heating and cooling rates on foam
concrete with PCM28D. Similar to the previous tests, the slowest rate of 10°C/min yielded the lowest
latent heat (Ah) values for PCM28D, with melting and freezing peaks at 26.21°C and 21.68°C, along
with latent heat storage capacities of 15.19 J/g and 16.45 J/g, respectively. In contrast, the
heating/cooling rate of 0.5°C/min resulted in the highest latent heat values, with melting and freezing
peaks at 25.11°C and 22.86°C, and latent heat storage capacities of 15.72 J/g and 16.24 J/g,
respectively.

Concerning polymer-modified concrete with PCM43D, Figure 4.7.4 presents the results of heating
and cooling cycles. Detailed examination of scanning rates reveals that the slowest rate of 0.5°C/min
produced the lowest latent heat (Ah) values for PCM43D-10%, featuring melting and freezing peaks
at 42.91°C and 39.12°C, and latent heat storage capacities of 21.72 J/g and 24.16 J/g. On the other
hand, the highest latent heat values for PCM43D were recorded under the heating/cooling rate of
10°C/min, with melting and freezing peaks at 44.02°C and 38.87°C, and latent heat storage capacities
0f'25.59 J/g and 21.26 J/g, respectively.
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Figure 4.7.1 DSC curve of PCM6D, heating and cooling process at various heating rates.
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Figure 4.7.2 DSC curve of PCM 18D, heating and cooling process at various heating rates.
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Figure 4.7.3 DSC curve of PCM28D, heating and cooling process at various heating rates.
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Figure 4.7.4 DSC curve of PCM43D, heating and cooling process at various heating rates.
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Table 4-9 Enthalpy variation and standpoint temperatures scanning rates varying from 10°C/min to 0.5°C/min.

Melting Freezing
Designation Onset End Peak Onset End Peak
Temp Temp Temp Temp Temp Temp
(°0) °O) °0) 0 0 (°C)

10°C/min 3,76 3,75 5,32 -5,01 5,10 -6,34

5 °C/min 3,65 6,12 4,89 -4,78 -4,80 -5,82

6D 2 °C/min 3,47 5,20 4,43 -4,45 -4,46 -5,08
1 °C/min 3,45 4,76 4,20 -4,30 -4,30 -4,79

0.5°C/min 14,18 15,92 15,64 12,07 12,05 11,47
10°C/min 13,29 18,30 16,23 11,36 11,20 9,76

5 °C/min 13,35 17,34 15,95 11,67 11,55 10,50

18D 2 °C/min 13,68 16,33 15,71 11,83 11,78 11,04
1 °C/min 14,04 16,00 15,63 11,97 11,97 11,39
0.5°C/min 14,19 15,93 15,64 12,06 12,04 11,47

10°C/min 22,75 28,00 25,96 22,79 2,62 21,52

5 °C/min 23,09 26,92 25,71 23,00 22,90 22,20

28D 2 °C/min 23,36 26,07 25,47 23,19 23,13 22,58
1 °C/min 23,73 25,90 25,51 23,30 23,28 22,68

0.5°C/min 23,52 25,71 25,42 23,35 23,27 22,78

10°C/min 42,63 42,71 43,89 41,44 41,35 38,75

5 °C/min 42,60 42,60 43,53 41,49 41,21 38,96

43D 2 °C/min 42,64 42,64 43,10 41,70 41,54 39,34
1 °C/min 42,68 43,34 43,03 41,49 38,58 39,47

0.5°C/min 42,70 43,16 42,98 41,10 40,70 39,67
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4.7.1 Specific heat capacity and Specific enthalpy measurements of polymer-modified concrete
with different types of PCM

The discussion presents the results of specific heat capacity and specific enthalpy tests conducted
on four different polymer-modified concrete with different types of PCMs. The results are presented
in Figure 4.7.5- Figure 4.7.8.

In all four PCM concrete samples, the specific heat capacity based on specific heat enthalpy
measurements displays peaks at different temperatures. These peaks indicate distinct changes in the

material's heat capacity and the energy required to raise its temperature by 1°C or 1K per unit mass.

For PCM6D (Figure 4.7.5 (a)), the specific heat capacity curve occurs at 5.1°C, with a specific
heat (Cp) of 5.76 J/g°C. In the case of PCM18D (Figure 4.7.6 (a)), the peak in the specific heat
capacity curve appears at 15.72°C, with a specific heat (Cp) of 4.45 J/g°C. As for PCM28D (Figure
4.7.7 (a)), Its peak in the specific heat capacity curve occurs at 25.57°C, with a specific heat (Cp) of
4.9 J/g°C. As for PCM43D (Figure 4.7.8 (a)), Its peak in the specific heat capacity curve occurs at
43°C, with a specific heat (Cp) of 7.6 J/g°C. Notably, PCM43D displays the highest specific heat
capacity among all PCM modified concretes, making it particularly efficient in absorbing and storing

thermal energy.

The specific enthalpy measurements, conducted within a temperature range of -30 to 60°C, allow
us to understand the phase transition behavior of these materials. The specific enthalpy is assumed
to be zero at -20 °C, enabling the analysis of changes in enthalpy.

For PCM6D (Figure 4.7.5 (b)), the phase transition range, characterized by substantial changes in
enthalpy, occurs from 6 to 24 °C. Within this phase transition range, PCM6D exhibits a specific
enthalpy of 13356 J/kg, indicating its significant capacity to absorb and release thermal energy during
this phase transition. For PCM 18D (Figure 4.7.6 (b)), the phase transition range is observed from 10
to 30 °C, and the specific enthalpy within this range is measured at 15778 J/kg, showcasing its
substantial thermal energy storage capabilities. As for PCM28D (Figure 4.7.7 (b)), the phase
transition range is noted from 30 to 50 °C, with a specific enthalpy within this range measured at
16786 J/kg. As for PCM43D (Figure 4.7.8 (b)), the phase transition range is noted from 30 to 50 °C,
with a specific enthalpy within this range measured at 16556 J/kg.

Those parameters reflect the material's ability to effectively store and release thermal energy

during the specified phase transition.
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4.7.2 Heat cyclic test analysis

The thermal cycling experiment was conducted using a specialized chamber (model ETAC dc-
450) with adjustable temperature and humidity settings. The heat cycling procedure, outlined in
Figure 4.7.9, encompassed a 21-hour cycle. During each cycle, the chamber temperature remained at
10°C for a 4-hour period, achieved at a gradual rate of 2.5°C per minute. Subsequently, the
temperature was raised from 10°C to 50°C in 20 minutes an4.7.2d maintained at 50°C for 8 hours.
Afterward, the temperature was lowered back to 10°C in 20 minutes and sustained at that level for 8

hours.

50°C

Figure 4.7.9 Heat cycling program.

4.7.3 Preparing the samples for heat cycling test

To evaluate the impact of polymer-modified PCM concrete when employed as a building wall
material, an enclosed prototype was constructed at laboratory scale. The prototype was structured in
the following sequence, from interior to exterior: a 180 mm thick layer of PCM polymer-modified
concrete for 200x200x180mm samples, the tile thickness was 7mm, and the concrete thickness was
23mm, accompanied by a 50mm thick layer of extruded polystyrene foam for 300x300x50mm
dimensions. The configuration of the physical models and a cross-sectional view of the prototype are
visually presented from Figure 4.7.10 and Figure 4.7.11. Within this prototype setup, a total of three
thermocouples were employed. One thermocouple was positioned on the backside side of the sample,
another was placed on the surface, and a third was inserted in the middle of the prototype box. The
mid-sample thermocouples were utilized to facilitate comparisons with the various sides of the
thermocouples. A total of 15 samples of this type were made, including four types of PCM and two
types of tiles.
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Figure 4.7.10 Preparation procedure of prototype setup.

Figure 4.7.11 Finished procedure.
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4.7.3.1 Heat cyclic test results of PCM6D with and without tile

The thermal performance of four types of polymers PCM concrete panels were assessed. Each
PCM polymer panel was attached to black or white tiles, including a panel with no tile. A total of 15
samples of this type were created to test the temperature effects on different types of PCMs with tiles
of different colors. Temperature measurements were taken at the surface, backside of the foam
concrete, and the center of the prototype test room. The heat cycling conditions consisted of 24-hour
cycles, with heating and cooling rates lasting for 8 hours at 2.5°C per minute. The temperature range
during the heat cycling ranged between 10°C and 50°C, chosen based on the melting and freezing
ranges of the PCMs.

Figures 4.7.12 to 4.7.14 depict the heat cyclic analysis of different types of concrete with PCM6D.
The surface temperature of all samples increased dramatically up to 40°C at the beginning of the
heating process, gradually reaching 50°C in about 3 hours. Meanwhile, the backside of the sample
panels showed a melting process, there was minimal differentiation between No-PCM sample and
those with PCM within the 0-30°C range. Subsequently, the temperature of all the samples gradually
increased up to 50°C. Inside the prototype, the behavior was similar to all the panels during the
heating process. On the contrary, during the cooling process, the surface temperature dropped
dramatically from 50°C to 20°C. Over the following 3 hours, the temperature gradually decreased to
15°C. On the backside of the all the sample panel, the concretes initiated freezing and began releasing
heat when the temperature reached the 0-30°C range. All the samples exhibited a similar temperature
behavior, compared with samples with No-PCM and No-tile. Inside the prototype, all the samples
exhibited uniform behavior with sample panels with white, black, and No-tile during the cooling

process.
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Figure 4.7.12 Heat cyclic analysis of different types of PCM6D on surface side of prototype.
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Figure 4.7.13 Heat cyclic analysis of different types of PCM6D on backside of prototype.
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Figure 4.7.14 Heat cyclic analysis of different types of PCM6D on inside of prototype.
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4.7.3.2 Heat cyclic test results of PCM18D with and without tile

Figures 4.7.15 to 4.7.17 show the heat cyclic analysis of different types of concrete with PCM18D.
The surface temperature of all the sample panels increased up to 20°C at the beginning of the heating
process. A delay of about 30 minutes was observed for sample panels with No-tile and black tile
compared to sample panels with white tile and No-PCM. Subsequently, the temperature gradually
increased up to 50°C in about 3 hours. On the backside of the panels, as the temperature increased
from 10°C to 30°C, all the sample panels began to melt and absorb heat, showing a delay of
approximately 1 hour compared to No-PCM. As for the sample with white tile, temperature delay
was around 16 minutes compared to No-PCM. After completing the melting process, the temperature
gradually increased up to 47°C in about 7 hours. Inside the prototype, as the temperature increased
from 10°C to 30°C, all the sample panels began to melt and absorb heat, maintaining the room
temperature for around 10 minutes. After the melting process, the temperature gradually increased to
50°C in about 3 hours. Contrarily, during the cooling process, the surface temperature dropped
dramatically from 50°C to 30°C. Over the following 3 hours, the temperature gradually decreased to
10°C. The sample with white showed similar behavior compared with No-PCM. The samples with
black tile and No-tile exactly same behavior and maintained the temperature for around 30 min. On
the backside of all the sample panels, as the temperature fell from 30°C to 10°C, all sample panels
initiated freezing and releasing heat. The temperatures of the samples with black tile and No-tile were
delayed for approximately 1 hour compared to No-PCM, which decreased more rapidly. For the
sample with white tile, temperature delay of around 20 minutes was observed. Inside the prototype,
negligible temperature difference was observed between panels No-PCM and all the sample panels
with tile and No-tile.
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Figure 4.7.15 Heat cyclic analysis of different types of PCM 18D on surface of prototype.
60
50 A .
— Freezing
8 40 Melting
£130 4
g
220 . |
S0 |
0 -
-10
0:00 2:24 4:48 7:12 9:36 12:00 14:24
Time (hour)
—— Chamber —B.side No-PCM B.side white
B.side black ——B.side No-Tile
Figure 4.7.16 Heat cyclic analysis of different types of PCM 18D on backside of prototype.
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Figure 4.7.17 Heat cyclic analysis of different types of PCM 18D on inside of prototype.
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4.7.3.3 Heat cyclic test results of PCM28D with and without tile

Figures 4.7.18 to 4.7.20 show the heat cyclic analysis of different types of concrete with PCM28D.
The surface temperature of all the sample panels increased up to 20°C at the beginning of the heating
process. When comparing the temperature gradients of all the sample panels, it was observed that the
sample panel with white tile exhibited the longest temperature delay, which was approximately 1 hour.
The sample panel with black tile showed a delay of around 28 minutes, while the panels with no tiles
had a delay of 10 minutes. Subsequently, the temperature gradually increased up to 50°C in about 3
hours. On the backside of the panels, as the temperature increased from 20°C to 30°C, all the sample
panels began to melt and absorb heat, showing a delay of approximately from 20 minutes and 1 hour
compared to panels with No-PCM. The sample panels with white and black tiles exhibited the longest
temperature delay in this regard. After completing the melting process, the temperature gradually
increased up to 47°C in about 7 hours. Inside the prototype, as the temperature increased from 20°C
to 30°C, all the sample panels began to melt and absorb heat, maintaining the room temperature for
around 30 minutes to 1 hour. After the melting process, the temperature gradually increased to 50°C
in about 3 hours. Contrarily, during the cooling process, the surface temperature dropped dramatically
from 50°C to 30°C. The samples with white and black tiles as well as No-tile were released heat and
maintained their temperature for around 36, 47 and 7 minutes respectively. Over the following 3 hours,
the temperature gradually decreased to 10°C. The sample with No-tile showed similar behavior
compared with No-PCM panels during the phase changing range. It released heat and maintained the
room temperature for around 30 min. On the backside of all the sample panels, as the temperature fell
from 30°C to 10°C, all sample panels initiated freezing and releasing heat. The sample panels with
white and black tiles showed similar behavior with a delay of approximately 1 hour compared to No-
PCM, which decreased more rapidly. As for the sample panel with No tile, there was a 30-minute
delay in temperature change. Inside the prototype, negligible temperature difference was observed

between panels No-PCM and all the sample panels with tile and No-tile.
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Figure 4.7.18 Heat cyclic analysis of different types of PCM28D on surface side of prototype.
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Figure 4.7.19 Heat cyclic analysis of different types of PCM28D on inside of prototype.
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4.7.3.4 Heat cyclic test results of PCM43D with and without tile

Figures 4.7.21 to 4.7.23 show the heat cyclic analysis of different types of concrete with PCM43D.
The surface temperature of all samples increased dramatically up to 40°C at the beginning of the
heating process, gradually reaching 50°C in about 3 hours, and meanwhile, the sample panels with
No tile, black and white tile started to absorb the heat and maintained the temperature for around 3 to
4 hours as compared to No-PCM panel. The sample panel with black tile exhibited the longest delay
in temperature increase. As for the backside of the sample panels, it showed similar results as the
surface side. The melting process started, maintaining the temperature for approximately 4 hours
within the 30-50°C range. Notably, samples panels with all the sample panels exhibited a clear
melting curve compared to the sample with sample panel with No-PCM concrete. Subsequently, the
temperature of all the samples gradually increased up to 50°C. However, No-PCM panel experienced
a more dramatic increase. Inside the prototype, the samples with black tile showed the maintaining
temperature longer time as compared with other sample panels.

On the contrary, during the cooling process, the surface temperature dropped dramatically from
50°C to 20°C. Over the following 3 hours, the temperature gradually decreased to 15°C. On the
backside of all the sample panels, the concrete started to freeze and release heat as the temperature
dropped within the range of 50-20°C. All the sample panels exhibited similar temperature behavior
and maintained temperatures for around 20 minutes within this range, compared to the samples with
No-PCM. Inside the prototype, all the samples followed a similar trend to the backside of the sample
panels, whether they had white, black, or No tiles, during the cooling process. Among them, the

sample with a black tile was the most effective at releasing heat.

One notable trend observed in the tests is that the presence of PCMs enhances the ability of the
polymer-modified concrete to absorb, store, and release heat during heating and cooling cycles. The
specific type of PCM and its melting and freezing temperature range play a crucial role in determining
the extent of this impact. Samples with PCM28D and PCM43D exhibited particularly effective heat-
absorption characteristics during heating, as well as sustained heat release during cooling, owing to
their phase change temperature ranges.

Furthermore, the color of the tiles used in conjunction with the PCM concrete samples was found to
influence their thermal behavior. Samples with black tiles demonstrated more effective heat
absorption and release capabilities than those with white tiles or no tiles, highlighting the importance

of considering the color of the surface when designing structures with PCM-enhanced concrete.

Overall, these heat cyclic tests underline the potential of PCM-enhanced concrete as a solution for
managing temperature fluctuations in various applications, such as applying precast concrete in
buildings. By selecting the appropriate PCM type and considering the color of the surface materials,
it is possible to optimize the thermal performance of concrete structures, thereby reducing excessive

heat and improving energy efficiency.
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4.7.4 Thermal expansion test

The purpose of thermal expansion test was to measure the strain and temperature changes caused
by thermal deformation. This was achieved by irradiating the tile surface of the sample with a 500W
incandescent lamp, simulating solar radiation. Temperature readings were taken at three points on the
surface, the back surface, and within the sample, and recorded using a TDS-630. Strain measurements
were obtained using a strain gauge (PL-60). The TDS-630 was employed for data recording, as in the
case of temperature measurements. The experimental setup and test program are illustrated in the
Figure 4.7.24 and Figure 4.7.25 below. The measurements were conducted in a constant temperature
room with a room temperature set at 10°C. The test program consisted of three cycles, each
comprising 3 hours of irradiation followed by 5 hours with the lamp off. This cycle was repeated

three times for each test sample.

I 3n b s 1 3y

--J---J-----J---l

Figure 4.7.24 Test program of lamp heating test.

Figure 4.7.25 Experimental setup.
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4.7.4.1 Results of thermal expansion test

The lamp irradiation test results have revealed several important trends and phenomena related to
the thermal behavior of two tile types and the impact of phase change materials (PCMs) in the context
of this study.

As shown from Figure 4.7.26 to Figure 4.7.30, No-PCM specimens led to a significant increase in
maximum temperature, reaching approximately 90°C, which is the highest among all the test
specimens. Regarding strain gauge measurements, the sample panel exhibited shrinkage on the
surface side, while it showed expansion on the backside. The black tile exhibited higher thermal
shrinkage, around 50%, and a higher expansion percentage, around 87%, compared to the white tile,
indicating that the white tile displayed thermal resistance.

In Figure 4.7.31 and Figure 4.7.35, PCM6D exhibited behavior similar to No-PCM. In terms of
strain gauge measurements, the sample panel displayed shrinkage on the surface side and expansion
on the backside. The black tile exhibited higher thermal shrinkage, around 18%, and a higher
expansion percentage, around 62%, compared to the white tile.

As shown in Figure 4.7.36 and Figure 4.7.40, PCM18D achieved a maximum temperature of
nearly 90°C, even with white tiles. However, strain measurements revealed that white tile specimens
experienced shrinkage on both the surface side (S.side) and the backside (B.side). The black tile
exhibited higher thermal shrinkage, around 16%, and a higher expansion percentage, around 83%,
compared to the white tile.

In Figure 4.7.41 and Figure 4.7.45, PCM28D showed less thermal shrinkage and expansion on the
back and surface sides of the panel. The black tile exhibited higher thermal shrinkage, around 58%,
and a higher expansion percentage, around 71%, compared to the white tile. Comparing with sample
panel with No PCM, the sample with PCM28D showed 50% lower thermal expansion, indicating that
PCM may help reduce thermal expansion.

In Figure 4.7.46 and Figure 4.7.50, PCM43D exhibited distinct temperature behavior attributed to
its phase change properties, with a phase change range occurring at higher temperatures than the other
PCMs. This resulted in more noticeable temperature fluctuations. The strain measurements confirmed
this behavior, showing surface contraction and back surface expansion for both specimens. The white
tile exhibited higher thermal shrinkage, around 47%, and a higher expansion percentage, around 50%

higher. These results might need to be reconfirmed through further experiments.

In conclusion, a consistent trend is observed where the maximum temperature of white tiles tends
to be lower than that of black tiles during the lamp irradiation test. This color-based temperature
variation is a key finding, indicating that tile color significantly contributes to the reduction of thermal
expansion and thermal variation. Black tiles, known for their heat-absorbing properties, exhibit higher

maximum temperatures.
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Figure 4.7.26 Thermal expansion analysis of No-PCM with white tile.
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Figure 4.7.27 Thermal expansion analysis of No-PCM with black tile.
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Figure 4.7.29 Strain measurement test on sample No-PCM with black tile L:S.side R:B.side).
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Figure 4.7.30 The results of max and min strain measurement test (No-PCM L: White tile R:Black tile).
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Figure 4.7.31 Thermal expansion analysis of PCM6D with white tile.
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Figure 4.7.32 Thermal expansion analysis of PCM6D with black tile.

186



100 600
500
0 400
£ 100 g 300
& g 200
5 2200 g 100
£ c
£ g 0
S -300 s
& Z -100
400 -200
-300
-500 -400
0 50 100 0 50 100
Temperature (°C) Temperature (°C)
Figure 4.7.33 Strain measurement test on sample PCM6D with white tile L:S.side R:B.side).
100 1800
1600
0
1400
g -100 % 1200
gn 2200 ED 1000
% % 800
g 300 £ 600
: g
&a -400 » 400
500 200
) 0
-600 -200
0 50 100 0 50 100
Temperature (°C) Temperature (°C)
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Figure 4.7.35 The results of max and min strain measurement test (PCM6D L: White tile R: Black tile).
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Figure 4.7.36 Thermal expansion analysis of PCM 18D with white tile.
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Figure 4.7.37 Thermal expansion analysis of PCM 18D with black tile.
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Figure 4.7.39 Strain measurement test on sample PCM 18D with black tile (L:S.side R: B.side).
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Figure 4.7.42 Thermal expansion analysis of PCM28D with black tile.
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Figure 4.7.44 Strain measurement test on sample PCM28D with black tile ( L:S.side R:B.side).
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Figure 4.7.45 The results of max and min strain measurement test (PCM28D L: White tile R: Black tile).
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Figure 4.7.46 Thermal expansion analysis of PCM43D with white tile.
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Figure 4.7.47 Thermal expansion analysis of PCM43D with black tile.
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Figure 4.7.49 Strain measurement test on sample PCM43D with black tile (L:S.side R: B.side).
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Figure 4.7.50 The results of max and min strain measurement test (PCM43D L: White tile R: Black tile).
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4.7.5 Thermal conductivity test

The impact of different types of polymers modified concrete, both with and without PCMs, on
thermal conductivity was evaluated on day 28 of the study. In Figure 4.7.51, the thermal conductivity
values are presented for PCM6D, PCM 18D, PCM28D, and PCM43D polymer-modified concretes,
all of which contained PCMs at a 30% substitution level.

Comparing these values to the reference concrete, it is evident that the addition of PCMs leads to
increased thermal conductivity in the composite materials. The percentage increases in thermal
conductivity for the composite concretes were as follows: 7.2% for PCM6D, 19.6% for PCM18D,
24% for PCM28D, and 17% for PCM43D, respectively.
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Figure 4.7.51 Thermal conductivity results on polymer-modified concrete.
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4.8 CONCLUSIONS

This chapter is dedicated to finding solutions for reducing excessive heat in precast concrete
structures and enhancing their overall quality and durability. To address these challenges, we
employed polymer-modified concrete, recognizing several advantages associated with this choice.
Polymer-modified concrete was chosen for its capacity to enhance bonding strength, adhesive forces,

and overall construction durability.

We conducted trial tests on five different polymer types to determine the optimal mix composition
and the polymer specifically suitable for polymer-modified concrete. Each trial carefully analyzed
and adjusted flow tests, water-cement ratios, and polymer-cement ratios to find the optimal mix
composition meeting the requirements. As a result, PAE-LDM6880 was selected due to its ability to
meet requirements and enhance concrete strength as a characteristic of the polymer. The study on

polymer-modified concretes with PCMs can be divided into five sections:

The initial section examines mechanical aspects, including the compressive strength of polymer-
modified concretes with various PCM types. The density test revealed a substantial reduction in
density of PCM-modified concretes at the 1-day stage due to the addition of PCMs. Although there
was an initial decrease in strength with PCM introduction, all three concrete types exhibited
significant improvements in compressive strength from day 7 to day 28. In the bonding test, it is
noteworthy that all the samples demonstrated high bonding strength, ranging from 0.8 to 2 MPa,
surpassing the specified requirement of 0.4 MPa. This indicates that the samples consistently met and

even exceeded the required bonding strength, ensuring the reliability.

The second section focuses on specific enthalpy estimation and phase change temperature for
blended PCM concretes. It analyzes the influence of different heating/cooling rates on the thermal
behavior of polymer-modified concrete with PCMs, specifically regarding specific enthalpy and
specific heat capacity. PCM43D displayed the highest Ah of 21.89 J/g and 21.56 J/g for the first and

second peaks, respectively, among all the polymer-modified PCMs.

The third section is dedicated to thermal conductivity testing. The addition of PCMs resulted in
increased thermal conductivity in the composite materials, with varying percentage increases

depending on the PCM type.

In the fourth section, the study focuses on the heat cycle test, revealing that samples containing
PCM28D and PCM43D displayed notably efficient heat-absorption characteristics during the heating
phase. Moreover, they exhibited sustained heat release during the cooling phase, attributed to their
specific phase change temperature ranges. The highest temperature maintenance was observed in
PCM43D, with a delay of approximately 4 hours. Furthermore, the color of the tiles used in
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conjunction with the PCM concrete samples was found to exert an influence on their thermal behavior.
Samples with black tiles demonstrated superior heat absorption and release capabilities compared to

those with white tiles or no tiles.

In summary. the PCM polymer-modified concrete meets the requirements, based on the results of
mechanical property tests, cyclic tests simulating changes above normal ambient temperature and
intense solar radiation, and thermal property tests, which showed that the PCM exhibited a
temperature regulating function. Therefore, PCM 1is effective for use in the PC tile wall panel

construction method.
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CHAPTER §
ULTRA LIGHT WEIGHT PCM FOAM CONCRETE

ENERGY (NRG) FOAM



5.1 EXPERIMENTAL OVERVIEW

This chapter is to develop an ultra-lightweight foam concrete integrated with PCM. The initial
section investigates mechanical aspects including dry bulk density and wet density as the target value
of the NRG-foam concrete. The second section is dedicated to develop a design model for engineering
implementation and upscaling of NRG-foam mixtures. The final section provides the conclusion of

the chapter, summarizing the key findings and insights.

5.2 RESEARCH BACKGROUND

The samples of the phase change material (PCM) modified mineral insulation material examined
in this research work are so-called energy (NRG) foam. This is being developed at the Institute of
Construction and Building Materials (WiB) of TU Darmstadt University. The main concepts are to
increase the insulating effect and the energy storage capacity of the NRG foam. To achieve improved
insulation property, the strategy involves reducing thermal conductivity of foam concrete.

Foamed concrete, a lightweight concrete characterized by significantly reduced density, high
porosity, and low thermal conductivity [1], [2], [3], [4], holds promise for enhancing insulation. In
comparison to commonly used materials such as extruded polystyrene XPS board, which has an
insulation K-value between 0.040 and 0.024 W/m.K [5], foam concrete presents an alternative [6]. In
general, thermal property of foam concrete depends on density, pore size distribution and pore volume.
Typically produced with varying densities ranging from 400 to 1600 kg/m?, foam concrete exhibits
low thermal conductivity (0.389 to 0.734 W/m.K) [7], [8], [9].

Furthermore, there is potential to achieve a thermal conductivity comparable to extruded
polystyrene XPS board by producing ultra-lightweight foam concrete with densities between 180 to
260 kg/m>. However, there is limited research on materials with densities lower than 400 kg/m>.

Regarding to increase energy storage potential, phase change materials (PCMs) has been initiated
as a promising approach due to their remarkable ability to store and release thermal energy [10].
Integrating the concept of cementitious material with PCMs holds promise for creating lightweight
cementitious cellular composites with favorable mechanical and thermal properties. However,
previous studies have demonstrated that that the addition of PCMs [11], [12] leads to a reduction in
compressive strength and workability of cementitious composites [13], [14].

Despite potential drawbacks, the incorporation of PCMs is expected to be advantageous in ultra-
light weight concrete due to the inherently low thermal conductivity of PCM itself. This addition is
expected to contribute to the reduction of thermal conductivity in the composite material,
consequently enhancing thermal insulation properties.

The aim of the research is to develop an ultra-lightweight foam concrete integrated with PCM
within a density range of between 180 to 260 kg/m® and to establish a design model for engineering

implementation and upscaling of NRG-foam mixtures.
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Figure 5.1.1 The main idea of NRG foam [15]

5.2.1 Objective

a. To investigate the ultra-lightweight foam concrete density ranges (180-260 kg/m?) to study
the effects of density. More specifically, to define the dry bulk density and wet density as the

target value of the NRG-foam concrete,
b. To study the effects of different amounts of PCM in NRG-foam with different density ranges,
c. To determine mechanical behavior of NRG-foam with different density ranges,

d. To determine the ribbon thickness of NRG-foam for all mix design of NRG-foam by defining

the porosity of the NRG-foam concrete as the target value,

e. To evaluate the thermal behavior of the phase change materials incorporated into NRG-foam

concrete.
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5.2.2 Mix design
In this experiment, 12 different PCM foam concrete mixtures with dry densities, ranging between
180 kg/m? and 260 kg/m?, were considered.

Table 5-1 Mix designs of the NRG foam.
180 kg/m® 200 kg/m* 220 kg/m® 240 kg/m® 260 kg/m?

Reference v v v v v
PCM-5% v v - - -

PCM-10% v v v v

PCM-20% - - X X X

5.2.3 Production of foam concrete

The foam concrete samples were prepared using the pre-forming method. The first step in this
method was to prepare the paste. Thus, PCM and cement with metakaolin was mixed until a
homogeneous appearance was achieved. Next, the obtained binder was mixed with water for 120
seconds, followed by the superplasticizer and mixed for another 60 seconds. The stabilizer was added
to the mixture for 90 seconds. Finally, the hardening accelerator was added prior to the continued

mixing procedure until a homogenous paste was obtained.

The second step was to produce the foam. It was produced using the Gertec foam generator, a
compact device for the continuous production of foam. The parameters controlling the produced foam
were the water flow, compressed air flow and foaming agent concentration. The performed
experimental tests showed that the foam with a given density can be obtained with different generator
settings. In the conducted tests, foam with a density of 70 kg/m* was produced under the settings of
40 dm*/min (40 L/min) of compressed air and 3 dm:/min (3 L/min) of water. The concentration of the
foaming agent was 2% of the water volume. The foam was produced concurrently with the control of
the assumed density. Afterwards, the foam was gradually added to the cement paste and successively
mixed until a homogeneous mixture was obtained. After homogeneously mixing, the volume and wet
density of all the mixtures were determined. Finally, the foam concrete was poured into molds, which
were completely sealed using silicone to avoid leakage. The molds were 100 x 100 x 500 mm, 40 x

40 x 160 mm and 150 x 150 x 150 mm, mainly for the mechanical and thermal tests.
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5.2.4 Experimental findings

In this experiment, 12 different PCM foam concrete mixtures with dry densities, ranging between
180 kg/m? and 260 kg/m?, were considered. Since NRG-foam with PCM is a highly sensitive material;
thus, all mixtures were carefully measured and their wet density and volume were recorded
respectively to ensure their target dry density and target volume were reached. As for the Reference
and PCM 5% samples with different densities, there were no problems with mix composition as the

foam was stable for every mixture (Figure 5.1.2). And no volume loss was observed.

As for the NRG-foam with 10% PCM, the molds were completely sealed in advance to prevent
any collapse of the foam in mixture. The foam structure of the paste of all the compositions, mixed
according to this mix design, collapsed even in the homogeneous mixture. It should be noted that
there were two possible reasons that might have caused the foam structure of the paste to collapse or
the volume of the paste in foam to decrease. The first reason was related to the accelerator. After the
paste was mixed with the foam, the hardening accelerator was usually implemented to speed up the
hardening process and porous structure formation. However, the collapse of the paste in foam
structure could be caused by the insufficient amount of hardening accelerator. To address this issue
of foam collapse in mixtures containing NRG foam with 10% PCM, we decided to increase the
amount of accelerator by 10%. As a result, all the paste in foam structures for all the mixtures
remained stable after one day (Figure 5.1.3). The second reason was that Nextek24 PCM may cause
the decrease in the volume of the foam. Previous studies said that Nextek 24D had the most favorable
properties with respect to processing and the core of Nextek 24D consists of a phase change material
of kerosene, coated with melamine. However, our research showed that adding 10% of PCM into the
mixture caused volume loss of around 10% in the foam. As shown in figures 5.1.2 and table 5-2, the
initial volume of all the mixtures was 15L. After adding the PCM 10% into the mixture, its volume

decreased to 14L which was not considerably high-volume loss.

As for the NRG foam with 20% PCM, the compositions were mixed according to the same mix
design. But during the mixing process, mixtures were so dry that it was nearly impossible to mix after
20% of Nextek24 PCMs was added. Because the increase in the PCM content of the mixtures leads
to an increase in the amount of water needed for their preparation. Even when the superplasticizer
was added into the mixture, it still required large amounts of superplasticizer to achieve desired
flowability of mixture, which could compromise the foam structure's stability. Another reason was
that Nextek24 PCM caused the decrease in the volume of the foam. The experiments revealed that
incorporating 20% PCM into the mixture resulted in a volume loss of approximately 20-30% in the

foam.
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To solve this problem, it can be suggested that the amount of foam should be increased. Controlling
the wet density by increasing the amount of foam in the mixture may help compensate for the volume

loss caused by the Nextek24 PCM. This adjustment allows for a more favorable environment for

mixing the PCM and other components effectively.

Figure 5.1.3 The mixtures of NRG foam with Nextek24 PCM with 10% after increasing accelerator.
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Table 5-2 The results of volume measurement for reference NRG-foam samples.

NRG-Foam Mass to produce Volume of NRG Hardening
15L foam

R180 15L
R200 15L
R220 15L
R240 15L
R260 15L
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NRG-Foam Mass to produce Volume of NRG Hardening
15L foam
PCM-5% 180 15L
PCM-5% 200 14.5L
PCM-10% 180 14L
PCM-10% 200 14L

206



NRG-Foam

Mass to produce

Volume of NRG

Hardening

15L
PCM-10% 220 13.6L
PCM-10% 240 14L
PCM-10% 260 14L
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5.2.5 Density test

350

Density (kg/m®)
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S
S

REF 180 180 [ REF | 200 200 | REF [ 220 | REF | 240 | REF | 260
180 5% | 10% | 200 5% 10% | 220 | 10% | 240 | 10% | 260 | 10%

u7days | 186 180 201 211 228 250 257 240 259 284 280 312
m28days| 171 152 184 200 211 228 199 226 246 271 270 295

Figure 5.1.4 Density results of NRG foam concretes.

5.2.5.1 Results of the density test

The primary characteristics that define foam concrete density are stability and consistency. The
outcomes of the density tests are provided from table 5-3 to table 5-8. Stability, in the context of
foamed concrete, refers to the ratio of the initial (fresh) density to the final (hardened) density.
Conversely, consistency relates to the ratio between fresh density and the target density, which is
determined by the quantity of foam introduced into the foam concrete mixture. In general, the density
of foam concrete is influenced by both stability and consistency factors, both of which have a direct
impact on the material's strength. The test results demonstrate that all mix compositions containing
PCM exhibited comparable levels of consistency and stability, closely aligning with the intended
target densities. Our results show that all the PCM mix compositions had similar consistency and
stability that were close to the target densities.

Figure 5.1.4 shows the results of NRG foam concretes with and without PCM, was tested. Density
measurements were taken at 7 days and 28 days. The density of all samples was carefully adjusted by
adding foam to achieve low-density foamed concrete.

When comparing the initial density with the density after 28 days, it was observed that all samples
experienced weight loss. For the REF samples, the weight loss was approximately 8% after 28 days.
In the case of NRG foam with PCM-5%, the weight loss was around 12%. Meanwhile, for NRG foam
with PCM-10%, the weight loss averaged around 7% as shown.
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Table 5-3 7 days density test of NRG foam samples with No-PCM.

(Density control)
Mix Curing Density  Fresh Dry Consistency  Stability
Designation  Sample period of foam density density (%) (%)
@  (kg/md) (kgm’)  (kg/m)
4x4x16 199 1,1 1,0
200 1,1 1,0
S 245 1,1 0,8
R180 15x15x15 7 72 206 219 1,1 0,9
10x10x50 197 1,1 1,0
4x4x16 275 1,1 0,8
194 1,1 1,1
192 1,1 1,1
15x15x15 7 71 211 222 1,1 1,0
R200
10x10x50 180 1,1 1,2
4x4x16 216 1,1 1,1
220 1,1 1,0
220 1,1 1,0
R220 15x15x15 7 70 231 236 1,1 1,0
10x10x50 221 1,1 1,0
4x4x16 279 1,2 1,0
271 1,2 1,0
271 1,2 1,0
R240 15x15x15 7 73 280 255 1,2 1,1
10x10x50 243 1,2 1,2
4x4x16 278 1,2 1,1
281 1,1 1,1
282 1,1 1,1
15x15x15 7 72 318 302 1,2 1,1
R260
10x10x50 315 1,2 1,0

b
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Table 5-4 28 days density test of NRG foam samples with No-PCM.

(Density control)

Mix Curing Density Fresh Dry Consistency  Stability
Designation Sample  period offoam  density density (%) (%)
(@  (kgm’) (kg/m’) (kg/m’)
4x4x16 231 0.9
186 1.1
186 1.1
15x15x15 28 72 206 207 1.0
R180
10x10x50 182 1.1 1.1
4x4x16 184 1.1 1.1
184 1.1 1.1
266 1.1 0.8
15x15x15 28 71 211 203 1.1 1.0
R200
10x10x50 166 1.1 1.3
4x4x16 259 1.1 0.9
259 1.1 0.9
252 1.1 0.9
R220 15x15x15 28 70 231 227 1.1 1.0
10x10x50 199 1.1 1.2
4x4x16 261 1.1 1.0
266 1.1 1.0
251 1.1 0.0
R240 15x15x15 7 73 259 235 1.1 1.1
10x10x50 229 1.1 1.1
4x4x16 278 1.0 1.0
281 1.1 1.0
282 1.1 1.0
15x15x15 7 72 270 302 1.2 0.9
R260
- 10x10x50 315 1.2 0.9
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Table 5-5 7 days density test of NRG foam samples with 5% PCM.

(Density control)
Mix Curing  Density Fresh Dry Consistency Stability
Designation Sample period of foam density density (%) (%)
(d (kgm’)  (kg/m’)  (kg/m’)
4x4x16 180 1.2 1.2
180 1.2 1.2
180 1.2 1.2
180 15x15x15 196 1.2 1.1
PCM-5% 7 72 208
10x10x50 184 1.2 1.1
4x4x16 230 1.2 1.1
223 1.2 1.1
230 1.2 1.1
200 15x15x15 7 72 243 219 1.2 1.1
PCM-5%
10x10x50 207 1.2 1.2
Table 5-6 28 days density test of NRG foam samples with 5% PCM.
(Density control)
Mix Curing Density of Fresh Dry Consistency Stability
Designation Sample period  foam density  density (%) (%)
@  (kgm’)  (kgmd) (kg/m’)
4x4x16 152 1.2 1.4
153 1.2 1.4
151 1.2 1.4
180 15x15x15 28 72 208 181 1.2 1.2
PCM-5%
10x10x50 175 1.2 1.2
4x4x16 217 1.2 1.1
209 1.2 1.2
209 1.2 1.2
200 15x15x15 28 72 243 216 1.2 1.1
PCM-5% o
10x10x50 206 1.2 1.2
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Table 5-7 7 days density test of NRG foam samples with 10% PCM.

(Density control)
Mix Curing Density  Fresh Dry Consistency  Stability
Designation Sample period of foam density density (%) (%)
(d (kg/m’)  (kg/m’)  (kg/m’)
4x4x16 194 1.5 1.0
203 1.5 1.2
180 207 1.5 1.0
PCM-10% 15x15x15 7 74 264 246 1.5 1.3
10x10x50 237 1.5 1.1
4x4x16 270 1.2 1.2
227 1.2 1.1
200 254 1.2 1,1
PCM-10% 15x15x15 7 73 233 210 1.2 0.9
10x10x50 230 1.2 1.0
4x4x16 236 1.1 1.1
245 1.1 1.0
220 238 1.1 1.1
PCM-10% 15x15x15 7 73 252 301 1.1 0.8
10x10x50 262 1.1 1.0
4x4x16 285 1.3 1.1
281 1.3 1.1
240 285 1.3 1.1
PCM-10% 15x15x15 7 73 310 307 1.3 1.0
10x10x50 289 1.3 1.1
4x4x16 350 1.2 0.9
294 1.2 1.1
260 293 1.2 1.1
PCM-10% 15x15x15 7 73 320 320 1.2 1.0 _
10x10x50 298 1.2 1.1

212



Table 5-8 28 days density test of NRG foam samples with 10% PCM.

(Density control)
Mix Curing Density Fresh Dry Consistency  Stability
Designation Sample period of foam density density (%) (%)
(d) (kg/m*)  (kg/m’)  (kg/m)
4x4x16 180 1.5 1.5
184 1.5 1.4
180 188 1.5 1.4
PCM-10% 15x15x15 28 74 264 219 1.5 1.2 .
10x10x50 206 1.5 1.3 .
4x4x16 230 12 10
207 1.2 1.1
200 246 1.2 09
PCM-10% 15x15x15 28 73 233 210 1.2 1.1
10x10x50 226 1.2 1.0
4x4x16 223 1.1 1.1
231 1.1 1.1
220 223 1.1 1.1
PCM-10% 15x15%x15 28 73 252 292 1.1 0.9
10x10x50 232 1.1 1.1
4x4x16 297 1.3 1.0
270 1.3 1.1
240 285 1.3 1.1
PCM-10% 15x15x15 28 73 310 305 1.3 1.0
10x10x50 286 1.3 1.1
4x4x16 274 1.8 1.2
334 1.2 1.0
260 276 1.2 1.2
PCM-10% 15x15x15 28 73 320 312 1.2 1.0
10x10x50 291 1.2 1.1
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5.2.6 Compressive strength test

Compressive strength testing was conducted on cubic specimens measuring 100 x 100 x 100 mm?
(Figure 5.1.5). These cubic samples were produced directly from molds of the same dimensions and
also from larger molds (300 x 300 x 100 mm?) after a cutting process. All specimens remained in the
molds for 24 hours before being demolded and left to cure for 28 days at a temperature of 20°C and
60% relative humidity. These strength tests are conducted using a certified testing device connected

to a computer, allowing for the adjustment and modification of test conditions which is shown in the

Figure 5.1.5. The strength of the specimens is determined at an age of 28 days.
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Figure 5.1.5 Compressive strength test of NRG foam.
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Figure 5.1.6 Compressive strength test results.

214

260
10%

350

300

250

200

150

100

50

Density (kg/m®)



5.2.6.1 Results of compressive strength test

The results of the compressive strength tests were compared based on the variable components
used in the production of reference NRG foam, as showed in Figures 5.1.6. In general, trend in the
compressive strength showed decrease in strength with increasing PCM volume fraction and higher
w/c ratio. For example, the highest compressive strength observed at 0.6 MPa in REF 260 and
addition 10% PCM, compressive strength reduced by 30%. As for the lowest compressive strength
found at 180-5% at 0.15 MPa which reduced by 21% as compare with reference sample. The
compressive strength values for samples with PCM ranged approximately between 0.15 MPa and 0.4
MPa. For comparison, the compressive strength of thermal insulation materials such as glass wool
and XPS panels approximately between 0.2 and 0.3 MPa [16], [17]. Therefore, the observed strength
values for samples with PCM seem acceptable for insulation materials.

5.2.7 Thermal conductivity experiment

Adhesive tape is used to encircle the test specimens, preventing the occurrence of cracks due to
NRG foam shrinkage. This tape serves a dual purpose: crack prevention and securing the test
specimens together. After being removed from the climate chamber, the test specimens undergo
weighing and are subsequently enveloped in foil. Specialized adhesive tape is used to affix
thermocouples on both sides of the specimens. The test specimens are then fully covered with the
thermocouples, and contact mats are inserted into the Heat Flow Meter (HFM), as depicted in Figure
5.1.7.

Figure 5.1.7 Thermal conductivity machine (left) and test specimen wrapped in foil with a
thermocouple glued on (right).
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5.2.7.1 Results of thermal conductivity

The thermal conductivity is measured at four different temperatures in the range from 0°C to 40°C,
as this temperature range reflects the temperature range for the use of thermal insulation material.
The thermal conductivity test involved determining the thermal properties of samples with dry
densities ranging from 180 kg/m? to 260 kg/m*. Among these, the samples with a density of 260 kg/m?,
both with and without PCMs, exhibited the highest thermal conductivity values, within the range of
0.06 to 0.07 W/m.K. Notably, the sample with 260 PCM-10% demonstrated the highest thermal
conductivity, attributed to its higher density of 293 kg/m?* compared to the sample without PCM at
268 kg/m>.

Conversely, the samples with the lowest thermal conductivity were those with a density of 180
kg/m?3, with and without PCMs. Their thermal conductivity values ranged from 0.05 to 0.06 W/m.K.
The sample with 180 PCM-5% recorded the lowest thermal conductivity, and this was associated with
its lower density of 151 kg/m® compared to the sample without PCM at 183 kg/m>.

It is clear that a decrease in the density of foam concrete is associated with a reduction in thermal
conductivity. Additionally, the presence of an independent cell foam structure was observed to impede
heat loss from pores, potentially contributing to lower conductivity values, consistent with
conclusions from prior studies [18], [19]. As for the impact of PCMs, their contribution was not
explicitly demonstrated. This lack of clarity may be attributed to the adjustment of density through
the incorporation of additional foam, leading to an increase in the density of samples containing
PCMs. Notably, the thermal conductivity values of NRG foam with and without PCM were higher

than those of commercial insulation materials.
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Figure 5.1.8 Results of thermal conductivity of NRG foam.
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5.2.8 Mixture design tool for upscale

For the upscale of the NRG-Foam mixtures to the industrial scale, a design tool was created.
The NRG-Foam mixture design tool is based on the definition of a target value. In this context, two
different approaches are followed in the project. Approach No. 1 defines the dry bulk density of the
insulation material as the target value, and Approach No. 2 defines the porosity of the insulation
material as the target value. In addition to the target value definition, an intermediate constraint must
be fulfilled. The intermediate constraint is defined by the volume ratio between PCM volume and
binder paste volume. This must mathematically correspond to the desired PCM volume ratio. The
cement mass and the PCM mass are taken as variables. Figure 5.1.9 and Figure 5.1.10 show

calculation tables of an example mixture design.

NRG-Foam MPCM volume of paste (Vol.-%) 20
Mass in Ratio Volume % density Volume in 20,000
1 m3 V.-% V.-% kg/m3 1 m3
Cement Cement, CEM I 52.5 R
Type: 107,29 kg 75 27,41% 3100 0,0346 m3
Binder Centrilit NC IT MC (synth. Metakaolin)
Type: 16,73 25 9,14% 1450 0,0115 m3
Total binder content 124,01 |
MPCM Nextek 24D
19,70 kg 20% 780 0,02525 m3
Additive Hardening accelerator Trocurin BE
2,48 kg 2% 1300 0,0019 m2
Additive Superplasticizer Powerflow 3189*
0,62 kg 0,46% 1060 0,0006 m3
Additive Stabilizer Centrament Stabi 508
3,584 kg 2,18% 1300 0,0028 m3
Water (for w/b) 49,61 kg 39% 1000 0,0496 m?
Paste in foam without PCM 0,1010 m3
Paste in foam with PCM 200,00 kg 13% 0,1263 m3
Foam (w/b) (2.0% foam agent) 61,16 kg 87% 70 0,8737 m3
Water (total) 109,55 0,1095
w/b designed 0,40 w/b ist-value: 0,4]
w/b (total) 0,89
calculated density pase wet 1584,1 kg/m3
Calculated density foam_wet 261,16 kg/m3
calculated density pase solig (W/b) 200,00 kg/m3
Dry density corrected | 200,00 kg/m3
input-parameter
target value / input in Solver

Figure 5.1.9 Calculation sheet of the NRG-Foam mix design using the example of 20 volume percent PCM and a
dry bulk density of 200 kg/m® - Target value is the dry bulk density.
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NRG-Foam MPCM volume of paste (Vol.-%) 20
Mass in Ratio % i in 20,000
1 m3 V.-% V.-% kg/m3 1 m3
Cement Cement, CEMI 52.5 R
Type: 107,29 kg 75 27,41% 3100 0,0346 m3
Binder Centrilit NC II MC (synth. Metakaolin)
Type: 16,73 25 9,14% 1450 0,0115 m3
Total binder content 124,01 |
MPCM Nextek 24D
19,70 kg 20% 780 0,02525 m3
Additive Hardening accelerator Trocurin BE
2,48 kg 2% 1300 0,0019 m3
Additive Superplasticizer Powerflow 3189*
0,62 kg 0,46% 1060 0,0006 m3
Additive Stabilizer Centrament Stabi 508
3,584 kg 2,18% 1300 0,0028 m3
Water (for w/b) 49,61 kg 39% 1000 0,0496 m3
Paste in foam without PCM 0,1010 m3
Paste in foam with PCM 200,00 kg 13% | 0,1263|m2
Foam (w/b) (2.0% foam agent) 61,16 kg 87% 70 m3
Water (total) 109,55 0,1095
w/b designed 0,40 w/b ist-value: 0,4}
w/b (total) 0,89
calculated density jaste wet 1584,1 kg/m3
Calculated density foam_ wet 261,16 kg/m3
calculated density pue soiid (W/b) 200,00 kg/m3
Dry density corrected | 200,00 kg/m3
input-parameter
target value / input in Solver

Figure 5.1.10 Calculation sheet of the NRG-Foam mix design using the example of 20 volume percent PCM and a

dry bulk density of 200 kg/m* - Target value is the porosity.

To find the solution, the generalized reduced gradient (GRG) method with mixed restrictions is
used for the mixture design tool. That is, the problem is reduced to unrestricted minimization on
pieces of boundary manifolds of the admissible set. Thus, all approximations are admissible. A change
of the boundary manifold is based on the optimality constraints. The GRG method determines the

relative change in a target cell in the form of convergence.

The achieved convergence is indicated by a fractional number between 0 and 1. A larger number
of decimal places in a given number indicates a lower convergence. The smaller the convergence, the
more accurate the result and the larger the number of iteration steps and the longer the time needed
to find the solution. In the NRG-Foam mixture design tool, the differential for estimating difference

parts of the objective and constraint functions is according to a central approach.

Figure 5.1.11 shows a flowchart for the GRG solution approach of the mixture design tool to
visualize the method.

Based on the mixture design tool, the NRG foam porosity can be calculated as a function of the
corresponding bulk density and PCM volume content in the binder paste, depending on Approach 1
or Approach 2. The results for the PCM contents 0 vol.% - 40 vol.% are shown in Figure 5.1.12.
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Input:

Volume fraction of PCM in paste

Volume ratio between cement and metakaolin
Water-binder ratio (w/b)

Aqueous foam density

NRG-Foam dry bulk density / porosity

Solving the Problem:
GRG-Method
Target value: NRG-Foam dry bulk density / porosity
Constraint: Volume fraction of PCM in paste

Variables: PCM mass, cement mass

!

Calculating the masses of NRG-Foam
components according to component ratios
and related volume balance

No

* Convergence achieved?

* Constraint fulfilled?

Output:

Masses of NRG-Foam components for design volume

End

NRG-Foam porosity (m3/m?)

Figure 5.1.11 Flowchart for the GRG solution approach of the mixture design tool.
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Figure 5.1.12 Calculated NRG-Foam porosity as a function of dry bulk density.




5.2.9 Approach for an engineering design model for NRG-Foam

For the engineering implementation and upscaling of NRG-Foam mixtures, a design model
approach was developed, which can be coupled with the mixture design tool mentioned in Section
5.2.8.

The model approach describes a limit function of the NRG-Foam stability as a function of the
PCM volume fraction in the binder paste. For this purpose, a distinction is firstly made between the
two material phases, the NRG-Paste and the NRG-Foam. In order to ensure sufficient NRG-Paste
stability, the PCMs must be distributed with a safe average particle distance and coated with an
appropriate binder paste layer. In this context, the approach of the so-called “ribbon thickness”

according to [2] is applied (see Figure 5.1.13).

Binder paste

Re
Figure 5.1.13 Schematic representation of the average particle spacing of the PCM particles in the binder glue as
ribbon thickness Rp.

NRG-Paste is considered as a material composite consisting of binder paste and PCM particles.
The PCM particles are distributed in the NRG-Paste according to their particle size distribution with
a safe average particle distance and a certain volume ratio to the binder paste. Here, the Rp value is
the ribbon thickness, Vp is the volume of binder paste, and Srcu is the surface area of all PCM particles
as a function of particle size distribution and volume ratio in NRG-Paste. To determine the mean
distance between two PCM particles, the total binder volume is smeared out onto the surface of the
PCM particles. For a single PCM particle, the thickness of a paste layer around this particle results in
Ve/Spcu. In order to determine the mean particle distance, Vp must be considered twice. This results
in the Equation 3:

Rp =222 (5-1).

Spcm

The ribbon thickness highly depends on the particle size distribution of the used PCM
microcapsules. The particle size distribution for the Nextek 24D PCM used in the NRG-STORAGE

project as reference PCM is shown in Figure 5.1.14.
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By considering the volume of microencapsulated PCM per cubic meter of NRG-Paste, the total
particle surface Spcy can be calculated as a function of the particle size distribution. By dividing the
double volume of binder glue 2Vp present in one cubic meter of NRG-Paste mixture by the particle
surface, the ribbon thickness of the NRG-Paste Rp is obtained. On this basis, Rp of the NRG-Paste
blends for the Nextek 24D PCM was calculated as a function of different possible PCM volume

contents and visualized in Figure 5.1.15.

To describe the average foam structure of NRG-Foam and the associated foam stability, the
“ribbon thickness” approach can be applied by analogy. Here, the material composite NRG-Foam is
described as a two-component system consisting of NRG-Paste (binder skeleton) and air voids. The
ribbon thickness in this context represents the average distance of the air voids and implicitly the

average material thickness of the binder skeleton (see Figure 5.1.16).

Particle Size MPCM-N-24D
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Figure 5.1.14 Particle size distribution of encapsulated Nextek 24D PCM.
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Figure 5.1.15 Rp-Value of microencapsulated PCM from Nextek 24D as function of PCM percentage in NRG-Paste.
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NRG-Paste

@® PCM
Binder paste

ribbon
Re

Figure 5.1.16 Schematic representation of the average distance of air bubbles in the NRG-Paste as ribbon thickness

Rr

Here Rr is the ribbon thickness of NRG-Foam, Vyrgp the volume of the NRG-Paste binder and
Suir the surface area of all air voids as a function of the air void size distribution and the volume
fraction in NRG-Foam composite. In order to determine the mean air void distance, Vyrgp must be
considered twice. This results in the Equation 4:

Ry = ZNRGE (5.9,

Sair

To determine the air void distribution of the NRG-Foam composite, 3D uXCT scans were
performed on NRG-Foam specimens with different bulk densities between 180 kg/m?® and 220 kg/m?.
This showed that the air void distribution of all investigated bulk densities was approximately
identical. Accordingly, a simplified average air void distribution was transferred to all foam mixtures.
The mean pore size distribution and an example of a 3D uXCT scan can be seen in Figure 5.1.17. It
should be noted that this experiment was conducted in laboratory at NIMS with the help of Prof
Tsuchiya Koichi.
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Average pore size distribution of air voids in NRG-Foam
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Figure 5.1.17 Average pore size distribution of NRG-Foam based on 3D uXCT scans[20].

Considering the porosity of the NRG-Foam and the corresponding volume of air per cubic meter
of NRG-Foam, the total surface area of the air voids Su;- can be calculated as a function of the pore
size distribution. Dividing twice the volume of NRG-Paste binder 2V yrcp present in one cubic meter
of NRG-Foam mixture by the air void surface area, the ribbon thickness of NRG-Foam Rr can be
obtained. On this basis, Rr of NRG-Foam mixtures was calculated as a function of different possible

porosities, and it is shown in Figure 5.1.18.

In order to determine the above-mentioned limiting function for NRG-Foam stability as a
function of the PCM volume fraction in the binder paste (NRG-Paste), the ribbon thickness of the
NRG-Paste Rp is linked with the ribbon thickness of the NRG-Foam Rr. The linkage is based on
empirically obtained test data on foam stability in the fresh state (no foam decay in the fresh state)
and general applicability (sufficient strength for the production of insulation boards) which have been
done according to the new mixing design tool mentioned in Section 5.2.8. The stability depends on
the PCM volume fraction in the NRG-Paste and the foam porosity of the NRG-Foam. From the tests
it can be seen that NRG-Pastes with PCM volume contents > 40 % by volume cannot be processed
and that NRG-Foam with a porosity > 92 % cannot be used because the foam is too fragile to produce
insulation boards. Furthermore, it can be seen from test series that the higher the PCM volume fraction
in the NRG-Paste, the lower the porosity in NRG-Foam must be for the foam to be applicable as an

insulation board. This results in the foam technology relationships shown in Table 5-9.
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Figure 5.1.18 RF-Value of NRG-Foam as a function of NRG-Foam porosity.

Table 5-9 Relationship between Rp-value and Rg-value.

Vol.-% PCM in NRG-Paste Rp Porstity (%) Rr
of NRG-Foam
5 138.07 92 1
10 65.4 88 1.57
20 29.07 86 1.87
30 16.96 80 2.87
40 10.9 60 7.66

The relationship between Rp and Rrcan now be used to visualize the ribbon thickness of the
NRG-Foam Rr as a function of the ribbon thickness of the NRG-Paste Rp. The curve can be

represented by an exponential function of the following form (Equation 5):
Jx) = Ap-e®V+ 4564y (5-3).

It can be clearly seen from this function that as the PCM volume fraction in the NRG-Paste
increases, the Rp value decreases and, correspondingly, the porosity in the NRG-Foam decreases and

the Rr value increases (see Figure 5.1.19).

Using this determined limit function for NRG-Foam stability as a function of the PCM volume
fraction in the binder paste Rr = f{Rp), a just functional NRG-Foam mixture with an associated
limiting porosity respectively limiting bulk density can be determined with the input of a desired
PCM volume fraction in the binder paste. If the bulk density of a mixture with a given PCM volume
fraction is increased compared to the calculated limiting bulk density, it can be assumed that the
design works. However, if the bulk density is reduced in comparison to the limiting bulk density

determined in the model, there is no evidence that the design will work.
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RF = f(RP)
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Figure 5.1.19 Ribbon thickness of the NRG-Foam Rr as a function of the ribbon thickness of the NRG-Paste Rp

The approach can be made consistent throughout, starting with the mixing design tool, the
associated NRG-Foam porosities, and the ribbon thickness approach Rr = f{(Rp) based on empirically
determined values which are designed according to this mixing design tool. The following Figure
5.1.20 shows the consistent relationship of the NRG-Foam limiting porosities or limiting bulk
densities with the ribbon thickness approach as an approach for an engineering NRG-Foam design
model. As an example, the input desired PCM contents of 10 % and 20 % by binder paste volume and

the resulting limiting bulk densities are shown.

After the respective limiting bulk density for the corresponding PCM volume fraction has been
determined, the necessary masses of the NRG-Foam components for a selected production volume
can be calculated with the help of the mixing design tool from Section 5.2.8. If adjustments are made

in the design, this approach can lead to an iterative solution.

Later in the project, the engineering design model will be automated in a computer-based design
program and extended to material target parameters, such as strength and insulation performance.
This will result in further limit functions. The most stringent requirement of a specific NRG-Foam
application then becomes decisive. All limit functions will be validated with further measurement

results in the course of the project.
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5.3 CONCLUSIONS

Ultra-lightweight PCM Foam Concrete (NRG Foam), explores the innovative field of ultra-
lightweight PCM foam concrete, NRG Foam, in collaboration with the Technical University of
Darmstadt, Germany. The main purpose of NRG foam is to increase thermal insulation and thermal
energy storage capacity. The objective of this research is twofold. First, to develop an ultra-
lightweight concrete foam integrated with PCM. The material properties of NRG foam concrete were
analyzed in detail. Key parameters include foam porosity and ribbon thickness. The findings are as

follows

In this experiment, 12 different PCM foam concrete mixtures with dry densities, ranging between
180 kg/m? and 260 kg/m?, were considered. Since NRG-foam with PCM is a highly sensitive material;
thus, all mixtures were carefully measured and their wet density and volume were recorded
respectively to ensure their target dry density and target volume were reached. As for the Reference
and PCM 5% samples with different densities, there were no problems with mix composition as the
foam was stable for every mixture. A clear relationship between density and strength was confirmed,
indicating that compressive strength increases with higher density, regardless of the specific
composition of the foam concrete. Consequently, the observed strength values for samples with PCM
seem acceptable for insulation materials.

As for the thermal conductivity test, a reduction in the density of foam concrete was found to be
associated with a reduction in thermal conductivity. Notably, the thermal conductivity values of NRG

foam with and without PCM were higher than those of commercial insulation materials.

An empirical model that establishes a clear relationship between foam porosity (RP) and ribbon
thickness (RF), where RF = f (RP). This model optimizes the thermal insulation and energy storage
capacity of NRG foam.
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CHAPTER 6
NUMERICAL SIMULATION ANALYSIS OF PCM

CONCRETE



6.1 SIMULATION OVERVIEW

Numerical Simulation Analysis of PCM Concrete, a comprehensive numerical simulation analysis
was conducted to investigate the energy efficiency of PCM concrete. The main objectives of this
chapter are to validate the experimental data with numerical calculations and to establish a predictive
model for the energy efficiency of concrete. To achieve these goals, a one-dimensional model was
meticulously developed based on empirical insights gained from studies of heat transfer in PCM
concrete. Heat conduction in the concrete was calculated using the heat conduction equation based

on Fourier's law.

6.1.1 Introduction

The analysis of heat transfer in building materials, particularly Phase Change Materials (PCMs),
presents unique challenges due to their thermochemical properties and operational complexity. In
recent years, researchers have increasingly turned to numerical methods to investigate the energy
efficiency of PCMs [1], [2], [3]. These methods typically involve formulating and solving heat
transfer equations to model the behavior of phase change materials. For example, Ramakrishnan et
al. [4] conducted a comprehensive evaluation of the thermal performance of cementitious composites
incorporating phase change materials. Their study involved a combination of experimental
assessments and numerical simulations. Additionally, Karthikeyan et al. [5] conducted a study on a
cylinder storage tank filled with paraffin encapsulated spherical containers to analyze heat transfer
during the phase change process. Their methodology incorporated an enthalpy formulation in
mathematical models to accurately represent the phase change behavior of paraffin across different
temperature ranges. The fully explicit finite difference method was then employed to solve these
models. The results obtained from these mathematical models were validated against experimental
data, ensuring their accuracy and reliability.

In this research, the study of heat conduction in PCM concrete was conducted using the heat
conduction equation based on Fourier's law. Additionally, the mechanism of heat transfer through
vibration was explored, where energy is transferred from regions of higher temperature to lower
temperature. In solids, the movement of atoms results in tiny vibrations known as phonons, acting as
carriers of energy. Phonons are crucial for heat transfer, facilitating the movement of energy through
the material's structure [6]. The main objectives of this chapter are to validate the experimental data
with numerical calculations and to establish a predictive model for the energy efficiency of concrete.
To achieve these goals, a one-dimensional model was meticulously developed based on empirical
insights gained from studies of heat transfer in PCM concrete.
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6.1.2 Establishing a simulation model for temperature evolution

6.1.2.1 Simulation domain

As shown in Figure 6.1.1, a semi two-dimensional model was developed based on the experimental
testing conditions of "Heat cyclic analysis" experiment in chapter 2. From chapter 2, the box used in
the experiment is constructed by six sides, of with five sides are made from polysryne foam material
with a much lower thermal conductivity compared to concrete side. Therefore, we assume that the
cubic box exchanges heat with the external environment-chamber (green part in Figure 6.1.1) only
through the concrete side. From left to right, the figure was divided into a solid region including
concrete and phase change materials, and inner gas region. The solid phase is composed of two typs
of very small blocks: the concrete matrix and a certain quantity of randomly distributed phase change
material (PCM). Each block represents a part of the concrete matrix or a part of PCM, marked by
gray and blue colors respectively. The internal gas space is treated as a homogeneous gas phase. This
model primarily investigates the conduction behavior of heat in solid materials containing different
phases with phase change materials. Therefore, it is assumed that the box directly transfers heats with
the chamber through the surface, in an efficiency 1, which does not influence by the convection
situation or contacting areas. Therefore, only the solid region is considered as the simulation domain
in this model, where the points A, B, and C are corresponded to the temperature recording points in
the experiment. The temperature at point A is considered to be the chamber temperature and the
temperature at point B is regarded as the temperature evolution recorded by the backside

thermocouple in the experiment.

Size of specimens:
200 mm = 200 mm * 20 mm

Thermocouple (surface) ® A- Surface
/ . / \A Thermocouple (Backside)
[ ] .
_ B- Backside
- Thermocouple (Inside)
= @
'V-\ .
Size of prototype sample: Polystryne foam C- Inside
300 mm x 300 mm x 300 mm.
Concerete Top Concerete Bottom Inner Space
®C
Higher T n— Lower T

Figure 6.1.1 Schematic of the heat evolution model and parameter definitions on DSC model.
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6.1.2.2 Parameterization

The parameters involved in the model and their physical significance are shown in Table 1. The
"Initial parameters" are input as defining parameters for the entire system before the simulation starts
and remain unchanged throughout the loops, regardless of the different blocks. The "Intermediate
parameters" are redefined each time when a new block is checked within a loop.

Table 6-1 Inputs Parameters for Simulation Process

Initial To Temperature of point A
parameters MFpcm The mass fraction of the PCM material.
PSDpcm The size distribution of the PCM material.
MZpcm The melting zone of of the PCM material.
Intermediate Ti Temperature of the blocks between point A and B
parameters Xi The position of the blocks (point A as 0)
Qi The degree of melting in the PCM material (0 for

liquid, 1 for solid and any number in between for

percentage of melting).

dT; The temperature difference between adjacent blocks.
<Cp> Coefticient group
Ci During each heat transfer, a random coefficient is

selected from the <C;> accroding to probability Pc

Output Tend Temperature of point B
parameters
T .
a = : Equation 6-1
MZPCM
dl, =T, -1, Equation 6-2

e :( log space(T,,, ~T,.a,b)

Equation 6-3
Z logspace(T,,, —T,a,b) J

<C >= ]nm_‘T"_T"”‘ space(d,e,b) Equation 6-4

C =r(<C, > 1,t,Pc) Equation 6-5

T,

i+1

=T.(1+C,) Equation 6-6
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The a, b, c, d and e in these formulas are constant parameters, which vary according to different
experimental materials (composition of concrete, type of PCM, particle distribution, etc.), but remain
unchanged throughout a complete simulation process. Logspace represents the construction of b
values distributed proportionally on a logarithmic scale, ranging from T1+1-Ti to a. Lnspace
represents the construction of b values distributed proportionally on an exponential scale, ranging
from d to e. The r function represents the random selection of a value from <C;>, weighted by the

probability Pc.

6.1.3 Model simulation overview

The simulation consists of z cycles, with each cycle occurring as described below: The temperature
is uniformly distributed at an initial value 7y on the concrete surface based on the chamber starting
temperature and its heating rate (Point A in the experiment). Subsequently, heat determined by
temperature is transferred to the next adjacent blocks in sequence. During the cooling process, the
transfer of heat can be considered as a negative value. The heat transfer to subsequent blocks i+/ is
influenced by the block's properties and the temperature difference with the previous block. This
dictates the heat transfer coefficient C; between blocks. The transfer continues until it reaches the end
block (Point B in the experiment). The simulation persists until the 7y reaches its maximum, shown
in Figure 6.1.2. After each cycle, Ty 1s updated according to the increase or decrease in the chamber
temperature in the experimental data. The numbers of cycles can be adjusted based on actual needs.
A greater number of cycles will result in more detailed heating and cooling curves, but it will also
increase the simulation time and the computational load. In our research, the whole process is
simulated in Software Matlab 2023a.

D —— R — D ———
— D —

Heat Heat !
T e T | e 000000 T
0 Transfer L Transfer end

Higher T Lower T
Yes Yi
T, | Properties m T, | Properties m Ti.1 | Properties —)g End
[ No
No

Figure 6.1.2 Schematic of the basic model and parameter definitions heat evolution model
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6.1.3.1 Simulation Domain for heat transfer model

Having established the aforementioned theory and basic model, we refined the model for the heat
evolution experiments [7], [8]. A semi three-dimensional model was constructed based on the
experimental testing conditions. The sample within the holder is partitioned into numerous small
cylindrical shapes. Each cylinder comprises a certain number of blocks corresponding to the concrete
matrix and randomly distributed PCM (Phase Change Material). Initially, the entire sample within
the holder shares a consistent starting temperature. Over time, the temperature at the bottom part rises,

transmitting heat to samples situated higher up, shown in figure 6.1.3.

PCM Lower T
Mesh

Measuring

Heating

Sample Holder

.
.
.
.

Higher T

Figure 6.1.3 Schematic of the heat transfer model and parameter definitions.

6.1.3.2 Parameterization

In the heat transfer model, the various parameters have the same significance as in the temperature
model. The constant parameters a, b, ¢, d may need adjustment, which is conducted through validation.
To compensate for the omission of various heat conduction directions, appropriate adjustments were
made to the upper and lower bounds of the coefficient group. To convert temperature transfer into

heat transfer, Fourier's law was employed. According Fourier’s law[9]

q = —kVT
Equation 6-7
With k as the Thermal conductivity factor. In this model, since the temperature difference between

two adjacent blocks in each cycle is very small, it can be considered in a differential form, therefore

dq = —k(T;y1 —T;) Equation 6-8
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q=—k Zi(Ti+1 — T;) Equation 6-9

6.1.3.3 Model simulation overview

The heat conduction mechanism in this refined model remains consistent with the heat transfer
model, however, the transfer of heat from starting block to end block (as shown in Figure 6.1.2) will
be executed N times in each cycle, as the distribution of PCM in every cylindrical shape is different.
Moreover, only the upward heat conduction, from the bottom to the top, is considered effective.

Transfers in other directions are disregarded.

6.1.4 Model validation and heat evolution model

Based on the constructed model, a thermal cyclic simulation was conducted for concrete
containing various amounts of PCM6D and the results were compared with existing experimental
findings, as shown in Figure 6.1.4. The simulation time is from 4:18 AM to 10:28 PM. For ease of
description, the horizontal axis is converted to minutes, and 4:18 AM is set as 0 minutes. The constant
parameters were first validated based on experimental data with a PCM content of 30%, with a set to
-5, b to 60, and ¢ to 6. In the concrete matrix block, d is consistently -0.55. In the PCM block, d is -
0.5 in the solid state and -0.4 in other states, e is set to -1, and m is set to 3. Subsequently, these data
were retained and used to predict the simulation results for other concentrations.

In the figure, focusing from left to right on the initial cooling phase, the simulated results align
well with the experimental data, showing that concrete with a higher concentration of PCM6D
experiences a more modest temperature drop over the same duration. In the model, the thermal
conductivity coefficient of PCM is lower than that of the concrete matrix, leading to a slower heat
transfer rate in samples with higher PCM content.

When it comes to the heating phase, it is divided into three segments:

1. Pre-phase Change Heating: Both experimental and simulation results depict a rapid heating rate
with no significant variation among the samples. The thermal conductivities of the samples differ but

not prominently during this phase.

2. Phase Change: A noticeable slowing in the heating rate occurs as PCM content increases. This
deceleration is attributed to a portion of the heat being consumed for latent heat during the PCM phase
transition (22-28°C). Consequently, there's a notable reduction in the effective thermal conductivity
coefficient during this phase, which is reflected as a plateau or slowed heating rate in the curve. At
this stage, there was a slight deviation between the simulation results and the experimental results.
There are two possible reasons: one is that the constant parameters a, b, c, d, etc., which are treated
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as constants, should actually be functions of the block's characteristics or even time; the second is the
inherent issue with time in the simulation method itself. Which is due to the model's assumption that
each simulation step (or time increment) is consistent, whereas, in reality, each heat transfer event
might not happen at regular intervals. This issue can be addressed by introducing a time-adjustment
equation for each PCM content level, but to maintain clarity in this analysis, this adjustment was
omitted.

3. Post-phase Change Heating: The heating rate for all samples post phase change is slower
compared to the initial phase. This slowdown is influenced by two main factors. Firstly, the
temperature difference between the sample blocks and the surrounding chamber To-T; narrows,
equalizing the probability of heat transfer between adjacent blocks. Secondly, as heat continues to
transfer, the temperature difference between neighboring blocks Ti+1-T; diminishes, leading to a
corresponding drop in the thermal conductivity coefficient. This manifests as a gradual increase in
the curve. Notably, for samples with lower PCM content, there's a significant discrepancy between
simulation and experimental results in the high-temperature zone. The reason for this deviation is also

due to the treatment of parameters as constants and the inconsistency in the handling of time.

The subsequent cooling phase mirrors the heating segment but in reverse, exhibiting a progressive
decline in temperature. Noteworthy is the pronounced plateau during PCM phase transition, mainly
because the system's block temperatures are closer to the chamber's (To-T;), reducing the blocks'
vibration probability (i.e., the effective thermal conductivity). After a sufficient duration, all samples
equilibrate to the ambient temperature.

237



50 —— (Chamber
~ —No-PCM
@
4 —PCM-10%
% 10 —PCM-30%
; o ——
=20 f ~
- R o s
) L
=10 ¢
5t
0:00 712 936 1200 1424 1648 2136 2400 2624 28:48
— PCM - 0%
50 R . — PCM-10%
& —— PCM -30%
Mo PCM - 0%
e R /4 4 S S | NP PCM - 10%
S , PCM - 30%
@ o -~~~ chamber
= 30 E
© <
3] -
5 20 2
— 7
10 S
0 1 1 1 1 1
o} 200 400 600 800 1000

Time (Min)

Figure 6.1.4 Heat cyclic results for different amounts of PCM6D (solid line represents experimental testing, dashed
line represents simulation results.

The results presented above validate the reliability of this model for simulating and theoretically
explaining the effects of varying PCM6D content. Subsequently, simulations were conducted for

samples containing 30% of different types of PCM, and the outcomes were compared with existing
experimental data, as depicted in Figure 6.1.5.

Initially analyzing the 28D sample, its simulation within one cycle mirrors the trends seen with
the 6D sample. However, the entire heating and cooling rates are slower for 28D compared to 6D,
and the plateau during phase transition (24-28°C) is more pronounced. Model analysis reveals that

the coefficient value for 28D is generally lower than that of 6D. Given that the concrete matrix's
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contribution to the coefficient remains fairly consistent, this suggests that the thermal conductivity of

28D PCM is inferior (or its thermal output performance is superior.

Next, considering the 18D sample, its temperature change curve is notably distinct, resembling
samples with lower PCM content. This can be attributed to the phase transition temperature range of
18D PCM being lower (below 15°C), and the chamber temperature rises from 10°C to 50°C before
cooling. Consequently, the temperature variation interval for PCM18D is barely evident under these
conditions. In the model, the coefficient of PCM Blocks remains virtually unchanged throughout the
process. Notably, the cooling phase scarcely shows any phase transition. During heating, the
temperature difference between the Blocks and the chamber (ambient) is significant, thus invoking a
greater coefficient impact. However, during cooling, due to the minor temperature difference between
the concrete matrix and PCM Blocks with the chamber, the vibration probability of the Blocks is

limited, resulting in almost no significant coefficient variations.

Conversely, for the 43D PCM sample, its phase transition occurs at higher temperatures (above
42°C), and there's a longer duration where a significant temperature difference exists between the
Blocks and the chamber (T0-Ti). Moreover, with the inherent temperature (Ti) of the Blocks being
high, the vibration probability is amplified, thereby granting more opportunities for the coefficient to
come into play. This effect profoundly influences the entire system. It can be observed that 43D takes
a considerable duration to reach the chamber's equilibrium temperature, with its phase transition

spanning the entire high-temperature range.
In conclusion, the reactions of different types of PCM to temperature variations within a fixed

temperature range differ significantly. Thus, choosing the appropriate PCM is crucial, depending on

the specific application environment.
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Figure 6.1.5 Heat cyclic results for different types of PCM-30% (solid line represents experimental testing, dashed

line represents simulation results).

Through simulations of samples with different amounts of the same type of PCM and those with
the same amount but different types of PCM, the outcomes demonstrated high consistency with
experimental results. Moreover, the parameterized explanations provided by the model offer a
coherent interpretation of the observed differences. Thus, relying on this model, we ventured into

predictions in two main aspects.

Firstly, we explored a scenario not easily achievable in practical experiments — varying the particle
size distribution of PCM. In completed experiments, the particle size of PCM6D spanned between
15-30 micrometers. We expanded our predictions to include particle sizes ranging from 7.5-15

micrometers and 30-60 micrometers, the results of which are presented in Figure 6.1.6.
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At a glance, variations in particle size do not significantly influence the temperature curve,
particularly in the cooling phase. However, in the heating phase, the smaller-sized PCM6D particles
manifest a more noticeable plateau. This can be attributed to the implication that smaller particle sizes
suggest a more homogeneous distribution. Within the model, this means that the Blocks representing
PCM are more likely to be adjacent to those symbolizing the concrete matrix. Especially within the
phase transition temperature range of PCM, there's a considerable difference in the coefficients
between these two entities. Therefore, with smaller particle sizes, there's an extended duration

required for the completion of heat transfer during the phase transition.
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Figure 6.1.6 Heat cyclic prediction results for PCM6D-30% with varying particle sizes.

Subsequently, we projected predictions for concentrations of PCM6D not observed in the
experiments: 20%, 25%, 35%, and 40%. It is evident that with the increment of PCM content, there
isn't a significant difference during the initial cooling phase. The disparity in the first segment of the
heating phase (prior to phase transition temperature) is also minimal. In the second segment (within
the phase transition temperature range), due to the increased number of Blocks representing higher
PCM content, the coefficient undergoes noticeable variation with temperature. As a result, a
pronounced plateau phase is manifested. In the third segment (post phase transition temperature),
samples with higher PCM content exhibit a slower rate of temperature rise. This is attributed to the
overall lower coefficient influenced by the dominance of PCM-representative Blocks.

The cooling curve features mirror those of the heating curve, but it's worth noting that when PCM

content is excessively high, the sample temperature might not return to its minimum value within a
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cycle. Therefore, in general, the choice of PCM content is crucial for different application
environments. If the content is too low, its temperature-buffering effect is not distinct; if it's too high,
the sample might not effectively release the energy stored within, potentially compromising usage
stability.
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Figure 6.1.7 Heat cyclic prediction results for different amounts of PCM6D.

The basic model was subsequently refined to address the heat flow issue in DSC (Differential
Scanning Calorimetry). Considering that samples in DSC typically undergo processes like grinding
and compression, their microstructure and material parameters actually change. Without readjusting
the model parameters, the results aren't suitable for quantitative analysis. Here, we only present the
simulation results for the 18DPCM-30% sample at three different heating rates (1, 5, and 10°C per

minute) and compare them with experimental findings, as shown in Figure 6.1.7.
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Figure 6.1.8 Simulation results of DSC for PCM18D-30% at three different heating rates.

It is observed that, outside the phase transition temperature and its vicinity (outside the 10-20°C
range), the heat flow curve demonstrates a gradual increasing trend. In model terms, the temperature
difference between blocks within a single cylindrical form (as illustrated in Figure 3) under this
scenario is relatively minor. Hence, the calorific compensation provided by the DSC heating system
to maintain the temperature increase is also minimal. However, within the phase transition range, as
the PCM's coefficient gradually reduces, there comes a moment when the temperature difference
between Blocks inside the cylinder becomes significant. The DSC heating system then needs to
provide more compensation. This is reflected in Figure 8 as a pronounced peak around the phase

transition temperature and its neighboring range.

For faster heating rates, it's clear that both the peak's area and height increase. Furthermore, the
position of the peak slightly shifts towards a higher temperature with increasing heating rate. This is
because the quicker change in environmental temperature leads to a larger temperature difference
\(TO-Ti\) between the Blocks and their environment. As a result, the coefficient becomes more

influential, broadening the phase transition plateau. This causes a certain lag in the heat compensation.

While the refined DSC model isn't yet suitable for quantitative analysis without redefining the
basic model's parameters, its preliminary simulation results align quite well with experimental
findings. This suggests that the basic model's underlying theory is generally applicable and is
immensely helpful in studying the thermal performance of both PCM-added and pure concrete

materials.
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6.2 CONCLUSIONS

Numerical Simulation Analysis of PCM Concrete, a comprehensive numerical simulation analysis
was conducted to investigate the energy efficiency of PCM concrete. The main objectives of this
chapter are to validate the experimental data with numerical calculations and to establish a predictive

model for the energy efficiency of concrete.

The results of the numerical simulations were compared closely with the experimental data, and it
was found that there was a remarkable consistency between the two. The validated numerical
approach was then extended to explore the behavior of PCM foam concrete. The validated numerical

approach was then extended to predict the behavior of PCM foam concrete.

Numerical simulations revealed that PCM plays a crucial role in effectively mitigating prototype
room temperature fluctuations in various PCM foam concretes. This entire simulation process was
extended to include the use of the PCM in a variety of PCM form concrete. It is noteworthy that the
entire simulation process was performed in-depth using Matlab 2023a software. The results are
promising for advancing the understanding and prediction of energy efficiency in PCM concrete

systems.
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CHAPTER 7
ENERGY ANALYSIS SUMULATION OF BUILDINGS

WITH PCM



7.1 SIMULATION OVERVIEW

In this chapter, energy simulation analysis conducted on PCM foam concrete using experimental
results data including the enthalpy change, thermal conductivity, and density of PCM concrete
measured in the above-mentioned DSC tests, thermal cycle tests, and mechanical properties tests.
This is structured into three sections. Initial section describes with the necessary input for simulation
in Energy plus such as general input as run period, schedules and parameters of materials. The second
discusses simulation results. The discussion focuses on four key parameters: outside temperature,
room temperature, heating load, and cooling load. This assessment is based on comparing temperature
fluctuations between wall materials and PCM foam concrete. The final section presents the chapter’s
conclusion. It should be noted that this simulation was tested with the help of Yuki Osanai, President

of OFactory.

7.1.1 Introduction

The usage of energy in constructions has become a demanding concern according to rising living
standards and the increasing demand for heating and cooling. The International Energy Agency [1]
reported that the construction field already occupied over one third of world energy usage, so this
proportion is rising up even further in the next 50 years, particularly in residential buildings[2].
Therefore, there is an urgent need to air conditioning and heating load in constructions and enhance
their energy efficiency.

Multiple options to minimize the heating and cooling loads in buildings were exposed [3], [4], [5].
One of the promising solutions to this growing issue is the integration of renewable energy sources
into the construction field. By using solar thermal energy, for example, it is possible to decrease
heating and cooling energy demands. In this regard, the incorporation of phase change materials
(PCMs) has been initiated as a promising approach due to their remarkable ability to reserve and
radiate that thermal energy. A phase transition process of PCMs, which involves melting and
solidifying states, allows them operate as a heating and cooling system. When an ambient room
degree reaches, the PCM accumulate energy before transitioning from a solid to a liquid state, and
when the temperature drops, it solidifies, releasing the stored energy back into our environment [6].
It 1s said that this process makes it possible to create and maintain an acceptable thermal comfort in
residential buildings.

Within the building sector, the integration of PCMs' phase change properties offers various
applications such as incorporating these materials into walls, roofs and floors to regulate indoor
temperatures effectively [7], [8]. Recently, researchers have been dedicated to utilization of PCM in
plasterboard as an insulation material and light weight concrete. For example, research conducted by
Yuka Kusama et al [9]. examined the use of plasterboard containing microcapsule PCM (mPCM) and

gel PCM. Their analysis demonstrated that the average heat transfer coefficients in rooms with mPCM
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and gelPCM were 10% and 5% lower, respectively, compared to rooms with traditional PB walls.
Furthermore, the mPCM room exhibited a notable reduction in heating load, estimated at around 35%.
Kumar et al. [10] conducted an energy performance analysis using EnergyPlus software. They
successfully integrated PCM with melting temperature 24°C into building wall in India climate
conditions. As a results-maintained temperature throughout the year, eliminating the need for external
heating or cooling sources.

The purpose of this simulation is to the understanding of the phase change phenomena in foam
concrete and explore the potential to enhance indoor comfort and reducing cooling and heating energy

demand.

7.1.2 Model establishment

Energy Plus, the software used in the test, is a program created for the purpose of providing energy
simulations of the entire building to engineers, architects, and researchers, and can model such energy
consumption as heating load, cooling load, ventilation, illumination, and water usage. In this test,
since the air conditioning load is focused, the flow of heat energy to the calculation model which
mimics the architecture shown in Figure 7.1.1 and Figure 7.1.2 was simulated, and the outside
temperature, indoor temperature, and heating and cooling load were numerically simulated, and it
was utilized for the comparison examination of the temperature change on the time axis. By changing
the thermal conductivity, specific heat, and density of internal building members, it is possible to

compare and study thermal comfort of any material.

O X o
oY

Figure 7.1.1: Calculation model northwest side. Figure 7.1.2 Calculation model southeast side.
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7.1.3 Environment

The environment which is set when the comparative examination is carried out in this test is
described in this paragraph. There are two settings added: simulation environment and wall material.

This study utilizes weather data from the one of the Tokyo Metropolitan Government in Fiscal
2018 published by Japan Metropolitan Agency for energy calculations. The climate of the Tokyo
region is characterized by its temperate nature, featuring a Pacific Ocean side climate, as shown in
Figure 7.1.3 [11]. Winters tend to be cold, while summers are hot. Figure 7.1.4 presents the annual
average temperature and precipitation data for Tokyo [12]. The calculations specifically focus on the
cold weather in January and the hot weather in August. In addition, Figure 7.1.5 and 7.1.6 shows the
average air temperature and solar radiation in both January and August.

Detailed temperature changes are analyzed in January and August, when heating and cooling loads
are large.

’/ TOkYO Field Units kil
:  Name TOKYD_2018_MOE

Latitude deqg hd2

Longhude deqg 14045

Time Zone b q

Elevation m o Y

Figure 7.1.3: Location of the house [11]. Source: Energy Plus screenshot.
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Rainfall Level & Average Temperature in Tokyo (2019)
Data source: Japan Meteorological Agency
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Figure 7.1.6: : August weather in Tokyo involves considerations of both temperature and solar radiation.
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7.1.4 Description of the zones

This house is composed by two different zones named: basement, living room, Figure 7. In order

to reduce the time of each simulation, several simplifications have been considered, for example:

connect different rooms in one zone and consider that the house is isolated.

(a) Zone 1

Figure 7.1.7: Description of the zones (a) Zone 1:

(b) Zone 2

Basement (b) Zone 2: Living room.

Figure 7.1.8: Description of the zones. Source: Energy Plus
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7.1.5 Simulation parameters

The material input simulation specifications detail the composition of three key building elements:
the wall, ceiling surface, and floor. The wall is a three-layer structure with exterior structural plywood,
100 mm of glass wool, and a 12 mm PCM board. The ceiling surface consists of four layers, including
asphalt roofing, structural plywood, 200 mm of glass wool insulation, and 9 mm of gypsum board.
The floor is composed of three layers, featuring 100 mm of glass wool, 15 mm of structural plywood,
and a 15 mm thick flooring material. Specifications on architecture are shown in Table.7-1 and Table.
7-2.

Table 7-1 Simulation parameters.

Building orientation South
Building shape Width 3.64m, depth 7.28m, height 2.8m
Shelter shape Width 3.64m, depth 0.91m,
distance from the ground 3.3m
East sleeve wall shape Depth 0.91m, height 3.3m,
distance from west side wall 3.3m
West sleeve wall shape Depth 0.91m, height 3.3m,
distance from west side wall Om
South opening Width 2.73m, height 0.5m
North opening Width 1.82m, height 1.17m
Opening specifications Thermal Permeability 1.3
[W/ mK]

Solar heat transmittance 66.80%
Wall specifications Ist layer (outside) Structural plywood 15 mm

2nd layer Glass wool 32K 100 mm

3rd layer (inside) PCM board (Gypsum board) 12 mm
Ceiling surface specifications Ist layer (outside) Asphalt roofing 5 mm

2nd layer Structural plywood 15 mm

3rd layer Glass wool 32K 200 mm

4th layer (inside) Gypsum board 9 mm
Floor specifications Ist layer (outside) Glass wool 32K 100 mm

2nd layer Structural plywood 15 mm

3rd layer (inside) Flooring 15 mm
Heating set temperature 20°C
Cooling set temperature 27°C
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Table 7-2 Characteristic of the structure materials of the calculation model.

Name Glass Plywood Flooring Plasterboard Asphalt
wool 32K for the roofing
structure
Roughness Medium Medium Medium Medium Medium
Smooth Smooth Smooth Smooth Rough
Thickness [m] 0.1 0.015 0.015 0.009 0.005
Conductivity 0.038 0.15 0.15 0.14 0.11
[W/m-K]
Density [kg/m?] 16 550 550 1110 1000
Specific Heat 840 1300 1300 1130 920
[J/kg-K]
Thermal 0.9 0.9 0.9 0.9 0.85
Absorptance
Solar 0.7 0.7 0.7 0.5 0.85
Absorptance

7.1.6 General input as run period and schedules
7.1.6.1 Run period of simulation
The characteristics of this object depend on the particular case under study. In general, the

simulation will cover a one-year period from January 1 to December 31, as show in Figure 7.1.9.

Field Unitz (]|
M arme Anual
Begin Month 1
Begin Diay of kMaonth 1
Begin ear 12
End kaonth Ell
End Diay of kMonth 0
End Year 0
Dray of “Week for Start Day Mo
Uze Weather File Holidavs and Special Days Mo
Uze Weather File Davlight Saving Period Mo
Apply weekend Holiday Rule Mo
Iz Weather File R ain Indicators 2
ze Weather File Snow Indicators

Figure 7.1.9. Object: Run period. Source: Energy plus.
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7.1.6.2 Schedule of simulation
We employed typical household schedules for the simulation. Obj4, representing heating, is

active until June 30th at 24:00, maintaining a temperature of 20°C. Starting from August 31st, the set

temperature is adjusted to 1°C to avoid running the heating system. From September 1st to December

31st, the temperature is maintained at 20°C.

For cooling (Obj 5), the set point is set to 50°C throughout the day until February 28th, avoiding

the activation of cooling system. From March 1st to November 30th, the temperature is set at 27°C.

Subsequently, the operating schedule continues until February 28th at 50°C. Detailed operating

schedules are illustrated in Figure 7.1.10.
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Figure 7.1.10. Occupancy schedule. Source: Energy plus schedule database.
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For zone 1, the ventilation frequency is set to 5 times per hour according to the set point schedule

settings in this model. As for zone 2, the ventilation frequency is set to 0.5 times per hour, as shown

in Figure 7.1.11.

Field

Narme

Zone of Zonelist Name

Schedule Name

Design Flow Rate Calculation Method
Design Flow Rate

Flow per Zone Floor Area

Flow per Exterior Surface Area

Air Changes per Hour

Constant Tem Coefficient
Temperature Term Coefficient
“elocity Term Coefficient

Yelocity Squared Term Coefficient

Urits (il
Thermal Zone 1
Always On
AilChangesHour

ma/s

m3/s-me

m3/s-me

1/hr 5

Obj2
Want B

Thermal Zone 2

Always On

05

AiChangesHour

Figure 7.1.11. Ventilation schedule. Source: Energy plus schedule database.
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7.1.7 Conduction through the wall

The most basic time series solution is the response factor equation which relates the flux at one
surface of an element to an infinite series of temperature histories at both sides as shown by Equation
7-1:

QAU ZX Tot—js — Z} Tia—js

=0 =0 Equation 7-1

where q” is heat flux, T is temperature, 1 signifies the inside of the building element, o signifies
the outside of the building element, t represents the current time step, and X and Y are the response
factors. While in most cases the terms in the series decay fairly rapidly, the infinite number of terms
needed for an exact response factor solution makes it less than desirable. Fortunately, the similarity
of higher order terms can be used to replace them with flux history terms. The new solution contains
elements that are called conduction transfer functions (CTFs). The basic form of a conduction transfer

function solution is shown by the following equation 7-2:

ny

qkr( ) Zolrrf ZZ ’I‘r,I, Jd +}/UTUF + ZYTOF—J() +Z(I) q kit—jb

=1 Jj=1 i=1

Equation 7-2
for the inside heat flux, and

ng
q.ﬁo }/I—;f Z} Ef_Jd—’_X Tuf"’ZA T{JF—JG_'—Z@J(I ko t—jé
Equation 7-3

for the outside heat flux (q” = q/A)

where:

Xj = Outside CTF coefficient, j =0,1,...nz
Yj = Cross CTF coefficient, j =0,1,...nz

Zj = Inside CTF coefficient, j =0,1,...nz

®j = Flux CTF coefficient, j = 1,2,...nq.

Ti = Inside face temperature

To = Outside face temperature

q " ko = Conduction heat flux on outside face

" —

q "' = Conduction heat flux on inside face

The basis for the zone and air system integration is to formulate energy and moisture balances for

the zone air and solve the resulting ordinary differential equations using a predictor-corrector
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approach. The formulation of the solution scheme starts with a heat balance on the zone air.

Nt Nawr faces Naone

dTl. . - = .
C.=Z2=>"Qi+ > hAi(Tu—T)+ > 11Cp (Tei — T2) + 112iniChp (Too — T2) + Quys

T2 dt
i—1 li—1 i—1

Equation 7-4

Where:
Nap o,
> Qi ..
i=1 = sum of the convective internal loads
Naurg

S A (T —T2) =
= convective heat transfer from the zone surfaces

MiniCyp (T T-) = heat transfer due to infiltration of outside air
e i€y (1. = T.) =heat transfer due to interzone air mixing

st« =air systems output

C. G = energy stored in zone air

C. = pairCpCT

Pair = zone air density

C» = zone air specific heat

Cr = sensible heat capacity multiplier (Detailed description is provided below) If the air

capacitance is neglected, the steady-state system output must be:

Ny Nourfaces

— Q,,W = Z Q;+ Z h; A Z i, Cy (T = T,) 4 migyeCy (To — T)

i=1 i=1

Equation 7-5

Air systems provide hot or cold air to the zones to meet heating or cooling loads. The system
energy provided to the zone, Qsys, can thus be formulated from the difference between the supply air

enthalpy and the enthalpy of the air leaving the zone as shown in Equation 7-5.

Qsys = MgysCy (Tmp - T) Equation 7-6

This equation assumes that the zone supply air mass flow rate is exactly equal to the sum of the
air flow rates leaving the zone through the system return air plenum and being exhausted directly
from the zone. Both air streams exit the zone at the zone mean air temperature. The result of
substituting Equation 2.3 for Qsys in the heat balance Equation 2.1 is shown in Equation 7-6.

sur faces N:zones

C. 4= Z®+ Z mun~nm-;ﬁmug—n)

= dt

+?n1n[(q1 (Tcx_ - T:) + ﬁl.ﬁys(;’[) (I—sup - T.;) Equation 7_7
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7.1.8 Setting up wall materials

In this test, two different temperature ranges of microencapsulated phase change materials
(PCMs): PCM6D and PCM 18D were chosen based on the experimental results. Notably, PCM6D-
30% and PCM18D-30% exceed the strength of the ALC panel in the compressive strength and the
high-capacity heat storage of PCM is the maximum. To set up PCM simulations, the temperature of
Tokyo was taken into consideration and No-PCM and gypsum board were used as the main materials
for the comparative examination of PCM heating and cooling efficiency. Physical properties of PCM
concrete are detailed in Table 7-3 to 7-6.
Table 7-3 Thermal conductivity of PCM concrete.

Name of the Temperature range Thermal conductivity
samples 0 (W/m. K)
Upper Lower
No-PCM 020~°C 0.3648 0.3766
PCM6D-30% 020~°C 0.1693 0.1709
PCM18D-30% 10~30°C 0.1646 0.1661

Table 7-4 Density of concrete PCM concrete.

Name of sample Density [kg/m?
No-PCM 1008
PCM6D-30% 730
PCM18D-30% 826

Table 7-5 Phase change behavior of PCM concrete.

PCM concrete Melting Melting Specific heat Crystallized
Melting range peak enthalpy capacity enthalpy
No soul T Ty Tm (°C) AH fysion Cr (J/g)C AH ey (J/g)
O 0 (g
PCM6D - 16.84 6.86 22.89 2.1630 24.47
30% 13.35
PCM18D - 30.40 16.84 39.93 3.8410 40.69
30% 12.86
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7.1.8.1 Specific heat capacity of PCM

The specific heat capacity is referred to the amount of energy required to raise the temperature of
1 gram of substance by 1°C or 1K with units quoted as (J/g°C). Also designed as Cp, specific heat
capacity can be quantitatively measured using a DSC as it is obtained at constant pressure.

The schematic DSC, specific heat capacity plots are shown from Figure 7.1.12 to 7.1.14, while

detailed numerical values are presented in Table 7-6 to Table 7-8.

Table 7-6 Specific Heat of No-PCM. 5

Temp Specific Temp Specific 05 4:

(°O) Heat (°C) Heat o

(J/(g/°C)) (J/(g/°C)) = 37

< 4

5 0.93 25 1.03 T 5
Q

10 0.96 30 1.06 g ]
(]

o

15 0.98 35 1.10 @ 0

-10 -5 0 5 10 15 20 25 30 35 40
20 1.00 40 1.15 Temperature (°C)

Figure 7.1.12 Specific heat of No-PCM.
Table 7-7 Specific Heat of 6D.

5
Temp Specific Temp Specific l
°O) Heat cO) Heat =4
(e] 0, O
(J/(g/°O) (J/(g/°O) % 291
= 3 -
5 2.1 25 2.7 % ] 216
10 2.0 30 2.6 T 2
2
15 1.8 35 1.8 ERE
&
20 1.9 40 1.4 0
-10 -5 0 5 10 15 20 25 30 35 40
Temperature (°C)
Table 7-8 Specific Heat of 18D. Figure 7.1.13 Specific heat of PCM6D.
Temp Specific Temp Specific 5
°0O) Heat (°O) Heat 1
(J/(g/°0)) (J/(g/°O) O 4
5 1.6 25 1.8 G
= 34 3.840
10 2.4 30 1.2 8 7
= 5]
15 3.5 35 1.2 b=
8 14
20 32 40 1.3 7
0

-10 -5 0 5 10 15 20 25 30 35 40
Temperature (°C)

Figure 7.1.14 Specific heat of PCM18D.
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7.1.8.2 Enthalpy of PCM

The specific enthalpy measurements, conducted within a temperature range of -25 to 60°C, allow
us to understand the phase transition behavior of these materials. The specific enthalpy is assumed to
be zero at -20 °C, enabling the analysis of changes in enthalpy.

For PCM6D (Figure 7.1.15 and Figure 7.1.16), the phase transition range, characterized by
substantial changes in enthalpy, occurs from 6 to 16 °C. Within this phase transition range, PCM6D
exhibits a specific enthalpy of 120 J/g, indicating its significant capacity for absorption. Additionally,
it releases capacity is 102 J/g of thermal energy during this phase transition.

For PCM18D (Figure 7.1.17 and Figure 7.1.18), the phase transition range, characterized by
substantial changes in enthalpy, occurs from 6 to 16 °C. Within this phase transition range, PCM6D
exhibits a specific enthalpy of 120 J/g, indicating its significant capacity for absorption. Additionally,
it releases capacity is 102 J/g of thermal energy during this phase transition.

Figure 7.1.19 and Figure 7.1.20 show settings utilized in EnergyPlus for a PCM simulation.

o0
[}
LLLLEI LLLLE LU LA LR LLRLN LLLLY

-25 -5 15 35 55
Temperature (°C)

Figure 7.1.15 Enthalpy of PCM6D (Heating).

20 ¢
-40
-60
-80
-100
-120
-140
-160

py (J/g)

Enthal

-25 -5 15 35 55
Temperature (°C)

Figure 7.1.16 Enthalpy of PCM6D (Cooling).
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Figure 7.1.17 Enthalpy of PCM18D (Heating).
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Figure 7.1.18 Enthalpy of PCM18D (Cooling).
Field Units Okl Field Units Okt
Nane PCM_boart Name _ _ PCM_boart
Temperature Coefficient for Thermal Conductivity Wimk2 Temperature Coefficient for Themal Conductiviy Wwimk2
Temperature 1 C 20 Temperature 1 C 20
Enthalpy 1 Jika i} Enthalpy 1 Jikg i}
Temperature 2 C nm Temperature 2 C 0o
Enthalpy 2 Jikg 20842,02315 Enthalpy 2 Jékg 2651258913
Temperature 3 C 615 Temperature 3 C 55
Enthalpy 3 Jikg 24375.12481 Enthalpy 3 Jikg 5406 BRET1
Temperature 4 C 1017 Temperature 4 C 13.03
Enthalpy 4 Jikg 4360942096 Enthalpy 4 JAkg 51617.12812
Temperature 5 C 1991 Temperature 5 C 19.92
Enthalpy 5 Jhka 57342 4507 Enthalpy 5 Jikg 89563.02521
Temperature & C %23 Temperature f C 957
Enthalpy & Jikg 1548,20086 Enthalpy & Jikg 106548, 5192
Temperature 7 C k] Temperature 7 C 0.1
Enthalpy 7 Jikg 92617.78435 Enthalpy 7 kg 113908.2097
Temperature & C R4.95 Temperature & C F4.89
Enthalpy 8 Jikg 1227122397 Enthalpy & JAka 155999 4226
Temperature 3 C 100 Temperature 3 C 100
Enthalpy 9 Jikg 184950 Enthalpy 3 kg 232645

Figure 7.1.19 Enthalpy of PCM6D. Source: Energy plus. Figure 7.1.20 Enthalpy of PCM18D. Source: Energy Plus.
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7.2 TEST RESULTS

The test results of this chapter are described in two points: temperature change and heating and

cooling load.

7.2.1 Comparative results in indoor temperature without heating and cooling load

On the result of the comparative examination under the above-mentioned setting conditions,
the comparison of the temperature change for various materials, including gypsum, No-PCM,
PCM6D and PCM18D, are shown from Figure 7.2.1 to 7.2.8. These figures show the temperature
variations during periods of January and August when the heating and cooling is not used.

To obtain a comprehensive understanding of the temperature differences between materials, a
comparative analysis was performed. The results of this comparison are shown in Figures 7.2.9
through 7.2.16 to provide a visual evaluation of the temperature variations of the specified materials.

Across all materials, indoor temperatures were generally higher than external temperatures.
However, in PCM concrete, the indoor temperature closely approached the external temperature,
resulting in a smaller temperature change amplitude. When comparing gypsum and No-PCM, as
shown in Figure 7.2.10 and Figure 7.2.11, no significant differences were observed in January and
August. This can be explained as these two materials has similar material properties such as density
and heat capacity.

Comparing No-PCM with PCM6D, PCM6D exhibited lower temperature variation, with a
difference of 2-4°C in both January and August (Figure 7.2.11 and Figure 7.2.12). Similarly, when
comparing PCM6D with PCM18D, PCM18D demonstrated results lower than PCM6D, with a
temperature difference of 1-3°C in both January and August, as shown in Figure 7.2.15 and Figure
7.2.16.

261



N
S W

[
AERERERRARRRRIRRRRARRRRRRNRT]

Temperature (°C)
—_— N
(9]

S

1
()]

1/6 1/11 1/16 1/21 1/26 1/31
—— gypsum board(no air conditioning) —— Outside

—_
~
—_

Figure 7.2.1 Indoor simulation of the gypsum wall in January.
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Figure 7.2.2 Indoor simulation of the gypsum wall in August.
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Figure 7.2.3 Indoor simulation of the No-PCM wall in January.
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Figure 7.2.4 Indoor simulation of the No-PCM wall in August.
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Figure 7.2.5 Indoor simulation of the PCM6D-30% wall in January.
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Figure 7.2.6 Indoor simulation of the PCM6D-30% wall in August.
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Figure 7.2.7 Indoor simulation of the PCM18D-30% wall in January.
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Figure 7.2.8 Indoor simulation of the PCM18D-30% wall in August.
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Figure 7.2.9 Indoor simulation comparison of gypsum wall and No-PCM wall in January.
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Figure 7.2.10 Indoor simulation comparison of gypsum wall and No-PCM wall in August.
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Figure 7.2.11 Indoor simulation comparison of No-PCM wall and PCM6D-30% wall in January.
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Figure 7.2.12 Indoor simulation comparison of No-PCM wall and PCM6D-30% wall in August.
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Figure 7.2.13 Indoor simulation comparison of No-PCM wall and PCM18D-30% wall in January.
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Figure 7.2.14 Indoor simulation comparison of No-PCM wall and PCM18D-30% wall in August.
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Figure 7.2.15 Indoor simulation comparison of PCM6D-30% wall and PCM18D-30% wall in January.
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Figure 7.2.16 Indoor simulation comparison of PCM6D-30% wall and PCM18D-30% wall in August.
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7.2.2 Comparative results in indoor temperature with heating and cooling load

The comparison results of the temperature change for various materials, including gypsum, No-
PCM, PCM6D and PCM18D, are shown from Figure 7.2.17 to 7.2.32. These figures show the
temperature variations during the periods of January and August with heating and cooling load. Since
the heating load is applied in January and cooling load in August, the temperature change was set
between 20°C and 27°C degrees respectively as the border line. In that case, the fluctuation shown
represents that an extra heating load is applied, and the air conditioning load increases.

When comparing gypsum and No-PCM, as shown in Figure 7.2.25 and Figure 7.2.26, no
significant differences were observed in January and August under the heating and cooling load. On
some days under heating and cooling loads, the room temperature is higher during the winter months
than set temperatures during the day. This phenomenon can be explained as during the winter months,
it is might depended on material properties and solar radiation penetrating into room. For example,
gypsum and No-PCM have similar properties in terms of density and heat capacity. As a result,
temperature trends observed in rooms with gypsum and No-PCM materials could be similar. In
contrast, on some days under heating and cooling loads, the room temperature is lower during the
summer on some days than set temperatures during the day. This can be explained as during certain
days of summer, external weather conditions, such as cooler temperatures or reduced solar radiation,
may contribute to the lower indoor temperatures compared to the set values.

In comparison to PCM6D and PCM18D, PCM18D demonstrated results lower temperature
fluctuations and effectively maintained room temperature, especially in January (Figure 7.2.31).
While there was a slight difference observed in August, as shown in Figure 7.2.32, PCM18D
consistently demonstrated better temperature stability. This enhanced performance can be attributed
to the capability of PCM to absorb and store energy from the indoor air, thereby maintaining
temperature fluctuations more effectively. Furthermore, another factor to decrease in heat load is
PCM18D’s higher heat capacity compared to PCM6D and No-PCM. The higher heat capacity of
PCMI18D allows it to absorb and release more energy per unit volume or mass, making it more

effective in regulating temperature.
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Figure 7.2.17 Indoor simulation with the air conditioning of the gypsum wall in January.
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Figure 7.2.18 Indoor simulation with the air conditioning of the gypsum wall in August.
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Figure 7.2.19 Indoor simulation with the air conditioning of No-PCM wall in January.
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Figure 7.2.20 Indoor simulation with the air conditioning of No-PCM wall in August.
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Figure 7.2.21 Indoor simulation with the air conditioning of PCM6D-30% wall in January.
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Figure 7.2.22 Indoor simulation with the air conditioning of PCM6D-30% wall in August.
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Figure 7.2.23 Indoor simulation with the air conditioning of PCM18D-30% wall in January.
40
$ 35
()
530
<
g 25
5 20
I
15
8/1 8/6 8/11 8/16 8/21 8/26 8/31
——PCM18D-30%(air conditioning) —— Outside

Figure 7.2.24 Indoor simulation with the air conditioning of PCM18D-30% wall in August.
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Figure 7.2.27 Indoor simulation comparison with the air conditioning of PCM6D-30% and No-PCM January.
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Figure 7.2.28 Indoor simulation comparison with the air conditioning of PCM6D-30% and No-PCM August.

25
6;/\/\/\/\ A A AAALaaal A 4 Il A A s . 2 n
2 15 1
ERE
s ]
o 5 A
£ ]
()
=
-5
1/1 16 /11 1/16 121 126 1/31
—— No-PCM(air conditioning) ——PCM18D-30%(air conditioning) —— Qutside

Figure 7.2.29 Indoor simulation comparison with the air conditioning of PCM18D-30% and No-PCM January.
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Figure 7.2.30 Indoor simulation comparison with the air conditioning of PCM18D-30% and No-PCM in August.
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Figure 7.2.31 Indoor simulation comparison with the air conditioning of PCM6D-30% & PCM18D-30% in January.
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Figure 7.2.32 Indoor simulation comparison with the air conditioning of PCM6D-30% &PCM18D-30% in August.

7.2.3 Heating and cooling loads

The results of the day-to-day heating and cooling load were calculated based on the change in
temperature and the comparison for each material is Figures from 7.2.33 to 7.2.48.

In the Figure 7.2.41 and Figure 7.2.42, comparison results of gypsum and No-PCM are shown, it
is hardly possible to recognize the difference in the heating and cooling load.

As for the PCM concrete, the heating load of PCM6D was almost no different from that of No-
PCM, but in the cooling load, the difference was sufficient for the cooling load as shown in Figure
7.2.43 and Figure 7.2.44. Further analysis in Figures 7.2.47 and 7.2.48 demonstrates that PCM 18D
exhibits noticeable differences in both heating and cooling loads compared to PCM6D. This indicates
that variations in PCM composition play a crucial role in influencing heating and cooling loads, with

PCM18D-30% showing enhanced performance in regulating temperature fluctuations.
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Figure 7.2.33 Air-conditioning load of the gypsum wall building in January.
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Figure 7.2.34 Air-conditioning load of the gypsum wall building in August.
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Figure 7.2.35 Air-conditioning load of the No-PCM wall building in January.
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Figure 7.2.36 Air-conditioning load of the No-PCM wall building in August.
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7.2.4 Monthly heating and cooling loads
The graph below shows monthly heating and cooling loads throughout the year and the comparison

results for each material.

In the material comparison which did not contain PCM, the one with low air conditioning load
was gypsum board, but the difference was about 2.4% for the heating load and about 4.8% for the
cooling load. As for the PCM concrete, PCM6D-30% had about 1.6% reduction in heating load and
about 13% reduction in cooling load compared with No-PCM, and gypsum board was less burdened
in heating load. On the other hand, in PCM18D-30%, the heating load was reduced by about 11%

and the cooling load by about 20%, indicating a significant load reduction.
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Figure 7.2.49 Monthly division air-conditioning load.
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7.3 CONCLUSIONS

Energy Plus software was used for energy analysis simulations. PCM was incorporated to a

residential building in Tokyo under the winter and summer seasons.

The comparison between gypsum and No-PCM materials revealed no significant differences in

room temperature trends during January and August under heating and cooling loads.

Regarding PCM materials, PCM 18D exhibited less temperature fluctuation and better temperature
stability, especially in January. The performance of PCM 18D can be attributed to its ability to absorb

and store energy from indoor air and effectively maintained temperature fluctuations.

From the results of this study, PCM concrete showed a promising solution for achieving significant
reductions in heating and cooling loads in residential houses. The test results indicate that PCM

implementation can lead to load reductions of approximately 10-20%.
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CHAPTER 8
CONCLUDING REMARKS



8.1 CONCLUDING REMARKS

This thesis mainly focuses on the development of sustainable and energy-efficient building
materials by incorporating phase change materials (PCMs) into concrete structures. The research
involves a comprehensive investigation of both the PCM and various types of PCM-concrete through
a combination of experimental and simulation techniques. As a results, PCM concrete offer a
promising solution by efficiently storing and releasing thermal energy, reducing heating and cooling
loads. This approach contributes to sustainability in construction, demonstrating a capacity to mitigate
excessive heat on external wall. This innovative approach can create and maintain a comfortable
thermal environment while significantly reducing energy consumption.

This thesis concludes with seven key sets of conclusions, providing comprehensive insights into

the implications and potential application of the research.

8.1.1 Conclusions of chapter 2

This research explored the impact of incorporating phase change materials (PCMs) into foam

concrete, focusing on both mechanical and thermal properties. Here are the key findings:

The initial section explored the mechanical aspects, as the amount of PCM increased, the foam
volume also increased, which led to a decrease in compressive strength. However, even with a
reduction in strength, the compressive strength remained sufficient for applications like ALC panels.

The use of a special OM mixer was crucial in maintaining the integrity of the microcapsule PCMs
during the mixing process. This prevented the formation of typical cracks in the PCMs within the

concrete, preserving their energy storage potential.

The third section focused on thermal behavior of PCM foam concrete. Three tests were conducted
to evaluate the thermal behavior of PCM foam concrete. The DSC test confirmed that all types of
PCM foam concrete melted and froze within the expected temperature ranges, and energy storage
capacity increased with the amount of PCM. The thermal conductivity test revealed that increasing
the thermal conductivity of the composite material is advisable for improved performance. The
thermocycle analysis demonstrated that PCM foam concrete effectively maintained temperatures
within a certain range, with PCM43D exhibiting the longest temperature delay of approximately 8
hours.

In conclusion, PCM foam concrete offers several beneficial characteristics, including enhanced
thermal performance and latent heat storage. The results suggest that PCMs have the potential to
reduce indoor temperature fluctuations, contributing to energy savings and improved thermal comfort

in buildings.
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8.1.2 Conclusions of chapter 3:

This chapter focused on addressing the specific question of how to enhance energy storage capacity
(TES) of concrete. Three different types of concretes with blended PCM have been studied to evaluate

mechanical aspect and thermal characterization. It can be divided into 4 sections.

The initial section explored the mechanical aspects, including the compressive strength and density
of concretes with blended PCMs. It was observed that the addition of PCMs significantly impacted
the density of ND and NC concretes, resulting in a substantial reduction at the 3-day. While there was
an initial decrease in compressive strength when PCMs were introduced, all three types of concrete

demonstrated significant improvements in compressive strength from day 7 to day 28.

The second section focused on specific enthalpy estimation and phase change temperature for
blended PCM concretes. Different heating/cooling rates and their influence on thermal behavior were
analyzed. NC exhibited the highest Ah, latent heat capacity, and specific heat capacity among the

three concrete types, indicating its superior thermal performance.

In the third section, thermal conductivity tests were conducted, revealing that increasing PCM
substitution led to reduced thermal conductivity. ND exhibited improved thermal conductivity
compared to FC and NC, emphasizing the importance of thermal conductivity in maximizing the

latent heat storage efficiency of PCMs.

The fourth section included a heat cycle test with a laboratory-scale prototype. NC and ND
concretes demonstrated delayed temperature changes, maintaining temperatures within the phase-
changing range. NC exhibited the highest temperature maintenance, with a delay of around 3 hours

and 30 minutes.

The findings suggest that PCMs have the potential to enhance thermal performance in specific
applications. It was observed that while FC had a higher energy heat storage capacity based on DSC
analysis, the heat cyclic analysis yielded the lowest results, highlighting the significance of thermal
conductivity in heat transfer. Therefore, a balance between thermal conductivity and energy storage
capacity is essential for optimizing energy storage capacity, particularly in blended PCMs. Expanding
the melting and freezing temperature range could be a suitable approach for enhancing energy storage

capacity in such systems.
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8.1.3 Conclusions of chapter 4:

In conclusion, this chapter focused on addressing excessive heat in precast concrete structures and
enhancing their quality and durability through the use of polymer-modified concrete. It can be divided

into 4 sections

The initial section explored the mechanical aspects, the addition of PCMs led to an initial reduction
in density and compressive strength, but significant improvements were observed from day 7 to day

28. Bonding strength surpassed specified requirements, ensuring reliability.

The second section focused on specific enthalpy estimation and phase change temperature for
blended PCM concretes. The specific enthalpy and phase change temperature of polymer-modified
concretes with PCMs were examined. PCM43D exhibited the highest specific enthalpy, indicating

efficient thermal regulation.

In the third section, the addition of PCMs increased thermal conductivity to varying degrees,

depending on the PCM type used.

The fourth section included a heat cycle test with a laboratory-scale prototype. PCM28D and
PCM43D demonstrated efficient heat absorption during the heating phase and sustained heat release
during cooling, with the highest temperature maintenance observed in PCM43D. The color of tiles
influenced thermal behavior, with black tiles proving superior.

In summary, the study confirmed that PCM polymer cement concrete meets project requirements.
It exhibited desirable mechanical properties and efficient thermal regulation, making it suitable for
managing temperature changes due to intense solar radiation. Therefore, PCM can effectively

enhance the quality and durability of precast concrete structures while addressing excessive heat.

8.1.4 Conclusions of chapter 5:

Ultra-lightweight PCM Foam Concrete (NRG Foam), explores the innovative field of ultra-
lightweight PCM foam concrete, NRG Foam, in collaboration with the Technical University of
Darmstadt, Germany. The main purpose of NRG foam is to increase thermal insulation and thermal
energy storage capacity. The objective of this research is twofold. First, to develop an ultra-
lightweight concrete foam integrated with PCM. The material properties of NRG foam concrete were
analyzed in detail. Key parameters include foam porosity and ribbon thickness. The findings are as

follows:
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In this experiment, 12 different PCM foam concrete mixtures with dry densities, ranging between
180 kg/m? and 260 kg/m?, were considered. Since NRG-foam with PCM is a highly sensitive material;
thus, all mixtures were carefully measured and their wet density and volume were recorded
respectively to ensure their target dry density and target volume were reached. As for the Reference
and PCM 5% samples with different densities, there were no problems with mix composition as the
foam was stable for every mixture. A clear relationship between density and strength was confirmed,
indicating that compressive strength increases with higher density, regardless of the specific

composition of the foam concrete.

An empirical model that establishes a clear relationship between foam porosity (RP) and ribbon
thickness (RF), where RF = f (RP). This model optimizes the thermal insulation and energy storage
capacity of NRG foam.

8.1.5 Conclusions of chapter 6:

This chapter conducted a comprehensive numerical simulation analysis to evaluate the energy
efficiency of PCM concrete. The primary objectives were to validate experimental data using

numerical calculations and to establish a predictive model for concrete's energy efficiency.

The results of the numerical simulations were in close agreement with the experimental data,
demonstrating remarkable consistency between the two. This validated numerical approach was

extended to predict the behavior of PCM foamed concrete.
The numerical simulations showcased the significant role of PCM in effectively stabilizing room
temperature fluctuations in various PCM foam concretes. The entire simulation process, performed

in-depth using Matlab 2023a software, offers promising insights into advancing our understanding

and predictive capabilities related to energy efficiency in PCM concrete systems.

8.1.6 Conclusions of chapter 7:

Energy Plus software was used for energy analysis simulations. PCM was incorporated to a

residential building in Tokyo under the winter and summer seasons.

The comparison between gypsum and No-PCM materials revealed no significant differences in

room temperature trends during January and August under heating and cooling loads.
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Regarding PCM materials, PCM18D exhibited less temperature fluctuation and better temperature
stability, especially in January. The performance of PCM18D can be attributed to its ability to absorb

and store energy from indoor air and effectively maintained temperature fluctuations.

From the results of this study, PCM concrete showed a promising solution for achieving significant
reductions in heating and cooling loads in residential houses. The test results indicate that PCM

implementation can lead to load reductions of approximately 10-20%.

8.2 RECOMMENDATIONS FOR FUTURE WORK

Several considerations should be addressed in future research endeavors. Initially, the study
involved small-scale prototypes conducted within a climatic chamber to evaluate the energy storage
capacity of different concrete types integrated with various phase change materials (PCMs). While
these experiments provided valuable insights, it is imperative for future investigations to incorporate
3D heat transfer simulations within the chamber environment. This entails considering heat radiation
and convection through computational fluid dynamics (CFD) simulation analysis, enabling a more
comprehensive exploration based on both experimental and simulation data. This approach facilitates
an in-depth examination from nano and microscale perspectives, allowing for the simulation of the
optimal amount of PCM and the ideal wall thickness.

Secondly, in continuation of the small-scale test conducted on PCM concrete, additional
experimental studies are essential to ensure the proper application of PCM foam concrete in large-

scale, real building environments.
Thirdly, the cost of PCMs presents a challenge for widespread PCM applications. Therefore, future

studies should also focus on developing strategies to make PCM applications more cost-effective and

affordable, promoting their practical use in various construction scenarios.
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RESEARCH AND DEVELOPMENT OF CONCRETE
CONTAINING PHASE CHANGE MATERIALS (PCM)
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