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Résumé

La consommation d'énergie dans les batiments représente plus de 40 % de la
consommation totale d'énergie en Algérie, l'enveloppe du batiment étant la principale source de
pertes thermiques. Ces derni¢res années, de nombreuses recherches ont exploré les avantages
de l'intégration passive des matériaux a changement de phase (PCM) dans les murs des
batiments. Cette approche constitue une solution prometteuse pour améliorer le confort
thermique intérieur en régulant les fluctuations de température et en optimisant l'utilisation de

I'énergie.

Cette ¢tude porte sur les matériaux a changement de phase organiques biosourcés (BO-
PCM) comme alternatives durables aux PCM a base de pétrole couramment utilisés dans la
construction. L’objectif est d’identifier les PCM biosourcés les plus adaptés, minimisant les
colts et ’impact environnemental tout en garantissant une efficacité ¢levée et des performances
thermiques optimales. Des mélanges eutectiques d’acides gras, spécifiquement 70 % d’acide
myristique et 30 % d’acide stéarique, ont été identifiés comme des alternatives économiques et
¢cologiques prometteuses. Ces matériaux présentent des températures de cristallisation et de
fusion comprises entre 35°C et 35,5°C, ce qui les rend viables pour le stockage de chaleur
latente en remplacement des PCM pétroliers. Leurs propriétés thermophysiques favorables, leur
faible cofit, leur origine renouvelable et leur densité énergétique comparable en font de solides

candidats pour des solutions de construction durables.

Un PCM biosourcé sélectionné, ayant une plage de fusion et de solidification de 35,5°C
a 35°C, une capacité¢ thermique latente de 240,1 kJ/kg et des conductivités thermiques
moyennes de 0,17 W/(m-K) a I'état solide et 0,15 W/(m-K) a I'état liquide, a été intégré aux
matériaux de construction pour améliorer l'efficacité énergétique en réduisant les échanges
thermiques et en stabilisant les températures intérieures. L’analyse numérique a ¢été réalisée a
I’aide du logiciel COMSOL Multiphysics V6.0 afin de résoudre les équations différentielles
partielles régissant le phénomene et d’évaluer I’efficacité de I’intégration du PCM dans les

matériaux de construction.

Cette étude explore également le développement d’un composite biosourcé a base de
fibers de palmier dattier. Ces fibers ont été imprégnées sous vide avec un mélange eutectique
d’acide myristique et d’acide stéarique (MA-SA) a un taux d’incorporation de 52,39 %,
produisant un composite stabilisé utilisé pour des briques en adobe enrichies en PCM. Les

propriétés thermiques des matériaux ont été caractérisées par calorimétrie différentielle a



balayage (DSC), analyse thermogravimétrique (TGA) et Analyseur de conductivité thermique
(TCi). Les résultats DSC ont révélé que le composite MA-SA/DPF présentait des températures
de fusion et de solidification de 35,5°C, avec des enthalpies de fusion et de solidification
respectives de 240,1 J/g et 124 J/g. L’analyse TGA a confirm¢ la stabilit¢ thermique du
composite jusqu'a 125°C, ce qui le rend adapté aux applications de construction. Les
performances thermiques des briques en adobe enrichies en PCM ont été évaluées dans deux

conditions différentes.

Une étude numérique a été¢ menée pour évaluer I’impact de 1’intégration des PCM dans
les matériaux de construction conventionnels. Un mur en briques creuses avec 8 et 12 cavités,
couramment utilisé dans la construction en Algérie, a été proposé et analys¢ avec différentes
configurations de placement du PCM. Les résultats ont montré une amélioration significative
de I’inertie thermique du mur, illustrée par une réduction de la température de surface intérieure

par rapport au cas de référence sans PCM.

De plus, I’étude a examiné le positionnement optimal du PCM dans le mur de briques
dans des conditions réelles extérieures. Les résultats ont indiqué que la meilleure performance
thermique était obtenue lorsque le PCM était placé dans la rangée vide de la brique, proche de

la surface extérieure.

L’analyse numérique de I’intégration des PCM biosourcés dans les murs des batiments en
Algérie a mis en évidence une amélioration considérable de la capacité de stockage d’énergie
durant I’été dans différentes villes. L’impact sur la performance de stockage énergétique variait
selon les conditions climatiques, avec une réduction notable des températures de pointe a
I’intérieur : jusqu’a 2,4°C a Adrar, 2,1°C a Tindouf et 1,6°C a Ain Salah. Ces résultats
démontrent le potentiel des PCM biosourcés comme matériaux efficaces pour améliorer la

régulation thermique dans les constructions.

Mots-clés : matériaux a changement de phase, paroi, conductivité thermique.



Abstract

Energy consumption in buildings accounts for more than 40% of the total energy usage
in Algeria, with the building envelope being the primary source of heat loss. In recent years,
extensive research has explored the benefits of passive integration of phase change materials
(PCM) into building walls. This approach offers a promising solution for enhancing indoor

thermal comfort by regulating temperature fluctuations and optimizing energy use.

This study focuses on bio-based organic phase change materials (BO-PCM) as
sustainable alternatives to petroleum-based PCMs commonly used in construction. The goal is
to identify the most suitable bio-based PCMs that minimize costs and environmental impact
while ensuring high efficiency and effective thermal performance. Eutectic mixtures of fatty
acids, specifically 70% myristic acid and 30% stearic acid, have been identified as promising
economic and eco-friendly alternatives. These materials exhibit crystallization and melting
temperatures between 35°C and 35.5°C, making them viable substitutes for petroleum-based
PCMs in latent heat storage applications. Their favorable thermophysical properties, low cost,
renewable origin, and comparable energy density position them as strong candidates for

sustainable building solutions.

A selected bio-based PCM with a melting and solidification range of 35.5°C to 35°C, a
latent heat capacity of 240.1 kJ/kg, and average thermal conductivities of 0.17 W/(m-K) in solid
form and 0.15 W/(m-K) in liquid form was integrated into building materials to enhance energy
efficiency by reducing heat exchange and stabilizing indoor temperatures. The numerical
analysis was conducted using COMSOL Multiphysics V6.0 to solve the governing partial
differential equations and assess the effectiveness of incorporating the new PCM into

construction materials.

This study also explores the development of a bio-based PCM composite using date
palm fibers. The fibers were vacuum-impregnated with a eutectic mixture of myristic acid and
stearic acid (MA-SA) at an incorporation rate of 52.39%, resulting in a stabilized composite
used for PCM-enhanced adobe bricks. The thermal properties of the materials were
characterized using Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis
(TGA), and Thermal Conductivity Analyzer. (TCi). DSC results revealed that the MA-SA/DPF
composite exhibited melting and solidification temperatures of 35.5°C, with enthalpies of
fusion and solidification of 240.1 J/g and 124 J/g, respectively. TGA analysis confirmed the
composite’s thermal stability up to 125°C, making it suitable for building applications. The

\Y



thermal performance of the PCM-enhanced adobe was evaluated under two different

conditions.

A numerical study was conducted to assess the impact of integrating PCMs into
conventional building materials. A hollow brick wall with 8 and 12 cavities, commonly used in
Algerian construction, was proposed and analyzed with different PCM placements. The results
demonstrated a significant improvement in the thermal inertia of the wall, as evidenced by a

reduction in the indoor surface temperature compared to the reference case without PCM.

Additionally, the study investigated the optimal positioning of the PCM within the brick wall
under real outdoor conditions. The findings indicated that the best thermal performance was
achieved when the PCM was placed in the empty row of the brick, positioned close to the outer

surface.

The numerical analysis of bio-based PCM integration into building walls in Algeria
highlighted a considerable enhancement in energy storage capacity during summer across
various cities. The impact of energy storage performance varied based on climatic conditions,
with a noticeable reduction in peak indoor temperatures: up to 2.4°C in Adrar, 2.1°C in Tindouf,
and 1.6°C Ain Salah. These results demonstrate the potential of bio-based PCMs as effective

materials for improving thermal regulation in building construction.

Keywords: Phase change materials, wall, thermal conductivity.
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General introduction

Improving energy efficiency in buildings is a critical issue due to its significant environmental,
economic and social impacts [1]. The building sector is a major contributor to global carbon
dioxide emissions and plays a crucial role in climate change [2]. Economic growth and
globalisation have led to a surge in energy demand, resulting in the over-exploitation of fossil
fuel resources, with more than a third of this energy consumed by buildings [3]. Buildings
experience constant temperature variations, whether between indoor and outdoor environments,
during the day and night, or over different seasons. These variations affect the thermal
performance of the building envelope and increase the need for additional energy to maintain
comfortable indoor conditions, resulting in higher electricity consumption [4]. Heat transfer
within buildings is a major cause of thermal discomfort. Rising outdoor temperatures
exacerbate this problem, allowing heat waves to easily penetrate into indoor spaces. This
reduces thermal comfort and puts additional strain on air-conditioning, ventilation and heating
systems, further increasing energy demand [5]. Several studies have investigated potential
solutions, including phase change materials (PCMs) and nano-PCMs, to improve the thermal
efficiency of buildings. Many recommendations and results from experimental research have
been considered in this field [6]. PCMs, in particular, are being incorporated into building
envelopes as a passive strategy to improve heat storage, helping to regulate indoor temperatures
more effectively while reducing reliance on mechanical heating and cooling systems [7]. In

recent years, PCM have been increasingly used in building envelopes of arid climates [8].

Structure of the Thesis

Our research aims to numerically analyse the thermal performance of a wall based on PCM. To

achieve this goal, the thesis is divided into six chapters as follows:

Chapter One provides a general overview of energy consumption in Algeria, with a
particular focus on the buildings sector. It highlights the growing demand for energy in

buildings and sets the context for the need for energy efficient solutions.

The second chapter explains the mechanisms of thermal insulation in buildings and
emphasises the need for it. It discusses the role of insulation in reducing energy losses,

maintaining indoor comfort and improving the overall energy performance of buildings.



Chapter three presents a comprehensive literature review of phase change materials
(PCMs) used in buildings. It covers the different types of PCMs, selection methods, thermal
properties and techniques for their integration into building components. It also highlights the

benefits of using PCMs through a review of previous experimental and numerical studies.

Chapter Four details the fabrication process of the newly developed bio-based PCM and
its thermal characterisation. It also describes the successful impregnation of the PCM into date
palm fibers for the production of adobe bricks. The mechanical and thermal properties of these

bricks are then analysed and discussed.

Numerical simulations were carried out to evaluate the effectiveness of the newly
developed PCM. These simulations focused on temperature variations inside hollow bricks,
which are widely used in Algeria. In addition, numerical simulations using COMSOL
Multiphysics 6.0 were carried out to study walls with PCM layers in different Algerian cities.
Therefore, chapter five presents the mathematical models governing the studied systems, along
with detailed descriptions of the initial and boundary conditions applied to each case. The

validation of the proposed numerical model is also included in this chapter.

Finally, chapter six presents an in-depth analysis and discussion of the results related to
heat transfer in PCM-enhanced building walls. It examines the variations in indoor temperatures
and heat flows in several Algerian cities. The chapter also identifies the optimal location of the
PCM layer within the hollow brick and discusses the mechanical and thermal properties of the
PCM-impregnated date palm fiber-reinforced clay bricks. The chapter concludes with a

comprehensive general summary of the research findings.

Objectives of the Thesis

The aim of this thesis is to develop and evaluate a novel bio-based phase change material (PCM)
derived from fatty acids that are readily available on the Algerian market. The aim is to provide
a competitive and potentially superior alternative to conventional petroleum-based PCMs

traditionally used in thermal energy storage systems.

The ultimate aim is to help improve the energy performance of existing buildings and other
structures in Algerian neighbourhoods and cities. Building retrofitting is considered a key pillar

in the decarbonisation process.



After characterising the thermal properties of the newly developed PCM, its thermal
performance will be evaluated both experimentally and numerically by simulating indoor

temperature variations in building walls.
The main objectives of this research can be summarised as follows:

= Providing a bio-based phase change material based on fatty acids as a sustainable alternative
to petroleum-based PCMs.

* Improvement of thermal energy management in buildings by addressing the needs of the
built environment with a focus on maintaining occupant comfort.

= Reduce energy consumption in buildings.

= Contribute to the decarbonisation of heating and cooling systems by promoting the
valorisation of available thermal energy.

= Supporting the development of sustainable and innovative building envelope technologies

for energy efficient construction.



Chapter 1 Global and National Energy Context

Chapter 1

Global and National Energy Context — Challenges and Consumption
Trends in the Building Sector

1.1 Introduction

The world has been facing a steady rise in energy consumption for several decades,
challenging the sustainability of an economic model that relies heavily on vast amounts of
energy for growth and development. The current global energy situation is alarming. Society's
ever-growing energy demands and the continuous rise in greenhouse gas emissions have made
energy one of the biggest challenges of the 21st century. This issue is worsened by the fact that
the primary energy sources used to meet the high demand are either non-renewable (fossil fuels)
or extremely polluting (nuclear energy). It is projected that global energy consumption could
increase significantly in the coming decades, with energy demand expected to grow by 1% per

year until 2040 [9].

The construction sector is the world’s largest energy consumer, using over a third of all
final energy and half of the global electricity supply. This makes it one of the leading
contributors to carbon dioxide emissions worldwide. Economic growth and globalization are
driving the overuse of fossil fuel reserves globally, and the unchecked consumption of fossil

fuels has raised serious concerns about climate change and global warming [10].

In Algeria, a study conducted in 2012 found that energy consumption in the building
sector accounts for over 34% of the country’s total energy use, estimated at the equivalent of
30 million tons of oil (TOE) [11]. Buildings suffer from temperature differences, such as the
temperature difference between inside and outside, day and night, summer and winter. These
differences have a negative impact on the performance of building envelopes, resulting in
higher electricity consumption [4]. As outdoor temperatures rise, heat waves easily penetrate
into buildings, resulting in poor indoor thermal comfort. And an additional load on electrical
equipment used in air conditioning, ventilation and heating systems [5]. Relying on mechanical
systems to achieve moderate living conditions creates thermal disturbances in buildings,
resulting in high energy requirements for space conditioning in these buildings. The physical
barrier between the indoor and outdoor environments is the building envelope. It protects the

building's internal environment from the extremes of the external environment, such as wind
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and temperature. Conventional building envelopes are rendered helpless due to the increase in
global warming. The main role of the building envelope is to provide effective thermal
resistance so that external heat waves are not easily transmitted to the interior. Thus, it helps to
maintain a good level of internal thermal comfort for people [12], [13], [14]. To fully understand
energy issues, it's important to first look at the growth in energy demand over the decades at
both the global and national levels, the diversity of energy resources based on geographic

location, and the goals for reducing greenhouse gas.
1.2 Energy context world

1.2.1 World Energy Resources

Demand for energy continues to rise to meet the needs of a growing global population whose
standard of living continues to improve. From the beginning to the end of the 20th century,
global energy consumption increased nearly tenfold, with an average growth rate of 2.3% per
year (IEA, 2014). However, the current energy system is far from sustainable, relying heavily
on fossil fuels (coal, oil, and natural gas), which account for more than 88% of the primary
energy mix. This increased reliance on fossil fuel resources raises concerns about energy
security, while climate change underscores the need for a more sustainable energy system-
factors that must be evaluated alongside economic issues, particularly those that affect
competitiveness through energy choices [15]. The following figure 1.1 shows the evolution of
global final energy consumption from 1990 to 2020. Global energy consumption increases from

258.65 EJ in 1990 to 395.68 EJ in 2020.
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Figure 1.1. Final energy consumption worldwide[10].

1.2.2 Distribution of global energy consumption by resources

Figure 1.2 highlights the stark contrast between the types of fuels used for primary energy
consumption and those used for primary energy storage. Currently, coal, oil, and gas account
for 82% of the energy supply, while low-carbon energy sources account for a significant 18%-

a share that is expected to grow significantly, especially in the wind and solar sectors [16].

= Natural gas = Coal = Oil

Nuclear energy = Renewobles = Hydroelectric

Figure 1.2. Primary Global Energy Consumption (2022 total= 167.9 PWh)
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1.2.3 Environmental impact

Economic and population growth in emerging economies such as China, India, Russia, and
Brazil are driving significant increases in energy demand. According to the IEA, global CO:
emissions have reached 35 Gt, an increase of 140% since 1971. Global final energy
consumption statistics show a steady increase in primary energy use from 64,321.87 TWh in
1971 to 167,787.67 TWh in 2022. The global temperature rise caused by greenhouse gases is
amplifying the greenhouse effect, with climate impacts that far exceed those of other forms of
pollution: reduced snow cover, increased drought and desertification in some regions, more

frequent severe storms and heat waves, and the continued melting of glaciers.

1.2.4  Final energy consumption by sector in the word

Today, the entire world faces an escalating energy crisis, highlighted by the scarcity of natural
resources and non-renewable fossil fuels. Since 1970, global energy demand has more than
doubled [17]. In many countries, building energy use accounts for around 40% of global energy
demand, with heating and cooling needs making up approximately 60% of the total energy
consumed within buildings. This represents the highest percentage of energy usage overall [18].
Global final consumption in 2020 is shown in Figure 1.3. It is clear that the construction sector
plays a major role in managing energy demand and improving energy efficiency. With the
immediate availability of mature technologies and methods, the building sector can make a

significant contribution to addressing the environmental challenges facing the world today.

B Buildings
_' Industry
_' Other
_l Transport

Figure 1.3. Percentage of global final energy consumption by sector in 2020 [19].

1.3  National energy context

1.3.1 Final energy consumption

Algeria is Africa's leading producer of natural gas, the second-largest supplier of natural gas to

Europe, and one of the top three oil producers on the continent. Algeria joined the Organization
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of Petroleum Exporting Countries (OPEC) in 1969, shortly after beginning oil production in
1958. As part of the global community, Algeria's energy consumption is reviewed in this study
to highlight the importance of focusing on energy efficiency. This figure 1.4 compiles data
published by the Algerian Ministry of Energy in its annual energy reports to observe the trend
in Algeria's final energy consumption from 1980 to 2020, covering a span of 40 years. Notably,
during this period, final consumption nearly increased sixfold, rising from 8.5 Mtoe in 1980 to
49.4 Mtoe in 2020. Final energy consumption is divided into three main sectors: industry and

construction, transportation, and the residential sectors.

50
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Figure 1.4. Summary of Algerian final energy consumption between 1980 and 2020 [19].

1.3.2 The way of energy consumption

The key concept in analyzing energy consumption is the stage at which energy is measured.
Typically, energy is categorized according to how it is transformed from a natural resource to
its final use by consumers[20]In Algeria's 2021 energy balance, these categories include
primary energy, which consists of raw, unprocessed resources; final energy, which is delivered
and billed to the consumer; and useful energy, which represents the portion used for specific

household needs such as heating, cooling, refrigeration, cooking, and lighting.

1.3.3 Consumption by form of energy (Algeria):

Natural gas remains the dominant energy source at 37%, followed by petroleum products and

electricity at 29%, as shown in the following figure 1.5.
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Figure 1.5. National consumption by form of energy [17].

1.3.4 Final energy consumption by sector in Algeria

In 2011, the residential and other sectors, which include the buildings sector, accounted for 41
percent of energy demand, while industry accounted for 23 percent and transportation

accounted for 36 percent (Figure 1.6) [21].

@

Figure 1.6. Final energy consumption in Algeria by sector in 2011[21].

m Buildings
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® Transport

In 2021, the residential sector had the highest energy demand, accounting for 47%, followed by
the transportation sector at 29%, and then the industrial sector at 24% (Figure 1.7) [22]. These
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statistics highlight the urgent need to rebalance energy consumption through policies aimed at
reducing consumption and/or improving energy efficiency in the building sector. Compared to
2011, the residential sector remained the largest energy consumer in 2021. It is now essential
to take the necessary steps to reduce this impact, similar to Canada, which in recent years has
become a leader in energy efficiency. Canada has set an example for developed countries in
sustainable energy management and offers developing countries an alternative path for growth,

helping them avoid the same mistakes made by industrialized nations.

m Buildings
= Industry

= Transport

Figure 1.7. Final energy consumption in Algeria by sector in 2021[22].

It’s clear that the construction industry plays a vital role in managing energy demand
and improving energy efficiency. With ready access to advanced technologies and well-
established methods, the building sector can significantly help address the environmental

challenges facing the world today.

1.3.5 Requested service and the population in Algeria

Energy efficiency is anticipated to play a critical role in Algeria's energy outlook as demand
surges, largely fueled by the expansion of the building sector, with new housing developments,
public infrastructure, and industrial growth. Algeria faces a rising energy challenge linked to its
increasing population, as energy demand—both fossil and renewable—grows in line with
population trends, particularly impacting housing and service sectors. The ongoing population

increase is one of the most significant global challenges. Algeria, specifically, saw a sharp

10



Chapter 1

Global and National Energy Context

demographic rise from the 2000s to 2023, resulting in a population surge primarily due to higher

living standards and healthcare improvements, and , as depicted in curve 1.8.

1.3.6 Energy demand forecast by sector

The econometric approach examines trends in energy demand by extrapolating from data [15].
Its main objective is to establish a relationship between energy consumption (either total or by
sector, by energy type or all types combined) and key macroeconomic indicators. The table
(1.1) below summarizes the results of a previous study on final energy demand in Algeria (ktep).
Energy demand is divided into three main categories, subdivided by energy service needs: the
industrial sector, the transport sector, and the residential sector. By 2040, the total final energy

demand of the industrial, transport and residential sectors is projected to reach 206% of the

population in

million

48
46

2007

2009

2013 2015

2017 2019 2021 2023

Figure 1.8. Population segmentation in Algeria.

2013 level, which itself represents an increase of 203% compared to 2001.

Table 1.1. Projected Energy Consumption by Sector in Algeria (ktep)

year 2001 2013 2040

Industry 4,610 8,229 17,371
transport 4,797 13,889 34,762
Household 9,588 16,425 27,210
total 18,955 38,543 79,321
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1.4 Energy context of the building sector

1.4.1 Final energy consumption

Energy analysis, commonly referred to as sectoral analysis, typically divides energy
consumption into four main sectors of activity, each with different patterns of energy use:
industry, agriculture, transportation, and buildings. The buildings sector includes both tertiary
buildings (such as shops, offices, schools, hospitals, etc.) and residential buildings (or
dwellings). However, some types of accommodation are generally associated with the tertiary
sector, such as university dormitories, workers' hostels, hotels, shelters (such as social housing
and homeless shelters), campsites, prisons and accommodation in certain religious buildings.
The residential sector can then be defined as all housing-related spaces [20]. At the national
level, according to the annual energy reports published by the Ministry of Energy (ME),
Algeria's final energy consumption is divided into three main sectors: industry, transport, and
households (which includes residential and tertiary buildings), as well as other sectors such as
agriculture. Figure 1.9 shows the evolution of household energy consumption, measured in

Mtep, up to 2019.

26
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Figure 1.9. Evolution of final energy consumption in the household sector (2010-2019) [22].

Final energy consumption grew significantly from 2010 to 2019, then increased more rapidly

to reach 23.5 Mtoe in 2019.
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1.4.2  Nature and volume of consumptions of the Algerian resident’s sector

With the residential sector’s share of overall energy consumption in mind, we can now delve
deeper into its specifics. The 2019 energy mix for the residential sector shows a strong reliance
on natural gas and electricity, making up 57% and 33% of final energy use, respectively, with
LPG at 9% and wood at 1%. This trend held steady in 2021, indicating a consistent pattern of

energy consumption in residential areas. as showing in the figures 1.10 and 1.11.

1

<O

= electricity = natural gas =wood =LPG

Figure 1.10. Energy mix of the Algerian residential sector 2019 [22]

D>

= electricity = natural gas =LPG = diesel

Figure 1.11. Energy mix of the Algerian residential sector 2021 [22]
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1.4.3 Energy consumption in a typical home

After reviewing the types of energy consumed, the next level of analysis is to break down
energy consumption by "use". This approach highlights the final energy consumption associated
with the different services that households use in their homes. In a household, heating and
cooling make up the largest part of energy expenses (Figure 1.12). Therefore, saving energy
should focus primarily on heating. Lighting accounts for 14% of a home’s electricity
consumption, so it’s important to find ways to manage it as well. Additionally, there are various
devices, including home automation systems, electronics, and appliances, that also contribute

to energy use[23].

= Household appliances = Heating / air conditioning

= Lighting Domestic hot water

ao. W

Figure 1.12. Energy expenditure in a typical household [22]

1.4.4 Heat loss in a building

A building's thermal losses represent the heat that escapes from it. These losses can also be
described as the pathways through which heat exits the building in winter or enters it during
summer [23]. In general, it's estimated that 50 to 75% of heat loss occurs through the building
envelope, with the majority occurring through walls, windows, and ventilation. Heat loss
through the floor and roof each account for up to 10% of the total losses, as shown in Figure
1.13. Heat exchange between a building and its external environment mainly depends on the
outer walls. These surfaces are the primary source of significant energy loss in a building. The
building envelope’s effectiveness relies on architectural design, material properties, the age of
the structure, and construction techniques used. Designing an effective thermal envelope is

crucial for ensuring comfort while saving energy. Ignoring this aspect can lead to indoor
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discomfort. Building materials play a key role in the building envelope, and their selection—
whether based on specific standards or personal preferences—directly affects the thermal
quality of the envelope. The thermal properties of these materials can either enhance or reduce

energy performance.

Heat Loss from a
Badly Insulated

House Up to 25%

through
the roof

Up to 25%
through

—~mun

Up to 35% doors and
through windows
outside

walls

Up to 15% through
ground floors

Figure 1.13. Energy loss paths in a residential building

1.5 Conclusion

This chapter outlines the current energy landscape on both global and national levels, covering
resources, production, and consumption, and highlights the significant role buildings play in
energy demand—particularly through electricity and gas connections and their environmental
impacts. It shows that Algeria faces several energy challenges ahead and underscores the need
for a comprehensive approach to rethink energy issues, emphasizing the potential for energy
savings. With growing energy demand, various scenarios can be explored, given that buildings
are the largest energy consumers in Algeria, with heating and ventilation as the primary
household demands. Therefore, the building envelope plays a critical role in reducing energy

use, and the components of Algeria’s building envelope must be reconsidered.
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Chapter 2

Heat Transfer and Insulation Performance in Buildings: Conventional

and Earthen Materials

2.1 Introduction

Thermal insulation is one of the key elements in modern building design, playing a crucial
role in reducing energy consumption and improving indoor thermal comfort. Buildings are
exposed to various climatic factors such as solar radiation, heat, cold and wind, so it is essential
to use materials with appropriate thermal properties that minimise heat loss in winter and reduce
heat gain in summer. The efficiency of thermal insulation depends on the heat transfer
mechanisms, including conduction, convection and radiation, which requires the selection of

insulation materials based on their physical and mechanical properties.

2.2 Need for thermal insulation

The two essential criteria for thermal building design are the automatic and passive
protection of occupants from climatic factors such as rain, wind, radiation, heat and cold
through various surfaces, and the optimization of energy consumption. The designer must
ensure that heating and cooling energy use remains within regulatory limits and within the
financial means of the occupants, while maintaining the level of comfort defined by the project

owner.

Thermal insulation, integrated into various components of the building envelope, is a key
factor in energy efficiency. It helps minimize heat loss, lower heating costs, reduce greenhouse

gas emissions, and improve overall occupant comfort.

A variety of thermal insulation materials are used in the construction industry today.
Traditional materials such as glass wool, rock wool, expanded polystyrene (EPS) and extruded
polystyrene (XPS) require a thick building envelope to achieve sufficiently low thermal
transmittance. When renovating older buildings, factors such as limited space and protected
facade elements must be considered to optimize energy use. In the near future, high-
performance insulation materials and components will provide architects and engineers with

new opportunities to design energy-efficient buildings.

16



Chapter 2 Heat Transfer and Insulation Performance in Buildings

The building sector is one of the largest consumers of energy, primarily to maintain
thermal comfort. However, effective insulation strategies can significantly reduce energy
consumption in residential, commercial and industrial buildings. Insulation helps minimize the
need for cooling in the summer and heating in the winter, resulting in lower energy demand and
reduced dependence on fossil fuels such as oil and gas. As a result, it also helps to slow resource

depletion and reduce greenhouse gas emissions [24].

Thermal insulation works by limiting heat transfer through materials with high thermal
resistance. In buildings, energy loss occurs through various elements, including walls, ceilings,
floors, and windows. Since walls represent the largest surface area, they play a critical role in
heat gain and loss. Therefore, proper insulation can have a significant impact on the energy

efficiency of a building [25].

A variety of insulation materials are used to improve thermal performance, including
fiberglass, mineral wool, foam, and polystyrene. These materials help maintain stable indoor

temperatures and reduce heat exchange between the indoor and outdoor environments.

In addition to energy savings, insulation provides other benefits. It improves fire safety,
enhances personal comfort by reducing temperature swings, and helps control condensation,
preventing moisture buildup and mold growth. In addition, insulation contributes to

soundproofing, making indoor spaces quieter and more comfortable [26].

Overall, thermal insulation is an essential component of energy-efficient building

design, providing environmental, economic, and comfort benefits.
2.3 Heat transfer in insulating materials

The function of insulating materials is to minimize heat transfer through the building
structure. Heat transfer is typically divided into three components: conduction through the solid,

conduction through the gas phase, and radiation through the pores, as shown in Equation (2.1):

ﬂT :ﬂ’ga-i_ﬂ’m-'_ﬂ’r (21)

Where 4, A

as s, @nd A, represent the total thermal conductivity, the thermal conductivity of

gas conduction, the thermal conductivity of solid conduction, and the thermal conductivity of

radiation, respectively.
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Typically, the dominant factor in heat transfer is conduction through the solid. To counter this,

insulating materials are highly porous, containing only a small amount of solid material.

In materials with very little solid content, radiative heat transfer becomes more significant, this
leads to an optimal balance for insulation, where the combined effects of radiation and solid
conduction reach a minimum. This minimum value is then added to gas conduction, which

remains nearly constant in conventional insulating materials.

As a result, the total thermal conductivity remains low, with a minimum value of around 30

mW/m-K, which is comparable to the thermal conductivity of air, estimated at 25 mW/m-K.

Typical materials in this category include mineral wool, expanded or extruded polystyrene,

loose-fill cellulose fiber, and cellular glass. Their thermal conductivities are listed in Table 2.1.

Table 2.1. Thermal conductivity of some common insulating materials

Thermal
Insulating materials conductivity
[mW/(mk)]
Mineral wool 33-40
expanded polystyrene 30-40
cellulose fiber 39-42
expanded polystyrene 39-45

= Conduction in the Solid

For different materials, there is also some variation in solid state conduction. This means that
the choice of solid material and its physical properties play an important role in determining

heat conduction through the solid phase.

To minimize solid conduction, an appropriate material must be selected, reducing the density
of the material reduces the solid conduction. While the effective thermal conductivity of the

solid itself remains unchanged, the cross-sectional area of the solid phase within the porous
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material decreases. This reduction in solid area results in less heat conduction per square meter

of material.

However, as mentioned earlier, a decrease in density also increases radiative heat transfer,

which offsets the decrease in solid conduction to some extent.
®»  Radiation

Heat transfer by radiation occurs through electromagnetic waves emitted by all surfaces. The
net radiation is the difference between the radiation emitted by the hot surface and the radiation

emitted by the cold surface.

The rate of radiative heat transfer depends on the surface temperature and can be described by

equation (2.2).
16n°cT’
l}, = 3—K (22)

where n is the refractive index, o (J-K™-m2-s™) is the Stefan-Boltzmann constant, and k (m™)

is the extinction coefficient.

As temperature increases, radiative heat transfer rises rapidly. This effect can be countered by
adding an opacifying agent to the material. Examples of such agents include titanium dioxide
(TiO2), which scatters radiation, and carbon black, which absorbs radiation. While these

additives reduce thermal conductivity, they also decrease the transparency of the material.
2.3.1.1 Gas Conduction

Gas conduction depends on the type of gas and its ability to transfer heat. To achieve
low thermal conductivity, the gas can either be replaced with a low conductivity gas or modified

to limit its heat transfer capability.

Examples of gases, along with their thermal conductivity and molecular weight, are shown in

Table 2.2.
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Table 2.2. conductivity and molar mass of some common gases

Thermal
Insulating materials conductivity Mass
[mW/(mK)]
Air 25.5 29
Nitrogen 24.1 (0°C) 28
Argon 16.2 (0°C) 40
Carbon Dioxide 16.2 (25°C) 44
Trichloro Monofluoromethane 8.3 (30°0C) 137

A common gas exchange solution is found in windows, where argon or krypton is used
between panes of glass. Another example is polyurethane foam, where low-conductivity
reactive gases are trapped in a closed-pore system. The thermal conductivity of the gas can be
reduced by reducing the pore size of the material. Collisions between gas molecules and solid
surfaces are elastic and transfer small amounts of energy compared to collisions between gas
molecules. Smaller pores increase the likelihood that gas molecules will collide with the pore

walls rather than with each other.

2.3.2 Convection in porous materials

Convection in porous materials can be divided into two types: pore convection and
macroscopic convection through the material. For closed pore systems,there is no macroscopic
convection, and for small pores, convection within the pores can often be ignored, in part
because of the small temperature differences along the walls of the cells. This means that heat
transfer by convection can usually be neglected for materials with a closed pore structure.
However, for materials with open cells, large-scale macroscopic convection can have a
significant impact and cannot be ignored. Large-scale macroscopic convection can be caused
by either natural or forced convection. In natural convection, air movement is driven by density
differences resulting from temperature differences, while forced convection occurs due to a

pressure difference, such as that caused by wind or an air extractor.

2.4 Thermal insulation terminology

Thermal insulation is a material or combination of materials designed to reduce the

transfer of heat between two environments or surfaces. Its primary function is to slow the flow

20



Chapter 2 Heat Transfer and Insulation Performance in Buildings

of heat, either by retaining heat in a warm space (such as a building in cold weather) or by

preventing heat from entering a cooler space (such as a building in hot weather)[27].

Thermal insulation is effective because it reduces heat transfer through three main mechanisms:
Conduction - the direct transfer of heat through a material.

Convection - the transfer of heat through the movement of air or liquid.

Radiation - the emission and absorption of infrared heat waves.

By minimizing these heat transfer processes, thermal insulation plays a critical role in energy

efficiency and indoor comfort.

2.4.1 Thermal Conductivity
Thermal conductivity is a measure of a material's ability to conduct heat. It represents
the heat flow through a material 1 meter thick when there is a temperature difference of 1 Kelvin

between its opposite surfaces. This property is expressed in (W.m™' . K™).

A lower thermal conductivity indicates that the material is a better insulator because it
allows less heat to pass through. Conversely, materials with high thermal conductivity are better

conductors of heat and are less effective as thermal insulators.

2.4.2 Thermal Resistance

Thermal resistance (R) is a measure of a material's insulating ability for a given
thickness (e). It is expressed in mIK W Yand indicates how effectively a material resists heat
flow. A higher thermal resistance means better insulation because it reduces heat transfer
through the material. This property is particularly important in thermal insulation applications,

where increasing R-values improves energy efficiency and thermal comfort in buildings.

2.4.3 Thermal Diffusivity

Thermal diffusivity is a dynamic property of a material that plays a key role in transient
heat transfer processes. It quantifies how quickly a material can transfer heat when subjected to
temperature changes. This property is expressed in m”.s™' [38]. A material with a high thermal
diffusivity responds quickly to temperature changes, while a material with a low thermal

diffusivity heat or cools more slowly.
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2.4.4 Thermal Effusivity

Thermal effusivity measures the ability of a material to exchange thermal energy with its
environment. It reflects how a material absorbs and releases heat when in contact with another
surface. A high thermal effusivity indicates that the material adapts quickly to the ambient

temperature, while a low thermal effusivity indicates slower thermal interaction.

2.5 Earth as a Building Material

Earth has been used as a building material for centuries due to its abundance,
sustainability and thermal performance. It is a natural and environmentally friendly material
that provides good thermal insulation, high thermal mass, and moisture regulation, making it

suitable for energy efficient buildings.

Various construction techniques use earth, including rammed earth, adobe, cob, and compressed
earth blocks (CEB). These methods rely on locally available soil, often mixed with water, fibers,

or stabilizers such as lime or cement to increase durability and strength.

One of the key advantages of earth-based construction is its thermal inertia, which helps
regulate indoor temperatures by absorbing and slowly releasing heat. This characteristic reduces
the need for mechanical heating and cooling, contributing to energy efficiency. In addition,
earthen materials are biodegradable, recyclable and require little energy to produce, making

them an excellent choice for sustainable architecture.

2.6 Evolution of Thermal Insulation

Throughout history, people have sought ways to keep their homes warm in the winter and
cool in the summer. In ancient times, nomadic groups used materials such as animal skins, wool,
and plant fibers such as straw and reeds to insulate their temporary shelters. However, these
materials were not very durable. As humans transitioned to a sedentary agricultural lifestyle,
they began to construct homes from more robust materials such as stone, wood, and earth.
Earth-sheltered dwellings, including caves, became popular because of their affordability and
natural insulating properties. The dense nature of the earth slowed temperature changes inside
homes, a phenomenon known as thermal lag, helping them stay warm in the winter and cool in
the summer. One of the earliest known examples of earth-sheltered housing is the Neolithic

village of Skara Brae in Scotland, which dates back nearly 5,000 years.
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In the late 19th century, construction methods changed significantly with the introduction
of new materials such as steel, concrete, glass, and cast iron. While these materials allowed for
more advanced structures, they also posed thermal challenges as they expanded and contracted
with temperature changes, causing cracks and requiring additional insulation. Unlike traditional
thick-walled adobe or brick buildings, these modern materials had lower insulating properties,
resulting in greater heat loss and increased heating requirements. As energy consumption
increased and the price of fossil fuels rose, the need for effective thermal insulation became
more pressing. Engineers began studying heat loss and gain in the 1880s, laying the foundation

for modern building physics and insulation theories [28].

Although synthetic insulation has greatly improved the energy efficiency of buildings,
concerns about fossil fuel depletion and climate change have highlighted its drawbacks.

Burning fossil fuels releases carbon dioxide, a major greenhouse gas.

2.7 Algeria's rich tradition of earthen architecture

Algeria is home to many traditional earthen buildings, known as ksour, which have
significant cultural and historical value. These structures have been an integral part of the
country's architectural heritage for centuries. In 1943, architect Michel Loix designed a
provincial hospital in Adrar, demonstrating the potential of earthen construction for public

buildings.

Earth has been a reliable building material for thousands of years, and when combined
with modern techniques, it remains a sustainable choice for contemporary, environmentally
friendly construction. Today, nearly half of the world's population still lives in earthen homes.
While these structures are more common in developing countries, they can also be found in
developed countries such as Germany, France and the United Kingdom, where there are over

500,000 earthen buildings [29].

In recent years, earthen construction has seen a resurgence in places such as Iran, the
United States, Europe and the Middle East, driven by a growing interest in environmentally
friendly building practices [30].

2.8 Earth Building Techniques

Earth has been used as a building material for thousands of years and is still widely used

today. Various traditional techniques have evolved, including rammed earth, wattle and daub,
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cob, adobe, and compressed earth blocks. It is estimated that over two billion people currently

live in earthen structures, and approximately 10% of World Heritage sites are earthen.

2.8.1 Adobe

Adobe is one of the oldest and simplest earthen building techniques, which is why many
ancient structures were built using this method. A wooden form is filled with damp earth and
allowed to dry naturally in the sun. The word "adobe" comes from the Arabic word attob, which
means sun-dried brick. Traditionally, adobe bricks were made entirely of earth, but in modern
applications, straw is often added to improve thermal insulation [31]. Figure 2.1 shows the ease

and simplicity of making this traditional type of brick.

Figure. 2.1. Production Method of Molded Adobe Bricks [32].

Other earth building techniques include :

» Rammed earth: Layers of moistened earth are compacted in forms to create strong walls.

» Wattle and daub: A wooden frame is filled with an earth-fiber mixture to provide structural
support.

= Cob: Wet earth mixed with fibers is shaped by hand or foot to form uniform walls.

» Compressed earth blocks: Earth is pressed into block molds by hand or hydraulic methods,

providing a more uniform and durable alternative to adobe.

2.9 Methods for Stabilizing Earthen Materials

Earth is an affordable, renewable and environmentally friendly building material.
However, its durability can be compromised by water absorption and limited mechanical
strength. To improve its performance, stabilizers such as lime, cement, or a combination of both

are commonly used.

Stabilization methods are generally divided into three main types:
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» Mechanical stabilization: Improving soil density and strength through compaction.
»  Physical stabilization: Improving properties using techniques such as fiber reinforcement.
» Chemical stabilization: using additives such as lime or cement to increase water resistance

and structural integrity.

2.10 The use of natural fibers (Date Palm Fibers) in clay blocks

The date palm (Phoenix dactylifera L.) has been cultivated for thousands of years,
particularly in the Middle East and North Africa. It generates a significant amount of
agricultural waste, with nearly 2.6 to 2.8 million tons discarded annually. Algeria, as one of the

world's largest producers of dates, plays a key role in this industry [33].

A study in the Biskra region estimated that each date palm tree produces approximately
47.57 kg of residues per year, including fibers from leaves, rachis, petioles, and other parts.
These fibers are comparable to jute, flax, ramie, hemp and sisal, which are widely used as

reinforcements in construction materials [34].

The use of date palm fiber in construction materials is relatively new, but has great
potential. Each tree can yield approximately 35 kg of raw palm fiber per year, with a lifespan
of up to 100 years, contributing to an estimated annual fiber production of 4,200 tons. Research
suggests that date palm fiber production significantly exceeds that of many other natural fibers,

making it a promising material for sustainable construction.

2.11 The commonly used building insulation materials

Here is a brief overview of some of the most commonly used building insulation materials

today, known for their relatively low thermal conductivity.
Mineral wool

Mineral wool includes both glass wool (fibreglass) and rock wool. These materials are
usually made into mats or boards, although they're sometimes used as loose-fill insulation. The
lighter, softer types are often used in timber-framed buildings and other structures with cavities.
In contrast, denser and more rigid boards are used where the insulation needs to support weight,

such as on floors or roofs. Mineral wool can also be used to fill gaps and cavities. Its thermal
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conductivity depends on several factors, including temperature, moisture content and the

density of the material [35].

Figure. 2.2. Mineral wool used as thermal insulating into building.

Expanded Polystyrene (EPS) and Extruded Polystyrene (XPS)

Expanded polystyrene (EPS) is made from small beads of polystyrene, a material derived
from crude oil. These beads contain an expanding agent, such as pentane (CsHi2), which causes
them to expand when exposed to steam. As they expand, the beads fuse together at their points
of contact. EPS is usually moulded into rigid sheets or produced continuously on a production
line. It has a partially open cell structure. The typical thermal conductivity of EPS is in the range
of 30 to 40 milliwatts per metre Kelvin [mW/(mK)]. The thermal performance of EPS can be
affected by temperature, moisture content and density. EPS panels can be perforated, trimmed

or shaped in the field without reducing their insulating properties.

Extruded polystyrene (XPS), on the other hand, is produced by melting polystyrene and
injecting an expanding gas - such as HFCs, CO- or pentane (CsHi2) - during the process. XPS
has a closed cell structure and also offers thermal conductivity values typically between 30 and

40 mW/(m-K).

26



Chapter 2 Heat Transfer and Insulation Performance in Buildings

Figure. 2.3. Expanded polystyrene beads used to make clay bricks [36].

Cellulose

Cellulose insulation is made from recycled paper or wood fibers. Certain additives are included
to enhance its performance and durability. It is commonly used as a loose-fill material to fill
gaps and cavities in buildings, but it’s also available in the form of boards and mats. The typical

thermal conductivity of cellulose insulation ranges from 40 to 50 [mW/(mK)].

Figure. 2.4. Cellulose used as thermal insulating into building.

Vacuum insulation panels

Vacuum Insulation Panels (VIP) consist of a porous core, typically fumed silica,
surrounded by multiple layers of metallised polymer laminate (see Figure 2). These panels
provide excellent thermal insulation, with initial thermal conductivity values as low as 3 to 4

[mW/(m-K)] when new. Over time, however, air and water vapour can slowly penetrate through
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the outer layers and into the open-pored core, leading to a gradual increase in thermal
conductivity. After about 25 years, the thermal conductivity typically increases to about 8
mW/(m-K). Depending on the type of barrier used in the VIP envelope, the values may increase

further after 50 or 100 years. This inevitable ageing effect is one of the main disadvantages of

VIP.

2.12 Conclusion

Thermal insulation is a critical factor in improving the energy efficiency of buildings,
helping to reduce the consumption of conventional energy sources and lowering carbon
emissions, thereby promoting environmental sustainability. Insulation materials vary in their
properties based on heat transfer mechanisms, so the selection of the right material depends on
several factors such as density, porosity and thermal conductivity. The integration of phase
change materials (PCMs) into thermal insulation systems can significantly improve indoor

temperature stability, reducing the need for artificial heating and cooling
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Chapter 3

Phase Change Materials (PCMs) — Fundamentals, Classification, and

Building Integration Strategies

3.1 Introduction

This section of the chapter provides basic information for this research and provides a
general understanding of the use of phase change materials (PCMs) in buildings. The main
goals are to improve thermal comfort and reduce reliance on excessive heating and cooling

systems, which in turn reduces energy consumption and improves overall energy efficiency.

The chapter focuses on several key aspects, including heat storage, an overview of PCMs, their
characterization, encapsulation, and selection, and measurement techniques for thermal

characterization. It also explores the concept of thermal comfort in buildings.
3.2 Thermal Storage in Buildings
Heat storage in buildings can be divided into two main techniques:
Sensible heat storage, where the temperature of the storage material changes in

proportion to the amount of heat stored. Based on the storage medium, this technique is further

divided into two categories: liquid-based storage and solid-based storage.

Latent heat storage, in which thermal energy is absorbed or released during a phase
change of a material, such as solid-to-liquid or liquid-to-gas transitions. This method allows for

efficient heat storage without significant temperature fluctuations.

— ]
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Figure 3.1. Evolution of the temperature of a pure homogeneous body with phase change.[37]
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3.2.1 Sensible Heat Storage

Sensible heat storage refers to the accumulation of energy by heating or cooling a material
without a phase change. This process occurs when the temperature of the material increases or
decreases, storing or releasing heat accordingly. The amount of energy stored by this method
depends on the enthalpy change resulting from the temperature changes in the material, which

also takes into account its mass and specific heat capacity.

This storage method is cost effective and is one of the most technically advanced and widely
used thermal storage technologies. Its main advantage is its high thermal capacity, which makes

it particularly suitable for applications such as space heating and domestic hot water storage.

The amount of heat stored in a material using this method can be expressed mathematically as:

Q:jm-Cp-dT (3.1

1

Where :
e Q is the heat stored (Joules),
e m is the mass of the material (kg),
e G, is the specific heat capacity (J/kg-K),
e Tjand T are the initial and final temperatures of the material (K).

3.3 Definition of phase change materials

Any material capable of absorbing, storing and releasing heat in the form of thermal
energy can be a PCM. In PCMs, thermal energy is stored during the melting process and
released during the solidification process [38]. These materials have a high energy storage
density and the ability to maintain a constant temperature while absorbing heat during melting
and releasing it during solidification. When the ambient temperature rises above the melting
point of the PCMs, the chemical bonds in the PCMs begin to break down and the PCMs absorb
heat in an endothermic (melting) process. When the ambient temperature falls below the
melting point of the PCMs, they release the heat in a thermal process and return to a solid state.
The properties of PCMs can therefore be used to maintain indoor comfort, particularly in
buildings with low thermal mass [39]. The use of PCMs to improve the thermal energy
performance of buildings has received increasing attention in recent years [40]. Due to the sun's

rays and high temperatures during the day, heat waves penetrate the walls of buildings. The
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PCM absorbs the excess heat through the melting process, delaying the heat wave inside the
building. During the day, the ambient temperature remains comfortable and less energy is
consumed. At night, when temperatures drop, the PCM releases the heat stored in the ambient
air inside the building, as shown in Figure 3.2 [41]. Thermal storage in buildings can be divided
into two main techniques: Sensible heat storage, where the temperature of the storage materials
varies with the amount of heat stored. Latent heat storage, where thermal energy is stored or

released when a body changes state (from solid to liquid).
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Figure 3.2. Schematic diagram of how the PCM works [41].

3.3.1 Latent heat energy storage in PCMs:

Latent heat storage (LHS) systems work by absorbing or releasing latent heat during a
phase change, such as from solid to liquid or vice versa. Depending on the phase change
process, latent heat storage can occur through solid-solid, solid-liquid, gas-solid, or liquid-gas

transformations. Each of these options has its own advantages and disadvantages.

Of these, the solid-liquid phase change (melting and solidification) is particularly effective for
storing large amounts of heat, provided an appropriate material is selected. During the melting

process, as heat is absorbed by the storage material, its temperature remains constant at the
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melting point, also known as the phase change temperature. Once the material has completely
melted, any further heat transfer will result in sensible heat storage. The heat absorbed during

melting is called latent heat and is calculated using the equation:
AQ =mxAh (3.2)
where:

e m is the mass of the phase change material (kg).

e Al isthe latent heat of fusion (J/kg).

34 Classification of PCM

Depending on their state, PCMs can be divided into three groups: solid-solid, solid-liquid
and liquid-gas. Of these, solid-liquid PCMs are more suitable for thermal energy storage, while
solid-liquid PCMs can be divided into organic, inorganic and eutectic compounds [42]. Several
types of PCM are available on the market and can be used in buildings with a wide range of
characteristics, which can be divided into three groups according to their components. As

shown in Figure 3.3 [43].
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Figure 3.3. Classification of PCM [43].

3.4.1 Organic PCM

This type of PCM can be divided into paraffin and non-paraffin types. Its main advantages
are that it is chemically and thermally stable, non-corrosive, recyclable and does not undercool.
On the other hand, the disadvantages of using organic PCMs are their flammability, low thermal
conductivity and low phase change enthalpy compared to other types of PCMs. The most
commonly used types are paraffin and fatty acids [44]. In general, organic PCMs offer
numerous advantages, including a wide operating temperature range, chemical stability, non-
corrosive and non-toxic nature, minimal subcooling, no segregation, high latent heat of fusion,
and a high nucleation rate. However, despite these benefits, organic PCMs have some
significant drawbacks. These include low thermal conductivity, which slows the charging and
discharging rates, supercooling effects during solidification cycles, and leakage from

containers. Overcoming these challenges remains a priority in their application [38].
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Paraffin: This chemical is produced as a by-product of petroleum refineries and is
composed of carbon and hydrogen atoms and is known by the general formula: CnH2n+2 as
shown in Figure 3.4, where n is the number of carbon atoms (C). If the C is between 20 and 40,
this material is called paraffin wax [44]. Paraffin has different empirical properties because it

is a mixture of different alkanes [45]. Table 3.1 presents examples of paraffins along with their

thermophysical properties [46].

Table 3.1. Thermo-physical properties of Paraffins

Paraffins

Hexadecane | Tetradecane | Eicosane | Octadecane
Formula CH,, C,H, CyoH,, | CeHy
Enthalpy of fusion | 237 226 247 244
[kJ/kg]
Melting temperature | 16.7 5.5 36.7 28
[°C]
Thermal conductivity | 0.15 0.15 0.15 0.15
[W/m.°C]
Specific heat capacity | 2.11 2.07 2.21 2.16
[kJ/kg. °C]
Solid density [kg/m3] | 835 825 856 814

H—

Normal-paraffinic hydrocarbons:

H H H H H H H

1 I ] ] 1 ] I
C=Ce=ComCom. M, o=Com., o= ComComH
1 1 I ] 1 I I

H H H H H H H

Iso-paraffinic hydrocarbons:

H H H H H H H
I 1 1 I 1 ] I
o= G Q= H

C—C—C—C—..m,—C—
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He=C=H
1
H—C—H

1
H

Figure 3.4. Chemical structure of paraffins

Fatty Acids: 1t is a carboxylic acid with a long hydrocarbon chain of carbon atoms (from

10 to 30) and hydrogen atoms, with the general formula CH3(CH2)2nCOOH. Recently, fatty
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acids have gained interest due to thermophysical properties such as high energy capacity,
congruent melting and congruent melting, solidification behaviour and good chemical and
thermal and thermal stability[47]. In addition, they are non-toxic, toxicity, no corrosivity, little
or no undercooling, little volume change during phase and are easy to produce from vegetable
and animal oils. Only a few of these fatty acids have a melting temperature in the range of
thermal comfort (15 to 30 °C) [1]. As shown in table 3.2. However, the melting temperature of

the PCMs can be adjusted to this climatic by preparing eutectic mixtures of fatty acids.

Table 3.2. Chemical formula and melting point of fatty acids [48].

PCM Formula Melting temperature (°C)

Capric acid C,,H,,0, 31.4
Lauric acid C,H,,0, 43.8
Myristic acid C,,H,0, 54.1
Palmitic acid C,.H,0, 62.4
Stearic acid CH,0, 69

Arachidic acid C,H,,0, 75

Methyl palmitate C,H,,0, 29

Methyl stearate C,,H0, 37.8
Methyl eicosanoate C,H,0, 46.3

3.4.2  Inorganic PCM

It is classified as hydrates, salts and minerals. It has a high latent heat storage capacity
and is non-flammable. On the other hand, it has the problem of supercooling and significant

volume changes [44].

3.4.3 Eutectic

They are easily produced by mixing organic/organic, inorganic/inorganic or
inorganic/organic PCMs. They result from a light melt mixture of two or more components that
are capable of melting and solidifying simultaneously during the melting and solidification
process. However, it lacks physical thermal properties [49]. In recent years, extensive research
has been carried out on eutectic mixtures of fatty acids and fatty alcohols [50]. Numerous

studies have shown that the incorporation of phase change materials (PCMs) for latent heat
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storage is a highly effective strategy for improving thermal capacity, energy efficiency and
indoor comfort in buildings [51]. Binary mixtures of stearic acid (SA) and lauric acid (LA) are
commonly used for PCMs with low eutectic temperatures. Their structures, morphologies and
thermal properties have been extensively studied. Differential scanning calorimetry (DSC)
analysis showed that under optimum conditions, the synthesised PCMs had melting and
solidification temperatures of 27.9°C and 28.3°C, respectively, with latent heat values of 170
kJ/kg for melting and 155 kJ/kg for solidification [52].

Eutectic organic PCMs consist of two or more organic components that behave as a
single substance and undergo uniform phase transitions. Their main advantage is that they can
be tailored to achieve specific thermal properties. Some eutectic blends of fatty acids have
higher melting points than individual PCMs, while retaining the favourable properties of
organic materials. Consequently, these eutectic PCMs serve as innovative thermal energy
storage solutions [53]. By adjusting the mixing ratios, it is possible to fine-tune the melting
temperatures of these materials. High latent heat capacity, together with appropriate melting
and solidification temperatures, are crucial factors in the development of efficient organic
PCMs [54]. DSC analysis was used to evaluate the energy storage performance of a eutectic
mixture of LA and 1-tetradecanol, revealing a phase transition temperature of 24°C and a fusion
enthalpy of 161 kJ/kg. Accelerated thermal testing further demonstrated the excellent thermal
stability and energy storage potential of the binary eutectic [55]. Fatty acids, including SA,
capric acid (CA), LA, and palmitic acid (PA), were used to produce ternary eutectics with
varying weight ratios. The thermal characteristics of these new PCMs were evaluated using
DSC. The melting point ranged from 14 to 21°C, and the latent heat varied from 150 kJ/kg to
175 kJ/kg, rendering them useful for various low-temperature thermal energy storage
applications [56]. Various binary and multiple eutectic mixtures of fatty acids were produced
using five types of fatty acids: LA, CA, SA, PA, and MA. The melting points of the tested
materials were observed to be in the range of 15 and 53°C [57]. The table 3.3 represent
Advantages and Disadvantages of PCMO, PCMIO and PCME.

Table 3.3. Advantages and Disadvantages of PCMO, PCMIO and PCME [58].

PCM Type Benefits Disadvantages
- No segregation - Liquid leakage during
- Non-reactive melting
- Non-toxic
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- Low volume change

- Low thermal conductivity

customized to meet specific

requirements

PCMO - Compatible with | (about 0.2 W/m.K)
conventional building | - Flammable
materials
- Low vapor pressure
- Recyclable
- Low price
- High volumetric latent heat | - supercooling problem
storage capacity - Segregation
- Non-flammable - Not melting congruently
PCMI - High thermal conductivity | - High volume changes
compared to PCMO - Corrosive to metal
- Phase separation on
repeated phase change cycles
- Very small melting range - High cost
PCME - Properties can be|- Lack of data on

thermophysical properties

3.5 Properties of PCMs

The key functions of PCMs vary from manufacturer to manufacturer. The economic,

chemical, physical and thermal properties listed in Table 3.4 play a critical role in enabling

PCMs to be used as efficient thermal storage systems [59].

Table 3.4. General characteristics of PCMs

Thermal properties

- High specific heat capacity

phase

- Suitable phase change temperature

- High latent heat during phase change
- High thermal conductivity in liquid and solid

- High density

Physical properties

- Negligible subcooling effect
- Low vapor pressure
- Small volume variation

- Sufficient crystallization rate

Chemical properties

- Prolonged chemical stability

- Abundant

Economic Properties
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- Compatibility with container materials - Inexpensive

- Non-toxic, non-flammable and non-explosive

- No phase separation

3.6 Commonly Used PCMs

Several PCMs and their properties related to their specific applications have been listed in many
publications [42]. Table 3.5 showcases several commercially available PCMs designed for

temperature ranges between 10°C and 118°C [60]

Table 3.5. Commercially available PCMs for the temperature range (10°C to 118°C)

Name Melting Density Latent
temperature (KJ/kg) heat Manufacturer

°O (KJ/kg)
E 21 21 1480 150 EPSLtd. (www.epsltd.co.uk)
E 13 13 1780 140 EPSLtd. (www.epsltd.co.uk)
C32 32 1450 302 Climator (www.climator.com)
C24 24 1480 216 Climator (www.climator.com)
A22 22 770 220 EPS Ltd. (www.epsltd.co.uk)
S 27 27 1470 207 Cristopia (www.cristopia.com)
RT 20 22 870 172 Rubitherm (www.rubitherm.com)
RT 26 25 880 131 Rubitherm (www.rubitherm.com)
RT 42 43 880 174 Rubitherm (www.rubitherm.com)
STL 27 27 1090 213 Mitsubishi Chemical
STL 47 47 1341 221 Mitsubishi Chemical
TH 58 58 1290 226 TEAP (www.teappcm.com)
TH 25 29 1540 188 TEAP (www.teappcm.com)

3.7 Choice of PCM

The main factor determining the type and quantity of PCM is the weather, while the
optimum location of PCM in the building envelope is close to the heat source, according to

numerous studies [61]. Phase change materials are available in different types and properties,
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but not all PCMs can be used in buildings. Table (3.6) shows the required properties of phase

change materials that are commonly used and incorporated into buildings [58].

Table 3.6. Selection criteria for PCM [58].

Economic properties Low cost. Availability
Kinetic properties High nucleation rate, no supercooling, no overheating,
high crystal growth rate.

Chemical properties Chemical stability, No degradation, Non-corrosive, Full

reversible cycle, Non-toxic, No degradation.

Thermodynamic properties Suitable melting temperature, High latent heat, High

specific heat, High density, Thermal conductivity.

The selection of phase change materials (PCMs) for effective use as thermal energy

storage materials is based on many criteria [48],[62]:

3.7.1 Thermodynamic properties:

Transition temperatures within the desired range: The phase change temperature of the PCM
should fall within the required temperature range for the target application. For thermal comfort
applications, this range is typically between 25°C and 40°C, which is suitable for regions in

southern Algeria [63].

* The PCM should have a high latent heat of fusion per unit volume to store a significant
amount of energy.

= High density is essential so that the material takes up less space.

= [tshould also have a high specific heat capacity to allow effective storage of sensible thermal
energy.

* Good thermal conductivity is critical for efficient heat absorption and release, even with
small temperature changes.

= The PCM must melt and solidify completely and uniformly to ensure that both phases remain
homogeneous. This is essential to prevent density differences between the solid and liquid

states that could cause material segregation and change its chemical composition.

3.7.2 Chemical properties:

a)  The PCM should be able to melt completely and freeze repeatedly without problems.
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b) It must remain chemically stable under all conditions.

¢)  The material must be able to withstand many cycles of melting and freezing without

degrading, ensuring a long service life.
d) It must not cause corrosion or damage to building materials.
e)  The PCM must be safe to use, i.e. non-toxic, non-flammable and non-explosive.

Table 3.7 shows the physical and thermal properties of PCMs that have recently been

used by researchers in many countries around the world.

Table 3.7. Brief comparative analysis of the various (experimental) studies examined in

several countries.

Year | Country | PCM Melting Thermal Density | Cp Cp Latent | REF
Temperature | conductivity | (kg/m3) | [J/(kg'K)] | (J/kg-K) | heat
O (W/k.m) Solid liquid (kJ/kg)
Paraffin
2023 Iraq 4044 0.21 930 2100 2100 190 [64]
wax
EnFinit
2022 | Malaysia 35 32-35 0.08 400 1000 3200 180 [65]
2022 China PCM 18-26 0.25 1300 1785 1785 216 [66]
Infinite
2022 | Mexico 29 0.54 1433.58 3140 3140 200 [67]
R29
OM
2021 India 30 23-32 0.16 950 2040 2780 230 [68]
Paraffin
2021 China 18 0.2 880 4810 3110 236 [69]
wax
Paraffin
2021 Iraq 44 0.21 930 2100 2100 190 [70]
wax
Paraffin
2021 Iraq 38-43 0.2 880 2000 2000 174 [71]
wax
Paraffin
2020 China 26-28 0.36 850 2150 2300 231.2 | [72]
wax
) OM
2020 India 3 35 0.16 900 2310 2710 160 [73]
2020 India Eicosane 36-38 0.15 815 1920 2460 2473 | [73]
) OM
2020 India 37 35-40 0.16 960 2141.8 2180.8 218 [74]
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2018 | Tehran RT35 33-38 0.2 815 2000 2000 160 [75]
2017 Italy RT28 28 0.14 800 2000 2000 250 [76]

3.8 Thermal characterization measurement techniques

The performance of a thermal energy storage system is directly related to the phase
change properties of the PCM (phase change material). These properties are typically provided
by the manufacturer, but can sometimes be inaccurate, unreliable, or overly optimistic [77].
Therefore, it is essential to perform measurements to obtain accurate phase change properties
of the PCM. Before being used in real applications, the thermal performance of PCMs
incorporated into building materials must be tested. This ensures their suitability, evaluates the
actual benefits of the building system, and assesses the dynamic thermal properties of the
composites and their effectiveness in reducing indoor temperature variations in buildings.
Several measurement techniques are available to determine latent heat, melting temperature,
and specific heat, including differential scanning calorimetry (DSC) and differential thermal
analysis (DTA). Accurate knowledge of thermal conductivity is another critical thermal
parameter needed for proper design of latent heat storage systems or accurate simulation of
dynamic models with PCMs. During a DSC (Differential Scanning Calorimetry) test, the
sample and a reference material with known thermal properties are kept at the same temperature
throughout the experiment. By measuring the difference in heat supplied to the sample and the
reference, various thermal properties of the sample can be determined, such as the heat of
fusion, heat capacity, and melting/solidification temperatures. In a Differential Thermal
Analysis (DTA) test, the same amount of heat is applied to both the sample and the reference
(unlike in a DSC test, where the temperature is kept constant). Phase changes and other thermal
properties can then be analyzed by observing the temperature difference between the sample

and the reference.

3.9 Integrating PCM into the building envelope

The three most promising methods for incorporating PCM into conventional building
materials were direct incorporation, immersion and encapsulation [78]. Incorporating PCMs
into building envelopes is an effective technology for improving thermal performance in
different climates, reducing energy consumption and reducing carbon dioxide emissions. It is
necessary to know the appropriate technology for each climate (type of PCM, method of
integration) and therefore the appropriate method for each climate. This choice depends on a

number of factors such as climate, location and building type. It is advisable to study and
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simulate the feasibility of this technology throughout the four seasons with simulation
programmes (TRNSY'S or ANSY'S or COMSOL ...etc.) and it is recommended to use more than

one type of PCM in areas with weather variations [26].

3.9.1 Direct incorporation:

A cost-effective method where PCM is mixed directly into building materials such as
cement, concrete and wallboard during production [79]. However, it has certain disadvantages,
it reduces the bond strength between the aggregate and the binder paste, affects the hydration
process and reduces the mechanical properties and durability [80]. Figure 3.5 illustrates the

production process of an advanced concrete-based PCM.

sand PCM plasticizer ~ water
& nr‘-r
gravel ——
b i [
S H "W &P " |
cement
-

(@) (b) (c) (d) (€)
assembly of addition of mixing pouring into hardened
concrete dry PCM oiled molds samples
components

Figure 3.5. The production process of an advanced concrete-based PCM.

3.9.2 Immersion:

In this technique, plaster, concrete or bricks (components of the building structure in
general) are immersed in the molten PCMs. Thanks to capillary action, the building materials
absorb the PCMs into their internal pores [24]. These two methods of incorporating PCM

directly into the building material suffered from a number of critical drawbacks [81].

3.9.3 Encapsulation of PCMs:

Most PCMs designed for building applications are solid and therefore pass through the
liquid phase, at which point encapsulation is required to avoid certain problems such as PCM
leakage to the surface and liquid diffusion [82]. PCM must be encapsulated before it can be
used in components. In general, there are two methods of PCM packaging, macro-encapsulation

and micro-encapsulation [83].

a. Microencapsulation of PCM: Microcapsules are particles containing a core material

surrounded by a layer or shell, with a diameter of 1 to 1000 um. This process is used in
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construction and is widely used in commercial applications including textiles, adhesives and
pharmaceuticals [84]. The shell material must be compatible with the environment and the
PCM, as it plays an essential role in improving the thermal performance of the PCM. The
majority of materials suitable for microcapsule manufacture are made from synthetic and

natural polymers [44]. Figure 3.6 shows the production method Micro encapsulation of PCMs.
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Figure 3.6. Shows the production method Micro-encapsulation of PCMs [85].

b. Macro-encapsulation of PCM: Macro-encapsulation is the best known method of
encapsulating PCMs in specific forms of packaging such as tubes, bags, spheres, plates or other
containers of various sizes and shapes, generally with a diameter greater than 1 mm [86] . Total
encapsulation is the most commonly used technology in buildings due to its low manufacturing
cost. However, this technology suffers from a low heat transfer rate [87]. Figure 3.7 summarises

the common forms of macro-encapsulation used in building envelopes.

43



Chapter 3

Phase Change Materials (PCMs)

(1)PCM panel

(v)PCM panel (vi)PCM brick

s

AL

(iii) PCM panel

(vii) PCM brick

N\

(iv) PCM panel

(viii) PCM slab

(x) PCM slat

(ix)PCM slab

(xi) PCM blade

(xvi)PCM tube

(xiii)) PCM pouch (xiv) PCM sphere (xv) PCM sphere

Figure 3.7. Common forms of macro-encapsulation used in building envelopes [88].

Micro-encapsulation and macro-encapsulation have the advantages and disadvantages

shown in the table 3.8.

Table 3.8. Advantages and disadvantages of microencapsulation and macroencapsulation [80].

Microencapsulation

Macroencapsulation

- Prevents leakage of PCM during
phase transition by creating a barrier
that enhances its incorporation into
various building materials.

Benefits - Ensures high heat transfer due to

increased surface area per unit

volume.

- Easier to handle.

- Can be designed to suit specific
applications.

- Improves PCM's compatibility
with the environment by acting as a
barrier.

- Reduces external volume changes
of the capsule, which is important

for building applications.
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- Resists volume changes during
phase transitions. - Improves
chemical stability.
- The rigidity of the capsule prevents | - Poor thermal conductivity.
natural convection and therefore | - Must be protected from
reduces the rate of heat transfer. destruction (drilling holes or nails
-Microencapsulation can affect the | into walls) when the building is in

Disadvantages | mechanical properties of building | use.

materials. - More work on site to integrate into
- Investment costs for | the building structure.
microencapsulation are high.

3.10 Influence of PCMs on the thermal behaviour of the building envelope

The use of phase change materials (PCM) in the building sector aims to increase the
thermal inertia of buildings and reduce the energy consumption associated with heating and
cooling systems that maintain indoor comfort conditions. This approach enhances the thermal
storage capacity of various building envelope configurations by integrating PCMs. These
materials are particularly effective due to their ability to exchange significant amounts of heat
isothermally through phase change. By harnessing latent heat storage, they provide thermal

insulation for buildings, helping to mitigate the effects of outdoor temperature fluctuations.

The main role of the building envelope is to provide effective thermal resistance so that
external heat waves do not easily propagate into the interior. This role is enhanced by the
incorporation of phase change materials. Numerous studies have been carried out on this
subject. The use of PCM in buildings has many advantages: PCM reduces energy consumption,
reduces the need for cooling energy, reduces temperature fluctuations [89]. The first PCM house
was built in 1947 by Dr. Maria Telkes in Dover, Massachusetts, USA. Since the 1980s,
numerous studies have been carried out on the use of phase change materials (PCMs) in
buildings. These studies have led to the development and integration of PCMs into building
envelopes [41]. In this section, an overview of the uses of PCMs in buildings will be presented,

first experimentally and then numerically.

To study the evaluation of the internal thermal behaviour of the building fitted with macro

PCM capsules in an outdoor tropical environment and to determine the reduction in the cooling
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load. Two identical cabins measuring 1.12m 1.12 m 1.12 m were erected in concrete and cement
mortar. To ensure that stored heat could be removed during the night, the cells were fitted with

a window (0.15 m 0.15 m) and a door (0.15 m 0.46 m), as shown in Fig 3.8.

Figure 3.8. Steps for installing PCM in pipes and then in the building envelope [74].

The cabins were prepared using building materials that are commonly used in the
construction of residential and commercial buildings in India, such as cement, concrete, river
sand, etc. ..... One cabin is made of concrete only, while the other cabin has an encapsulated
macro PCM embedded in the walls and roofs (the incorporation of the PCM with the building

materials had good results as shown in Figure 3.9).
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Figure 3.9. Maximum heat flux and corresponding percentage reduction of the two cells.

The building structure with PCM shows a reduction in peak temperature ranging from
3.8°Cto 5.8°Cwith a reduction in indoor temperature compared to the building structure without
PCM. The integration of PCM into the concrete structure results in an average annual cost

saving of 0.34$/day, cost savings on the electricity bill [74].

To assess the real effect of PCM capsules embedded in hollow brick cavities, two
identical chambers were built to test two walls with and without PCM. The PCM was
encapsulated in small identical tubes and inserted into the cavities in the rows of hollow bricks
in one wall. The results showed that encapsulating the PCM in the wall reduced the temperature
inside the chamber by approximately 4.7°C, reduced the temperature fluctuation by 23.84%
and increased the time delay by 2 hours [71]. In order to improve the internal temperature of
the buildings, two chambers were built in warm climatic conditions in Iraq (latitude: 31.84 and
longitude: 47.14), paraffin wax was used as the phase change material as its melting temperature
varies from (40 to44) °C. In which the phase change materials were encapsulated by the macro
encapsulation method, then the PCMs were combined in the first chamber (the second chamber

without PCMs), the completion steps are shown in Figure 3.10.
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Figure 3.10. Building structure developed with PCM and without PCM [64].

Tested for three consecutive days in unventilated conditions (windows completely closed).
The indoor temperature was reduced by 2 degrees Celsius, equivalent to a reduction in
convection of approximately 8.71%. As a result, 80.64 Iraqi dinars/day were saved [64]. Under
summer climatic conditions in Italy, experimental and numerical analyses have been carried out
on a roof surface divided into three parts: the first part contains (PCM), the second part contains
a different type of (PCM), i.e. with a different melting temperature, while the third part is
without (PCM). Continuous monitoring is carried out to assess the thermal performance of each
part. The results showed a reduction in the maximum thermal load of between 13% and 59%

for each type of PCM [76].

Kong et al [90] developed a shape-stabilized composite PCM wallboard (CPCMW)
made of paraffin and expanded perlite, which was installed on the interior walls and ceiling of
a test room. To assess its impact on the thermal performance of the building, they compared the
indoor temperature variations between two rooms - one with CPCMW and one without - under
summer conditions in Tianjin. The results showed that the incorporation of CPCMW helped to
passively regulate the indoor temperature and increased the thermal mass of the building

envelope.
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Figure 3.11. Composite PCM wall panel and the experimental room [90].

Kong et al [91] presented an innovative hybrid PCM wall design for winter heating.
This hybrid PCM wall panel integrates a solar thermal system with a shape-stabilised PCM
panel (Figure 3.12). To evaluate its performance, two test rooms (1.7 m x 1.7 m x 2 m) were
constructed - one with the hybrid system and one without. Three experimental tests were carried
out, measuring indoor air temperature and daily energy consumption. The results showed that
incorporating this system into the building walls significantly improved thermal comfort and
reduced daily energy consumption by around 44% compared to a conventional building without

PCM. Although the system showed promising results, further techno-economic analysis is

required.
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Figure 3.12. Hybrid PCM wall [91].

More recently, Cabeza et al [92] investigated the long-term thermal performance of a
test cell with PCM-integrated walls, a decade after its construction. They compared its
performance with a reference test cell without PCM under summer conditions. The results were

also compared with data recorded in the summer of 2005, which showed a similar thermal
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response. This study confirmed that PCM integrated into building walls maintains its
effectiveness over time without degradation and continues to reduce indoor temperature

variations even after 10 years.

The PCM wall panel is seen as an efficient and cost-effective alternative to traditional
thermal mass for storing solar heat in buildings. In this system, the PCM is embedded in
materials such as plasterboard, gypsum or other substrates. The thermal properties of the PCM
wall panel are very similar to those of pure PCM and, due to the diffusion process, a higher
concentration of PCM tends to accumulate in the outer third of the panel thickness near each
surface. Kuznik et al (2011) used DuPont de Nemours PCM wall panels in the renovation of a
commercial building and found them to be highly effective, especially when outdoor

temperatures fluctuated around the melting point of the PCM [93].

As part of a European Union project, Cabeza et al. (2007) carried out experimental
research to analyse the main effects of microencapsulated PCMs mixed with cement. Their aim
was to evaluate the thermal performance of a small test cabin (Figure 14) in a Mediterranean
climate and to develop a material capable of significantly reducing energy consumption in
buildings. For this study, they used a commercial PCM from MicronalPCM (BASF) with a
phase change temperature of 26°C and a phase change enthalpy of 110 kJ/kg. Compared to a
conventional wall, the results showed that the PCM-concrete mix provided better thermal

inertia, resulting in more stable indoor temperatures by reducing fluctuations [94].

Figure 3.13. Experimental cabin (dimensions: 2.4 m x 2.4 m x 2.4 m)[94].

Castell et al (2010) carried out studies on the integration of PCMs in brick constructions.
To analyse the impact of PCMs, they built five test cabins with different construction materials

and envelope types. Three of these cabins were made of perforated bricks, while the other two
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were made of cellular bricks. The PCM RT-27 was applied to the perforated bricks, while SP-
25 A8 was used with the cellular bricks [95]. The tests were divided into two categories: one
involved free temperature variation without any cooling system, while the other was conducted
in a controlled environment with a cooling system to maintain a constant indoor temperature of
24°C. The results were similar to those obtained by Cabeza et al. (2007), confirming the thermal

benefits of integrating PCMs into brick structures.

An experimental and numerical evaluation of the effect of incorporating a PCM layer
into the square holes of an external red brick wall has already been discussed by Necib et al.
(2013). The model was tested under the climatic conditions of Ouargla, Algeria, making this
study an important reference for those interested in PCM applications in arid regions. The
numerical model was successfully validated by experimental results. The results showed that
PCMs can significantly increase the thermal inertia of bricks, and that the reduction in heat gain
through the wall is strongly influenced by both the amount of PCM used and its placement
within the holes [96].

PCMs are incorporated into the plaster either by microencapsulation, immersion or
direct addition during manufacture. Most studies evaluating the passive performance of
plasterboard use a comparative approach, typically analysing one panel with PCM and one

without (Figure 3.14) [97].
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Figure 3.14. Plasterboards with and without PCMs

The main objective of incorporating PCMs into concrete materials is to improve heat
storage in heavy building materials [98]. Direct incorporation of PCMs into concrete has shown
promising results, mainly due to reduced thermal conductivity and increased thermal mass at

certain temperatures. However, PCM-enhanced concrete also exhibits some undesirable
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properties, such as reduced mechanical strength, uncertain long-term stability and reduced fire
resistance [99]. Several studies on PCM concrete have shown positive effects, particularly in

reducing indoor temperatures in hot climates.

Four test cells were built at PUGVERD LLEIDA, Spain, to evaluate the impact of PCMs
on thermal performance in a continental climate with significant temperature variations. The
study included a hollow brick reference cell, a polyurethane insulated cell and two PCM
enhanced cells using RT27 paraffin and SP25 A8 salt hydrate (Figure 16) [100].

Two experimental setups were carried out: one with free temperature variation and one
with controlled temperature using a heat pump set at 24°C. In the free temperature setup, the
PCM cells showed a temperature reduction of 1°C and more stable conditions, especially in the
alveolar brick cell due to higher thermal resistance. However, there were problems with night-
time solidification due to the lack of ventilation. In the controlled temperature setup, energy
consumption was significantly lower in the PCM cells. The RT27 + PU cell reduced energy
consumption by 15% compared to the PU-insulated cell, while the SP25 A8 + alveolar brick
cell achieved a 17% reduction compared to the reference. The study highlighted the need for

appropriate cooling strategies to improve PCM performance.

Figure 3.15. four test cells
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Gowreesunker and Tassou [101] conducted an experimental study of the thermal
performance of PCM wall panels during the summer months. Their results showed that the
maximum indoor temperature could be reduced by up to 3°C compared to conventional

plasterboard, effectively minimising overheating in summer.

Izquierdo-Barrientos et al [102] carried out a numerical analysis of the transient heat
transfer in an external building wall containing a PCM layer over two separate periods (six days
in summer and six days in winter). They investigated the effects of phase transition temperature,
PCM layer position and wall orientation to identify optimal parameters for reducing energy
fluctuations. Their results showed that there is no single optimal transition temperature that
minimises heat loads, as it varies between 5°C and 35°C depending on the season, wall
orientation and PCM placement. In addition, the study found that PCM layers had little effect
on reducing total heat loss in winter, regardless of wall orientation or transition temperature. In
summer, however, significant differences in heat gain were observed due to high solar radiation.
The high thermal inertia of the wall meant that the PCM layer increased the heat load during
the day and reduced it at night.

Numerical modelling and simulation of PCM-integrated building walls (PCMIWB) has become
increasingly important for system design and optimisation over the last decade. Two widely
used methods for modelling the phase change process in PCMIWB are the effective heat
capacity method and the enthalpy method [103]. Most numerical studies use commercial
software such as EnergyPlus [104], TRNSYS[105], MATLAB/Simulink [106], COMSOL
[107], [108],[109]. and ANSYS Fluent to solve the energy governing equations and simulate
the thermal behaviour under varying weather conditions. These studies primarily focus on the
effects of PCM integration into walls, its placement, thermophysical properties (such as melting
temperature and thermal conductivity), and its thickness. This section provides an overview of

key numerical studies on PCMIWB, highlighting prominent research in this area.

Li et al [110] conducted a numerical study of the thermal performance of PCMIWB in
the Isfahan (Iran) climate, analysing thirteen different PCMs in three wall designs. They
investigated the effects of PCM position, thickness and melting temperature. While PCM
selection is typically based on melting temperature, their results suggest that thermal
conductivity should be prioritised instead. A PCM with a lower thermal conductivity can better
reduce heat transfer into the interior, resulting in lower energy consumption. If two PCMs have

similar conductivities, the melting temperature should be closer to the indoor temperature. In
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terms of PCM placement, the study recommends that PCMs should be placed closer to the

exterior wall to improve thermal performance in the Isfahan climate.
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Figure 3.16. Studied wall configurations [110].

Aricietal [111] conducted a numerical study of PCMIWB to analyse the effect of design
and operational parameters on thermal performance. They modelled the heat transfer within the
PCM and wall components using the unidirectional conduction transfer equation. Their
optimisation study, carried out for three cities in Turkey, investigated PCM position, thickness
and melting temperature. The results showed that the optimal PCM placement depends on the
climate and building location. In heating conditions, they recommended placing the PCM close

to the outside, while in cooling conditions, placing it closer to the inside proved more effective.

Wang et al [112] conducted a parametric study of PCMIWB to evaluate its effectiveness
in reducing heating loads in the Shanghai climate. They used a two-dimensional heat equation

to simulate heat transfer in a wall with a PCM layer and concrete. Their results showed that
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adding PCM to the wall helps reduce surface temperatures and slows down heat transfer,
especially in summer. For optimal performance in this season, they determined that the ideal

thickness for RT-42 PCM is about 20 mm, with the best placement on the outside of the wall.

Jiang et al [113] have developed a simplified analytical model to determine the optimum
phase transition temperature and latent heat of a PCM integrated into the interior surfaces of
walls. Their model is based on key factors such as the lower limit of the comfort temperature
range, ventilation rate, building envelope characteristics and outdoor temperature. Their
numerical results showed that the optimal PCM melting temperatures in different climatic
regions in China are relatively similar, typically exceeding the lower limit of the comfort

temperature range by about 1.1 to 3.3°C.

Erlbeck et al [114] carried out a detailed study to determine the optimal thermal
performance of PCM integrated into concrete blocks. They analysed different PCM container
shapes, including plate-shaped, cuboidal, cylindrical and spherical shapes, positioned in
different orientations (Figure 20). The results showed that the thin plate-shaped PCM container
was the most effective design, as it provided superior heat transfer during both melting and

solidification, regardless of its placement or orientation.

Figure 3.17. Possible designs for PCM enclosures integrated into concrete blocks [114].

Tungbilek et al [115] conducted a numerical study to evaluate the seasonal and annual
performance of bricks with PCM, focusing on energy savings from latent heat storage for
heating and cooling in Marmara, Turkey. They analysed different brick models with PCM-filled

voids (Figure 3.18), considering factors such as PCM position, melting temperature and
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quantity, and compared them with traditional air-filled void bricks. The results showed that
model D, with the PCM placed close to the inside, provided the highest energy savings. The
optimal melting temperature varied by season, ranging from 18°C to 26°C, while an annual
analysis identified 18°C as the ideal temperature, resulting in a 17.6% reduction in heat demand.
The study highlighted that PCM integration improved thermal performance more in winter than
in summer. In addition, careful selection of the PCM melting temperature is critical to avoid

overheating, which could significantly increase cooling loads.
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Figure 3.18. Suggested brick designs [115].

Bricks are the most widely used building material in many countries. It has many advantages,
including ease of manufacture and low cost. However, traditional bricks have poor thermal
performance, resulting in an uncomfortable indoor thermal environment. It is therefore
necessary to improve the thermal performance of these bricks. An effective technique for
improving the thermal performance of bricks is to increase their heat storage capacity by
incorporating PCMs. A numerical heat transfer analysis of hollow bricks containing PCM has

been carried out, as shown in Figure 3.19.

Figure 3.19. Distribution of PCM in hollow bricks used in construction [116].
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The results indicate that the incorporation of PCM in bricks improves the thermal energy

storage capacity, thus improving the thermal comfort due to the incorporation of PCM [116].

3.11 Conclusion

This chapter has provided an overview of thermal energy storage in buildings,
highlighting the advantages of latent heat storage using phase change materials (PCMs). The
discussion covered different types of PCMs, their integration into building materials, factors
affecting storage efficiency, techniques for measuring thermal properties, and the impact on
thermal comfort. The reviewed studies confirm that PCMs have significant potential to improve
energy efficiency and indoor comfort by reducing reliance on heating and cooling systems.
Their integration into building envelopes represents a promising approach to improving thermal

performance and sustainability in construction.
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Chapter 4

Development and Characterization of a Bio-Based PCM Eutectic

Mixture for Clay Brick Enhancement

4.1 Introduction

The phase change materials (PCM) sector is largely dominated by paraffins and
hydrated salts, with paraffins recently gaining more popularity than hydrated salts. However,
bio-based compounds are starting to reshape the market, especially in the construction industry.
Despite the advantages of paraffinic PCMs, they come with high costs and flammability
concerns. Additionally, their reliance on crude oil makes their prices vulnerable to seasonal
changes and geopolitical factors, creating challenges for manufacturers. As a result, research is
needed to develop alternative, non-petroleum-based PCMs, particularly bio-based options.
These bio-based PCMs are especially promising, as they come from renewable and

environmentally friendly sources.

Currently, bio-based phase change materials (PCMs) are the focus of extensive research,
especially those derived from natural sources due to their renewable nature and fully eco-
friendly properties [48]. Many innovative studies have been conducted to develop smart,
sustainable materials for energy storage, particularly for regulating heat exchange in building
envelopes [107] Bio-based PCMs are made from animal fats and vegetable oils, such as fatty
acids, plant-based waxes, soybean oil, and coconut oil. These materials offer great potential for

energy storage in buildings, contributing to more sustainable and efficient thermal management.

To achieve these goals, we focused our study on developing a new model—an
innovative phase change material based on fatty acids. This material is designed with
environmental, economic, and energy-efficient considerations in mind, making it suitable for
integration into building materials to enhance their thermal inertia. This study aims to improve
the energy efficiency of buildings through the use of environmentally friendly materials. Date
palm fibers (DPF) and phase change materials (PCM) were incorporated into clay bricks. First,
a eutectic mixture of fatty acids sourced from the Algerian market was prepared and effectively
incorporated into date palm fibers. This modified material was then incorporated into clay
bricks. The resulting bricks were subjected to mechanical, physical and thermal tests to assess

their performance.
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4.2 Development of a bio-based phase change material

4.2.1 PCM selection

To be effectively used as thermal storage materials, PCMs are selected based on the
following criteria [48],[62]: a) Transition temperatures within the desired range of comfort: For
thermal comfort applications, this range is typically between 25 °C and 40 °C, which is suitable
for regions in southern Algeria [63]; b) High thermal conductivity; ¢) System compatibility and
integrity: PCMs must be compatible with the overall system and nontoxic, noncorrosive,
nonflammable, nonexplosive, and minimally harmful to the environment to ensure safe and

reliable operation[117] and d) Use of abundant and economical viable materials.

These selection criteria are essential when choosing PCMs for specific energy storage
applications. They ensure the system's efficiency, reliability, and safety while optimizing its
design and cost-effectiveness. Fatty acids and their derivatives, given their intended uses, are
cost-effective materials. They exhibit storage properties comparable to those of paraffin and are
available with melting temperatures ranging from —23 °C to 78 °C [118]. Compared with
paraffin, they offer competitive thermal capabilities, with latent heat ranging from 100 to 300
kJ/kg. Furthermore, they offer favorable specific temperatures and are safe to use because they

are non-flammable, non-corrosive, and non-toxic.

4.2.2 Prepared samples

As part of our efforts to protect the environment and promote sustainable solutions, it is
essential to emphasise the use of environmentally friendly materials to help reduce global
warming. This approach contributes significantly to improving the efficient use of various

energy sources.

By choosing bio-based materials for construction, industry and other sectors, we can reduce
carbon dioxide emissions, reduce dependence on non-renewable energy sources and encourage

the transition to more sustainable practices.

In this work, we have developed a new environmentally friendly phase change material (PCM)
that is natural, non-toxic and non-flammable. The prepared samples consist of a simple mixture
of myristic acid and stearic acid, whose melting temperatures are shown in Table 4.1. Myristic
(MA, Ci4H2302, analytical reagent) and stearic (SA, CisH360O2, analytical reagent). Myristic
acid (MA) has melting temperature of 54 °C as stearic acid (SA) has melting temperature of 68
°C. Both acids are available in Algeria (fig 4.1).
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Table 4.1. Properties of fatty acids used

Melting Temp Latent heat

Fatty acid Formula Price [$/kg]
[°C] [kJ/kg]

Myristic acid Ci14H2802 54 210 6.6

Stearic acid Ci8H3602 68 258 6.6

Figure 4.1. Both acids used.

The development of a bio-based PCM using these components, especially fatty acids,
has been the focus of several research projects [119] ,[120] [121]. Due to their ability to store
energy through phase transition. In general, myristic acid melts at a temperature above 54°C,
while stearic acid has an even higher melting point. This is considered a disadvantage when
used as a PCM in buildings. Therefore, both acids are mixed to achieve a lower melting point,

making them more suitable for thermal energy storage applications.

4.2.3 Sample preparation methodology:

The materials, namely, MA (Ci14H2302) and SA (CisH3602), used in this study were
directly utilized without any pretreatment. MA, commonly known as tetradecanoic acid, is a
saturated fatty acid found in coconut oil, palm kernel oil, and butterfat. SA, also known as
octadecanoic acid, is a saturated fatty acid mainly derived from animal fats. This organic acid
is readily available in the Algerian market and are cost-effective. These are among the least

expensive PCMs used in buildings [48].
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Components are blended in low to high weight ratios at 10 mass ratios ranging between 0 to
100 %. For this step we use a precision balance (up to a thousandth of a gram) to weigh the
quantity necessary for our sample (fig4.7). Additional molar ratios have been prepared around
the eutectic point in order to understand the thermal properties of this point. The specific
experimental steps for creating the binary eutectic mixture of MA—SA were as follows: a given
mass ratio of MA to SA was mixed in a test tube. The test tube was heated in a constant water
bath at 80°C and stirred with a magnetic stirrer at 400 rpm for 1 hour to ensure homogeneity.
The eutectic composition of the PCM was determined according to the theory of the lowest

eutectic point [120]. Figure 4.2 summarizes the preparation process.

MA-SA Heated magenetic
' agitator

=
- - 5-
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Figure 4.2. The method used to prepare and mix fatty acids.

4.2.4 Binary mixture selection

Fatty acids like MA and SA consist of long carbon chains with a carboxyl group (-COOH) at
the end, as shown in Figure 4.3. When mixed, the difference in chain lengths disrupts the
molecular arrangement, making it less organized. This disruption reduces the energy required
for the transition from solid to liquid, resulting in a lower melting point [122]. The eutectic
composition of the PCMs was determined based on the theory of the lowest eutectic point
(Experimentally). On the other hand, it was possible to rely on the lowest melting point equation
used in many studies such as Ruiqi et al [123]. Based on the stepwise cooling curve for DSC
analysis, MA/SA mass ratios of 70% and 30% were chosen. The measurement results are
presented in Figure 4.4. The lowest melting point obtained was 35°C when the weight ratio of
MA/SA was 70% or 30%. However, the melting temperatures of the other ratios were high,

indicating that they were outside the previously defined range.
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Figure 4.3. Chemical structure of myristic and stearic acid
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Figure 4.4. Experimental phase change temperatures of mixtures of MA and SA with different

proportions of MA by mass

4.3 Characterization of the MA—SA eutectic mixture (70% and 30%).

4.3.1 Introduction

Energy storage in thermal energy storage (TES) systems using phase change materials
(PCM) offers high energy storage capacity due to the latent heat associated with phase
transition. To ensure optimal performance when integrating PCM into building envelopes and

solar energy systems, careful selection of the appropriate material is essential.
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In order to evaluate the energy storage performance of PCM, it is crucial to study the
heat transfer during its operation. This requires the determination of all thermo-physical
properties of the PCM, including phase change range, phase transition peak, latent heat, heat

capacity, thermal conductivity and density.

4.3.2 Thermal characterization (DSC/ATG)

The thermal properties and stability of the materials were analyzed using Differential
Scanning Calorimetry DSC (fig4.5) (Q20, TA Instruments, operating temperature range: -90 to
550 °C) and Thermogravimetric Analysis TGA (fig4.6) (Q600, TA Instruments). DSC was used
to evaluate the thermal energy storage capacity by examining the fusion and solidification
properties of the prepared PCM composites. It measures the heat flow released by the materials
being tested, as well as the change in mass during the tests. The DSC technique measures the
difference in heat flow between a sample and a reference material. This is done while the
temperature of the crucible changes at a constant rate over time. The measurement records the
difference in heat flow. The DSC was calibrated using two reference standards, indium and
aluminum, to ensure accurate measurement over the selected temperature range. Before
conducting measurements, preliminary verification was performed to correct the initial
reference. The measurements were then carried out cyclically, with a heating/cooling rate of 1
°C per minute, covering a temperature range of 5 °C to 60 °C during the heating phase and 60
°C to 5 °C during the cooling phase. (Figure 4.8) [48]. Each sample, weighing between 9 and
12 mg, was placed in an alumina crucible. The initial masses, measured using a highly sensitive

electronic balance (Figure 4.7). To ensure accuracy, each sample was tested in triplicate.

Figure 4.5. Thermogravimetric analysis (TGA) (University of M'sila).
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Figure 4.6. Used differential scanning calorimeter (DSC).

Figure 4.7. highly sensitive electronic scale used.
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Figure 4.8. Heating/cooling program for DSC measurements

Thermogravimetric analysis (TGA) is a tool used to assess the stability of a material
over the temperature ranges encountered in building applications. In TGA, the changes in mass
of a material are measured relative to temperature (or time) under a defined atmosphere. Figure
4.9 shows the weight loss curve of the PCM from 20 to 160 °C. The curve indicates that the
PCM primarily degrades between 90 °C and 160 °C, with the onset of degradation occurring at
approximately 70 °C. By identifying the temperatures at which these transitions occur, it can
be inferred that the formulated PCM exhibits good thermal resistance below 85 °C, with a mass
loss of less than 0.5%. This makes it suitable for use in the building industry, where

temperatures rarely exceed 60 °C.

The results of the thermogravimetric analysis (TGA) tests are shown in Figure 4.9. The
curves obtained indicate that the mass loss is minimal as the temperature increases. This
indicates that there is no significant mass loss in the sample crucibles within the range of our

study.
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Figure 4.9. TGA curve of the MA—SA eutectic mixture (70% and 30%,)
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4.3.3 Identifying the phase change intervals

The selection of a phase change material (PCM) for a specific application depends primarily on
several factors, the most important of which are the phase change temperature, the phase
transition range, the latent heat, and the thermal capacities in both the liquid and solid phases.
Various methods are used to characterize phase change materials, either through experimental
setups or differential scanning calorimetry (DSC). By analyzing the heat flow curve obtained,
it is possible to determine the specific heat capacities of the solid and liquid phases, the initial
(Tonset) and final (Tendset) melting temperatures - representing the points at which the PCM
begins and ends to melt - and the peak melting temperature (Tpic). These properties are

typically determined using differential scanning calorimetry (DSC) [124], [125], [126], [127].
= DSC

DSC, which analyzes the fusion/solidification properties of the fabricated PCM composite, was
used to measure the thermal energy storage capacity. Studies have employed slow scanning
speeds when investigating PCMs to ensure precise thermal measurements [48]. Consequently,
this study used a scanning rate of 1 °C/min to characterize bio-based PCMs comprising 70%
MA and 30% SA. The DSC curves of the PCM composites are shown in Figure 4.10. The fusion
and solidification temperatures, along with the enthalpy of the PCMs, are shown in Table 4.2.
DSC analysis of the MA—SA mixture revealed that the sample with 70% MA and 30% SA
exhibited a phase transition interval suitable for incorporation into building walls. This result
has been confirmed by numerous studies on the MA—SA eutectic mixture [128]. The fusion
point of the obtained eutectic mixture was closer to those reported in previous studies (Table
4.3). The slight discrepancy could be attributed to variations in the purity level of each acid or
differences in the measuring equipment used. Additionally, at high scanning speeds, the melting
peak of the MA—SA mixture increases [129] . We observed that the supercooling phenomenon,
where a liquid remains in its liquid state below its freezing point, did not occur due to the
presence of sufficient crystalline nucleation centers [130]. In our experiment, we employed a
slow cooling rate of 1 °C/min, which provided enough time for the crystalline nucleation centers
to form naturally. Furthermore, the presence of impurities in the mixture acted as crystallization

nuclei, promoting the crystallization process and preventing supercooling.
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Figure 4.10. DSC curves of the MA—SA eutectic mixtures (70% and 30%): temperatures of

interest and enthalpies

Table 4.2. Thermal properties of the selected binary system of fatty acids with eutectic

compositions measured by DSC

PCM Melting Melting Endset Solidification Solidification Endset Latent Latent heat
temp. peak melting temp. (onset) peak temp. melting heat of
(onset) temp. temp. [°C] [°C] temp. of solidification
[°C] [°C] [°C] [°C] fusion [J/g]
[J/g]
Eutectic
35.0 41.0 43.0 37.0 35.5 33.0 240.1 212.6
mixture

Table 4.3. Melting temperature of different MA—SA mixtures

Melting Scanning
Myristic Stearic

temperature rate Ref.
acid [%] acid [%]

[°C] [°C/min]
65.7 343 44 10 [121]
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70 30 35.8 - [120]
66 34 39.54 5 [128]
64 36 44.13 5 [119]
70 30 35 1 Present study

4.3.4 Heat capacity (Cp)

The calculation of the heat capacity (Cp) of PCMs depends on factors such as the type
of product and the desired level of accuracy, which influence the selection of an appropriate
measurement technique [107]. In this study, the Cp of the eutectic MA—SA mixture was
precisely determined using DSC, taking advantage of its effectiveness and reliability in
characterizing thermal responses within a specified temperature range. DSC measures the heat

flow (J/s) in response to time changes (fig 4.10), as expressed by the following equation:

_49\)
heat flux = ) A

Heating rate (°C/s), which refers to the rate at which the temperature increases over a given

period of time as follows:

AT(C)
1(s) (4.2)

Heat rate =

Thus, the heat capacity equation is obtained by dividing equation 4.1 by equation 4.2 over the

mass.

()
q%jzég)zATgéﬂg) (4.3)

Where ¢ is the DSC measured energy and AT the temperature difference.

Using Eq. (3) and the data provided in Figure 4.11, which illustrates the variation in heat flow
measured by DSC for various samples at a scan rate of 1 °C/min, the curves showing the
variation in Cp with temperature for the eutectic MA—SA mixture whether in the liquid, solid,

or phase-change state were obtained, as shown in Figure 4.12. Approximately 9,500 data points
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were collected from the sample analysis over a temperature range of 5 °C to 60 °C. Based on

the trends observed in Figure 4.12, the results are summarized in Table 4.4.
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Figure 4.11. DSC curve showing the enthalpy of melting and solidification

Table 4.4. Thermal capacities of the MA—SA eutectic mixtures in various states

Endset
Solid-state Melting Peak temp. Liquid state
melting
temp. (°C) temp. (°C) (°C) ©O)
temp. (°C)
Temperature
20 35 41 43 50
(°C)
Heat capacity
0.84 2.30 6.92 21.31 2.15 2.07  2.06

[J/g °C]
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Figure 4.12. DSC curve of the heat capacity of the new PCM

The equivalent heat capacity can be written under the following form:

C, T'<T,
G, =1C,  L<T<I (4.4)
C, r>T,

Based on the heat capacity changes observed in the DSC of the new PCMs, we derived the
analytical formulas for the heat capacities in the different states of the PCMs. This method was
also employed by Kravvaritis et al. [131]. By solving the linear equations for the different states
of the PCMs using the data presented in Table 4.4 and Figure 4.12, we obtained the thermal
capacity variations with temperature for the novel PCMs, as shown in the correlation

expressions below:
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C, (T)=0.1637T~0.6136 (4.5)

C, (T)=0.0517T +4.5239 (4.6)

4.3.5 The densities

The densities of the MA—SA eutectic mixtures in both the liquid and solid states were

determined using the following formula [132]:

P _ Puia X Ps
M54
Pua X Xy + Psy x Xy 4.7)

where py4 and pgare the densities of MA (824(1), 860(s) kg/m?) and SA (848(1), 840(s) kg/m?),

and X4 and X, are their weight fractions, respectively, with [Xp4 +Xs4 = 1].

4.3.6 Characterization of thermal conductivities of the MA—-SA eutectic mixtures (70% and
30%).

The TCi Thermal Conductivity Analyzer is used to measure the thermal conductivity of
various materials. It is based on the Transient Plane Source (TPS) technique, which uses a thin
wire or film as a sensor. This sensor is heated to a specific temperature and placed in contact
with the sample. As heat flows through the material, the temperature change in the sensor is
recorded. By analyzing how the temperature changes over time, the TCi determines the thermal
conductivity of the material. Figure 4.13 illustrates the changes in thermal conductivity with
temperature for the bio-based PCMs. The thermal conductivity curves show three distinct
regions corresponding to the solid, mushy and liquid states of the samples. In the solid state,
the thermal conductivity is high and then decreases more rapidly during the phase transition.
This decrease continues until it reaches values that decrease slowly with temperature as the

liquid phase progresses.
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Figure 4.13. Experimental thermal conductivity of the MA-SA eutectic mixture (70%, 30%,).

The high thermal conductivity of the MA-SA eutectic mixtures (70% and 30%) in their
solid state is due to the strong bonds between the molecules in this phase. In solids, atoms or
molecules are tightly packed together to form a uniform lattice structure. These particles vibrate
around their equilibrium positions, creating coordinated vibrations throughout the material.
This uniform arrangement enhances thermal conductivity by allowing thermal energy to be

efficiently transferred between adjacent atoms or molecules.

During the phase transition, the thermal conductivity of these MA-SA eutectic mixtures
(70% and 30%) changes due to structural changes and variations in particle mobility. In the
liquid state, the thermal conductivity is lower than in the solid state. This difference is explained
by the increased molecular mobility and reduced structural order in liquids. Because the
molecular arrangement is less organized, heat transfer between particles is less efficient than in
solids. The irregular motion and weaker interactions between molecules in liquids further
reduce the efficiency of thermal energy transfer, resulting in a lower thermal conductivity than

in the solid state.
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4.4 Manufacture of clay bricks with phase change materials

4.4.1 Traditional building materials (Soil, sand and lime)

This research goals to utilizing local resources such as soil, sand, and palm fibers from the cities
of Adrar and Ouargla situated in the southwest and southeast of Algeria respectively. These

regions are renowned for their high temperatures, surpassing 55 °C.
4.4.1.1 Clay soil

The clay was assessed based on its chemical composition, with a focus on key oxides
such as SiO», Al,O3, and Fe;O3, while the presence of CO2 and CaCO3 was found to be minimal
(Table 4.5). From an industrial perspective, the Al,0O3/FeOs ratio is less than 5.5, indicating a
high iron content, making this clay suitable for the production of building materials such as

bricks and tiles [133]. This soil has been used in many studies [134], [135], [136].
4.4.1.2 Dune Sand and lime

Dune sand from the Adrar region of Algeria is used in the production of all brick mixes.
The chemical composition of this sand and soil is given in Table 1. Quicklime from the lime
unit in Saida, Algeria, was utilized. The figure (4.14) below shows a sample of the soil and sand

used.

Fig 4. 14. The soil and sand used.
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Table 4.5. Chemical properties of the soil and dune sand used in the present study

Component

SiO3 CaO ALO3 FeOs CaCOs CO:
(%)
Soil 82.10 1.96 3.33 4.41 0.93 0.41
Sand 87.1 6.3 0.01 1.35 4.55 2.03

4.4.1.3 Date palm fibers

Date palm natural fibers (DPF) were obtained from Touggourt Oasis and had an absolute
density of 1300 + 1450 Kg m™, length L = 10 + 1 mm, diameter ¢ = 0.14 + 1.7 mm, the tensile
strength and moisture content in the range of 170 + 290 MPa and 9.5 + 10.5 %, respectively
[137]. The density of 610 + 40 kg m™ is in the same range as that determined for date palm
(Phoenix dactylifera L.) from the Biskra Oasis in Algeria. The figure() below shows a sample

of used date palm fiber remains.

Figure 4.15. Date palm fibers used.

4.4.1.4 Water

The water used in the mixture is potable, with a temperature between 20°C and 22°C. It

meets the quality requirements of the NFP 18-404 standard for drinking water.
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4.4.2 Preparation and characterization of shape-stabilized phase change material (SS-
PCM)

The SS-PCM composites were produced using the vacuum impregnation method, which
offers the advantage [138] of enhancing PCM (liquid phase) absorption into the support's pores

by eliminating the air trapped within them.

To obtain the MA-SA/DPF stable form composite, the vacuum impregnation technique
has been used (Figure 4.14). Date palm fiber is weighed (m;) and mixed with the pre-weighed
liquid MA-SA. Both the date palm fibers and the eutectic mixture were placed in the conical
flask, which was placed in a water bath at 60 °C, that temperature remains higher than the
melting one of the PCM. Then, the vacuum pump was connected and vacuumed. The air from
the porous of DPF was evacuated. The vacuum process continued for 1 hour to complete the
impregnation. The melted MA-SA is absorbed in the pores of the date palm fiber by capillarity
and surface tension forces [139]. Finally, the vacuum process was and the samples were
removed. After impregnation, the excess of liquid MA-SA is filtered out. The impregnated date
palm fiber is put on a filter paper and kept in the oven at 60 °C to remove the MA-SA on the
face of the date palm fiber. The paper was continuously changed until no leakage was observed.
The final mass of the composite (m.) is weighed and the mass ratio of MA-SA in the composite

is calculated using equation (1) according to [139].

R="2"" 000 (4.8)
m2
The final mass ratio without leakage is 52.39%. This value is comparable with the value

reported in the literature for fibers as shown in table (4.6).

Table 4.6. Comparison between the Percentage of impregnation of the prepared MA-SA/ DPF
composite with that of other bio-based PCM composites.

Wood Wood Kapok Hemp Date palm
Biochar
flour fibers fibers shives fiber
Impregnat
48.5 44 52 40.5 53 52.39
ion (%)
Reference [140] [141] [142] [143] [62] This study
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Vacuum impregnation Filtering Leakage teste
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Figure 4.14. Fabrication process of the DPF/MA-SA by vacuum impregnation method.

-

4.4.2.1 Preparation of samples

The optimal dune sand content for compressive strength was determined to be 75% by
weight, as shown in Figure 4.15. A water content of 25% by weight was selected to achieve a
uniform mixture suitable for molding adobes. Mixing was done using an electric mixer for 15
minutes to ensure homogeneity. The mixtures were manually filled into cubic molds (10x10x10
cm) in two layers and left to dry in the open air for 72 hours. The blocks were then removed
from the molds and air-cured. The lime content was optimized for compressive strength. After
that, amount of water, relative to the total mass, is added to transform the mixture from a damp
blend into a uniform paste that is ready for molding [144]. Various lime contents (4%, 6%, 8%,

10%, 12%, and 14% by weight) were tested, with 10% being the optimal value, as shown in
Figure 4.16.

2 £ 2= 0P
" T T TS N PR
) 1 ! 1 ! 1

Compressive Strength(MPA)

2
=

20 30 40 50 60 70 80 90
Dune Sand (%)

Figure 4.15. Effect of dune sand percentage on dry compressive strength of clay.

After optimizing the lime content, bricks were manufactured using a mixture of soil,
sand, lime, and MA-SA/DPF. The mixing and preparation were conducted in two stages. First,
the dry mixture (soil + sand + lime) was mixed for 5 minutes, then water was added and the
mixture was further mixed for 15 minutes until homogenization. Finally, the required quantity

of MA-SA/DPF was added gradually while continuing manual mixing. The proportions of the
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different mixtures are presented in Table 4.7. It's worth noting that filling of the cubic
(10x10x10 cm) and prismatic (4x4x16 cm) metal molds was done in two layers, and three test

pieces were prepared for each test, as shown in Figure 4.17.

Compressive Strength(MPA)

\!\J
=

4 6 8 10 12 14
Lime Contnet (%)

Figure 4.16. Effect of lime percentage on dry compressive strength of clay.

Figure 4.17. Compressive strength test specimens with various dimensions.
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Table 4.7. Percentage of building materials in various prepared mixtures

Dune  Sand Lime (relative to the

Mixture Soil (%) MA-SA/DPF
(%) weight of sand + Soil)

1 75 25 10 0

2 75 25 10 0,5

3 75 25 10 1

4 75 25 10 1,5

5 75 25 10 2

4.4.2.2 Mechanical characterization

According to French norm NF-EN 196-1, the dry compressive strength was determined
on cubic blocks measuring (10 x 10 x 10) cm using a hydraulic press as shown in figure (5a and
5b). Employing a force sensor of 20 kN with a loading speed of 0.5 mm/min, this enabled the
construction of compressive and flexural stress-strain diagrams, facilitating the observation of
the material's mechanical response under dry compression and bending at various DPF contents
for both natural and PCM states (solid and liquid). Each composition was tested using a three-

point test configuration. The two prism halves from this test were used for compression testing.

4.4.2.3 Characterization of DPF/MA-SA composites by Differential Scanning Calorimetry
(DSC)

DSC is used to assess the thermal energy storage capability by examining the melting
characteristics of the prepared PCM composite. Figure 4.18 displays the DSC curve
representing the eutectic MA-SA and DPF/MA-SA composite. The melting temperatures for
MA-SA and DPF/MA-SA composite was identified as 35 °C and 34.5 °C, respectively. The
enthalpies for melting were 240 J.g ' and 124 J.g"!, respectively. Post-fabrication of the shape-
stabilized DPF/MA-SA composite, melting enthalpies experienced a reduction. This decrease
is attributed to the lowered mass/ratio of eutectic MA-SA within the composite and the reduced
crystallinity of eutectic MA-SA. Furthermore, the phase change temperature is lower compared
to pure eutectic MA-SA before impregnation, potentially due to the weak attractive interaction
between fatty acid molecules and the inner surface of the porous material [145]. The measured
melting and solidifying temperatures of the composite PCM are very similar to the values

calculated by multiplication of the eutectic MA-SA ratio in the composite by their phase
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transition enthalpy, as reported by [146]. In fact, the fusion heat ratio of pure eutectic MA-SA

and DPF/MA-SA is 51,66%, which is remarkably close to the theoretical value of the
impregnation rate (52.39%).

MA-SA —— DPF/MA-SA]
04
14
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Figure 4.18. DSC curve of MA-SA, PCM only and DPF/MA-SA composite.

4.4.2.4 Thermo-Gravimetric Analysis (TGA)

Figure 4.19 illustrates the weight loss curves for MA-SA, DPF only, and the DPF/MA-
SA composite from room temperature (25°C) to 350°C. From the curves, it is evident that MA-
SA primarily degrades between 125°C and 180°C. For DPF alone, the TGA curve shows an
initial weight loss between 75°C and 175°C, attributed to the evaporation of free water in the
DPF. The MA-SA/DPF composite demonstrates good thermal stability below 125°C, with less

than 1% mass loss, making it suitable for building applications where temperatures rarely
exceed 60°C.
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Figure 4.19. TGA curve of MA-SA, DPF only and MA-SA/DPF.
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4.5 Conclusion

This chapter discusses the development and characterization of materials in a eutectic
blend formulated by combining 70% myristic acid and 30% stearic acid. The objective is to
create a bio-based phase change material (PCM) as an alternative to petroleum-based PCMs,

with the goal of efficient integration into building envelopes to improve thermal performance.

Several techniques are used to analyze these materials. Differential Scanning Calorimetry
(DSC) is used to determine the phase transition and melting temperatures, while
Thermogravimetric Analysis (TGA) ensures that no significant mass loss occurs within the
temperature range applicable to advanced PCMs. In addition, a TCi thermal conductivity

analyzer is used to measure the thermal conductivity of the PCM under various conditions.

DSC measurements show that this bio-based PCM has great potential for energy storage
applications. In particular, PCMs derived from animal and plant sources exhibit an ideal phase
change temperature of 35.5°C and a latent heat of 240.12 kJ/kg, making them a sustainable and
efficient alternative to petroleum-based PCMs for improving the thermal performance of

building materials.

The PCM was then infused into date palm waste fibers (DPF) using a vacuum process.
The melting temperatures of the eutectic mixture and the impregnated fibers were recorded at
35°C and 34.5°C respectively. To evaluate the practical use in construction, adobe bricks,
commonly used in Algeria, were prepared with a mixture of 75% dune sand and 10% lime. The
PCM-impregnated fibers were added to the bricks in different quantities (0.5%, 1%, 1.5% and

2%) to evaluate their mechanical and thermal properties.
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Chapter 5

Numerical modeling of PCM Thermal Behavior and case studies

5.1 Introduction to Numerical Modeling

Numerical modelling generally refers to the process of using mathematical models or
relationships to describe the static or dynamic behaviour of a real system. These models help in
the mathematical design of a physical system. Depending on the complexity of the problem,
different assumptions can be made in the numerical model. Numerical modelling is widely used
for interpretative, design or predictive studies in various fields, including quantum dynamics,
thermodynamics, structural analysis, geotechnical engineering and climate modelling, among
others. It is essential to validate numerical models to ensure that they accurately represent
physical reality. This validation follows an iterative process in which model results are
compared with experimental data until the errors fall within acceptable confidence limits.
Appropriate validation parameters should be used to quantify these errors and assess the
accuracy of the model. Once the numerical model has been validated, simulations involve

adjusting specific model parameters to analyse their effect on key variables [147].

In various applications of phase change materials (PCMs), a deep understanding of their
thermal behaviour is essential for their effective integration into energy storage systems. This
requires a thorough analysis, whether experimental or numerical [148], in order to optimise

their performance.

5.2 Modeling heat transfer in phase change materials:

Phase change is a heat transfer process involving both sensible and latent heat within an
almost constant temperature range. Based on the first law of thermodynamics, which states the
conservation of energy, equation (5.1) is used to model the heat transfer process that occurs

during phase change.
Energy equation:

0 0 o . oT
“(pH)=——(pu.c T)+—[A—1+S 5.1
at(/o ) ax.'(/ouc ) ax_,[ :] (5.1)

] pm ax

J J

Where:
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%( pH) : Represents the total energy of the fluid in the control volume.

0 . )
8_( puc, T) : Accounts for energy transfer due to fluid movement in and out of the control
X
J

volume.

o . ,o0T )
——[A——] : Accounts for heat transfer by conduction across the surfaces of the control volume.

ﬁxj axj

S : Takes into account another source of energy such as chemical reactions, electric current,

etc.

In a phase change problem, a solution can be obtained by applying the boundary and
initial conditions to the discretised energy equation. However, in phase change problems there
are additional boundary conditions at the phase change interface, as shown in Figure 5.1 for a

one-dimensional problem [147].

Interface

|

Liquid phase

Figure 5.1. Solid-liquid interface.

For such problems it is generally assumed that heat transfer at the interface is solely by
conduction, perpendicular to the interface, and that the material is homogeneous with a single
melting temperature. These conditions are known as the Stefan conditions (Equation 5.2) for

phase change and are expressed as follows:

sol — T;z’q = T
20T 0Ty _ o5 (5.2)
ox Oox ! ot
Where:

A . Thermal conductivity coefficient,
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p : Density
L, : Latent heat of melting

0S : Represents the position of the phase interface at time (t)

The Stefan conditions represent the conservation of energy at the phase change interface
and are associated with discrete phase change temperatures. Solving the energy equation with
these additional boundary conditions would describe the temperature distribution within the
material. However, the challenge in this process is that the boundary conditions at the interface
change continuously as the phase change progresses, meaning that they have to be determined
as part of the final solution. To avoid explicitly tracking the phase change interface in numerical
models, several numerical methods have been developed. While these methods have simplified
phase change modelling, numerical simulations remain complex, especially when dealing with
hysteresis, supercooling and nucleation. Common "non-explicit" phase change tracking models
include the enthalpy method, the effective heat capacity method, the temperature transformation

method and the heat source method.

5.3 Numerical formulation of heat transfer problems in phase change materials

Several numerical methods are available for modelling energy storage in phase change
materials (PCM) [149], such as the enthalpy method or the source-based method. Among these,
the effective heat capacity method stands out as a particularly important and widely used

technique.

5.3.1 The enthalpy method:

In the enthalpy method, latent heat and specific heat are combined into an enthalpy term within
the governing equation. For heat transfer primarily by conduction, the equations can be

reformulated into a single equation where latent heat is included in the enthalpy term (Eq. 5.3).

oh 0
p—:

oT
Py a(/l g) (5.3)

From equation (5.3) it is clear that the current enthalpy depends on the current
temperature (T), making the enthalpy term non-linear. As a result, the equation cannot be solved
without appropriate numerical methods to deal with this non-linearity. This can be done either
by using non-linear solvers based on Newton's method or by linearising the non-linear terms

and using iterative methods. If a non-linear solver is chosen, an auxiliary temperature enthalpy
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function is required for equation (5.3). This auxiliary function can be formulated as follows for

materials undergoing phase change within a certain temperature range:

h
C:,, o h, <G x(T)—€)
h +[M i]
T= P 2 2¢ x(T —€) C x(T.—e)<h <C, x(T,—-e)+L (54)
c -c. L " el T T !
(Sta =Gt | Ly
2 2e
h _(Cso _Ci )XT -L
L4 ! leq A h, >C, x(T,—e)+L,
iq

Where: C is the specific heat capacity and € is a small arbitrary value representing the phase

changing temperature.

5.3.2 Heat capacity method

The term "heat capacity" in the main equation mimics the effect of enthalpy (both
sensible and latent heat) by increasing the heat capacity value during the phase change. Two
common approaches are used to account for latent heat release: the apparent heat capacity
method and the effective heat capacity method. Although these approaches differ in how they
approximate the heat capacity, their terminology is often used interchangeably in research
papers [150]. The one-dimensional heat transfer equation, driven primarily by conduction and

incorporating the apparent heat capacity method, can be written as follows:

oT o ,,0T
(== 5.5
PC e T Hm ) (55)
Such as:
le TST;()I
Cpeq =4 C, T,<T<T, (5.6)
C T>T

li = Tlig

This method is useful because temperature is the only primary variable that needs to be
solved in its discretised form. The key to this approach is the approximation of the heat capacity.
Two common methods are used to estimate the apparent heat capacity term in equation (5.5):

analytical/empirical relationships and numerical approximations.
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5.3.3 Heat source method

The heat source method divides the total enthalpy in the governing equation into specific
heat and latent heat, with the latent heat acting as the source term. The equation then becomes:

or . 0T 00
e e ) A
P ot o Py

(5.7)

In this scheme the phase change front is tracked by evaluating a nodal liquid fraction
field which takes a value of 0 for solid, 1 for liquid and a value between 0 and 1 for the mushy
region. This approach linearises the liquid fraction and the equation can be solved iteratively as

a function of temperature. The liquid fraction can be approximated by the following auxiliary

equation:
7 OT I'<T.-€
0= T_—Tl T,—e<T<T,+¢ (5.8)
g ol T>T,+e
1

5.4 The mathematical model:

The mathematical model used allows the simultaneous calculation of processes within
the PCM, including conduction within the PCM, convection within its liquid phase and
conduction within the building materials. In addition, the following assumptions were made in

the analysis:

-The different components of the building materials are assumed to have isotropic and

homogeneous properties.

-The incident solar radiation on the outer surface is uniformly distributed.
-The molten PCM inside the container is Newtonian and incompressible.
-The properties of the PCM differ between the solid and liquid phases.
-Heat transfer by convection is considered within the molten PCM.

5.4.1 Momentum equation in the PCM

The molten PCM is assumed to be Newtonian and incompressible. Based on this property, the
momentum equation is modified to account for the phase transition as described in [151]. The

two-dimensional Navier-Stokes equations for natural convection are expressed as follows:
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The momentum equation in the X-direction is given by:

2 2
Cu au+ Cu 6P+u a—Z+a—Lj)+Fa (5.9
ot ox 0Oy ox ox" Oy

The momentum equation in the Y-direction is given by:

2 2
/)av v, oy _@g+ué1;+§%5+ﬁ;+F; (5.10)
ot ox oy oy Ox° Oy

Such as:

u and v represent the direction of velocity on the two axes.
F,=p, =BT -T,)g

F, =A(t)xu (ox)

F, =A(t)xv (oy)

_C,a-BD)

(BT +D) (5.11)

A(t) =

Where: F; is the buoyancy force given by the Boussinesq approximation.

The function B(T') follows a linear evolution within the phase transition region and is defined

by equation (5.12) [151], as is the liquid fraction.

0
T<T, —AT
(T-T, +AT) 4
B(T)={—2 "~ T,-AT<T<T, +AT (5.12)
2AT
| T>T, +AT

5.4.2 Energy equation:

The energy equation for a system of building materials (bricks) or a wall containing a phase
change material (PCM) is formulated below, using the equivalent heat capacity method to

model energy storage within the bio-based PCM.
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2 2
prC (a—TwLua—Tvaa—T=ﬁ,(a 72‘+8_72") in the PCM
Pea ™~ Ot Ox oy ox* Oy
(5.13)
pC, aa—]; +V(=A10T)=0 in construction materials

5.5 Numerical modeling of the PCMs product effectiveness

5.5.1 Case studies:

In this section, we take a closer look at our problem through a comprehensive
investigation. The mathematical model of the studied systems is detailed, along with the
boundary and initial conditions associated with each specific part of our study. The definition
of these bounds is essential to determine the behaviour of the systems. This section provides a
detailed review of the equivalent heat capacity method, emphasising its central role in the
numerical analysis of phase change materials (PCMs). We explore its frequent application in
various contexts, highlighting its relevance and effectiveness in understanding the thermal
behaviour of PCMs. Through this exploration, we aim to provide valuable insights into the
method and present an overview of key advances in the field of phase change materials. In
addition, we are investigating the decision to use experimental data-based correlations for heat
capacity, specifically tailored to the new bio-based PCM, when applying the equivalent Cp
method.

There are several equivalent heat capacity formulae for phase change materials (PCMs), but we

will focus on the most commonly used.

The first formula uses two constants to describe the solid and liquid states of the
material, together with an expression for the phase change range. This expression combines a
constant with the latent heat divided by the phase change interval (L/(2AT)). Many researchers
have used this approach to model the thermal behaviour of PCMs [152].

The second method provides a more complex expression for the equivalent heat
capacity. It includes a constant term (Cp solid) and two temperature dependent functions. The
first function is ((Cp solid - Cp liquid) x B(T)) and the second is (D(T) % L). Unlike the first
method, in this case D(T) x L is not divided by (2AT). The function D(T) is zero in both the
solid and liquid states and is 1 during the phase transition, which has significant implications.

Therefore, this formulation needs to be validated and optimised [153].

The third formulation is an integrated model in COMSOL, which is widely used by
researchers to analyse the effects of PCMs in buildings [108], [154], [155], [156].
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As part of this research, various equivalent heat capacity methods have been used to model
energy storage in phase change materials (PCMs) in order to assess their effectiveness. The

methods used include:

Nearly 9500 experimental data points of the heat capacity of the bio-based PCM
obtained by Differential Scanning Calorimetry (DSC).

A model based on the experimental data developed in this study, which describes each
phase of the bio-based PCM and is formulated in equation (44). The variations in heat capacity
as a function of temperature for different states of the new bio-based PCM were obtained in the

development and characterisation section using the following correlation:

c, T<T,
c, =1C, T.<T<T, (5.14)
C, r>1

Based on the heat capacity changes observed in the DSC of the new PCMs, we derived the
analytical formulas for the heat capacities in the different states of the PCMs. This method was
also employed by Kravvaritis et al. [131]. By solving the linear equations for the different states
of the PCMs using the data presented in Table 4.4 and Figure 4.12, we obtained the thermal
capacity variations with temperature for the novel PCMs, as shown in the correlation

expressions below:

C, (T)=0.1637T - 0.6136 (5.15)

C, (T)=0.0517T +4.52395.16)

Heat transfer within the MCP is modeled using COMSOL software,the heat transfer within the
PCM component is represented by the PCM index, which is modeled using an energy balance

equation that incorporates the formulation of the apparent heat capacity of the PCMs. This
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formulation assumes that phase change occurs with minimal temperature variation[157]. The

heat transfer in the PCM components can be described by the following equations [158]:

oa,,
C,, =6C, +6,C, +L,— (5.17)
@, =2 (5.18)
" 26,+6 ’

where a,, represents the fraction of the mass of the solid PCM.

Ly represents the latent heat of fusion in kJ/kg.

Aoen =04, +0,4, (5.19)
2T —AT
pem S
f=l 2T : AT
h m +
0, =1 if e
g o InTpen 1 2T, AT _
LAT 2 — 5 <Dhm=

2T + AT
<Zim 77

(5.20)

where 0 is the fraction by volume of the PCM and varies from 0 to 1 based on the transitions of

the PCM from the solid to the liquid state. There are three cases of values of 01 and 62, as

illustrated in Figure 5.2 and can be defined as:

o, +6, =1
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Figure 5.2. Graphical illustration of the phase change equation

5.5.2 Case study (1)

Numerical tests were conducted to evaluate the effectiveness of the proposed PCM. A two-
dimensional wall was selected to analyse the thermal behaviour of walls constructed using
hollow bricks packed with PCMs. The simulation was conducted under arid weather conditions
for three months in the city of Adrar (latitude 27.838, longitude 0.186) in Algeria. Figure 5.3
shows the geographic location of Adrar in Algeria, known for its high temperatures, surpassing

55°C [159].
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Figure 5.3. Geographical location of the Algerian studied city (Adrar)
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5.5.2.1 Description of the physical model

To evaluate the thermal properties of hollow bricks filled with PCMs, we chose two types of
commercial bricks, having 12 and 8 hollow cavities, that are widely used in Algeria, as shown
in Figure 5.4. When introducing the PCM, we selected five specific locations within the bricks
while maintaining a consistent filling ratio of 13%. The PCM was encapsulated in aluminum to
prevent mass loss. To simulate real-world scenarios of bricks filled with PCM, COMSOL
Multiphysics software was used to design a model representing a typical wall. As shown in
Figure 5.5, Model 1 serves as the reference wall with no PCM and consists of three layers: brick
(15 cm) on the outside, air (5 cm) in the middle, and brick (10 cm) on the inside. Based on
Model 1, Models 2—6 investigated the dynamic thermal behaviour of the wall by placing the
PCMs at different positions within the reference wall (on the inside, in the middle, and outside
the insulation materials). This study aimed to determine the optimal PCMs parameters and
locations. The effect of these parameters on the average brick temperature is thoroughly
discussed in subsequent sections. In the analysis, supercooling during solidification was
disregarded. All the materials used in this study were assumed to be isotropic and homogeneous.
In addition, the thermal contact resistance between wall layers was not considered [66].

Detailed information on the thermal properties of the wall materials is presented in Table 5.1.

Brick HCB-8

Brick HCB-12

Figure 5.4. General form of the studied hollow clay bricks.
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Brick without PCM Location 1 Brick with PCM Location 2 Brick with PCM Location 3
Brick with PCM Location 4 Brick with PCM Location 5 Brick with PCM Location 6

HE BEE R

Figure 5.5. Different PCM location in hollow brick wall.

Table 5.1. Thermal properties of wall materials

P Cp A
Material Reference
[kg/m?3) [J/kg K] [W/m K]
PCM 840(s)800(1) C P 0.17(s) 0.15(1) Present study
Clay brick 664 741 0.207 [160]
Air 1.2 1001.43 0.026 [160]
Aluminum 2700 &80 210 [161]

5.5.2.2 Governing equations

This study focused on the heat transfer within a building wall made of PCMs. The primary

physical assumptions are the following ones:

e The wall components are considered to have uniform and consistent properties in all

directions.
e Solar radiation is assumed to be evenly spread over the exterior surface.

e The molten PCMs inside the wall is treated as a Newton's fluid with incompressible

behaviour.

e The density and heat capacity of the PCMs are assumed to differ between the solid and
liquid phases.

e Bricks have constant thermophysical properties

The governing equation for heat conduction in bricks can be expressed by:
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or A T A oT

= = + (5.21)
ot pC, ox>  pC » oy’
The general form of the governing heat transfer equation is [157]:
aszcm aZTpCIn
PoenCo, = Aoem & e (5.22)

5.5.2.3 Boundary and initial conditions

The boundary conditions were derived from climate data in the Adrar region (Algeria),
measured over three months (Figs. 5.6 and 5.7). The exterior surfaces of the blocks are heated
by solar radiation, and there is a convective heat exchange with the ambient air. Eq. (5.23)

computes general heat flux from exterior to the wall, denoted as ¢, (¢), on the outer surface:

¢o (t) = ho (T;mb - To ) + gbrickG(T4an1b - Tl')rick) + aqs (t) (523)

To represent the external air temperature, 4 represents the incident solar fluxes received by the

external surface of the wall. « is the solar absorption coefficient of the brick, and is assumed

to be: @ =0.6 [162]. The internal surface of the wall is maintained at a temperature of
approximately 27 °C. On the outside, external convection boundary conditions were applied,
with h, = 25 W/m?-K. On the inner face there is a free convection boundary constraint with
hi = 6.69 W/m?>-K [163]. Moreover, heat flows across the inner surface, as described by the

following equation:
¢, =h(T,-T)+¢,,,0(T, -T") (5.24)

The initial temperature of the entire domain was set at 25 °C.
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Figure 5.6. Exterior and interior temperature boundary conditions
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Figure 5.7. The global radiation over time during summer in Adrar city.

5.5.3 Case study (2)

5.5.3.1 Presentation of the problem

In order to assess the relevance of PCM integration in building walls, a numerical
investigation was conducted on a multi-layer wall configuration consisting of a 3 cm thick
concrete layer, a 15 cm thick brick layer, and a 2 cm thick gypsum layer. This wall composition
is typical of Algerian construction trends. A layer of bio-based PCM was integrated into the

wall, as shown in Figure 5.8. The exterior surface of the wall is exposed to heat transfer via
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solar radiation and natural convection, while the interior surface experiences heat transfer
through natural convection. Both sides of the wall are also subjected to infrared radiative heat

transfers. For all configurations, the initial wall temperature was set to 25°C.

Concerte (3cm) y Concerte (3cm)

Brick Wall ( 15¢m ) Brick Wall ( 15¢m )
[ Gypsum (2cm) I " Gypsum (2ecm)

Solar Radiation
N\

Solar Radiation
\\\ -

Radiation and Radiation and Radiation and diation and

convection convection convection convection
Heat Heat Heat Heat
Exterior Interior Exterior Interior
X X

Figure 5.8. Different configurations of walls and boundary conditions.

5.5.3.2 Climatic conditions

In this study, the climatic conditions of three specific cities were considered: Adrar
(coordinates 27.838° N, 0.186° E), Ain Salah (coordinates 28.052° N, 9.643 ° E), and Tindouf
(coordinates 27.7° N, 8.167° E). Figure 5.9 specifies the geographical position of these cities
on an Algerian map. These cities are representative of the Sahara and have an arid climate,
Figure 5.10 show the ambient temperature for each city (During the summer period starting
from June 21% to September 21*). Ambient temperature is a major determinant of the quantity

of heat transferred between the wall and the outside environment by convection.
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Figure 5.9. Map illustrating the positions of selected Algerian Sahara cities.
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Figure 5.10. Ambient temperature as a function of time in summer for different Algerian

Sahara cities.
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5.5.3.3 Governing equations and assumptions

This research investigates how heat moves through a building wall that has a PCM. Here are

the main physical assumptions:

* The properties of the wall components are considered uniform and consistent.

* It's assumed that solar radiation is spread evenly across the outside surface.

* The molten PCM inside the wall is viewed as a Newtonian fluid that doesn't compress.

* The PCM is assumed to have different heat capacities and densities in its solid and liquid

phases.
* The thermophysical properties of brick, concrete, and gypsum stay the same.
5.5.3.4 Boundary conditions

The conditions at the two surfaces of the wall are described by Egs. (5.25) and (5.26).

Equation (11) computes the intensity of the incoming heat flux on the outer facades, denoted as

9,(1):

¢0 (t) = ho (7-;!}71[7 - To ) + gc'ozlcz‘eteG(T4amb - T;()ncrete) + aqs (t) (525)

Inside the wall, the temperature is kept around 27°C. The exterior surface of the brick
experiences outer convection with a heat transfer coefficient of h, = 25 W/m?K. On the interior
surface, there is free convection with a heat transfer coefficient of hi = 6.69 W/m*K [163].
Simultaneously, heat moves across the inner surface, and this can be expressed by the following

equation:

¢ :hl,(T —T)+g

a i gypsum

o(T,) -T") (5.26)

5.6 Numerical modeling using COMSOL Multiphysics.

In our project, it is essential to solve the partial differential equations that govern the
phenomena under study. This process also requires the consideration of the initial and boundary
conditions associated with the given problems. For this purpose, the finite element method has
been applied using the commercial software COMSOL Multiphysics version 6.0. The aim of
this chapter is to present the modelling and numerical simulation process carried out using

COMSOL Multiphysics.
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COMSOL Multiphysics is a powerful environment for solving a wide range of
engineering problems. It seamlessly transforms traditional single-physics models into
multiphysics models that handle combined physical phenomena. During the solution process,
COMSOL optimises and manages the workflow using a set of advanced numerical analysis
tools. It performs this analysis while simultaneously generating an adaptive mesh and verifying
errors through a series of numerical solvers. The process of modelling and numerical simulation

with COMSOL Multiphysics involves several steps:

a) Selection of coordinate system (2D).

b) Definition of the interfaces used in our study, such as heat transfer in solids and fluids.
c¢) Choosing a time-dependent study.

d) Defining the geometry.

e) Setting global parameters, variables and all functions.

f) Incorporate weather conditions over time such as temperature variations and solar radiation.
g) Select and add materials

h) Define heat transfer domains in any materials

1) Modelling of the processes associated with the change of phase.

J) Apply boundary conditions for external and internal surfaces

k) Set initial conditions.

1) Specify element sizes for grids.

m) Then we use the study window.

n) Set the simulation period and time step.

5.6.1 The Newtonian method:

The Newtonian method, also known as the Newton-Raphson method, is used to solve
systems of nonlinear equations. It is widely used in numerical simulation to solve complex
problems, particularly in COMSOL Multiphysics where coupled equations are involved. This
iterative method consists of a series of successive approximations to find a solution to nonlinear

systems of equations.
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In COMSOL Multiphysics, the Newton method is typically used to solve fully coupled
problems where multiple physical phenomena interact. The term fully coupled indicates that all

physical phenomena considered in the model are solved simultaneously.

5.6.2 Numerical validation

The COMSOL Multiphysics time-dependent solver was employed in this research, in
order to solve the coupled partial differential equations developed previously in this paper. This
solver uses the finite element method with Lagrange multipliers. The equations were defined
using constitutive models for initial and boundary conditions. An explicit scheme with variable
time stepping allowed to predefine the maximum time step, aiming to correlate with boundary
conditions variations. The mathematical formulation used in this study was validated by
comparison with a numerical study carried out by Bachir ef al. [160]. Figure 5.11 shows a
comparison of the temperature changes on the inner wall surface over one day. The maximum
disparity between the temperatures was less than 0.779 °C. The results derived from our
numerical model were consistent with those obtained by Bachir et al. [160], confirming the

validity of our methodology.

— & Present study

—®— Bachir et al
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Figure 5.11. Validation of ttemperature variation in the inner surface for one day.

5.6.3 Meshing

A variety of finite element mesh configurations were tested to assess the grid
independence of the results. The convergence study involved adjusting the number of finite
element analysis (FEA) meshes to ensure that the results remained unaffected beyond a certain

point. In this analysis, the number of elements was systematically increased through an iterative
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approach, allowing the problem to be solved at each stage. When the configuration reached
27317 elements (case 1) as shown in Figure 5.12, the response stabilized, indicating
convergence; further mesh refinement did not alter the results, confirming grid independence.
In case 2, the mesh was made up of 3352 triangular elements, with an average element quality

of about 0.8912, as shown in Figure 5.13.

| | | |
cm

247

227

207 1
187
167
147
127

107]

cm

Figure 5.12. Domain geometry and Mesh of the brick-PCM assembly.

Figure. 5.13. The geometry and mesh setup of the wall-PCM assembly
5.7 Conclusion

This chapter has provided a comprehensive analysis of all aspects of our research problem,

focusing primarily on the evaluation of the performance of the new bio-based PCM in energy
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storage. It includes a detailed examination of the geometries of the various components, and
the precise definition of boundary conditions and initial parameters for each part of the study.
Given the crucial role of boundary conditions in system performance, this in-depth analysis
improves our understanding of how the newly introduced bio-based PCM can improve the
energy efficiency of buildings. In addition, the chapter provides an overview of commonly used
methods for modelling energy storage in PCMs, with the aim of validating and refining these
methods through the equivalent thermal capacity approach. This chapter has focused on the
modelling and numerical simulation process using COMSOL Multiphysics. We have provided

a detailed and in-depth explanation of the steps taken throughout the study.
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Chapter 6

Results and discussions

6.1 Introduction

Following the development and characterisation of phase change materials (PCMs) derived
from bio-based materials - myristic acid and stearic acid - and the selection of the optimal PCM
for our analysis aimed at improving the energy efficiency of buildings, this chapter presents a
comprehensive analysis. We will present the results of our work through an in-depth

examination of three key aspects:

*Thermo-mechanical analysis of clay bricks containing date palm fibers and PCM.
*Thermal analysis of bricks used in Algeria that incorporate a new bio-based phase

change material.

*Numerical study of the integration of new bio-based PCMs in building envelopes

during summer in different Algerian cities.

6.2 Thermal analysis of construction bricks filled with a new eutectic mixture.

The effect of integrating the new bio-based PCM into the wall was evaluated as follows:

o Changes in the temperature and heat flow at the inner surface of the wall were assessed

during a summer day.

e The overall reduction in the heat exchange rate at the inner surface of the wall was also

analyzed during a summer day using the following formula:

THER(%) :[1_ The quantity of heat exchanged with PCM jXIOO

The quantity of heat exchanged without PCM

6.2.1 PCM location effect on temperature distribution

The aim of this study was to achieve an optimum internal surface temperature. Figure 6.1 shows
the temperature distribution along the wall at different points on 9 July at 14.00. The module at
positions 5 and 6 (locations) provided less effective thermal insulation compared to the module
at positions 2, 3 and 4 (locations). At locations 5 and 6, the temperature ranged from 30°C to

44°C, while at locations 2, 3 and 4, the temperature ranged from 29°C to 40°C. The better
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performance of the module at locations 2, 3 and 4 can be attributed to the phase change that
occurs at the corresponding external surface exposed to heat waves, as shown in Figure 6.2.
The shift in the percentage of liquid phase in the centre of the PCM layer indicates that a full
phase change has occurred near the outer surface of the wall, with only a small amount of liquid
phase near the inner surface. This explains the lack of full phase change at the inner surface.
The PCM can store significant amounts of energy within the wall during the phase change. This
energy remains stored even after the phase change is complete, resulting in a temperature
increase within the PCM. To facilitate the phase change process, the energy stored in the PCM
needs to be released. A comparison of the five PCM-filled locations revealed noticeable
differences in temperature distribution. Of the models tested, the second module had the highest
efficiency and the smallest temperature fluctuation range of 9°C. On the other hand, the
temperature variations for the other locations were 10°C, 10°C, 12°C and 14°C for locations 3,

4, 5 and 6 respectively.

Location 1 Location 2 Location 3

[30-46]°C \ [29-38]°C \ [30-40]°C \

O . O O *
i1 40 b [/l I
O OO O
0| F 00 OO '
Location 4 Location 5 Location 6

[30-40]°C \ [30-42]°C \ [30-44]°C \
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Figure 6.1. Temperature distribution along the wall, without and with the PCM (Locations 1
to 6 refers to Figure5.5)
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Figure 6.2. Liquid fraction variation effect for different locations in the center of the PCM

layer.

6.2.2 Effect of the presence of Eutectic mixture in the hollow brick

After identifying the optimal location for the PCM, it was compared with the reference
model, which consisted of a brick without PCM. Both the air and PCM layers in the bricks
offered clear benefits. The air layer acted as an insulating barrier, reducing heat flow throughout
the process. However, the PCM layer proved to be a more effective insulator than the air layer
over a longer period of time. Combining the PCM and air layers can be beneficial as it reduces
the amount of PCM required in the bricks. Temperature changes were tracked over two days (9
and 10 July) at both Loc 1 and Loc 2, as shown in Figure 6.3. The brick with PCM had a
minimum temperature of 28°C and a maximum temperature of 29°C. In comparison, the brick
without PCM had a minimum temperature of 28.7°C and a maximum temperature of 31.8°C.
This resulted in a temperature variation of 2.8°C due to the phase change process, which was
considered satisfactory as one of the main objectives was to maintain stable internal
temperatures. This also delayed the peak temperature by two hours. The highest temperature
for the reference wall was recorded at 3 pm, while for the wall with PCM it was recorded at 5
pm, indicating that the brick with PCM was a more effective insulator than the reference brick.
Comparing these results with a recent study conducted in similar environmental conditions (a

barren desert in Iraq), where paraffin wax (a petroleum-based PCM) was incorporated into the

104



Chapter 6 Results and discussions

building wall, the temperature was reduced by 2°C [64]. In contrast, the results of our study

with fatty acids were promising.
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Figure 6.3. Internal surface temperature variations for the wall without PCM (orange) and the

wall with PCM (blue)

6.2.3 PCM location effect on heat flux

Figures 6.4 and 6.5 illustrate the effects of placing the PCMs in different positions on the
internal heat flow. The results showed that placing the PCM closer to the outside of the bricks
significantly reduced the internal heat transfer compared to placing it closer to the inside. When
PCMs were placed in the cavities closest to the outer surface (position 2), the heat flux at the
inner surface decreased by approximately 58% compared to a conventional clay wall. This use
of PCMs to fill brick cavities improves the thermal efficiency of clay bricks by minimising
fluctuations in internal heat waves and reducing the total heat flow through the bricks. This
reduction can be attributed to two factors: firstly, the increased thermal resistance due to the
reduced thermal resistance of the PCM, and secondly, the storage of energy within the PCM
voids during the fusing process, which prevents heat from passing through the bricks. These
results confirm the selection of the fatty acid mixture, as they are in line with a previous study
conducted in the hot regions of Algeria, which tested three different phase change materials and

identified fatty acid as the most effective [160].
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Figure 6.4 .Heat flow on the inner surface for various PCM placements.
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Figure 6.5. Heat flow on the inner surface of the wall without PCM and with PCM (Loc 2).

Figure 6.6 shows the overall reduction in summer heat transfer for the different positions
of the PCM in the wall. In addition, Table 6.1 presents a comparison of the results obtained
using a 2.8 cm thick bio-based PCM at the optimal position in the wall for Adrar, with those of
previous studies aimed at improving building performance in hot environments. The results
show that the current PCM effectively regulates the internal temperature of the building, leading
to a significant reduction in the energy consumption of the air conditioning system. These

results demonstrate the effectiveness of integrating a bio-based PCM layer to manage heat

106



Chapter 6 Results and discussions

transfer at the building surfaces and maintain a comfortable indoor temperature in the hot

climate of Adrar.

Loc 2 Loc3 Loc 4 Loc 5 Loc 6

Heat flux reduction (%)
(R T O S S 7 B - N
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Figure 6.6. Reduction in heat transfer in summer for the city of Adrar, for various PCM

locations.

Table 6.1. Comparison of the maximum reduction obtained in this study with interior

temperatures in hot climates from existing studies

PCM Melting range Thickness Max AT [°C] REF
[°C] [cm]

Bio-PCM 30-34 2 2.04 [164]

Bio-PCM Q23 23-25 2.8 33 [165]

Paraffin 22-28.5 2 1 [166]

Bio-PCM 27-38.3 3 3.95 [107]
Bio-based 2.8 (Loc 2)
PCM 2.4 (Loc 3)
35-43 2.8 2.1 (Loc 4)

2 (Loc 5) Present study

1.8 (Loc 6)

107



Chapter 6 Results and discussions

6.2.4 Cooling electricity cost saving

Electricity cost savings are an important economic factor in evaluating the viability of the
technology. Daily electricity cost savings (in dollars per day) were calculated based on the total

average heat flow savings per day and the electricity price per kWh in Algeria, using Eq. (6.1):

Electricity cost saving = Average heat flux reduction x electricity cost/ kWh x24h (6.1)

The electricity price was assumed to be $0.031 per kWh, based on the latest Algerian tariff
for buildings. The calculation assumes the use of a medium power air conditioner running for
10 hours on a summer day, with an energy consumption range of 15 to 25 kWh per day. For a
building with an external surface area of 200 m?, requiring 180 kg of phase change material,
the results are shown in Figure 22. The electricity cost savings calculations using phase change
materials at site 2 suggest a daily saving of $9. While this amount may seem modest compared
to the initial PCM integration cost of $1188, its significance increases in the long term,
especially for larger buildings. After just 130 days, the total savings in electricity costs due to
reduced cooling demand equal the initial investment in the PCM. Beyond this point, the

economic benefits of using phase change materials in buildings become more apparent.
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Figure 6.7. PCM cost versus three months of cooling saving in the building
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6.3 Numerical study of the integration of new bio-based PCMs into building envelopes

during the summer in Algerian cities.
6.3.1 Impact of PCM integration in walls for each city

This study evaluated the effects of incorporating a new bio-based phase change material
(PCM) into building walls in different Algerian cities. The main objective was to assess the
influence of this PCM on the thermal insulation, energy efficiency and internal thermal stability
of the walls. The study compared the performance of a standard wall without PCM with that of
walls incorporating a layer of the bio-based PCM.

The results provide valuable insights into the design and construction of more energy-
efficient buildings, improving thermal comfort, reducing carbon emissions and minimising
reliance on energy-intensive cooling systems. The impact of the bio-based PCM was assessed
by analysing temperature variations and heat flow at the inner surface of the walls during
summer, and by computing the total reduction in heat exchange at the inner wall surface over

three months of summer.
6.3.1.1 Adrar city

In Adrar, the summer temperature can reach approximately 46°C (Figure 9), making it
one of the hottest regions in Algeria. Figures 6.8 (1 and 2) show the variation of temperature
and heat flux at the inner surface of the wall in summer in Adrar. This study investigated the
effect of incorporating bio-based phase change materials (PCMs) into walls on temperature and
heat flux. Comparing walls with and without PCMs, the results show that walls with PCMs
have lower maximum heat flux and reduced temperature peaks. This shows that the integration
of PCMs increases the thermal storage capacity of the wall. For example, on 1 July, the
temperature range for the wall with PCMs was 29°C to 30.4°C, whereas the wall without PCMs
showed a range of 30.5°C to 32.8°C, resulting in a temperature reduction of 2.4°C due to the

phase change process.
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Figure 6.8. Temperature and total heat flux variations in the inner wall surface without PCM

and with PCM for Adrar city: 1) Temperature, 2) Total heat flux.

6.3.1.2 Tindouf city

In Tindouf, summer temperature can reach about 44°C, which is an extremely hot
condition. Figure 6.9 (1 and 2) illustrates the variation in temperature and heat flux at the inner
surface of the wall during the summer in Tindouf. This study explores the application of bio-

based phase change materials (PCMs) in walls to assess their impact on temperature and heat

flux.

The results show that walls containing PCMs have lower maximum heat flux and
reduced temperature peaks compared to walls without PCMs, indicating an increased heat
storage capacity. For example, on 1 July, the temperature range for the wall with PCMs was
28.8°C to 30.1°C, while the wall without PCMs ranged from 29.6°C to 32.2°C, resulting in a

temperature reduction of 2.1°C due to the phase change process.
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Figure 6.9. Temperature and total heat flux variations in the inner wall surface without PCM

and with PCM for Tindouf city: 1) Temperature, 2) Total heat flux.
6.3.1.3 Ain Salah

In Ain Salah, summer temperatures can reach around 41°C, creating very hot conditions.
This research investigates the effect of incorporating bio-based phase change materials (PCMs)
into walls on temperature and heat flux during summer, as shown in Figure 6.10 (1 and 2). A
comparison between walls with and without PCMs shows that walls incorporating PCMs have
lower maximum heat flux and temperature peaks, indicating improved thermal storage capacity.
For example, on 1 July, the wall with PCMs had a temperature range of 28.5°C to 29.6°C,
whereas the wall without PCMs had a range of 29.0°C to 31.2°C, resulting in a reduction of
1.6°C due to the phase change process.
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Figure 6.10. Temperature and total heat flux variations in the inner wall surface without PCM

and with PCM for Ain Salah city: 1) Temperature, 2) Total heat flux.

6.3.2 Impact of the PCM bio-based states on the wall

Figure 6.11 shows the variation in the liquid fraction of the bio-based PCM layer over a
four-day period in the different climates of Adrar, Tindouf, and Ain Salah. In Tindouf and Ain
Salah, where external temperatures remain relatively stable, the liquid fraction cycles
consistently over the four days. In contrast, in Adrar, which is characterised by exceptionally
high temperatures, the PCM liquefies earlier than in the other cities. In addition, there are cases
in Adrar where the PCM does not fully solidify during the night due to the persistently high

nighttime temperatures.
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Figure 6.11. The change in the liquid fraction of the PCM in the wall over four days in the
cities of Adrar, Tindouf, and Ain Salah.

Incorporating an MA-SA eutectic layer into the wall significantly impacts the
temperature and heat flux at the inner surface. The MA-SA eutectic layer plays a crucial role in
reducing heat flux fluctuations within the wall. These fluctuations are minimized because a
substantial portion of the heat passing through the wall during the day is absorbed as latent heat
during the melting process of the MA-SA eutectic. This latent heat is subsequently released at
night when the outside temperature decreases, helping to maintain thermal stability and reduce
heat exchange within the wall [167]. Figure 6.12 illustrates a noticeable reduction in heat flux
during summer across the studied cities due to the presence of phase change materials (PCMs).
In Adrar, the heat flux reduction is approximately 40% compared to walls without PCM. In
Tindouf, the reduction is 49%, and in Ain Salah, it reaches 53%. These results underscore the
effectiveness of integrating a PCM layer in walls for regulating heat exchange at the interior
surface during Algeria's summer months. This approach significantly decreases heat flux,
contributing to a more stable and comfortable indoor temperature. These findings are valuable
for designers and policymakers aiming to improve building energy efficiency in hot climates
such as those found in Algerian cities. By comparing our findings with a recent study carried
out under nearly identical environmental conditions—a barren desert in Irag—where
petroleum-based paraftin wax was integrated into the building wall, a temperature reduction of
2°C was achieved [64]. In contrast, our study using fatty acids yielded more promising results.

Table 6.2 shows the results of using a 3 cm thick bio-based phase change material (PCM) placed
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in the middle of a wall in three Algerian cities with an arid desert climate, compared to previous
studies using petroleum-based PCMs to improve building performance in hot environments.
The results show that this bio-based PCM effectively stabilises indoor temperatures, resulting
in a significant reduction in energy consumption for air conditioning. Moreover, the PCM
formulated from a blend of myristic and stearic acids proves to be a strong competitor to
petroleum-based PCMs, further demonstrating its effectiveness in regulating heat transfer

through building surfaces and maintaining indoor thermal comfort, especially in the hot

Algerian climate.

Heat flux (W/m2)
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o o © o © © o o
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Figure 6.12. Eftect of PCM in the wall brick on heat transfer reduction for each city.

Table 6.2 A comparison between the results of this study, which utilized a bio-based PCM, and

previous studies that used petroleum-based PCM from the literature.

Ain Salah (1.6)

Type of PCM Melting point [°C] Max AT [°C] Reference
paraffin 44 2 [64]
Chloride hexahydrate 31 4 [168]
Paraffin 28.5 1 [166]

Adrar (2.4)
Bio-based PCM 35 Tindouf (2.1) Present study
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6.4 Thermo-mechanical analysis of clay bricks (Adobe) containing palm fibers and

phase change materials (PCM)
6.4.1 Effect of DPF/MA-SA content ratio on the physical properties of Earth bloc
6.4.1.1 Apparent density

The density of adobe, as reported by researchers in the literature, ranges from 1540
kg/m? to 1950 kg/m? [169]. This study determined the apparent density of dried specimens by
comparing the weight of the soil block to its volume. Figure 6.13 shows the average density
values of the formulated material for different DPF/MA-SA contents, ranging from 1542 kg/m?
to1608 kg/m?*. Notably, a significant decrease (606 kg/m?) was observed for the 2% DPF/MA-
SA content compared to the control material without DPF/MA-SA. This reduction is attributed
to the lower apparent density of date palm fiber and the lower apparent density of the MA-SA
mixture (840 kg/m?) compared to the adobe mixture (soil + dune sand + lime = adobe) with an
apparent density of 1608 kg/m*. The evaporation of water resulted in the detachment of
DPF/MA-SA particles from the clay matrix after shrinkage and the increase of the porous

network within the material. Similar trends were reported in other studies [169].
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Figure 6.13. Variation of the apparent density as a function of the percentage of MA-SA/DPF.

6.4.1.2 Total absorption

Figure 6.14 illustrates the relationship between the total water absorption of bricks and
the amount of DPF/MA-SA over a twenty-four-hour immersion period (in two cases 30 and 50

°C). Firstly, the total water absorption rates ranged from 18.22% for 0% DPF/MA-SA to 18.56%
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for 2% DPF/MA-SA, under conditions of temperature below 30°C. This increase is considered
minimal compared to previous studies using date palm fibers, attributed to pore closure with
the eutectic mixture. The slight rise in absorption is due to DPF/MA-SA disintegration within
the matrix (soil + dune sand + lime). Secondly, at 50°C, the rate reaches 18.95% for 2%
DPF/MA-SA due to the eutectic mixture transitioning to a liquid state, enabling water access to
resulting pores. Moreover, total water absorption increases with higher DPF/MA-SA content.
Conclusively, Figure 9 indicates that adding DPF/MA-SA to the mixtures does not substantially
increase total water absorption. The test revealed that the materials stayed stable and unchanged
after 6 days of immersion, with all blocks retaining their original shape and integrity, a

significant advantage for earthen construction.
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Figure 6.14. Effect of MA-SA/DPF on total absorption of bricks.

6.4.2 Effect of MA-SA/DPF content on the thermo-mechanical properties of adobes
6.4.2.1 Compressive strength

This study investigated how changing the content of DPF/MA-SA affected the
compressive strength of bricks at different temperatures. The bricks, measuring 10x10x10 cm?,
were tested at 30°C and 50°C. Through the Figure 6.15, increasing the DPF/MA-SA content
reduced the bulk density but also decreased the compressive strength. The highest strength was

seen in control bricks without DPF/MA-SA, averaging 4.8 MPa.
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Figure 6.15. Effect of MA-SA/DPF content on the dry compressive strength of adobe.

Even with a 2% DPF/MA-SA content, the decrease in strength was minimal, which was
not considered significant. At around 0.5% DPF/MA-SA, the compressive strength was similar
to bricks without DPF/MA-SA. Contrary to expectations from previous studies, adding DPF to
earthen bricks did not significantly reduce their strength. This was attributed to treating the
fibers with MA-SA, which closed all pores when in the solid state. However, when the bricks
were exposed to 50°C for 2 hours, ensuring the MA-SA mixture became liquid, the compressive
strength decreased compared to the first case. This was because the liquid MA-SA mixture
opened the pores, leading to lower strength. The lowest compressive strength values in both
cases still met the building requirements in Algeria [170]. The decrease in strength was
attributed to an increase in voids within the blocks due to the separation of DPF/MA-SA
aggregates from the stabilized ground matrix in dry bricks and the separation of MA-SA from
DPF in the liquid state. Because Dry compressive strength of earthen bricks depends on the
strength of the binder, the bond strength of clay putty stabilized with lime sand grains, and the
internal strength of the sand particles [171].

6.4.2.2 Thermal Conductivity

Thermal conductivity was assessed on brick samples with dimensions of 10 x 10 x 4
cm. The measurements were conducted using a hot wire probe and a heating resistor, along with
a sensor that records temperature changes in a transient state. To ensure accuracy, the probe was
positioned between two smooth blocks to eliminate air contact. This method is widely utilized

in various research studies [172]. All measurements were conducted at an ambient laboratory
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temperature of 24°C with 60% humidity. The results align with findings from other researchers
[169], [173]. Figure 6.16 shows that thermal conductivity decreases as the DPF/MA-SA content
increases, improving thermal insulation by 11% for adobe with 2% DPF/MA-SA, which has a
thermal conductivity of 0.554 W/m.K compared to 0.677 W/m.K for control adobe. This
improvement in thermal conductivity is due to the improved pore structure of the bricks

containing DPF/MA-SA [174].
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Figure 6.16. Effect of MA-SA/DPF ratio on thermal conductivity.

This reduction is due to the lower density of MA-SA/DPF compared to the clay matrix
and its low thermal conductivity. The difference in thermal conductivity between the clay
matrix and date palm aggregates is mainly due to their pore sizes and the volume of PCM,
which has a very low conductivity (0.17 W/m.K). These findings are consistent with those
reported by other researchers [175]. The thermal conductivity value obtained according to the

Algerian building code, which limits this value to between 0.1 and 2 W/m.°K [176].
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General Conclusion

This study focuses on improving the thermal performance of building walls through the
use of bio-organic phase change materials (BIO-PCMs). The primary objective is to replace
traditional petroleum-based phase change materials (PCMs) with more sustainable and
environmentally friendly options. The research specifically explores the use of fatty acid-based
BIO-PCMs, in particular myristic acid (MA) and stearic acid (SA), which are renewable, cost-

effective and natural materials with great potential for improving energy efficiency in buildings.

The work begins with the selection of fatty acids based on factors such as cost,
availability, renewability and safety. Myristic and stearic acids were selected for their
favourable thermophysical properties, including suitable melting points and thermal stability. A
eutectic blend of 70% MA and 30% SA was created to provide the desired thermal performance
for building applications, with a melting point around 35°C and excellent energy storage

capabilities.

The thermal properties of the eutectic mixture were analysed using Differential
Scanning Calorimetry (DSC), which revealed a melting enthalpy of 240.1 J/g and a
solidification enthalpy of 212.6 J/g, demonstrating its ability to effectively store and release
latent heat. This heat storage property is essential for indoor temperature control. In addition,
thermogravimetric analysis (TGA) confirmed that the blend is thermally stable, with
degradation occurring only at temperatures well above its working range, making it ideal for

long-term use in building materials.

The research also includes a numerical study using COMSOL Multiphysics 6.0 to
simulate the thermal behaviour of hollow brick walls containing the MA-SA PCM under
extreme summer conditions, specifically in Adrar, Algeria. Two types of walls were compared:
one with a PCM integrated into the cavity of the bricks and the other without a PCM as a control.
The results showed that the PCM-integrated wall reduced the internal temperature by about
2.8°C, improving the thermal comfort of the buildings.

A key finding was the optimal placement of the PCM within the brick walls. Placing the
PCM close to the outer surface of the wall gave the best performance, delaying peak
temperatures by up to 2 hours. This highlights the importance of PCM placement in building

materials for effective thermal management. The simulations also showed that using BIO-
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PCMs in walls could lead to significant energy savings, with a daily reduction in electricity
costs of around $9 and a payback period of around 150 days. This suggests that BIO-PCMs can
play a key role in reducing energy consumption and CO: emissions in buildings, particularly in

regions such as Algeria where conventional energy sources remain dominant.

In addition to the thermal analysis of PCM-integrated walls, the study also explores the
combination of bio-based PCMs with date palm fibers (DPF) to create an eco-friendly
composite material for earthen construction. Date palm fibers, a renewable and abundant
resource in Algeria, were impregnated with the MA-SA eutectic blend to improve the thermal
and mechanical properties of the composite. These PCM-impregnated fibers were successfully

incorporated into lime-stabilised soil to form a sustainable, low-cost building material.

The research found that the PCM-infused composite had a melting temperature of
34.5°C and a melting enthalpy of 124 J/g, which is lower than the pure MA-SA blend but still
suitable for building applications. The composite showed promising thermal properties and
stability, making it a viable option for improving the energy efficiency of clay bricks in hot
climates. The mechanical properties of the composite were also evaluated and the results
showed that the new PCM-infused bricks met the required strength standards for construction

in Algeria.

Further thermal analysis of the PCM-enhanced composite was carried out using
techniques such as DSC and TGA, which confirmed the stability and effectiveness of the PCM
when incorporated into natural building materials. These results support the potential use of

BIO-PCMs in sustainable building practices.

The research also investigated the energy storage capabilities of bio-based PCMs under
different climatic conditions in different cities in Algeria. The simulations showed that the
incorporation of BIO-PCMs into building materials could help lower indoor temperatures and
reduce heat fluxes in summer, thereby improving thermal comfort and reducing the need for air
conditioning. Specifically, PCM-integrated walls in Adrar, Tindouf and Ain Salah showed
temperature reductions of up to 2.4°C, 2.1°C and 1.6°C respectively. These results highlight the

potential of BIO-PCMs to improve energy efficiency in buildings, particularly in hot climates.

The study concludes that bio-organic phase change materials, such as the MA-SA
eutectic blend, represent a promising and sustainable solution for better thermal regulation in
buildings. By replacing petroleum-based PCMs with renewable, low-cost materials such as

fatty acids and combining them with local resources such as date palm fibers, it is possible to

120



General conclusion

create environmentally friendly and economically viable building materials. The results provide
valuable insights for the development of energy efficient and sustainable building materials that
can significantly reduce energy consumption, lower CO: emissions and contribute to a more

sustainable future.

In conclusion, the thesis provides a comprehensive study of the use of bio-based PCMs
to improve thermal performance and energy efficiency in buildings. The integration of these
materials into construction represents an innovative approach to addressing energy challenges
in the building sector, particularly in regions with extreme temperatures. The research shows
that bio-based PCMs, particularly those derived from fatty acids and date palm fibers, have the
potential to revolutionise building materials by increasing energy efficiency, reducing

environmental impact and promoting sustainable building practices.

= Recommendations

Future work should focus on optimizing BIO-PCM formulations (e.g., testing new fatty
acid blends) and scaling up production for industrial viability. Advanced integration techniques,
such as validating optimal PCM wall placement and combining PCMs with passive cooling
should be explored to enhance performance. Long-term durability studies under real-world
conditions are needed to assess material stability. Region-specific adaptations and policy
frameworks can promote BIO-PCM adoption in building codes, while lifecycle analyses will
quantify energy and CO: savings. Collaborations with industry and material scientists can

accelerate commercialization.
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