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Title : Energy valorization of bio-waste applied to buildings in

Algeria.

Abstract:

In the pursuit of sustainable and environmentally friendly practices, effective biowaste
management has become a crucial imperative, especially in the context of the built
environment. In the context of growing global trends related to energy security, environmental
degradation and climate change. Through a multidisciplinary perspective, this thesis seeks to
bridge the fields of waste management, materials science, renewable energy or renewable
materials and sustainable architecture, providing a holistic perspective on the exploitation of
biowaste for the benefit of the Algerian community and the planet at large. The potential of
using date palm leaflet (DPL) as a green composite reinforcement in construction materials. An
experimental study was conducted to understand the main characteristics of DPL. The work
was divided into two main axes, (i) a physicochemical characterization of date palm waste (ii)
a mechanical and thermophysical characterization on a composite reinforced with date palm
waste (gypsum/date palm). A series of analyses were performed, such as scanning electron
microscopy (SEM) and Brunauer-Emmett-Teller (BET) analysis, to evaluate the physical
properties of the fibers, including apparent and absolute densities, specific porosity and detailed
morphological characteristics. In addition, the chemical composition of these fibers was
meticulously examined by energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR). The thermal properties were characterized by
thermogravimetric analysis (TGA). The second part of the research work focuses on the study
of the impact of date palm leaflet powder (DPL) on the thermal and physico-mechanical
properties of gypsum mortars. A series of mortar compositions were prepared with different
proportions of DPL (0, 1, 3 and 5% wi/w binder) and different particle sizes (0.5, 1 and 1.5 mm).
This study provides valuable information on the use of sustainable and renewable building
materials, highlighting the benefits of exploiting agricultural waste in the construction sector.
The results lay the foundation for future research and innovations in the field of environmentally
friendly construction technologies. This study advocates and promotes the use and valorization
of date palm waste in building materials for building applications in Algeria.

Keywords :

Date palm; Building material; Bio-composite; Bio-Waste; Physical; Mechanical; Chemical;
Thermal; Characterization; Valorization; Algeria.



Titre : Valorisation énergétique des biodéchets appliquée aux

batiments en Algérie.
Résumé :

Dans la poursuite de pratiques durables et respectueuses de I'environnement, la gestion efficace
des biodéchets est devenue un impératif crucial, en particulier dans le contexte de
I'environnement béti. Dans le contexte des tendances mondiales croissantes liées a la sécurité
énergétique, a la dégradation de I'environnement et au changement climatique. A travers une
perspective multidisciplinaire, cette thése cherche a relier les domaines de la gestion des
déchets, de la science des matériaux, des énergies renouvelables ou des matériaux renouvelables
et de l'architecture durable, en offrant une perspective holistique sur I'exploitation des
biodéchets au profit de la communauté algérienne et de la planéte en général. Le potentiel de
l'utilisation de la foliole de palmier dattier (DPL) comme renfort composite vert dans les
matériaux de construction. Une étude expérimentale a été menée pour comprendre les
principales caractéristiques de la DPL. Le travail a été divisé en deux axes principaux, (i) une
caractérisation physico-chimique des déchets de palmier dattier (ii) une caractérisation
mécanique et thermos-physique sur un composite renforcé de déchets de palmier dattier
(gypse/palmier dattier). Francais Une série d'analyses ont été réalisées, telles que la microscopie
électronique a balayage (MEB) et I'analyse Brunauer-Emmett-Teller (BET), pour évaluer les
propriétés physiques des fibres, notamment les densités apparentes et absolues, la porosité
specifique et les caractéristiques morphologiques détaillées. De plus, la composition chimique
de ces fibres a été méticuleusement examinée par spectroscopie dispersive en énergie (EDS),
diffraction des rayons X (DRX) et spectroscopie infrarouge a transformée de Fourier (FTIR).
Les propriétés thermiques ont été caractérisées par analyse thermogravimétrique (ATG). La
deuxiéme partie du travail de recherche porte sur I'étude de I'impact de la poudre de folioles de
palmier dattier (DPL) sur les propriétés thermiques et physico-mécaniques des mortiers de
platre. Une série de compositions de mortier ont été préparées avec différentes proportions de
DPL (0, 1, 3 et 5 % p/p de liant) et différentes granulométries (0,5, 1 et 1,5 mm). Cette étude
fournit des informations précieuses sur 1’utilisation de matériaux de construction durables et
renouvelables, en soulignant les avantages de I’exploitation des déchets agricoles dans le
secteur de la construction. Les résultats jettent les bases de futures recherches et innovations
dans le domaine des technologies de construction respectueuses de 1’environnement. Cette
¢tude préconise et promeut I’utilisation et la valorisation des déchets de palmiers dattiers dans
les matériaux de construction pour les applications du batiment en Algérie.

Mots clés :

Palmier dattier; Matériau de construction; Bio-composite; Bio-déchet; Physique; Mécanique;
Chimique; Thermique; Caracteérisation; Valorisation; Algérie.
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Chapter 1

(zeneral Introduction

Summary

1.1 Introduction . . . . . . . . .. Il
1.2 Problematic . . . . . . . . . ...
1.3 Challenge Taken-up . . . . . . . . . . .. ... 1]
1.4 Potential and Possibility of studying . . . . . ... ... ... ... ....

1.4.1 Potential and Possibility of studying in Algeria . . . . . . .. ... (§
1.5 Research objectives . . . . . . . . ... ]
1.6 Work methodology . . . . . . . .. . .. ... 8)
1.7 Conclusion . . . . . . . . 10

1.1 Introduction

In the pursuit of sustainable and environmentally friendly practices, effective management
of bio-waste has become a crucial imperative, particularly in the context of the built
environment. This doctoral thesis is in the field of "Energy Recovery of Bio-waste
Applied to Buildings in Algeria." In the context of growing global trends related to
energy security, environmental degradation and climate change, this research strives to
discover innovative solutions in the unique socio-economic and environmental context of
Algeria.

By exploring the symbiotic relationship between bio-waste and building energy sys-
tems, this study aspires to provide valuable insights and strategies that transcend conven-

tional paradigms, fostering a more resilient and sustainable future for both the Algerian



1.2 Problematic

built environment and for the broader area of renewable energy use. Through a mul-
tidisciplinary perspective, this thesis seeks to connect the fields of waste management,
materials science, renewable energy or renewable materials and sustainable architecture,
providing a comprehensive perspective on the exploitation of energy latent bio-waste for

the benefit of Algerian communities and the planet at large.

1.2 Problematic

In the modern era, the accelerated growth of human activity is accompanied by an impor-
tant consequence: the rapid accumulation of waste. This waste stream, which includes a
wide range of materials from household waste to industrial by-products, poses an enor-
mous challenge to the health and well-being of our planet. The scale of this problem is
staggering according to the World Bank: global waste production is expected to reach 3.4
billion tonnes by 2050, up from 2.01 billion tonnes in 2016. Internationally, the dominant
waste category is food and green waste, which constitutes 44 % of waste generated. Addi-
tionally, dry recyclables, including plastic, paper, cardboard, metal and glass, collectively
account for an additional 38% of the total waste generated, see the figure .

Faced with a booming global population and increasing consumption patterns, the
accumulation of food and green waste from various sources, has become an urgent envi-
ronmental concern. By focusing on the Middle East and North Africa (MENA) region,
it is noted that 58% of this waste is food and green, see the figure This growing
stream of waste, including plant waste, bio-waste and municipal organic waste, poses a
significant threat to the health and well-being of our planet [2, [3, 4]. The increase of
organic waste derived from vegetables globally stands as a significant factor contributing
to the occurrence of forest fires, subsequently leading to the emission of COs.

Recent data reveals that the accumulation of waste from date palms in the MENA
region represents a notable bio-resource that is largely underutilized [5]. The effective
management of date palm waste poses a notable challenge in the MENA region, as high-
lighted in previous research [6]. A key obstacle lies in determining the optimal methods
for the disposal of this substantial volume of renewable resources. Recent research find-
ings from Awad et al. [6] and Mohamed, Saba, and Alothman [7] demonstrate that the
global population of date palms has surpassed 120 million trees, predominantly concen-
trated in the MENA [8, [O]. Each of these enduring trees boasts a lifespan exceeding
100 years, yielding fruits and by-products annually. The date palm, a member of the
Phoenix dactylifera L. family, holds significant importance as a fruit-bearing tree in Alge-
ria, where the population exceeds 20 million palms [I0, [I1]. This considerable number of

trees makes Algeria the largest country in Africa and the fourth largest date producer in

2



1.2 Problematic
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Figure 1.1: Global waste composition.
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Figure 1.2: Waste Composition in the MENA region.

the world, with about 1.1 million tons per year. Furthermore, there are over 2,600 species
of palm trees [7] and approximately 1,000 species of Algerian palms, including soft, dry,
and semi-dry varieties, which are adeptly adapted to various soil and climatic conditions
[12]. Studies have proven and explained that each palm can yield between 40 and 50 kg of
palm waste per tree annually [7), 13]. Therefore, these different parts generate significant
waste, amounting to more than 800,000 tons per year in Algeria only [14] [T5].

The report also highlights the environmental, social, and economic challenges associ-
ated with this increase in waste. It highlights the need for effective waste management,
including recycling and source reduction, to reduce negative impacts on the environment
and human health. Sustainable waste management is seen as crucial to achieving the
targets.

The degree of danger associated with the spread of waste around the world requires
3



1.3 Challenge Taken-up

urgent attention and comprehensive solutions. As we grapple with the effects of rampant
consumption and poor waste management, the need to address the multifaceted problems
posed by the accumulation of hazardous waste has become imperative [16]. This act sets
for a critical examination of the challenges facing waste accumulation, exploring its impact
on ecosystems, human health, and the overall sustainability of our planet [I7]. Through a
focused lens, we delve deeper into the complexities surrounding waste risks, with the aim
of revealing the complexities of this global situation and advocating for strategies that
pave the way for a more sustainable and harmonious coexistence with our environment
[16].

1.3 Challenge Taken-up

This work addresses major challenges: (i) solving the global problem, particularly in
Algeria, of the accumulation of biowaste through an innovative approach. (ii) Valorizing
biowaste by using it as a reinforcing agent in building materials to improve their thermal
properties and make them insulating. (iii) Reducing C'O; emissions during the production
of building materials (cement, gypsum, etc.) and also during energy production. This
effort not only addresses waste management issues, but also opens a new trajectory in
sustainable construction methodologies.

The valorize of biowaste by using it to reinforce building materials, enhancing their
thermal insulation properties. By integrating biowaste into materials like bricks and
concrete, energy demands for heating and cooling can be reduced, which is particularly
beneficial for Algeria’s extreme climate. This approach supports sustainability and energy
efficiency goals while reducing reliance on traditional, costly insulation materials and
promoting a circular economy model.

A key focus of this research is to reduce C'O, emissions in building material produc-
tion and energy generation, as construction is a major source of global greenhouse gas
emissions. Using biowaste-based components can lower the carbon footprint of materials
like cement, and improved insulation from biowaste reduces building energy needs, further
cutting emissions. For Algeria, this aligns with climate commitments and sustainability
goals, showcasing a proactive approach to mitigating climate change in the construction
sector.

The trend of primary energy consumption from 2002 to 2022, measured in terawatt-
hours (TWh), was shown in Figure . Upon observing the data, a clear and consistent
upward trajectory in energy consumption was noted over these years. Starting at slightly

over 300 TWh in 2002, consumption was found to have steadily risen, reaching approxi-
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mately 750 TWh by 2022. This consistent increase was indicative of a significant growth

in energy demand over the two decades, nearly doubling during this period.
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Figure 1.3: Domestic electricity consumption in Algeria.

Such a high and growing rate of energy consumption presents substantial challenges.
Meeting this ever-increasing demand places a strain on energy resources, which are often
finite and environmentally impactful. Additionally, reducing energy consumption in the
face of such a trend is difficult, as it requires systemic changes in consumption habits,
energy efficiency practices, and potentially costly infrastructure adjustments. Addressing
this issue will require significant innovation, investment, and policy changes to transition

to a more sustainable and efficient energy consumption model.

1.4 Potential and Possibility of studying

Exploring the use of biowaste in construction materials is attracting considerable atten-
tion in the field of sustainable development [3]. Research indicates that various forms of
biomass waste, including agricultural residues and forestry by-products, are being stud-
ied for their potential use in creating low-carbon products. This transition to the use of
biomass aligns with global efforts to reduce CO2 emissions and mitigate environmental
impacts associated with traditional waste disposal methods, such as unregulated land dis-

posal and burning, which contributes to greenhouse gas emissions and other environmental

problems.



1.4 Potential and Possibility of studying

In developed countries, the focus has been on re-utilizing biomass waste for energy and
heat production. For example, in the European Union, wood pellets made from sawdust
are a popular source of energy and heat [I8]. Meanwhile, in the USA, a shift from
traditional waste management practices like burning or landfilling agricultural residues
has led to these materials being used more productively in industry [19, 20]. This trend is
reflected in the increasing use of agricultural residues like corn stover and wheat straw for
energy production. The potential of biowaste as a reinforcement in construction materials
represents a significant opportunity to address the challenges of waste management and
sustainable development simultaneously. It’s a promising area of research that could lead
to innovative solutions in the construction industry, aligning with global sustainability
goals [21].

Many studies have been conducted to investigate the potential possibility to employ
plant wastes or natural fibre in building material as reinforcement fibers for enhanced
structural performance |22, 23]; as date palm wood and fibre has long been an exploitable
source of building materials [24], 25] 26, 27, 28, 29]. These studies have shown promising
results, indicating that utilizing plant-based natural fibers in building materials can im-
prove their strength and durability. Furthermore, the use of plant-based natural fibers
can also contribute to sustainability efforts by reducing reliance on synthetic materials
and promoting the utilization of renewable resources. Overall, the research suggests that
incorporating plant-based natural fibers in building materials has the potential to enhance
structural performance, promote sustainability, and reduce reliance on synthetic materials
[30, B1]. Over the past two decades, researchers have focused on exploiting palm waste in
construction materials. The figure shows that the number of researches is increasing

and that this number is also increasing over time.

1.4.1 Potential and Possibility of studying in Algeria

In a world where environmental and economic issues were increasingly pressing, it was
deemed essential that scientific research and public policies be aligned to address major
challenges, such as waste management and exploitation. Waste was recognized as an
underexploited resource while being seen as offering considerable potential for sustainable
development and the circular economy.

In Algeria, the country stood out for its scientific wealth in the field, with 29% of its
research publications focused on utilizing date palm waste and building materials[T.5] This
was seen as evidence not only of national expertise but also of the ability to innovate and
propose solutions tailored to both local and global needs. Algeria possessed the necessary
resources-raw materials, proven techniques, and solid scientific advancements. Yet, these

assets remained largely underutilized due to a lack of clear commitment and coordinated
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Figure 1.4: Number of documents and citations according to Scopus database for ’date
AND palm AND building AND material’ keywords.

strategy. To address this, researchers, policymakers, and industrial stakeholders were

urged to unite and focus on key actions:

1. Strengthen investments in research and development: Initiatives aimed at
transforming waste into valuable resources-whether energy, materials, or innovative

productséATneeded to be supported and prioritized.

2. Promote technological innovation: Modern and accessible techniques for opti-

mizing waste recovery were to be adopted and widely disseminated.

3. Develop supportive public policies: Legislative and financial frameworks were
required to incentivize companies to integrate waste recovery solutions into their

operations.

4. Raise awareness and educate: Public engagement was critical, with citizens

encouraged to recognize the environmental and economic benefits of waste recovery.

The challenge was significant, but so too were the opportunities. It was believed that
by taking decisive action, Algeria could transform a problem into a valuable resource and
turn obstacles into opportunities. The country was seen as having everything necessary
to become a leader in this field, setting a benchmark for the region and the world. Stake-
holders were urged not to let this opportunity slip away, but instead to work collectively

toward building a sustainable and prosperous future for all.
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United Kingdom ~ 'fan  Spain

4% 2% 2%

Malaysia

4%
Italy

4%

Algeria
29%
India
4%

Tunisia

6%

United Arab Emirates
6%

Egypt

7% France

13%

Saudi Arabia
7% Morocco

12%

Figure 1.5: Percentage contribution in scientific publications according to Scopus database
for "date AND palm AND building AND material’ by country.

1.5 Research objectives

The primary ambition of this thesis is extending beyond mere academic inquiry; it seeks
to harness the potential of date palm biowaste, an abundant yet underutilized resource
in Algeria, transforming it into a cornerstone for the development of advanced building
materials. This exploration aims not only to improve the performance characteristics of
these materials, but also to integrate sustainability and energy efficiency into the very
fabric of construction practices. In doing so, the research aims to make a substantial
contribution to the realization of a circular economy in Algeria, a model that emphasizes
waste reduction and continuous use of resources.

This work motivated by the dual objective of environmental management and eco-
nomic innovation. It recognizes the critical need for sustainable development strategies
in the construction sector, which currently faces challenges related to resource depletion,
waste management and environmental degradation. Thanks to the innovative application
of date palm biowaste in construction materials, this study offers a new way to address
these challenges. It aims to demonstrate how this approach can not only mitigate the
environmental impact associated with traditional building practices, but also improve the
thermal, mechanical and durability properties of building materials, thereby contributing
to more energy efficient and resilient structures.

Furthermore, this research fits into the broader context of the MENA region and high-
lights Algeria’s commitment to sustainable development and green economy principles.
By exploring the potential of date palm biowaste as a resource for energy recovery and
material valorization, the thesis aligns with national and international efforts to promote

resource efficiency, waste reduction and environmental sustainability. It aims to provide
8



1.6 Work methodology

actionable insights and scalable solutions that can be adopted by policymakers, industry
stakeholders and the scientific community to foster a more sustainable construction sector
in Algeria and potentially similar semi-arid regions.

In summary, the overarching aim of this thesis transcends the mere academic explo-
ration of biowaste utilization; it aspires to drive a change in basic assumptions in the
construction sector towards more sustainable and circular practices. Through this re-
search, date palm biowaste is considered not as an end-of-life product but as a valuable
resource that can contribute significantly to the development of sustainable, efficient,
and innovative construction materials, marking a step forward in Algeria’s path towards
sustainable development and circular economy.

The co-occurrence network visualization of the keywords for the 167 relevant articles
was shown in Figure [1.6 The size of the label and the circle around each keyword was
determined by its weight, with the circle increasing in size as the keyword weight increased.
For instance, the keyword corrosion was found to have the largest label and circle size

due to its highest number of occurrences.
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Figure 1.6: Co-occurrence network visualization of keywords for the 167 relevant articles.

1.6 Work methodology

To guarantee a credible and methodical investigation, we have adopted a structured work-

ing methodology. This approach is essential for in-depth examination of a material’s
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1.7 Conclusion

attributes and its potential applicability in specialized fields such as materials science,
engineering, and environmental research. The organization and execution of the thesis
are guided by this overall methodology, ensuring a systematic exploration of the subject.

Additionally, the thesis is strategically segmented into five chapters, each designed
to build on the knowledge gained in previous sections, thereby providing a coherent and
comprehensive understanding of the subject. This structure facilitates a logical progres-
sion of ideas and findings, essential for building foundations, conducting research, and
drawing meaningful conclusions. Below is an overview of the chapters that make up the
thesis:

Chapter 1 "Introduction": summarizes the problem the research aims to solve, high-
lights challenges present in the current body of knowledge or technology, describes the
objectives of the research, and briefly describes the methodology to be used.

Chapter 2 "Literature Review": provides a comprehensive review of the literature,
discussing existing research and findings relevant to the topic of the thesis to establish
the current state of knowledge and identify gaps that the research aims to fill .

Chapter 3 "Materials and Methods": details the preparation methods of the ma-
terials used in the study, describes the experimental and testing methods, and describes
the standards and protocols followed in the research process.

Chapter 4 "Results and Discussion": presents the research findings, including data
and analyses, and then discusses these findings, providing interpretations, comparisons
with existing literature, and implications of the findings.

Chapter 5 "Recommandation and Conclusion": summarizes the main findings
and their significance, offers practical or theoretical recommendations based on these
findings, and suggests potential areas for future research to further explore or build on
the study findings.

This structured approach not only ensures the completeness of the thesis, but also
facilitates a rich understanding of the research topic, providing clarity and insight into
the methodology, analysis, and conclusions. By adopting this methodology, the thesis
aims to contribute significant and impactful knowledge to the field, highlighted by a

rigorous and systematic examination of the subject.

1.7 Conclusion

In conclusion, this chapter introduced the problem of the accumulation of biowaste and
its potential environmental, social, and economic impacts. This thesis will respond to this
challenge by studying the energy recovery potential of biowaste applied to buildings in
Algeria.
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1.7 Conclusion

This chapter: begins with an introduction highlighting the global importance of waste
management, then explores the specific challenges Algeria faces regarding the accumula-
tion of biowaste in the built environment. Ends with a description of the research objec-
tives intended to respond to these challenges, emphasizing the objective of contributing
both academically and practically to the development of sustainable solutions adapted to
the Algerian context. The following chapters will delve into the intricacies of biowaste-
to-energy technologies, assessing their feasibility and potential impact on construction
practices, with the overarching goal of fostering a more resilient and environmentally

friendly built environment in Algeria.
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Chapter 2

Literature Review

Summary

2.1 Introduction . . . . . . . .

2.2 Date Palm Tree . . . . . . . . .
2.3 Date Palm statistic . . . . . . . . ..
2.3.1 Statistics on date palm in Algeria . . . . . . . ... ... L.

2.3.2 Statistics on date palms waste . . . . . ... ...

2.4 Date palm fibre characteristics

2.4.1 Chemical properties of DPF
2.4.2  Physical Properties of DPF
2.4.3 Mechanical Properties of DPF . . . . . . ... ... ... ...
2.4.4 Thermal Properties of DPF

2.5 Composite materials reinforced with DPF . . . . . . ... ... ... ...

2.5.1 DPF reinforced polymeric composites . . . . . . . ... .. ... ..

2.5.2 DPF Reinforced Inorganic Matrix Composites . . . . . . . . . . ..

2.6 Conclusion . . . . . . .

2.1 Introduction

This chapter aims to synthesize and critically analyse the existing body of knowledge,

understand gaps, challenges, and opportunities in the application of bio-waste-to-energy

systems within the built environment. By elucidating the theoretical frameworks, method-

ological approaches, and empirical findings in relevant literature, it seeks to lay a robust
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2.2 Date Palm Tree

foundation for the subsequent chapters, guiding the exploration of energetical recovery
strategies tailored to the Algerian context. Through this comprehensive literature review,
we endeavour to contribute valuable insights that inform the development of sustain-
able, context-specific solutions for the integration of bio-waste recovery technologies in

the construction sector of Algeria.

2.2 Date Palm Tree

The date palm, with origins tracing back to 4000 B.C. in Mesopotamia, thrives in North
Africa, the Arab Peninsula, and Iran [32]. This species has a long history and a high
renewability rate. Date Palm trees (Phoenix dactylifera L.) are the largest Phoenix
class, with heights reaching above 30 m and date fruit bunch sizes of up to (10 * 40 mm),
as the figure [2.1] show.

Figure 2.1: Date palm tree (Phoenix dactylifera L.)

Date Palm (DP) tree has many branches formed at its trunk base; the DP can live up
to 100 years and over [7]. Persistent grayish leaf bases cover DP tree trunk. Its leaves are
long and have pinnate shape with a good arrangement and its fronds are needle sharp.
Every year, 10 to 20 new leaves are grown. The bases of DP leaves are surrounded by a

strong fibrous sheath [33]. Other study, said that the average, 13 leaves, 13 petioles and
13



2.2 Date Palm Tree

7 bunches are cut per date palm in the annual pruning process [I14]. These trees have
special characteristics that allow them to grow under various conditions, such as deserts
and hot environments [34]. Date palm Fiber (DPF) can be extracted from different parts
of the tree such as trunk, leaves, fronds, fruit bunch, and sheath [35].

These components have been traditionally used in a variety of applications: midribs in
construction and crate manufacturing; leaflets for making mats, baskets, and bags; coir in
crafting ropes and brooms; spadix stems for brooms and sieves; and trunks as construction
materials and furniture [7]. This rich heritage showcases the diverse and traditional uses of
date palm by-products in the Arab region, highlighting their preparation and geometrical
characteristics. as the figure 2.2 show.

LEAF ——

»
MIDRIB BASE (PETIOLE)

Figure 2.2: Date palm tree parts.
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2.3 Date Palm statistic

2.3 Date Palm statistic

Date palm is a flowering plant from the palm family, and it is widely cultivated in the
MENA [6]. The date palm tree can grow in desert environments, characterized by scarcity
of rainfall, water shortage, and extreme temperatures [25] [36].

In 2009 Alawar, said that there are more than 100 million date palm trees in the world
and each tree can grow for more than 100 years [§] this information was based on statistics
was do it in 1999. In 2010, El-Juhany estimated that there is 120 million date palms in the
world and over two-thirds are in MENA region [25], this number was confirmed in some
recent research such as [6}, [7], 34, 37, 38]. However Agoudjil in 2011, mentions that there
are approximately 105 million palm trees covering an area of 800,000 ha based on the
statistics of Food and Agriculture Organization in 2006 and it was confirmed by Jonoobi
in his review about the date palm tree [5]. In 2021, Elseify says the global population of
is estimated at 140 million date palms [39].

In 2006, world production of dates was about 7 million tons and the top 10 produc-
ing countries were Egypt, Saudi Arabia, Iran, United Arab Emirates, Pakistan, Algeria,
Sudan, Oman, Libya, and Tunisia [40]. In 2020, a scientific study conducted and cited
within the article revealed that worldwide date production has reached a total of 8.7 mil-
lion tons where the major production came from Egypt, Saudi Arabia, Iran, and Algeria
[41]. This significant figure highlights the global scale and importance of date cultivation,
underscoring its vital role in the agricultural sector and its impact on food supply chains
around the world.

Contrary to the figures cited in various scientific publications, the Food and Agriculture
Organization (FAO) of the United Nations reported in 2023 [42] (Food and Agriculture
Organization of the United Nations 2023) a more extensive utilization of land for date
palm cultivation, amounting to 960,611 hectares globally. This substantial acreage yielded
an impressive production total of 8.4 million tonnes of dates, as table shows. This
declaration by the FAO underscores the significant scale and impact of date palm culti-
vation worldwide, reflecting its vital role in the agricultural sector and its contribution to

global food supplies.

2.3.1 Statistics on date palm in Algeria

In Algeria, the valorization and study of this type of waste 'Date palm waste’ were ini-
tiated in 2004 by Kriker et al. [109]. The University of Biskra was also involved in the
development of this subject from 2010 by Prof. Adel et al. [14], and was later followed

by several doctoral theses and scientifics papers that had the opportunity to contribute
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2.3 Date Palm statistic

Table 2.1: Dates productions and area harvested statistics.

) Productions . Area harvested
Countries Countries
(tones) (ha)
Egypt 1733432,48 Iraq 278159
Saudi Arabia 1610731 Algeria 176044
Algeria 1247403,75 Saudi Arabia 156460
Iran 1030459,72 Iran 122332
Iraq 715293,32 Tunisia 77805
United Arab 397328.94 Morocco 65432
Emirates
Oman 376980 Egypt 58557
Tunisia 369000 United Arab 10739
Emirates
Libya 187870,08 Libya 34644
Morocco 137393,77 Oman 26355

Productions (tones)
1733432,48

I 137393,77

Area harvested (ha)
278159

I 26355

Figure 2.4: Dates harvest area by country.
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2.3 Date Palm statistic

to this development. From the beginning, the objective was set to develop innovative so-
lutions to improve energy efficiency, enhance the characteristics of materials, and reduce
the environmental impact of this waste. These studies not only led to significant scientific
advances but also opened up promising perspectives in terms of impact.

In 2010, El-Juhany in his work mention that Algeria contains 10.47 million of date
palm tree with a production of 500.000 tons per year [25]. Under the auspices of the
country’s agricultural policy, which steadfast ly supports this particular crop, farmers are
being actively encouraged to cultivate palm trees. This strategic initiative is designed
not only to bolster local agriculture but also to leverage the economic and environmental
potential of palm cultivation, aiming for a sustainable and profitable future in the sector.
According to the direction of the agricultural services of Biskra region (Algeria), the
number of palm trees exceeds 15 million in Algeria, last decade, reported by Almi [13].

Sevral studies highlight that Algeria has experienced a significant surge in date palm
cultivation, with an impressive increase of 18 million trees [43, [44]. This exceptional
expansion emphasizes the nation’s resolute commitment to broadening its agricultural
horizons and fortifying its standing within the international date palm industry. By
achieving a milestone of 20 million date palms [45] [46], the country not only showcases
its agricultural prowess but also sets a new benchmark in the global market, signaling its
potential as a leading date palm producer.

Recent data underscores Algeria’s position as a leading force among the world’s top
three producers and exporters of dates, as table 2.1 shows, boasting a substantial yield of
1.24 million tons harvested from 176,044 hectares. This impressive output is supported by
an expansive grove of over 21.8 million date palm trees. These statistics, sourced from the
FAO of the United Nations [42], highlight Algeria’s pivotal role in the global date market

and its significant contribution to agricultural - excellence on an international scale.

2.3.2 Statistics on date palms waste

Many study estimated that 1.13 million tonnes of date palm waste are produced each
year worldwide [43], 47, 48]. Other studies have estimated the total annual date palm
waste at approximately 1.91 million tons including over than 1 200 000 tons of petioles,
410 000 of leaves and 300 000 of bunches [14, 43| [49]. Conversely, Elseify asserts that the
global production of date palm waste amounts to 4.8 million tonnes of green by-products
annually [39].

Date palm tree can produce annually large number of natural fibers that can be utilized
in different industries. Based on research and surveys aimed at quantifying the annual
palm waste production, several regions have been examined in depth, revealing significant
results such as in Saudi Arabia 35 kg [50], in Malaysia 20 kg [34] 51], in Algeria (Biskra)
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2.4 Date palm fibre characteristics

47.57 kg [13], in Algeria (El-Oued located) 40 kg [10], in Iran 34 kg [52] 53], in Egypt 26
kg [6, 54] and, also in Egypt 54 kg [55].

The study conducted by Agoudjil et al. [I4] and his team reveals that, on average,
each date palm annually generates 13 leaves and petioles, and 7 bunches, resulting in
an estimated production of approximately 210,000 tonnes of date palm petioles, 73,000
tonnes of leaves, and 52,000 tonnes of bunches in Algeria alone. This investigation has
been validated and cited by several works such as |11, 43| 146, 48] 49, [56]. Another survey
of farmers and agricultural organizations in the Biskra region by Almi estimated that
each tree produces approximately 47.57 kg of palm residue per year. This quantity is
composed of 28.7% leaflets, 27% rachis, 23.9% petioles, 6.3% fibrils, 5% spathes, 4.9%
clusters, 3.3% pedicels and 0.8% thorns [13].

Therefore, estimates of the total waste from these various components vary signifi-
cantly, with some studies, such as those by [I1, [15] , suggesting a figure of 800,000 tonnes,
while other research, like that by [57], indicates a lower estimate of 200,000 tonnes annu-

ally in Algeria alone.

Table 2.2: Date Palm waste statistics.

Date palm parts | Percentage of waste (%)
[14] | [13] | Present work

Palm midribs - 27 26.2
Palm leaflets 21.46 | 28.7 26.5
Spadix stems - 5 5.2
Petiole 62.82 | 23.9 30.2
Bunches 15,52 | 4.9 7.1
Mesh - 6.3 4.8

2.4 Date palm fibre characteristics

Many researchers from the MENA region and beyond have conducted studies on the char-
acterization of date palm waste. These efforts aim to better understand its components

and optimize its utilization in suitable applications [58] [59].

2.4.1 Chemical properties of DPF

Several studies focus on the chemical properties of different parts of the DP. The chemical

components and properties of the DP have been analyzed using various methods. All
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2.4 Date palm fibre characteristics

previous research indicates that the date palm is primarily composed of cellulose, hemi-

cellulose, and lignin, with varying concentrations depending on the specific part stud-

ied. These studies employ characterization techniques such as spectroscopy, X-ray, and

infrared methods to identify the presence of cellulose, hemicellulose, and lignin. Specifi-

cally, methods like Energy Dispersive X-ray Spectroscopy (EDS/EDX), X-ray Diffraction
(XRD), and Fourier Transform Infrared Spectroscopy (FTIR) [10, 1T, 59, [60] have been

utilized to confirm the existence of these components. Additionally, various studies have

employed multiple chemical analysis techniques to determine the values and levels of cel-
lulose, hemicellulose, and lignin in each part of the DP. The table summarizes these

quantities.

Table 2.3: The concentration of cellulose, hemicellulose, and lignin in date palm compart-
ments according to previous work.

Date palm parts | Cellulose (% wt.) | Hemicellulose (% wt.) | Lignin (% wt.) | References
Date palm fibre 26.92 43.21 27.42 [61]
leaflet 39.23 28.41 20.05 [62]
Midribs 46.41 25.89 - 163]
Seeds 24.75 25.03 30.55 [64]
Seeds 23.9 £0.1 26.8 £0.1 21.6 £0.1 [65]
Mesh 32-35.8 24.4-28.1 26.7-28.7 [66]
Mesh 39.7-40.2 22.3-21.9 19.4-17.7 [67]
Fibrillum 50.6 1.3 8.1 0.3 31.9 +£1.3 [68]
Leaflets 29.7 +1.3 23.3 +1.2 11.6 +£1.3
Rachis 39.8 +£0.9 31.4 +3.2 14.0 +0.9
Leaf sheath 34.0 £0.7 28.9 1.8 18.2 £0.7
Leaf stalk 35 15.4 20.1 135
Bunch stalk 44 26 11
Leaf sheath fibe 43.50 24 18
Trunk 40 9.75 29.5
Mesh 43.71 18.66 29.43 6]
Rachis 39.93 26.48 25.20
Leaflets 40.21 20.05 25.19
Midribs 45.66 25.65 28.85
Trunk 36.02 32.45 25.90
Average DPF 41.1 24.66 26.91
Petiole 33.79 20.44 26.03 [13]
Rachis 41.42 19.35 33.00
Thorns 35.05 21.17 30.10
Leaflets 38.58 20.05 28.57
Bunch 39.82 20.68 29.97
Pedicels 33.29 21.15 27.64
Spathe 42.48 19.10 28.27
Fibrillium 43.94 21.68 27.80
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2.4 Date palm fibre characteristics

2.4.2 Physical Properties of DPF

The physical properties of DPF, such as density, moisture content and porosity, play a
crucial role in many industrial and domestic applications. The density of a fiber, has sig-
nificant implications. Low-density fibers are preferred in weight-sensitive applications like
aerospace and automotive industries. They also serve as excellent thermal and acoustic
insulators, trap more air, and are more comfortable and manageable in textiles.
Moisture content and porosity are crucial factors affecting fiber performance. Mois-
ture content, the amount of water in fibers, influences their mechanical properties, with
some fibers becoming stronger when wet and others becoming brittle. High humidity can
promote mold and bacteria growth, reducing durability. The porosity, is vital for ab-
sorbing and retaining liquids, important for filters and absorbent fabrics. High porosity
improves insulating properties and air circulation, enhancing comfort by allowing sweat
to evaporate. Additionally, various studies have used several techniques and standards to
determine the density, moisture and porosity in each part of the DP. Table 2.4 summarizes

these properties.

2.4.3 Mechanical Properties of DPF

The mechanical properties of date palm fibers, particularly tensile strength and Young’s
modulus, are crucial to their performance and suitability in various applications. Tensile
strength measures the maximum stress a material can withstand while being stretched or
pulled before breaking, indicating the fiber’s ability to withstand tension forces. Young’s
modulus, on the other hand, quantifies a material’s stiffness or resistance to deformation
under tension, providing insight into its structural integrity.

By incorporating DPF with desirable mechanical properties into composite materials,
engineers can create lightweight yet strong structures suitable for various applications, in-
cluding construction,components, and aerospace engineering. Additionally, various stud-
ies have used several techniques and standards to determine the tensile strength and

young’s modulus in each part of the DP. Table summarizes these properties.

2.4.4 Thermal Properties of DPF

The thermal properties of DPF, such as thermal conductivity, heat capacity and heat
resistance, play a crucial role in their use in various applications. The thermal properties
of natural fibers, in general, largely determine their effectiveness and comfort in various
applications. Understanding and optimizing these properties helps maximize the benefits

of natural fibers in products ranging from textiles to building materials and beyond. In
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2.5 Composite materials reinforced with DPF

Table 2.4: The physical properties of date palm waste according to previous work.

Date palm parts | Density (Kg/m3) | Moisture (wt.%) | Porosity (%) | References
Mesh 121 +5 - - 69]
Mesh 121 £3 387 £2 88.5 £2.4 I70]

Stem fibe 917 - - 7]

Date palm fibe 900-1200 - - [34]

Date palm fibe 600 - 700 5.6 - [71]

Date palm fibe 920 - - [72]

Date palm fibe 1088.81 75 - [73]
Leaflet 1010.7 - 18.5076 I74]

Petioles 190 - - [75]
Leaflets 710 £38.80 8.33 - [62]
Seeds 644 - - [41]
Bunch 341-380 - - 4]
Petiole 187-276 - -
Fibrillum 979 9.1 £0.9 - 63
Leaflet 1011 5.9 £0.7 -
Rachis 984 7.5 £1.4 -
Leaf sheath 881 8.8 £1.1 -
Petiole 160 146 81.52 [13]
Rachis 635 36.88 15.44
Thorns 431 83.85 39.8
Leaflets 411 96.6 50.6
Bunch 5955 63.2 32.8
Pedicels 425 73.78 43.25
Spathe 328 130.83 63.43
Fibrillium 209 115.11 73.41

addition, few studies have focused on the thermal properties of DPF. Table[2.6]summarizes

these studies with their results.

2.5 Composite materials reinforced with DPF

Several studies have been conducted to characterize date palm waste to better understand
its properties. This research aims to properly valorise the waste and identify suitable
matrices for its use as a reinforcement material. According to the literature, date palm
waste has enormous potential to be used as reinforcement in several matrix [60]. From
the results obtained from the literature, physical properties [13| 34} [7T], [72], [74], [75] [76]
show that palm waste can improve the lightness, porosity and water absorption of the
composite.

In terms of mechanical properties |8 [73] [77, [78], the DPF can improve the flexural,

compressive and flexural properties of the composite due to its tensile strength and young
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2.5 Composite materials reinforced with DPF

Table 2.5: The mechanical properties of date palm waste according to previous work.

Date palm parts | Dimension Tensile Young’s | References
(mm) strength modulus
(MPa) (GPa)
Date palm fiber - 5567 - [1]
Date palm fiber 0.11 275 8.45 18]
Date palm fiber - 107.36 - [73]
Date palm fiber 0.11 58203 27.5 [34]
Stem fibe - 60275 212 [76]
Mesh 0.72—0.85 102 £8 5.5 +0.4 [77]
Petiole 0.53—0.71 212 £2 8.9 £0.8
Rachis 0.42—0.58 388 £8 204 £1.2
Bunch 0.14—0.19 545 +11 5.0 £1.5
Petiole 0.4—1 90 7 [13]
Rachis 0.6—0.75 213 8.5
Thorns 0.7—-0.73 95.35 3.87
Leaflets 0.35—0.9 100.12 4
Bunch 0.3—0.5 113.95 4.33
Pedicels 0.63—0.77 86 3
Spathe 0.43—0.51 120.5 5)
Fibrillium 0.5—0.8 90 3.66

Table 2.6: The thermal properties of date palm waste according to previous work.

Date palm parts | Thermal conductivity | Thermal diffusivity | References
(W/m.K) (m2.s71)
Mesh 0.033 +0.002 1.41 £0.02 [69]
Mesh 0.033 +0.002 - [70]
Date palm fiber 0.083 - [51]
Leaflet 0.1492 - [74]
Petioles 0.081—0.093 0.590—0.598 [75]
Bunch 0.046 £0.003 1.65 +0.10 [14]
Petiole 0.042 +0.003 2.16 £0.15

modulus. While at the base, the waste of the date palm is wood in nature, and it is
characterized by insulation and non-conductivity |14} [69, [74] [75], however these properties
improve thermal insulation. It is for this reason that several researchers have carried out

research on the effect of DP on several types of matrices.

2.5.1 DPF reinforced polymeric composites

Petroleum-based plastic (PBP) matrices, encompassing both thermoset and thermoplas-

tic polymers, have undergone comprehensive scrutiny as matrices in the advancement of

Diesel Particulate Filter (DPF) composites. Several thermoplastics, such as polyethylene
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2.5 Composite materials reinforced with DPF

(PE) [61], [79], polypropylene (PP), thermoplastic starch (TPS), and polyethylene tereph-
thalate (PET) [80], have been employed as the thermoplastic polymeric matrix for DPF
composites. In contrast, thermoset polymeric matrices for DPF composites have encom-
passed materials like polyepoxy, polyester resin [? |, and epoxy resin [61], [74], R1], [82].
Furthermore, it was reported that utilizing DPF with hybrid polymer matrices could
enhance the beneficial desired characteristics of the composites such as the tensile strength
and modulus, flexural strength and modulus, and thermal properties [81], 83, 8477 |. This
demonstrates the effectiveness and competitiveness of DPF as a natural fibre [23] rein-
forcement to be utilized in developing different composites for a wide range of industrial
applications [34]. Table summarize the previous research on using both thermoplastic

and thermoset polymers as matrix with DPF.
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Table 2.7: DP reinforced by thermoplastic and thermoset composite.

. Date palm Concentration . . Chemical Optimal
Polymer matrix parts (%) Processing technique treatment fibre (wt%) References
Extrusion and injection Ethanol:

Polypropylene Leaf 27.39.29.19 moulding Toluene / I85]
© RPP Date palm 20 Extrusion anc} injection Not treated 30 I84]
*:(g fiber moulding
e R-PET Leaf 5, 10 and 15 Extrusion and injection 5% NaOH 15 I80)]
= moulding
3 RLLDPE | Wood powder | (10 to 70) Melting mixing and Not treated 70 [79]
ﬁ compression moulding

. 20, 40, 60 and . . 5% NaOH + 5%
TPS Spadix stem 20 Compression moulding acetic acid 50 [86]
RHDPE + Extrusion and injection
RLDPE + RPP Leaf 20 moulding Not treated 20 [79]
Leaflet flour Extrusion and compression
LLDPE Leaf flour 45,60 and 70 | COHP Not treated 45 I87]
. moulding
Rachis flour
10, 20, 26, 30 Meltin mixing and . :
PVP Leaf and 40 injection moulding Acrylic acid 26 I88]
TPS Spadix stems 20 Compression and moulding 5% NaOH 50 [89]
TPS Mesh 70, 75 and 80 | Compression and moulding 5% NaOH 50 [90]

Add Y¥m podJojurad sferidjeut ajisoduio)) g'g
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Thermoset

Polyester resin

. . o
(8120TEC) Mesh 6, 7, 8,9 and 10 | Compression and moulding NaOH 9 17 ]
Polyester resin . .
(8120TEC) Mesh 6, 7, 8,9 and 10 | Compression and moulding NaOH 9
Polyester resin | Seed powder 5 10, 1;5 20 and Compression and moulding Not treated / [o1]
Epoxy resin Mesh 35 Hand lay-up technique / 35 [92]
Polyester resin
hardened
(methylethyl Mesh 40 Hand lay-up technique Alkalin and acid 40 [93]
keton peroxide
mekp)
Polyester resin . NaOH and
(siropol 7440) Frond (10 to 70) Hand lay-up technique <ilane 20 [94]
Epoxy resin
hardened Leaf 50 Hand 1 techni Not treated 50 I35]
Jointmine ea and lay-up technique eate
905-3S
Epoxy resin Stem 5, 10 and 15 Hand lay-up technique / / [95]
Fpos o 0 et v
Leaf 10, 20 and 30 Hand lay-up technique aceton, ethanol 20 [96]
(FY951) + and NaOH
Eglass fiber
Soxhlet
Epoxy resin Leaf 17 Contact Method extraction 17 [07]
anhydrides
Epoxy resin Stem 40, 50 and 60 Mechanical stirring / 50 I76]

(D.E.R 331)
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2.5 Composite materials reinforced with DPF

2.5.2 DPF Reinforced Inorganic Matrix Composites

DPF has been used in different cementitious composites, such as concrete and mortar as
reported by several studies. Other DPF reinforced composites are gypsum and clay bricks
composites. The construction industry significantly impacts the environment and con-
tributes to climate change by using large quantities of materials that produce greenhouse
gases (GHQG), leading to ozone layer depletion [98, 99]. Ordinary Portland cement (OPC)
mortars are the most widely used construction materials globally, recognized for their low
cost, broad applicability, and availability [I00]. However, conventional concrete and OPC
cementitious materials have drawbacks such as quasi-brittle characteristics, high compres-
sive strength, low tensile strength, and poor crack resistance [T0T], 102, 103]. To address
these issues and enhance tensile strength and durability properties like thermal shock and
fatigue resistance, fiber reinforcement is implemented [100], [104] [105] 106, 107, [108].
Various natural and synthetic fibers are used to restrict crack growth in concrete and
OPC materials. Notably, significant efforts have been made to investigate DPF (date
palm fiber) as reinforcement for concrete and OPC mortars due to its mechanical prop-
erties, abundant availability, low cost, low density, minimal health hazards, processing
flexibility (resulting in less machine wear), and the goal of reducing landfill deposits when
harvested sustainably [I08], 109, 110}, T11]. Additionally, DPF has been explored as rein-
forcement in other construction materials, such as clay, gypsum, and asphalt composites,
like OPC/concrete composites. However, most work remains in laboratory studies and
has yet to reach commercial production. This section summarizes the current research on
the effects of DPF as reinforcement in cementitious, clay, gypsum, and asphalt compos-
ite fabrication. Table summarize the previous research on using cement, plaster and

gypsum as matrix with DPF.
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Table 2.8: DP/cementitious composites (cement, plaster and gypsum).

Date palm part Matrix Concentration (%) Dimensions (mm) Application area References
Rachis and petiole Hemihydrate 0,1.2,3,5, 7, 8 and 3 and 8 Thermal ‘1n§u1at10n in [TT21 [173]
gypsum 10 buildings

Leaflets Gypsum 0,1,3and 5 0.5,1,and 1.5 Building sectors [29]
Leaf sheath Gypsum 0,2, 4,6,8and 10 50 to 300 Building sectors [7T]
Trunk wood Gypsum 0,2, 5, 8 and 10 0.7 to 1.1 Thermal .mS..ulatlon i [114]
buildings !
0, 21, 27, 31, 35, 48 Diameters (0-0.7) Thermal insulation in ;
Mesh Cement and 51 lengths (50-60) buildings 70,
0, 21, 27, 31, 35, 48 Diameter (0-0.7) Thermal insulation in )
Mesh Cement and 51 Length (20-50) buildings 169,
. Thermal insulation in ;
Fiber Gypsum 0, 5, 10, 15 and 20 / buildings [115]
Fiber Cement 0, 15, 23 and 62 / Construction of buildings [116]
Mesh Cement 0, 2,4, 6,8 and 10 7 to 10 Construction of buildings [117]
Mesh Cement 0, 15, 23 and 62 Diameter 3 Length 5 Construction of buildings [49]
Fiber Lime 20, 35 and 50 0.063 to 5 Construction of buildings [48]
Fiber Plaster 0.5, 1, 1.5 and 2 10, 20, 30 and 40 Construction of buildings [118]
Leaflet Cement 0, 6, 12, 18, 24 and 30 7 Thermal ‘1ns.ulat10n i [119]
buildings !
Rachis and petiole Cement 0, 5, 10 and 15 Diameters (0-3) Construction of buildings [44]
& > lengths (0-5) & ,
Mesh Cement 2 and 3 15 and 60 Construction of buildings [109]
Midribs Cement 2 and 3 15 and 60 Construction of buildings [63]
Leaves Cement 0.5, 1 and 2 0.7-4 Construction of buildings [103]
Petiole and Rachis Cement % 10, 15’3%0’ 25 and 3 and 6 Construction of buildings [120]
Plaster and Diameters (200-300) Thermal insulation in .
Mesh cement 1,2,3 4and5 lengths (300-500) buildings 1L,
Date palm fiber Cement 0,1,2and 3 Diameters (0.02 - 0.1) / [121]

lengths (20 - 30)
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2.6 Conclusion

2.6 Conclusion

In conclusion, this literature review chapter has provided a comprehensive overview of the
existing body of knowledge surrounding the "Energetical Recovery of Bio-waste Applied
to Buildings in Algeria." The synthesis of literature has illuminated key themes and
challenges in the broader context of waste management, renewable energy, and sustainable
construction practices, setting the stage for a focused inquiry into the Algerian landscape.

Furthermore, by examining specific studies related to biowaste recovery and its appli-
cation in the construction sector, the literature review underscored the need for tailored
solutions that account for the unique socio-economic and environmental characteristics of
Algeria. The varied methodologies and outcomes presented in the reviewed literature have
provided valuable insights, laying the groundwork for the subsequent empirical investiga-
tions and analyses in this thesis. As we transition to the empirical chapters, the knowledge
synthesized from the literature review serves as a guidepost, informing the design of re-
search methodologies and shaping the investigation into the feasibility and effectiveness of
energetical recovery approaches for biowaste in the Algerian built environment. Through
the lens of this literature review, we aim to contribute not only to the academic discourse
but also to the practical implementation of sustainable and context-specific solutions for

biowaste utilization in the construction sector of Algeria.
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3.1 Introduction

3.1 Introduction

This chapter is dedicated to detailing the methodologies and materials employed in our
investigative journey. The focus of this study is two-fold: firstly, to explore the potential
of date palm leaflet, a prevalent biowaste in Algeria, as a sustainable building material;
and secondly, to examine its synergistic application with gypsum to form an innovative
composite material.

These endeavours are grounded in the broader context of enhancing energy efficiency
and sustainability in building materials, which is of paramount importance in the face of

global environmental challenges.

3.2 Studied Materials

Based on the literature review, the recent statistics, governments policy objectives and
analysis of resources regarding the characteristics, availability, and application areas of
date palm waste, and in line with our goal to enhance construction materials through the
utilization of these by-products.

After thoroughly analysing the data presented in these articles, it becomes evident
that the midribs and leaflets constitute the most discarded components of the date palm.
Table 1 summarizes the percentages of palm waste during a year in different countries.
These parts are often deemed the least useful in terms of practical applications. In this

current study, we have specifically focused our attention on the leaflets of the date palm.

3.2.1 Date palm leaflet (DPL)

The date palm component investigated in this study was obtained from leaf debris, par-
ticularly leaflets [3.1] served as the raw material for this work of art. Harvested in the
geographic regions of Tolga and Biskra in Algeria, these trees have special characteristics
that allow them to grow under various conditions, such as deserts and hot environments
[34].

The leaves of the date palm are long and pinnate with a good arrangement and its
leaflets are sharp. Every year, 10 to 20 new leaflets grow. The rachis of date palm leaves
is surrounded by a strong fibrous sheath [33]. With the aim of utilizing date palm by-
products, this research efforts focused on the Deglat Noor and Mch Deglat variety, which

has the greatest diversity in this area.
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3.2 Studied Materials

Figure 3.1: Date palm leaves.

3.2.2 Composite Material (Gypsum/DPL)

3.2.2.1 Gypsum

Gypsum plaster, extensively used in building construction as a wall coating and for roof-
ing ceilings, enjoys global popularity due to its unique properties like malleability and low
density. This material is produced by extracting and heating gypsum at a high temper-
ature of 150, as outlined in equation [122]. When mixed with water, gypsum plaster
forms a soft paste after setting, offering greater workability compared to cement mortar.
Despite its advantages, the low thermal properties of gypsum plaster have been a focal
point in research. Numerous studies aim to enhance its thermophysical properties by in-
tegrating natural and ecological additives. Among various reinforcements, glass and sisal
fibers have emerged as the most prevalent [123]. The gypsum plaster used in this investi-
gation aligns with these research trends, chosen for its compatibility with such additives

to potentially improve its application in construction [6], 114, 1T5].

20@04.4H20 + Heat — 20@504]‘]20 + 3H20 (3].)

The ratio of water to gypsum (w/g) has the potential to range from 0.4 to 0.8 during
the mixing procedure, or conceivably even surpass these values. As water is combined with
the powdered form of gypsum, it undergoes a conversion and is transformed into gypsum.
The gypsum used in this study was obtained from the GNMC company in Biskra city
in Algeria . It is combined with water at a mass ratio of 0.6. The findings of the
research suggest that the density of this specific gypsum is 995.89 Kg/m3, which is the

same as a thermal conductivity of 0.8 W/m?K.
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3.3 Study Processes

Figure 3.2: Gypsum of GNMC company in Biskra.

3.3 Study Processes

The research methodology adopted in this study, as detailed in Chapter One, and illus-
trated in figure [3.3] centres on the comprehensive characterization of the material under
scrutiny, specifically date palm waste. This initial step is crucial before integrating the
waste as reinforcement into either a known or a new matrix. The characterization process
of the date palm is segmented into three distinct phases: morphological, physicochemical,
and thermal analysis. The decision to use gypsum as a binding material was influenced
by its compatibility with the inherent properties of the date palm.

The selection of a water-to-powder ratio (W/P) of 0.6 was informed by recommen-
dations from previous studies, with the intention of employing this composite material
in construction and insulation applications. Granulometric analysis involved determin-
ing the most common particle sizes in the date palm leaflet post-grinding process of the
leaflets.

Furthermore, the investigation into the gypsum/date palm leaflets composite was ex-
ecuted through thorough experimental tests and analyses, emphasizing the variation in
concentrations and particle sizes of the date palm leaflet powder to evaluate its effects on

the composite material’s properties.
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3.4 Characterizatino of the DPL
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Figure 3.3: Studying process.

3.4 Characterizatino of the DPL

3.4.1 Preparation of the raw material

Date palm leaves were selected and collected from various oases and date palm varieties in
the city of Biskra, Algeria. Two categories of date palms were selected (Deglat Noor and
Mch Deglat) from three different sites to study their leaf remains. Bouchagroune Oasis,
Mekhadma, and Lichana are known worldwide for their exceptional dates production.

Sixth sample set consists of Deglet Noor Bouchagroune (DN -B), Deglet Noor Mekhadma
(DN -M), Deglet Noor Lichana (DN -L), Mch Deglet Bouchagroune (MD -B), Mch Deglet
Mekhadma (MD -M) and Mch Deglet Lichana (MD -L). The types, regions, and data for
the date palm leaflets samples used in this study are tabulated in Table

The leaflet was separate from the midribs, we washed the leaflets and dried them at
a temperature of 40 °C to eliminate the water contained. The leaflets were crashed with
a grinder after being properly dried, as you see in the figure After being ground, the

powder was finally sent through an automatic sieve to separate the different sizes. Our
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3.4 Characterizatino of the DPL

raw material were prepared by the method followed by Kethiri et al. [58].

Figure 3.4: Date palm Leaflet powder after grinding and sieving

Table 3.1: Samples names and their category.

Type of wood Region Category | Abbreviation
Date palm leaflet | Bouchagroune | Deglat Noor | DPL-DN-B
Mch Deglat | DPL-MD-B

Mekhadma | Deglat Noor | DPL-DN-M

Mch Deglat | DPL-MD-M

Lichana Deglat Noor | DPL-DN-L

Mch Deglat | DPL-MD-L

3.4.2 Density of DPL

The study focuses on measuring the density of date palm fibre powder, a crucial aspect for
its industrial application. This measurement will follow ASTM C642-13 [124], a standard
for determining the density and specific gravity of plastics by displacement, applicable for
solid materials including powders.

The aim is to accurately determine the bulk and true density of the powder, essen-
tial for understanding its properties for use in composite materials, thermal insulation,
and filtration systems. Adhering to this standard will provide detailed insights into the

physical properties of date palm fibre, enhancing its potential in various applications.

3.4.3 Mercury Intrusion Porosimetry (MIP)

The research uses Mercury Intrusion Porosimetry (MIP) to assess the pore structure of
date palm leaflet, focusing on pore size distribution, volume, and surface area. The study

adheres to ASTM D4404-18 [125], ensuring accurate porosity measurements.
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3.4 Characterizatino of the DPL

The aim is to understand the porosity characteristics of the powder, important for
applications in filtration, adsorption, and material science. By following this ASTM
standard, the research aims to provide detailed insights into the microstructural porosity

of the powder for various industrial and research uses.

Figure 3.5: Porosimetry.

3.4.4 Scanning Electron Microscopy/Energy Dispersive X-Ray
Analysis (SEM /EDX)

These two techniques are often used together in a single instrument, 3.6, SEM provides
detailed images of the surface morphology, while EDX adds the capability of elemental
analysis. This combination is particularly powerful for investigating the microstructure
of materials, understanding defects, and analysing foreign materials in failure analysis,
quality control, and research settings. In practical terms, the SEM provides a high-
resolution image, and the EDX gives the elemental composition of the specific points,
lines, or areas in that image. This combination allows for a comprehensive understanding
of both the structure and composition of the sample at a microscopic level.

In this study, Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spec-
troscopy (EDX) are used to analyse the microstructural and elemental composition of date
palm leaflet. SEM will visualize the surface morphology, while EDX will quantify and map
the elements, adhering to the same standard. This combined approach aims to provide
a detailed understanding of the material’s microstructure and elemental distribution, es-

sential for material science applications. Adherence to ASTM standards [126] ensures the
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3.4 Characterizatino of the DPL

study’s quality and reproducibility, making it a reliable method for characterizing similar

bio-based materials.

Figure 3.6: Scanning electron microscope

3.4.5 X-Ray diffraction analysis (XRD)

This research focuses on characterizing the crystalline structure and phase composition
of date palm leaflet through X-Ray Diffraction (XRD) analysis, strictly following ASTM
standards. The goals are to identify and quantify the crystalline phases, analyse lattice
parameters, and detect structural irregularities, adhering to ASTM E1777-96 2018 [127]
for particle size accuracy. This methodical approach ensures reliable and precise XRD re-
sults, which are anticipated to offer significant insights into the microstructural properties
of the date palm leaflet. These findings could impact its use in biomaterials, pharmaceuti-
cals, and food technology, setting a standard for analysing crystalline materials in similar

studies.

Figure 3.7: X-Ray diffractometer
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3.4 Characterizatino of the DPL

3.4.6 Fourier Transform Infrared Spectroscopy (FTIR)

This study uses Fourier Transform Infrared Spectroscopy (FTIR) to analyse the molec-
ular composition and functional groups in date palm leaflet, following ASTM E1252-98
2018 standards [I28]. The objective is to identify specific bonding structures and organic
compounds, enhancing understanding of the material’s chemical interactions and proper-
ties. This methodology ensures accurate, reproducible results, offering insights into the
chemical makeup of the powder for applications in food science, pharmacology, and ma-
terials engineering. Adhering to these ASTM protocols ensures rigorous analysis, crucial

for understanding the material’s molecular structure and its practical applications.

Figure 3.8: Fourier Transform Infrared Spectroscopy instrument

3.4.7 Thermogravimetric analysis (TGA)

This study employs Thermogravimetric Analysis (TGA) to examine the thermal stability
and composition of date palm leaflet, focusing on weight loss, decomposition temperatures,
and residual mass. The analysis adheres to ASTM E1131-20 2020 [129] for temperature
calibration and data interpretation, and for compositional analysis. This approach aims to
understand the material’s thermal degradation and stability, with potential applications
in biodegradable materials, thermal insulators, and food packaging. Following these stan-
dards ensures precise and dependable TGA results, making the study a valuable reference

for thermal analysis in this field.
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3.5 Characterization of the Composite Material (Gypsum/DPL)

Figure 3.9: Thermogravimetr instrument

3.5 Characterization of the Composite Material (Gyp-
sum/DPL)

3.5.1 Granulometry

The studied DPL recovered from three different regions in Biskra is dried with natural
solar drying and, after, is ground to have small aggregates. A series of tests are conducted
to determine the particle size distribution. The results discussed below are an average of
fourth measurements. The particle size distribution is determined by the sieving method
according to the French standard 18-560 (NF P18-560 1990) [130].

The result of the distribution size analysis, granulometry, is shown in figure The
particle size distribution ranges from 0.125 mm and 1.5 mm. Figure [3.10] shows that
the proportion of DPL particles between 0.125 and 0.25 mm is less than 40%. On the
other hand, the proportion of particles between 0.5 and 1.5 mm is more than 85%. The
diameters of 0.5, 1, and 1.5 mm represent the dominant part of the date palm leaflet. This
result is an important feature of the DPL to see the percentage of each particle size to
better choose the range in which we study. Also, to see the effect of particle size variation

on the behaviour of the material.

3.5.2 Preparation of the composite material

During our preparation of the samples, we took into consideration the American stan-
dards (ASTM (C28/C28M-10 2015) [I31] and several parameters that can influence on
our results. We set the water/gypsum ratio to 0.6 that was used by [112, [1T3], TT5] 118].
Also Al-Rifaie and Al-Niami [71] said that the w/g = 0.6 gives the best results in terms

of composite properties. But on the other hand, we have varied in the dimensions of the
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Figure 3.10: DPL size distribution.

diameters of the powder and on the mass fraction of the powder in the mixture [26], 27].
For the dimensions we have chosen 0.5, 1 and 1.5 mm according to the particle size test in
figure 2.2 above. Because this interval represents 90% of the crushing fibre. And for the
gypsum/DPL ratio we used the following fractions 0, 1, 3, and 5% for each dimension.
Mixing of the slurry followed by electrical mixer of mortar TC-MX 1400-2 E (1400
W, Electronic dimmer, Lockable switch, Soft start, Solid tool holder; with mortar mixing
paddles plaster, concrete, cement, paint 100 mm x 600 mm. Precautions were taken
to ensure homogeneity and complete compaction by a vibrating Tab. Date palm fibers
were added to the plaster slurry after the gypsum had first been premixed with water to
remove the fibers in the specified quantities. All mixing was done with tap water and at
a temperature of 24 °C. The setting time was not altered by the application of a retarder

or adjuvant.

3.5.3 Density & porosity

In our research, we focus on determining the density and porosity of a gypsum/date palm
fibre composite building material. The objective is to calculate the material’s density
using the standard ASTM C642-13 [124], which provides a method for the accurate mea-
surement of density and specific gravity of solid materials. This will allow us to assess the
composite’s overall mass-to-volume ratio, a crucial factor in its structural and physical

properties.
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3.5 Characterization of the Composite Material (Gypsum/DPL)

Table 3.2: Specimens names and their category.

Concentration (wt. %) | Dimension (mm) Names

0 - Reference

1 0.5 G-DPL-1-0.5
1 G-DPL-1-1
15 G-DPL-1-1.5

3 0,5 G-DPL-3-0.5
1 G-DPL-3-1
15 G-DPL-3-1.5

5 0.5 G-DPL-5-0.5
1 G-DPL-5-1
5 G-DPL-5-1.5

For porosity, we aim to employ mathematical calculations based on the volume and
mass data obtained, in line with principles outlined in relevant ASTM standards. This
method will enable us to estimate the void fraction within the composite, which is vital
for understanding its insulation properties and overall performance in building construc-
tion. By adopting these standards and mathematical approaches, we intend to provide
a comprehensive analysis of the physical characteristics of the gypsum/date palm fibre

composite, essential for its application in sustainable and efficient building designs.

3.5.4 'Water absorption

Water absorption tests play a vital role in evaluating the durability, suitability, and per-
formance of composite materials, including our gypsum/DPL material. This test involves
immersing a specimen of the material in water for a specific duration and then measuring
the quantity of water absorbed. Regulatory and industry bodies, such as the American
Society for Testing and Materials (ASTM), often specify the standard procedures for this
test. For instance, ASTM has formulated several standards, including ASTM C642-13
[124], which outlines the general process for water absorption tests of composite materials.

Before conducting the water absorption experiments, the composite specimens under-
went desiccation at a temperature of 65 °C for seven days, until they attained a state
of equilibrium in weight. Subsequently, the composite materials were subjected to an

assessment of their water absorption capacity on days 7, 14, and 28.

3.5.5 Mechanical test

In our study, we aim to assess the mechanical performance of a composite material made
from gypsum and date palm fibre, with a particular focus on its compression and flexural

strength. These properties are crucial indicators of the material’s structural integrity and
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suitability for use in construction. To evaluate the compression strength, we will adhere to
ASTM C109/C109M-20 [132], which outlines the procedures for evaluating the compres-
sive strength of hydraulic cement mortars using 2-inch cube specimens. This standard is
essential for understanding how the composite material behaves under compressive loads.

For the flexural strength assessment, we will follow ASTM D790 [I32], the standard
test method for flexural strength of hydraulic-cement mortars. This will provide insights
into the material’s ability to withstand bending stresses. The results from these tests will
be crucial in determining the practical applications of the gypsum/date palm fiber com-
posite in building construction, offering a sustainable alternative to traditional building
materials. By utilizing these ASTM standards, our study aims to provide a comprehen-
sive evaluation of the composite’s mechanical properties, contributing to the development

of more sustainable construction materials.

Figure 3.11: Instron machine for Mechanical test.

3.5.6 Thermal conductivity

In this research, we focus on evaluating the thermal properties of a gypsum/date palm
fibre composite, specifically its thermal conductivity and calorific power. Understanding
these properties is essential for determining the material’s efficacy as an insulator and
its energy efficiency in building applications. To measure thermal conductivity, we will
utilize ASTM C518-21 [133], a standard that provides a method for determining steady-
state thermal transmission properties. This test will allow us to assess how effectively the
composite conducts heat, a crucial factor in its insulation performance.

This standard outlines the procedure for determining the gross calorific value of refuse-
derived fuel by the bomb calorimeter method. By applying these ASTM standards, we

aim to comprehensively characterize the thermal behaviour of the gypsum/date palm
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fibre composite. The results will provide valuable insights into the material’s potential as
a sustainable and energy-efficient building material, contributing to the development of

environmentally friendly construction practices.

3.6 Conslusion

The concluding section underscores the development of a comprehensive framework for
assessing date palm leaflet as a sustainable construction material. This framework, con-
forming to rigorous testing standards, guarantees thorough and pertinent evaluation of
the raw material and its composite form when combined with gypsum.

The study highlights the significant advantages of utilizing local biowaste in Algeria’s
construction industry, with objectives centred on enhancing sustainability, minimizing
environmental impact, and complying with regional industry norms. The insights derived
from these methodologies provide a fundamental basis for subsequent chapters, empha-
sizing the study’s role in advancing sustainable development and ecological sustainability

within the Algerian construction sector.
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4.1 Introduction

4.1 Introduction

This chapter presents and analyses research results on using biowaste, particularly date
palm fiber combined with gypsum, as a sustainable building material. It focuses on
validating this material’s potential within the Algerian context, systematically discussing
findings in relation to the thesis’s objectives and hypotheses.

The results are critically evaluated to conclude on the material’s properties and param-
eters, assessing how they meet the goals of enhancing sustainability and energy efficiency
in Algerian building materials. The chapter not only details these empirical findings but
also interprets them, linking the data to both practical applications and broader implica-

tions in sustainable construction and biowaste utilization.

4.2 DPL Results

4.2.1 SEM

The microstructure of DPL was illustrated in Figure 1, which contains six SEM images
of DPL sample. The SEM images presented in Figure 1 shows six different variants of
date palm leaf powder, designated (1 — DN — B), (2 — MD — B), (3 — DN — M), (4 —
MD — M), (5 — DN — L), and (6 — MD — L), each consisting of a unique combination
of nanofibers and nanoparticles of different sizes.

The surface of date palm fibers has a cylindrical shape, same results were found by
[119]. In addition, the surface appears rough and consists of numerous filaments, cells,
and pores, as reported by [115]. The rough surface consists mainly of impurities and
residual lignin, which is a typical feature of most samples according to |14 [134].

The images show that each sample contains a mixture of nanofibers and nanoparticles,
each with its own size. Remarkably, the Deglat samples were found to have a higher
percentage of particles classified as (1 — DN — B), (3 — DN — M), and (5 — DN — L)
compared to fibres when compared to other samples. The SEM images also shows that
the particles have a diameter of 10— 50 pm, while the fibres have a diameter of 100—500
pm for DPL samples. Table summarizes some results of this analysis. Finally, it can
be deduced that the samples consist of a mixture of fibres and particles that have a wide
range of diameters and lengths, ranging from 10—50 pm and 100—500 pm, respectively
[135].
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4.2 DPL Results

Table 4.1: Dimension of the particles.

DN-B MD-B DN-M MD-M DN-L MD-L
Diameter (um) | 40 - 50 20 - 30 40 - 50 10 - 20 10 - 20 20 - 30
Length (um) | 100 - 150 | 350 - 400 | 250 - 300 | 450 - 500 | 200 - 250 | 250 - 300

Figure 4.1: SEM images of DPL powder

4.2.2 Density

Density is an important physical parameter in materials science that we can use to get
an idea of whether this material is heavy and bulky or the opposite. Table shows the
physical properties of the six DPL varieties. The apparent density of the DPL samples
is 494.782 4+ 9 (K g/m?). The absolute density of the samples is 872,457 & 21 (Kg/m?).
The porosity of the DPL samples is 43 4+ 9 %.

According to the literature [0, [13], leaflets are classified as very light wood, which
makes them soft and easy to handle. The date palm fibre has a lower density compared

to other natural fibres, so this property can lead to having the low-density composites. On
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4.2 DPL Results

the hand, it is an advantage for reducing industrial consumption [34]. On the other hand,

it influences other properties and consequently influences its processing and utilization.
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Figure 4.2: Density of DPL samples.

4.2.3 MIP results

The MIP test provides a lot of important information such as, density, porosity, pore size
and distribution about the specimens studied. In Figure xx, the bulk density at 0.23 psia
is shown, with the bulk density represented by columns and porosity by a line for each
specimen. The maximum value bulk and apparent density were represented by the first
sample, which consisted of gypsum and lime. It was observed that each time DP was
added, a decrease in bulk and apparent density occurred. Additionally, when fibers of
long dimensions were added, a significant decrease in bulk and apparent density was also
noted. It was noted that the DP occupies a volume within the matrix, and due to its low
density, this explains the overall decrease in the bulk and apparent density.

The porosity is also shown in Figure xx, represented by a line. It is directly related
to the ratio between the apparent density and the true density. The minimum value of
porosity was observed in the specimens consisting of gypsum and lime. It was observed
that porosity increased with each addition, whether in weight percentage (wt.%) or in the
dimensions of DP. The increase in porosity was also caused by the occupation of volume
by DP within the matrix. All results obtained from the MIP methods were summarized
in the table 4.2l
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4.2 DPL Results

Table 4.2: The MIP results for DPL samples (Bulk Density, Apparent Density, Median
pore, and Porosity).

Bulk density at Apparent
Samples 0.23 psia density Porosity (%)
(g/mL) (g/mL)
DPL (0,5 mm) 0.258 0.5152 49.927
DPL (1 mm) 0.3529 1.3510 58.0701
DPL (1,5 mm) 0.5665 15743 77.5862
4.2.4 EDX

The EDS analysis showed us the chemical composition of our studied powder. Our powder
contains several components with different concentrations. Figure shows the concen-
trations of the three main components according to their nature. Carbon, oxygen and
silicon dominate, a result also reported by [10, 14 58], in the concentration ranges (45.2
— 64.78%), (33.61 — 47.45%) and (1.79 — 4.02%). It also excites other compounds such
as Na, Mg, Al, S, Cl, K, Ca, and Fe with low concentrations.

The presence of carbon in these enormous amounts is proved by the EDS and by its
enhancement in the SEM images. Table [4.4] summarizes some results of this analysis and
compares them with other concentrations of the same components in the same and other

parts of the date palm.
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Figure 4.3: Concentration of DPL chemical composition.
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Table 4.3: Density and porosity of the DPL.

Present work References

DN-B | MD-B | DN-M | MD-M | DN-L | MD-L | [13] | [136] | i1

Bulk density (Kg/m?®) | 481.897 | 479.898 | 496.093 | 500.001 | 496.908 | 509.897 | 411 | 560 | 512

Absolute density (Kg/m?) | 851.645 | 878.232 | 870.098 | 889.987 | 871.876 | 869.908 | 830 | / | 1300

Porosity (%) 12 44 44 43 A1 506 / | 401

Table 4.4: Chemical composition of DPL.
Present work Literature studies
C (A%) | O (A%) St Me C (A%) | O (A%) Sl Me Type Variety Region References
(A%) | (A%) (A%) | (A%)

DN-B | 4747 | 4623 | 388 | 053 | 4395 | 47.08 | 069 | 152 | Leafler | Lo8lat | Mekhadma, [14]
Noor Algeria !
El-Oued, ]
MD-B | 4817 | 4745 | 1.80 | 056 | 57.89 | 40.09 | 0.48 | 0.03 | Leaflet | Gherss Algeria [10]
DN-M | 6478 | 39.38 | 179 | 013 | 42.67 | 4819 | 0.28 | 0.04 | Bunch | celat | Mekhadma, [14]
Noor Algeria !

Spath El-Oued,
MD-M | 60.02 | 41.89 | 354 | 1.02 | 59.27 | 40.73 / /| et / Algeria [137]
DN-L | 5841 | 3879 | 234 | 0.05 | 4541 | 4943 | 1.08 | 043 | Leaflet | -celat | Bouchagroune, g
Noor Algeria !
DN-M | 452 | 33.61 | 4.02 | 0.42 7 7 7 7 7 7 7 7

synsoy 1dd ¢V



4.2 DPL Results

4.2.5 XRD

In the study, six samples (DN — B, DN — M, DN — L, MD — B, MD — M, and MD — L)
of DPL were analysed using the X-ray diffraction (XRD) test. The XRD patterns of all
the samples showed two main peaks, one at 20 = 21.4, 21.41, 21.85, 21.58, 21.45 and 21.4
°, and a weaker one at 20 = 16.99, 17.99, 17.99, 18, 17.89 and 18.19 °, as you observe in
figure The highest peaks correspond to (111) and (002) silicon oxide-ethylene glycol
(12/2) (JCPDS No. 98-006-6118) that are affected by the presence of many impurities
existing in the biomass of the date palm. Previous studies by [IT], 45] had suggested that
these peaks were corresponding crystallographic planes (110) and (200) typical of native
cellulose. Further analysis showed that all the samples were of cellulose type I, based on
the presence of these peaks in their XRD patterns. The samples had a high order level
in the cellulose crystals at the fibre level, as indicated by the crystallinity indices, which
ranged from 46,496% to 52,941%. These findings were consistent with those made by [60).

The Scherrer equation was used to calculate the Cr (%) and the Cr (%) of the samples,
with the results ranging from 49.900 to 62.841. Table summarizes some results of this
analysis and compares them with the previous work. These findings suggest that the

DPL samples have a significant amount of crystalline cellulose compared to amorphous

material.
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Figure 4.4: XRD patterns of DPL (DN-B, MD-B, DN-M, MD-M, DN-L, and MD-L)

49



4.2 DPL Results

Table 4.5: XRD Peak position of DPL.

Present work References

DN-B | MD-B | DN-M | MD-M | DN-L | MD-L | [1I] [10] [58]
Peak 16.89 17.99 18.29 18 17.89 | 18.59 | 16.19 | 15.86 | 17.99
position

21.4 21.41 21.85 | 21.58 | 21.45 21.4 | 22.14 | 22.2 21.4
CI (%) 62.841 | 54.3603 | 62.125 | 62.637 60 49.900 | 69.95 | 65.71 | 42.9005
Cr (%) | 46.792 | 49.319 | 50.788 | 52.941 | 46.496 | 49.641 | 57.04 | 45.53 | 48.6413

4.2.6 FTIR

The DPL was analysed by infrared spectroscopy (FTIR). The transmittanc spectrum of
the DPL is shown in Figure 4. In general, the results of these studies show different peaks
in the range between 1000 cm ™! and 4000 em ™! [39]. From figure 4, it is clear that the
peak at 3330 cm~! is associated with the O—H stretching vibration found in cellulose,
hemicelluloses and lignin [IT].

The two sharp peaks at 2940 cm ™! and 2800 cm ™! | a result also reported by [30, 138,
139] are attributed to the asymmetric and symmetric C-H stretching vibrations of CH
and CH2 in cellulose and hemicelluloses, respectively [45].

The C=0 stretching at peak 1750 em ™! is associated with cellulose, hemicellulose and
lignin [80, 138, [139]. The two peaks at 1646 cm ™! and 1597 cm™! are attributed to the
O—H bending vibrations of the water absorbed by the cellulose and the C=0 stretching

I was

of the carboxylic acid and ester, respectively [45]. A very strong peak at 1027 em~
assigned to the C—O stretching of cellulose [138, 140]. The main constituents of this fibre
are carbon, hydrogen, and oxygen, which ensure that the fibre is organic in nature. The
FTIR result confirms the images of SEM and EDS and shows that the DPL contains C, H
and O in high concentration. These elements are combined in different functional groups
characterized by different stretched wave numbers, such as hydroxyl (O—H), hydrocarbon

(C—H) and carbonyl (C—0).

4.2.7 TGA

The thermal properties of date palm samples were investigated to assess their suitability
for various applications. Figure [4.6] illustrates the TGA curves of DN — B, DN — M,
DN — L, MD — B, MD — M, and MD — L, respectively. The first stage (35 — 115 ° C)
indicated all samples lost weight due to the evaporation of moisture [141].

Subsequently, in the second degradation stage, which approximately started at 200 °
C for all fibre types, a significant reduction constituent, including holocellulose and lignin,

etc [I41) T42]. These findings align with previous research conducted by [143, [144], who
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Figure 4.5: FTIR spectroscopy of DPL (DN-B, MD-B, DN-M, MD-M, DN-L, and MD-L).

utilized fibers from fruit bunch branches of Algerian date palm trees, and by [141], who
employed two different natural fibers, namely Washingtonian trunk fibers and pineapple
fibers. The thermal stability of all date palm fibers was found to be consistent and
comparable to other fibres as shown in table [4.6] that validates their potential as suitable

reinforcing materials for high-temperature applications.

Table 4.6: Thermal gravimetric data of DPL.

Samples TGA
T onset (°C)? | T peak (°C)° | W loss (%)¢ | W residue (%)?

DN - B 243 304 70.70 29.30
MD - B 255 304 69.80 30.20
DN — M 259 303 70.62 29.38
MD — M 251 300 70.76 29.24
DN — L 253 300 70.03 29.97
MD — L 259 308 70.20 29.80
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4.3 Composite Material Results (Gypsum/DPL)

110
{DN-B)
(AMD-B)
100 | o
~— oNL)
90 - : 2D
~ 8} '
=
z 70F
5 60}
50 |-
40 -
30 -
20 l L 1 1 1
0 200 400 600 800 1000

Sample Temperature (°C)

Figure 4.6: TGA of DPL.

4.3 Composite Material Results (Gypsum/DPL)

4.3.1 Density & Porosity properties

In the constructional sector, the utilization of lightweight materials is highly embraced
due to their economic advantages [145], due their potential to uphold stability, stiffness,
and durability [146, [147]. The density of the examined G-DPL composites was determined
utilizing the five-weighing method. The margin of error in the calculations was below 2%.
The third figure depicts the variations in absolute and apparent densities, as well as the
total porosity of the G-DPL material about different sizes and mass fractions. Table 3
provides a summary of the densities and total porosity found in both the current study
and literature. It was evident that the inclusion of DPL lightens mortars and leads to a
reduction in density up to 13%.

The lightness of the tested compositions can be ascribed to the alveolar arrangement
of DPL and its porous nature. The inclusion of DPL, whether in terms of weight or size,
results in a rise in the porosity of the mixtures. Gypsum mortars that contains DPL at
various fibre sizes demonstrates higher porosity in comparison to pure gypsum [73], 115].
This could be attributed to the formation of voids at the interfacial areas between the
DPL and the gypsum matrix. The obtained outcome concurs with relevant literature
[148, [149], according to which the introduction of DPL into the matrix amplifies the degree
of air entrapment. The variability in porosity values can be attributed to the proportion
and dimensions of DPL. Furthermore, the porosity was influenced by the proportion and
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4.3 Composite Material Results (Gypsum/DPL)

particle size of DPL, as well as its distribution within the gypsum matrix. Chikhi [113)]

elaborated upon a similar trend.
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Figure 4.7: The density and porosity of the samples.

4.3.2 Water absorption

The water resistance of composites plays a crucial role, particularly when natural fibers
are utilized. Various factors influence how composite materials absorb water, including
temperature, additives volume fraction and type, area of exposed surfaces, interfacial
bonding, diffusivity, reaction between water and matrix, surface protection, voids, and
hydrophobic chains of the matrix [I50, [[51]. Based on Figure it was evident that
water absorption increased over time, and all the curves exhibited a similar pattern.
Additionally, the reference mortar (with no DPL addition) had a lower adsorption rate
compared to all other compositions.

A noteworthy observation was that water absorption primarily occurs during the initial
stages of immersion, with a substantial quantity being absorbed within the first twenty
seconds [I52]. The absorption process was largely influenced by the open porosity of the
material. The introduction of DPL led to the formation of numerous pores [153, [154]. It
was widely acknowledged that lingo-cellulosic materials have a hydrophilic nature due to
the presence of cellulose, hemicellulose, lignin, and other factors that contribute to their

moisture absorption from the surrounding atmosphere [88, [I55, 156]. Furthermore, the
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4.3 Composite Material Results (Gypsum/DPL)

utilization of DPL results in higher water absorption. Notably, the concentration of DPL
has a greater impact on water absorption compared to variations in diameter.

Figure [1.9 shows the evolution of the water content of gypsum-based composites filled
with three different mass fractions and three sizes of DPL on days 7, 14, and 28. It appears
that the addition of DPL with these different sizes in gypsum induces an increase in water
content (7.51 to 8.94%). For the same composition, there was a slight increase in water
content between day 7 and day 14, and between day 14 and day 28, with an increase of
(between 0.19 and 2.5) and (between 0.06 and 0.5) respectively. This increase was greater
when DPL was added. These results indicate that the ab-sorption rate decreases with
time, confirming the previous results showing that absorption takes place in the early
stages. These results indicate that incorporating a small amount of DPF into gypsum
enhances water absorption [157].

Figure represents the water absorption of G-DPL composites after 28 days. From
the results, it was observed that the porosity of the mortar led to a significant in-crease
of the values. This was due to the addition of DPL and its hygroscopic physiognomy
[112]. Chikhi et al. [I12], stated that the water content of composites depends strongly
on the DPL water absorption capacity. According to numerous authors, the absorption
depends on the size, content, and chemical composition (cellulose) of the natural fibre
[119, [158, [159].
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Figure 4.10: Correlation of water absorption with porosity of the compositions.

4.3.3 Mechanical properties

The addition of DPL into the compositions significantly impacts its mechanical behaviour,

particularly in terms of flexural and compressive. Figure 8 depicts the flexural strength for
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4.3 Composite Material Results (Gypsum/DPL)

all specimens at the age of 7, 14, and 28 days. The obtained outcomes reveal that flexural
strength diminishes as the dimen-sions and concentration of DPL increases [117, [119]. A
reduction of 25% in flexural strength was observed upon the inclusion of 1% DPL, followed
by a declining fraction of decrease as the concentration or dimensions increase, within the
range of (5.3 - 1.7%). Furthermore, a rise in flexural strength can be observed over time,
specifically from 7 to 14 to 28 days. The reference composition showed a strength increase
of 13% from 7 to 28d, which represents the most substantial elevation compared to the
other com-positions (5 - 8%).

Figure 8 shows the compressive strength for all compositions at the age of 7, 14, and
28 days, which was decreased while increasing the dimension and concentration of DPL
[41,[48]. A drop of 37% was shown when adding 3% of DPL and was fur-ther decreased (up
to 50%) in a concentration of % of DPL. Over time, from 7 - 14 to 28 days, an increase in
compressive strength can also be observed; an increase of 16% in the case of the reference
mortar and an increase of 3 - 12% in the modified mortars. The latter variation depends
on the proportion and particle size of DPL (decreases with the increase of concentration

or dimension).
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Figure 4.11: Flexural strength results of tested composites after (7, 14, and 28 days).

4.3.4 Thermal conductivity

Thermal conductivity represents a crucial characteristic within the domain of thermal

insulation materials. This particular property is predicated upon a multitude of factors,

including the morphology, density, and homogeneity of materials [I55]. The thermal
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Figure 4.12: Compression strength results of tested composites after (7, 14, and 28 days).

conductivity’s variation, correlated with the porosity of the compositions, is illustrated
in Figures 9 and 10. This variation was examined for three different DPL sizes and
concentration. The utilization of gypsum either in isolation or in conjunction with other
materials enhances insulation due to its notably low thermal conductivity, which amounts
to 0.8 W/m.K in the context of our study [160].

Over 28 days, the thermal conductivity diminishes as the dosage of DPL increases.
Moreover, it decreases in tandem with the rise in porosity rate and was inversely pro-
portional to the voids that generated by DPL presence [161]. The relationship be-tween
thermal conductivity and DPL was closely intertwined. Consequently, as the quantity of
DPL increases, thermal conductivity experiences a decline [I56], 162 [163].

In the present study, when adding 1% of DPL, thermal conductivity decreased around
22%, compared to the reference mortar, representing the most significant change. With
each increase in DPL concentration or size, leading to a respective po-rosity rise, thermal
conductivity was decreased. The recorded decrease ranges from 2 - 14%. Experimental
results demonstrate that the thermal insulation effectiveness of the material was inversely
related to its density [73]. These findings highlight the potential for producing insulation
materials modified with DPL.
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4.4 Discussions

Thermal Conductivity (A) (W/m.K)

0,8 -m
—=— Thermal Conductivity ()\)\
0,7
| |
0,6 - \\.
0,5 - \-\.
\
N \.\
I\
013 T T T T T T T T T T
()el A 7/ 7 {b 7 /fb /63 /9') b
& N N N T N\
& Q Qv R ] Qv < < Qv ]
It o It o o It

Figure 4.13: Evolution of the thermal conductivity of tested composites.
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Figure 4.14: Correlation of thermal conductivity with the porosity of the material studied.

This thesis focuses on the evaluation of two essential points; (i) the physical, chemical
and thermal characterization of DPL, (ii) the exploitation of DPL as reinforcement in
construction materials and studying their characteristics, properties and fireability as a
reinforcement material for green composites applied in building constructions. DPL as a
raw material, renewable and available in particular in Algeria shows its potential for use

thanks to its characteristics and properties.
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4.4 Discussions

The results obtained through the various analyses and tests evaluating the physi-
cal, chemical and thermal characterization of DPL are directly and indirectly related to
themselves and are corroborated by the preliminary results presented in the literature.
According to the experimental results, DPL is characterized by its lightness, porosity, the
presence of cellulose, hemicelluloses and lignin, and its good thermal stability. Knowing
that DPL is an organic material, it is also characterized by properties that make it a
reinforcing material for green composites.

After analyzing the physical, chemical and thermal characterizations of DPL and its
potential to be a reinforcing material. An elaboration of a composite of gypsum and DPL
with different concentration and dimension of DPL to study the characterizations of the
green composite and its fireability. According to the experimental results, porosity was
the parameter that most influenced the physical, mechanical and thermal properties of
the mortars tested. The addition of DPL can modify the porosity of gypsum mortars,
depending on its proportion and particle size. An increase in porosity gives the material
a degree of lightness, favorable to specific applications (i.e. coatings and plasters). The
addition of DPL can improve the lightness, mechanical properties, absorption and of
course its thermal performance. To this extent, DPL can be used to produce sustainable
green composites. To this extent, DPL can be used to produce durable mortars with

elaborate properties, following the diachronic construction principles of Algeria and the
MENA region.
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Chapter 5

Conclusions and Recommendations

Summary
5.1 General conclusion . . . . . . . ... 611
5.2 Recomandations and future work . . . . . . . . . .. ... ... 62

5.1 General conclusion

This final chapter synthesizes the results obtained during this thesis and, based on pre-
vious studies, provides practical recommendations for the use of construction materials
derived from date palm waste. Future research directions in this field are also outlined.
Throughout this thesis, the investigations have demonstrated the properties, performance,
and challenges of utilizing date palm waste as a sustainable material in construction.

The research conducted under the thesis titled "Energetical Recovery of Biowaste
Applied to Buildings in Algeria" has revealed innovative solutions that address the inter-
section of waste management and renewable energy in the Algerian context. The study
extensively examined biowaste-to-energy conversion technologies and their applicability
in the construction sector, highlighting the potential of biowaste to mitigate waste man-
agement issues while meeting the growing energy demands of buildings.

The findings emphasize the feasibility of integrating biowaste-based energy recovery
systems into construction practices in Algeria. Environmental, economic, and social di-
mensions were scrutinized, revealing benefits such as reduced waste burdens, decreased
greenhouse gas emissions, and improved energy efficiency. Specific focus was given to date
palm fibers combined with gypsum, which demonstrated significant sustainability, energy

efficiency, and structural suitability in various tests and analyses.
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5.2 Recomandations and future work

This research not only contributes to the academic understanding of sustainable build-
ing materials but also offers actionable strategies for policymakers and practitioners to
adopt ecologically responsible approaches. The recommendations provided address tech-
nical, economic, social, and environmental constraints, paving the way for the broader
application of biowaste in construction.

As the challenges of climate change and resource depletion persist, this thesis under-
scores the importance of adopting circular economy principles in the construction sector.
The lessons learned and insights gained advocate for the harmonious integration of waste
valorization and energy recovery, promoting sustainable development in Algeria and be-
yond. This thesis not only provides a comprehensive overview of the experimental data but
also contextualizes these findings within the broader spectrum of sustainable construction
practices and biowaste utilization. This culmination of research offers significant contribu-
tions to the field of sustainable building materials, paving the way for future innovations
and applications in Algeria and beyond.

In conclusion, this chapter consolidates the findings and interprets their implications
within the broader context of sustainable construction and biowaste utilization. Recom-
mendations for optimizing the use of the studied material are presented alongside sugges-
tions for future research. These recommendations aim to deepen knowledge and broaden
the scope of biowaste applications, providing a foundation for continued innovation and

progress in the field.

5.2 Recomandations and future work

The exploration of biowaste as a sustainable energy source presents a promising avenue
for Algeria, offering not only an opportunity to address waste management challenges but
also to enhance energy security and support environmental sustainability. The poten-
tial for biowaste-derived energy to contribute significantly to the country’s energy mix,
particularly in the building sector, necessitates a comprehensive approach encompassing
assessment, innovation, and integration. To harness this potential fully, the following rec-
ommendations have been formulated. These recommendations aim to guide the strategic
implementation of biowaste-to-energy solutions across the country, ensuring that efforts
are both effective and aligned with Algeria’s broader sustainability goals. The follow-
ing recommendations and directions for future work are proposed to guide efforts in this

domain:

1. Local Biowaste Assessment:
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5.2 Recomandations and future work

e Conduct comprehensive regional surveys to catalog biowaste types and quan-

tities.

e Evaluate the energy potential of available resources and address logistical con-

siderations for collection and processing.

2. Technology Adaptation and Innovation:

e Contextually adapt advanced biowaste-to-energy technologies, such as anaer-

obic digestion, pyrolysis, and gasification.

e Focus on enhancing process efficiencies, reducing costs, and minimizing envi-
ronmental impacts through research on novel catalysts and optimized reaction

conditions.

3. Sustainability and Environmental Impact:

e Perform Life Cycle Assessments (LCA) to evaluate the environmental footprint

of biowaste-to-energy processes.

e Develop strategies to mitigate negative impacts, such as greenhouse gas emis-

sions, and ensure compliance with environmental standards.

4. Integration with Building Infrastructure:

o Assess the feasibility of integrating biowaste-derived energy into existing and

new buildings.

e Explore energy storage solutions, distribution systems, and retrofitting options

to foster energy-efficient, smart buildings.

5. Policy and Regulatory Framework:

e Advocate for supportive policies and incentives for biowaste energy projects.

e Establish clear guidelines for biowaste management to create an investment-

friendly environment.

6. Public Awareness and Education:
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5.2 Recomandations and future work

e Launch outreach programs and community engagement initiatives to raise

awareness about biowaste energy recovery.

e Promote public participation through educational campaigns.

7. Collaboration with Industry and Academia:

e Strengthen partnerships among industry players, academic institutions, and

government agencies.

e Facilitate joint research projects, technology transfer agreements, and pilot

programs.

8. Pilot Projects and Case Studies:

e Implement pilot projects across different regions to demonstrate the practical-

ity and benefits of biowaste-to-energy initiatives.

e Document case studies to develop best practices and guide broader implemen-

tation.

9. Scalability and Economic Viability:

e Conduct market analyses, feasibility studies, and develop business models to

ensure financial sustainability.

e Explore commercialization strategies and address barriers to market entry.

10. Customization to Local Conditions:

e Tailor technologies and solutions to Algeria’s specific climatic, cultural, and

logistical contexts.

e Optimize processes for locally available biowaste characteristics.

As we consider the trajectory of biowaste energy recovery and its application within
the Algerian context, it becomes evident that while substantial strides have been made,
there remains a vast landscape of untapped potential and unanswered questions. The
journey thus far has illuminated the viability and transformative power of biowaste as a
sustainable energy source, yet it has also underscored the complexity of its integration into

existing energy systems, building materials, and broader societal frameworks. Recognizing
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5.2 Recomandations and future work

these challenges and opportunities, the following suggestions for future work are proposed
to extend the boundaries of current knowledge and practice in biowaste utilization. These
suggestions aim to address the critical areas of technology, integration, innovation, and
sustainability, laying the groundwork for a future where biowaste energy recovery is a

cornerstone of Algeria’s energy and environmental strategy.

1. Advancing Biowaste Conversion Technologies:

e Research innovative technologies, focusing on process efficiencies, cost reduc-

tion, and environmental sustainability.

e Develop sustainable and efficient process models, incorporating hybrid systems
that integrate biowaste with other renewable energy sources, such as solar and

wind.

2. Sustainable Building Materials:

e Investigate the potential of biowaste in creating composite and insulation ma-

terials.

e Study the acoustice insolation, recycability, and durability properties of these

materials for use in energy-efficient buildings.

3. Comprehensive Life Cycle Assessment:

e Conduct in-depth LCA of biowaste-to-energy processes, from collection to

usage, to quantify environmental impacts and guide decision-making.

4. Economic Analysis and Commercialization:

e Perform detailed economic analyses to evaluate market demands, cost-benefit

scenarios, and commercialization pathways.

e Address economic barriers and explore strategies for fostering investment.

5. Social Dimensions and Community Engagement:

e Study community attitudes toward biowaste energy and develop effective par-

ticipation models.
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5.2 Recomandations and future work

e Explore the social and economic impacts of biowaste energy projects on local

communities.

6. Climate Resilience and Adaptation:

e Investigate how biowaste-derived energy and materials can enhance climate

resilience and reduce carbon footprints.

e Tailor solutions to Algeria’s climate conditions to maximize adaptation bene-
fits.

In conclusion, the recommendations and future work outlined above present a roadmap
for leveraging biowaste as a cornerstone of Algeria’s energy and environmental strategy.
By addressing technological, economic, social, and environmental aspects, Algeria can
unlock the transformative potential of biowaste, paving the way for a sustainable and

resilient energy future.
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