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Abstract

This thesis focuses on the urgent global waste problem, especially in developing countries
where poor waste management causes environmental and health issues. One solution is waste
valorization, which transforms waste into useful products like biodiesel. Biodiesel is made by
converting waste oils and fats into fuel, offering both environmental and economic benefits,
particularly when renewable materials like waste cooking oil and algae are used. This thesis
examines biodiesel production using calcium oxide (CaO) catalysts made from cuttlefish bones
and evaluates how well waste cooking oil, spirulina, and chlorella algae perform as feedstocks.
Furthermore, it introduces an Al-based technique for improving the analysis of SEM images of
CaO catalysts, demonstrating its potential to enhance catalyst characterization and recognition
to enhance the experimental protocol to produce effective catalysts. Experimental results show
significant improvements in biodiesel production efficiency using the CaO catalyst with several
feedstocks alongside the SCWSO Al technique, which presents a high analytical accuracy and

facilitates the discovery of catalyst morphology.

Keywords : Biodiesel, Algae, industrial waste, Catalysis, Valorization, Artificial intelligence



Résumeé

Cette these se concentre sur le probleme mondial urgent des déchets, en particulier dans les
pays en développement ou une mauvaise gestion des déchets entraine des problémes
environnementaux et sanitaires. L'une des solutions est la valorisation des déchets, qui
transforme les déchets en produits utiles tels que le biodiesel. Le biodiesel est obtenu en
convertissant les huiles et les graisses usagées en carburant, ce qui présente des avantages
environnementaux et économiques, en particulier lorsque des matériaux renouvelables tels que
I'nuile de cuisson usagée et les algues sont utilisés. Cette thése examine la production de
biodiesel a l'aide de catalyseurs a base d'oxyde de calcium (CaO) fabriqués a partir d'os de
seiche et évalue les performances des huiles de cuisson usagées, de la spiruline et de l'algue
Chlorella en tant que matiéres premiéres. En outre, il introduit une technique basée sur I'l A pour
améliorer Il'analyse des images SEM des catalyseurs CaO, déemontrant son potentiel pour
ameliorer la caractérisation et la reconnaissance des catalyseurs afin d'améliorer le protocole
expéerimental pour produire des catalyseurs efficaces. Les résultats expérimentaux montrent des
améliorations significatives de I'efficacité de la production de biodiesel en utilisant le catalyseur
CaO avec plusieurs matiéres premieres ainsi que la technique d'lA SCWSO, qui présente une
grande précision analytique et facilite la découverte de la morphologie du catalyseur.

Mots-clés : Biodiesel, algues, déchets industriels, catalyse, valorisation, intelligence artificielle
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General Introduction

Our modern societies are currently dealing with multiple obstacles arising from the
growth of industries and cities, one of which is the increasing amount of waste generation
globally, which is expected to reach 3.4 billion tons by 2050, according to recent studies [1].
This rise in waste is primarily caused by growing cities, a rising population, and economic
development, particularly in developing countries where industrial activities are expanding, as
mentioned previously. This waste problem is especially serious in developing countries, where
a large amount of rubbish is not effectively handled and is frequently discarded without
treatment, resulting in negative impacts [2]. Improperly handled waste, such as landfilling and
open dumping, creates substantial environmental problems, including greenhouse gas

emissions, pollution, and hazards to human health [3].

So, to limit the harsh drawbacks of the waste generation worldwide, different strategies
have developed to valorize the huge trash quantities. In definition, Waste valorization is the
process of turning waste into useful products like energy, chemicals, or materials, helping to
manage waste sustainably. This approach includes technologies such as recycling, composting,
and chemical recovery, each suited to different types of waste[4]. The main benefits of waste
valorization are reducing pollution and greenhouse gas emissions, saving resources by
recovering materials and energy, and boosting the economy through new revenue streams and
job creation in recycling and manufacturing. By converting waste into valuable resources, waste
valorization plays a vital role in moving towards a circular economy and tackling global

environmental and economic challenges [5].

One of this high value added products gotten from waste valorization is biodiesel, this
resource is a renewable, biodegradable fuel made from different feedstocks such as natural
oils and fats, such as vegetable oils, animal fats, and recycled cooking grease, using a chemical
process known as transesterification, which converts the fats into fatty acid methyl esters
(FAME)[6], the chemical compounds that make up biodiesel. Biodiesel can be utilized in a
variety of ways, including pure or blended with petroleum diesel in varying proportions, making
it an adaptable alternative fuel for diesel engines. Biodiesel offers numerous advantages,
including fewer greenhouse gas emissions and pollutants such as particulate matter and carbon
monoxide, which improve air quality when compared to fossil fuels. It also improves engine
lubrication, extends engine life, and reduces reliance on foreign oil, limiting the use of

traditional fuels[7]. As highlighted previously, there are many raw materials to use in biodiesel



production, vegetable oils, animal fats, waste cooking oils, and algae are all common
feedstocks, as are non-edible crops like jatropha and camelina. The kind of feedstock used
influences the characteristics and environmental impact of biodiesel, with second-generation

sources such as waste oils and algae producing significant greenhouse gas reductions [8].

Another significant factor in biodiesel production is the use of appropriate catalysts
during the transesterification process, which turns fats or oils into biodiesel. Catalysts are vital
because they accelerate the reaction, boost efficiency, and improve selectivity, resulting in a
larger biodiesel yield in a shorter period of time[9]. There are three types of catalysts used:
homogeneous (soluble in the reaction mixture), heterogeneous (insoluble and reusable), and
enzymatic (biological). Each kind has advantages, and ongoing research has resulted in the
creation of new catalysts that greatly speed up, enhance the efficiency, and reduce the

environmental impact of biodiesel production.

The evaluation and characterization of developed catalysts for biodiesel production are
typically conducted using various techniques such as X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM), and Fourier-Transform Infrared Spectroscopy (FT-IR). However,
these methods have limitations, including potential errors from inexperienced analysts and
difficulties such as noisy images, which can affect the accuracy of the results. To overcome
these challenges, new approaches are needed to simplify the analysis and improve accuracy.
Integrating Artificial Intelligence (Al) techniques into the catalyst evaluation process can
address these issues by enhancing data interpretation, providing more precise predictions, and

streamlining the overall analysis in biodiesel production [10].

This thesis aims to address various issues and answer key questions about waste
management in Algeria, including the types of waste prevalent in the environment, the current
waste situation, and how the impact of waste valorization on energy production in the country
will be. Different biodiesel feedstocks will be displayed alongside with the transesterification
reaction mechanism, and the catalysts used to enhance reaction efficiency. Additionally, the
theoretical section will cover recent Al techniques applied in biodiesel production and catalyst

analysis.

The experimental part of the thesis will be divided into two sections. The first section focuses
on developing a novel Al technique based on segmentation methods to improve the analysis of
SEM images of calcium oxide (CaO) catalysts, demonstrating its superiority over existing

segmentation methods. The second section investigates the use of CaO derived from cuttlefish



bones as a catalyst for biodiesel production using waste cooking oil and two types of algae—
spirulina and chlorella. Experiments will evaluate and compare the effectiveness of these
different feedstocks in biodiesel production, providing insights into their performance and

efficiency.
The thesis is structured as follows:
A theoretical part contains the following chapters :

Chapter | which examines Algeria's waste management and energy challenges, emphasizing
circular economy approaches that aim to minimize environmental and economic impacts of

pollution.

e Chapter Il delves into biodiesel production, detailing the main feedstocks, chemical
processes involved in transesterification, and catalyst development.

e Chapter Il reviews theoretical methods applied in biodiesel production, focusing on
techniques that enhance data analysis and prediction from various experiments.

The experimental part is divided into two chapters:

e Chapter IV outlines the materials and methods used in the study that aim to develop
Al technique which make analysis of SEM images simple alongside with biodiesel
production protocol.

e Chapter V presents and analyzes the results obtained from these methods.

The thesis concludes with a summary of the key findings and outcomes of the research.
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Chapter | Algeria waste and energy challenges

1.1. Introduction

The entire world faces several environmental concerns, including water pollution, soil
and air pollution, and climate change caused by greenhouse gas emissions, where Since 1850,
the total land and ocean temperature has grown at an average pace of 0.06°C every decade [1].
The most prevalent source of pollution comes from a growth in solid waste amount generated,
both in developed and developing nations, which is difficult to regulate owing to its complexity
and inadequate disposal. Food, paper, glass, and plastic are among the most common
components of municipal solid waste [2]. Urbanization due to the population expansion, which
led high demand for energy and supplies all contribute to the rapid development and
accumulation of solid waste, especially in developing nations [3].

Various methods of disposal, such as burning and landfilling, have drawbacks, including
maintenance, incineration, and open dumping. Recycling is an efficient solution, but it involves
more effort and development. On the other side, CO2 emissions are unavoidable as the world's
population grows [4], this gas emissions originate from petroleum, electricity and other
industries, which seek to provide the energy required to meet the rising demands of various
sectors. it is another concern that needs to be solved rapidly due to its impact on pollution

alongside waste.

A circular economy model, which enables the reuse and recycling of waste and materials
after their use [5], can help achieve both environmental protection and economic benefits so in
summary, applying this type of economic model could be the solution for the current situation
of waste and gases come from fossil fuels. One of the most important projects that can be
achieved in this scoop is the production of energy from various biomass waste, which leads to

multiplying the resources of energy used in different sectors.

This chapter explores the waste and energy situation in Algeria and highlights circular
economy models, for a better understanding of the advantages of using this kind of model to
limit the harmful consequences of pollution coming from both waste and gas emissions and its

impact on the environment, economy, and so on.
1.2. Types of wastes found around the world

By definition, waste is a product or material that is no longer useful for its original
purpose. Whereas waste is used as food or a reactant in natural ecosystems, these waste
products are usually generated by human activities and are frequently very resilient and take a
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long time to disintegrate which leads to the problem of its existence in nature for a long time
which conduct to the pollution of soil and water [6]. The next subsections present the major

type of waste presented in the environment.

1.2.1. Solid waste

As previously stated, waste is defined as a material that no longer has inherent value
due to its use, and it can include a variety of elements such as food, diapers, pet waste, paper,
wood, yard, and garden waste, textiles with rubber and leather, and other organics, glass, metals,
building materials, and plastics. All of these components are solid; hence this form of solid
waste consists of two categories. Hazardous waste can be organic or a mixture, such as railway
ties and biosolids, and there is hazardous waste that contains non-organic (metal, glass), organic
(paper, plastic, food, etc.), and combination trash (tier) [7] . the classification of solid waste is
indicated in Fig I. <QL1.

Solid waste
Non Hazardous Hazardous
Inorganic Organic Combination Organic Combination

Metal Non biogenic Biogenic Diaper Biosolids Household
Glass Plastic Food Tire Railway ties

Paper Textile

Wood Electronic

Rubber and other Other

Figure 1.1 : Solid waste classification [7].

As shown in Figure 2, the growth of solid waste is acknowledged and increasing,
particularly in developed countries Fig 1.2(a), due to the large number of industries and
activities that generate trash. However, the difficulty is that poor management emerges
especially in developing countries as indicated in Fig 1.2(b), resulting in less value for this

garbage and, as a result, an increasing amount of trash being thrown away.
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Figure 1.2 : Annual municipal solid waste generated per capita (kilograms/capita/day) [8], (b): The

global state of waste management [9].

1.2.2. Plastic waste

Nowadays, and because of its diverse chemical composition, plastic has seen a growth
in uses in a variety of industries, including engineering, medical, electrical, food packaging,
and more as indicated in Fig 1.3 where the most plastic generated found in packaging sector.
However, managing plastic waste is a highly delicate operation due to the ever-increasing
volume of plastic waste collected each time, the difficulty of biodegradation, and the negative

impact on both the environment and society [10].

M Packaging

m Consumer and institutional
products

® Transportation
Textils

M Electrical

M Building and construction

m Other

H Industry machinery

Figure 1.3 : Plastic waste generation by sector (million tonnes) [11].
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According to the most recent statistics for the year 2023 [12], the entire world produces
around 350 million tons of plastic trash every year. Almost a quarter of this waste is mishandled
or littered. Approximately 82 million tons. One-quarter of the total, 19 million tons, gets spilled
into the environment. 13 million tonnes to terrestrial habitats, with 6 million tonnes going to
rivers or coasts. In conclusion. Around 0.5% of plastic waste ends up in the ocean, posing a
significant risk to marine life. As mentioned previously, the increase in plastic waste generation
was mainly due to the development of industrial sectors to satisfy the requirements of
consumers. And this increase is highly noticed in countries with powerful economic potential.
where the countries that generate plastic waste as mentioned in Fig 1.4 are the United States,

EU India, China, and so on.

Million metric tonns of plastic waste

BRAZIL

CHINA

INDIA

EU

USA

Figure 1.4 : Plastic waste generation by country [13].

1.2.3. Agricultural Waste

Recently, agriculture's value contributed rose by 68% between 2000 and 2018, reaching
nearly 3.4 trillion USD. Between 2000 and 2018, vegetable oil output increased by 108%, meat
production rose by 47%, and crop production increased by 50% [14].

Agricultural wastes are non-product outflows of agricultural product manufacturing and
processing that can contain material that could help people but have a lower economic worth

than the cost of collection, transportation, and processing for beneficial use [15].

Although agricultural by-products play a crucial role in serving as valuable resources
for various industries, their disposal and management present significant challenges,
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particularly concerning their environmental impact. One of the most pressing concerns is their

contribution to climate change through the emission of greenhouse gases.

When agricultural by-products such as crop residues, animal manure, and food waste
are improperly managed, they undergo decomposition processes that release significant

amounts of methane (CHa) and nitrous oxide (N20) into the atmosphere.

According to the statistical yearbook of food and agriculture organization of 2020 [14],
Between 2000 and 2017, greenhouse gas emissions from crops and livestock grew by 16%.
Enteric fermentation accounts for approximately 40% of total emissions. Cattle meat
production generates 45 times more greenhouse gasses than chicken meat production, and water
stress levels are near or above 100% in practically all Near Eastern and North African nations,

with Kuwait, the United Arab Emirates, and Saudi Arabia having the highest values.

These gases are potent greenhouse gases, the implications of these emissions on climate
change are profound. They contribute to the intensification of global warming, exacerbating
issues such as rising temperatures, altered precipitation patterns, and extreme weather events.
Moreover, the environmental consequences extend beyond climate change, impacting air

quality, soil health, and water resources.
1.3. Major resources of energy around the world

Due to the rapid growth in population in the last, the enhancement of life quality resulted
from pressure on the industries sector to increase the number of its products from electricity,
food, and cosmetics, and because of the industrial revolution especially in the 19th Century the
production of these matters was simplified but need energy, so to satisfy the requirements of
populations around the globe. This increase in industry activities requires the use of more
energy, as indicated in Fig 1.5 the world's consumption of energy has increased rapidly
especially in the last 30 years to reach a value of 160.000 TWh in 2022.

Fig 1.5 illustrates the different types of energy resources used, which can be categorized
into non-renewable and renewable energies. The following section will focus on major

resources from these two groups.
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Figure 1.5 : World consumption of energy [16].

1.3.1. Non-renewable energies

Non-renewable energies are energy sources the amount of which on earth is finite and
that cannot be replaced or regenerated in an appropriate period on a human scale [17]. These
energy sources include fossil fuels like coal, oil, and natural gas, as well as nuclear energy.
These non-renewable energy sources have formed the foundation of global energy production
for decades, but their scarcity, environmental damage, and role in climate change have

prompted attempts to shift to cleaner and more sustainable alternatives.

1.3.1.1. Coal

Coal is a combustible black or brownish-black sedimentary rock with a high
concentration of carbon and hydrocarbons [18]. It is the most abundant fossil fuel and has
traditionally provided a significant amount of energy for power generation and industrial
activities. The biggest coal mining locations in the world are China, which will produce 3,942
million tons in 2021 [19], and the United States. Yet, Indonesia, Australia, Russia, South Africa,
and Colombia also generate significant amounts of coal [20]. However, it emits more nitrogen
oxides, sulfur dioxide, carbon dioxide, heavy metals, and particulate matter per unit of energy
than other fuel sources, all of which are considered hazardous pollutants that cause a variety of
diseases, including respiratory and cardiovascular disease [20], and contribute significantly to
air pollution and climate change.
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1.3.1.2. Qil

Crude oil, which is also known as petroleum fossil fuels, is a combination of
hydrocarbons that formed millions of years ago. It was created from the remains of animals and
plants that lived in a marine environment. These remains were buried under layers of sand, silt,
and rock, which were compressed and heated to produce crude oil or petroleum[21]. Crude oil
is widely used as a fuel for transportation, heating, and power generation, and its usage has
increased significantly over the last three decades as highlighted in Fig 1.6. Despite the COVID-
19 pandemic causing a decline in crude oil consumption in 2020, so oil is still considered an

essential resource in these last years [22].

4400 4262

4200 4112 4065
4000 38517 3901 3871

3800

3600 3563

3400 2735 I I I

3200 3082 I

3000 M

1990 1995 2000 2005 2010 2015 2019 2020 2021

B Crude oil consumption over the years (MT)

Figure 1.6 : Oil consumption in the world with years [22].

As indicated in Fig 1.7 which displayed the largest producers of oil in 2023 .The United
States, Saudi Arabia, and Russia are the largest producers of crude oil with 20.2, 12.1, and 10.9
million barrels per day, but other key countries like Canada, China, and the Arabian Gulf region
also have significant oil deposits [23]. However, the extraction and use of crude oil have
significant environmental impacts. For example, oil spills pose a constant threat to millions of
miles of coastline, rivers, lakes, and terrestrial ecosystems, particularly in regions with
significant oil drilling, refining, and transportation [24]. They also contribute to habitat loss and

greenhouse gas emissions.
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Figure 1.7 : Oil majors’ producers in the world [23].

1.3.1.3. Natural Gas

Natural gas is a valuable resource consisting mainly of hydrocarbon gases,
predominantly methane, found in underground reservoirs or near other fossil fuel sources. It
has numerous applications, including its use in the production of paper, glass, bricks, steel, and
iron, as well as the manufacturing of fertilizers, petrochemicals, and hydrogen for renewable
energy. Moreover, it is also used in medicinal items, heating, fire, and dehumidification. Its
uses extend beyond energy generation to a variety of fields [25]. According to the Energy
Institute - Statistical Review of World Energy (2023), natural gas production has seen a
significant growth of 87% from 21,104.49 TWh in 1995 to 39,413.04 TWh in 2022 [26].

In 2020, the United States was the world's largest natural gas producer with a total output
of 914.6 billion cubic meters. Russia was the second-largest producer of natural gas, with a total
output of 638.5 billion cubic meters. These two countries are by far the top producers of natural
gas. Following them are Iran, China, Qatar, Canada, Australia, Saudi Arabia, Norway, and

Algeria, as seen in the Fig 1.8 [27].
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Figure 1.8 : Biggest natural gas producers in the world [27].

While natural gas combustion produces fewer emissions than coal and oil, its extraction,
particularly through hydraulic fracturing (fracking), poses environmental risks such as water
contamination and methane leakage into the environment, leading to soil and water pollution,

and more severe issues such as diseases.

1.3.1.4. Nuclear energy

Nuclear energy is produced by nuclear fission. During this process, an atom's nucleus is
split to produce energy. Uranium, a naturally occurring radioactive element, nuclear power is
one of the most significant sources of energy in the world. It accounts for approximately 11%
of global electricity and 21% of OECD nations' electricity, with a total capacity of over 380,000
Mwe [28]. Several countries, including Russia, China, France, the United Kingdom, and the
United States, have successfully generated power using nuclear reactors. In the next 25 years,

nuclear capacity is expected to increase by approximately 25% [29].

Even though nuclear energy is clean and emissions-free, it is considered non-renewable
because uranium is scarce, and nuclear fission produces radioactive waste that must be stored
and managed for a long time. The radioactive waste generated from nuclear reactors is highly
toxic and can remain radioactive for thousands of years, leading to severe illnesses. This poses

a hidden risk and a significant concern for scientists [30].
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1.3.2. Renewable energy

Renewable energy refers to energy derived from sources that are naturally renewing but
flow-limited. Renewable resources have an almost infinite duration, but there is a finite quantity
of energy accessible per unit of time [31]. Some examples of renewable resources include
sunlight and wind. Renewable energy is seen as the primary solution to climate change since it
produces no emissions, reducing pollution rates. As a result, many governments are investing
heavily in various forms of renewable energy and attempting to replace nonrenewable sources
with renewable sources as soon as it is economically feasible. The following sections provide

basic information on various renewable resources [32].

1.3.2.1. Solar energy

Solar energy is the conversion of sun rays into power, either directly using photovoltaic
(PV) or indirectly using concentrated energy or concentrated solar PV [33]. It is estimated that
Earth receives energy from the Sun 10,000 times more than the planet's total energy demand
[34]. However, despite its recent fast acceptance and ardent backing from both the scientific
establishment and energy investors, it still accounts for a modest share of overall energy use
[35].

China's solar capabilities are the most developed and used. The country is the world's
greatest generator of solar energy, with 430 GW of capacity in April 2023. followed by both
the United States and Japan [36].

1.3.2.2. Wind energy

Wind power is the second largest renewable resource after hydropower and one of the
fastest-growing electricity sources [37]. It generates electricity and energy by converting the
Kinetic energy of moving air into electricity. Modern wind turbines use wind to move the rotor

blades, converting kinetic energy into rotational energy [38].

Like solar energy, China has taken the initiative and become the first producer of wind
energy since its government assisted in the construction of turbines. 329 GW of energy has
been generated from wind in China, with the United States coming in second with 132.7 GW
and Germany coming in third with 64 GW [39].

Wind as a power source offers several advantages, including easy installation,
scalability, and a low carbon impact throughout the project's life cycle [37]. However, wind
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energy has a number of drawbacks, including variable wind speed, low wind strength, vast wind
farms, and restricted energy consumption. It cannot replace fossil fuels, can only handle low
power demands, and can be costly and harmful to animals during commissioning. Additionally,

noise pollution may be an issue in highly populated places [40].

1.3.2.3. Hydropower

Hydropower is one of the ancient power production methods, and the world's largest
power plants generate this kind of power [41]. Despite a high increase in new renewable
production technology, hydropower has the second lowest life cycle greenhouse gas (GHG)
emissions per 11 kWh of any energy source, behind only wind energy. Hydropower is the
world's greatest source of renewable electricity generation, accounting for 15.9% of overall
renewable electricity output [42]. In 2022, China reaffirmed its competence in the renewable
energy sectors by topping global hydropower production with more than 1300 TWh, followed
by Brazil and Canada with 428.06 and 392.51 TWh respectively, all of which are making

promising attempts to promote this type of renewable energy [43].

Hydropower is a green, sustainable energy source with several benefits. Dam systems
provide power without causing greenhouse gas emissions or air pollution. It can generate energy
continuously, close sluice gates when not needed, and store water for later use. They may live
for decades and help generate power. A dam's lake serves several purposes, including irrigation
[44]. However, it has significant limitations, including expensive construction, equipment, and
transmission line costs, as well as longer development times compared to other power plants.
Excessive water consumption and global warming have accelerated environmental degradation,
particularly in tropical places with fast expansion, soil decomposition, and forest loss. They can

also have an impact on the water quality of reservoirs and streams in nearby countries [45].

1.3.2.4. Biomass

Biomass energy is generated by organic resources like wood, agricultural wastes, and
organic waste. There are several techniques for producing energy from biomass. The most
prevalent approach is direct burning. All biomass may be burnt directly to heat buildings and
water, provide industrial process heat, or generate electricity in steam turbines. Pyrolysis,
hydrotreating, gasification, and anaerobic digestion are all key methods for producing energy

from biomass, whether in the form of heat, biogas, or biofuels [46]. These types of energy
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sources are promising since they are low-cost resources that provide low-emission energy while

also decreasing the amount of trash created, which is an issue in numerous countries.

The United States, China, and Brazil are considered the main countries that produce
energy from biomass sources. Brazil is the largest producer of bioethanol from sugar cane,
which is used in transportation and is regarded as a successful example of biomass use. China

and the United States primarily use wood pellets and waste to generate heating and energy [47].

However, good waste management is critical in developing nations to avoid pollution
and illnesses caused by haphazard trash disposal. It has the potential to stimulate economic
growth, create jobs, and open up new commercial opportunities. In contrast, affluent countries
are turning agricultural supplies like maize into biofuel, boosting demand and necessitating
additional acreage for farmers. This contributes to greenhouse gas emissions and food security

concerns [48].
1.4. Circular economy
1.4.1. Definition

The European Parliament defines the circular economy as a production and consumption
model that prioritizes sharing, leasing, reusing, repairing, refurbishing, and recycling resources

and goods to extend their lifespan. This extends the product's life cycle [49].

According to the Environmental Protection Agency (EPA), a circular economy
maintains resources and goods in circulation for as long as feasible and tries to eliminate waste

via the improved design of materials, products, and systems [50].

A circular economy is a model that aims to reduce the amount of waste generated at the
end of a product's life cycle. It is based on three fundamental principles, known as the 3R:
Reduce, Recycle, and Reuse. Reduce focuses on developing eco-friendly methods for product
extraction and exploitation. This helps extend the product's life cycle and reduces the amount
of waste generated. Recycling encourages proper waste management and recycling of the waste
generated from the product's life cycle. This waste then can be used in other production lines
and get new life cycles. Reuse promotes using a product for multiple life cycles by repairing
and responsibly consuming it. This method helps limit the amount of waste generated and
encourages responsible consumption. In summary, a circular economy is a sustainable model

that aims to reduce waste and promote responsible consumption through the principles of
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Reduce, Recycle, and Reuse. not like a classical linear economic model which in a general way
led to massive consumption of natural resources and ends up by the end of the life of a product
generating a huge amount of waste without proper treatment. Fig 1.9 (a) and (b) displayed the

differences between linear and circular economy.

Waste

Extraction Production Use generation

(a) : Linear economy model

Production

Recycle Reduce

End of life Use

Reuse

(b) Circular economy model

Figure 1.9 : Economy models linear and circular.

1.4.2. Advantages of using circular economy models : countries experiences

This section explores various successful circular economy strategies that have been
implemented in different countries and their effects on the economy, society, and the

environment.

Nigeria has implemented an innovative solution called ColdHubs, which is a solar-
powered storage device that preserves fresh food for up to 21 days, reducing food waste and
emissions. Since its establishment in 2015, 54 units of ColdHubs have saved approximately
42,000 tons of food, resulting in more than 1 million kilograms of CO. reduction by 2020 [51].
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Japan is known for its extensive experience with circular economy models. It has
established a circular economy society by integrating its people, economy, and social system
through optimal usage of non-renewable resources, and strategic reforms for renewable
resources. The results have been impressive, with 98% of Japan's metals being recycled in 2007
and a material recovery rate of 74%-89% due to a method that forces consumers to take

responsibility for returning electrical equipment [52].

Finland was one of the first countries that approved a circular economy roadmap in
2016, to transition from a "take-make-waste" paradigm to a "carbon-neutral circular economy
society" by 2035. The initiative intends to maintain primary raw material consumption at 2015
levels while increasing material circularity and resource productivity. Betolar, a Finnish
company, has developed a technology to reduce carbon emissions from cement manufacturing
by up to 80% [53,54].

I.5. Algeria current Status : Waste management and Energy resources

Algeria, the largest African country, is known for its diverse population and abundant
natural resources, particularly in energy. With over 40 million people and over 2 million km?
of land, Algeria is the 10th largest producer of natural gas globally. The country is exploring
renewable energy sources, particularly solar, to diversify its energy mix and promote
sustainability. Balancing fossil fuel use with renewable energy infrastructure is crucial for
Algeria’s long-term energy security and environmental responsibility.

1.5.1. Waste situation in Algeria

The National Waste Agency launched two campaigns in 2014 and 2018 to determine
Algerian waste composition. The program, launched in April 2018, aimed to measure
composition differences quarterly until March 2019, aiming to identify the best waste treatment
methods or technologies [55]. Results of the evaluation of waste composition in years 2014 —
2018 are indicated in Fig 1.10 and Fig 1.11

In general, Algeria's waste production in 2020 was 13.5 million tons, with an average
of 0.8 kg/habitant/day; the capital has a high generated quantity of 0.9 kg/habitant/day. 90% of
this waste is household waste, whereas 10% is other waste [56]. And as indicated in figures
below the majority of the generated wastes were organic waste with more than 54% of total
waste generated in Algeria, there are many types of waste were found like plastic, textile, metals

...etc.
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Waste Composition in 2014

M Organic Matter
W Paper
B Plastic

Textiles

B Metals

B Special waste
12,62%
M Glass
B Other
B Unclassified incombustibles

m Unclassified combustibles

0,52%

Figure 1.10 : Waste composition in Algeria in 2014 [56].

Waste composition in 2018

M Organic matter

B Plastic
Paper cardboard

M Glass

W Metal
Complex componenet
Textile

M Inertes
1,04%

1,72%
1,50% B Other

M Hazardous Waste

0,83% M Shoes
1,07%
1,02%

M Disposable

Figure 1.11 : Waste composition in Algeria in 2018 [56].

1.5.2. Energetic situation in Algeria

Algeria, an OPEC member with the tenth-largest proven natural gas reserves and the

sixth-largest gas exporter, has 12.2 billion barrels of proven oil reserves. The country exports
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540,000 barrels of its total production, with 105,043.071 m® in December 2021 [57]. Algeria

has significant solar, wind, hydro, geothermal, and bio-energy potential [58].

As highlighted in Fig 1.12, the majority of energy produced in Algeria comes from fossil
fuels, especially natural gas followed by oil, coal utilization has decreased in the last decades
due to its harmful consequences. However, the application of renewable resources as energy
sources is still limited despite the efforts made by the government. A big part of the energy

produced in Algeria is used in two sectors, transportation and residential as indicated in Fig 1.13
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Figure 1.12 : Energy consumption by source of energy [16].
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Figure 1.13 : Energy consumption by sectors in Algeria [59].
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1.6. Conclusion

As discussed in this chapter, waste management and the use of fossil fuels are global
problems that have harmful consequences and require effective strategies to limit the generation
of large amounts of waste. Algeria is a developing country that has experienced an increase in
its economy and population, leading to the problem of waste generation and pollution caused
by the extensive use of fossil fuels. Various strategies could be successful in addressing these
issues. However, as demonstrated in the previous sections, the circular economy has been
successful in numerous countries in limiting waste production and extending the life cycle of

waste by recycling and reusing it in other forms.

In conclusion, the findings of this chapter reveal that the circular economy model could
be a viable solution for Algeria to address the consequences of both waste generation and
pollution caused by fossil fuels. A proposed model focuses on using waste cooking oil and
microalgae to produce high-value-added products, specifically high-quality biodiesel. The

protocol and mechanism of biodiesel synthesis will be presented and discussed in Chapter I1.
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Chapter II Biodiesel feedstock and production processes and catalysts

I1.1. Introduction

In Chapter I, we examined the current state of waste generation and energy resources in
Algeria, highlighting the urgent need for new strategies to manage waste and reduce reliance
on fossil fuels. To address these issues, applying circular economy principles is proposed as a
viable solution. This model focuses on repurposing waste through reuse and recycling, creating

products with extended life cycles for use in multiple sectors.

Developing sustainable methods within the circular economy framework is essential,
particularly using waste as feedstock to meet waste reduction goals. Generating renewable
energy, especially biodiesel, is advocated as a viable strategy due to its environmentally friendly

properties and lower emissions compared to traditional fossil fuels.

This chapter will explore biodiesel production in detail, including the methods of its
acquisition, primary feedstocks, and the necessary chemical processes. We will also define
biodiesel, highlight its diverse resources, and explain the reaction mechanisms and catalysts
involved in its synthesis. This comprehensive understanding will facilitate informed choices

and promote sustainable energy practices aligned with circular economy objectives.
11.2. Biodiesel
11.2.1. Definition

Biodiesel is a renewable fuel derived from vegetable oils, animal fats, or other organic
waste materials, comprising long-chain alkyl esters (methyl, propyl, or ethyl). Produced
through a chemical process called transesterification, involves reacting lipids from these

sources with alcohol [1].

Biodiesel offers numerous advantages, including biodegradability, renewability, good
lubricity, and safety, and exhibiting a superior cetane number and enhanced combustion
efficiency in comparison to diesel derived from petroleum [2], making it suitable for various
diesel engines without requiring modifications [3]. These qualities position biodiesel as a
promising renewable energy source, capable of reducing reliance on fossil fuels, particularly in

the transportation sector.
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11.2.2. Advantages of Biodiesel

Biodiesel has various advantages as a renewable fuel alternative that is derived from
easily available and inexpensive materials such as oils [4], making it a cost-effective solution

for energy requirements.

Beyond its economic benefits, biodiesel has a substantially lower environmental effect
than standard petroleum-based diesel, generating less hazardous pollutants such as carbon
monoxide, hydrocarbons, sulfur, and particulate matter [5]. Furthermore, biodiesel's low
toxicity and simplicity of storage improve safety precautions, making it the ideal option for
handling and transportation[6]. Notably, its compatibility with fossil diesel enables smooth
integration, providing flexibility in blending ratios to meet variable fuel requirements [7].
Overall, biodiesel is a flexible and ecologically friendly option that addresses both economic

and ecological issues in the search for long-term energy solutions[8].

As a result, due to its numerous advantages and the high demand for alternative energy
sources worldwide, the International Energy Agency has predicted that by 2050, biofuels will
meet more than one-quarter of the world's transportation fuel requirements. This will decrease

reliance on coal and petroleum products [9].
11.3. Biodiesel synthesis
11.3.1. Feedstocks of biodiesel

Biodiesel production utilizes a wide range of feedstocks derived from renewable
biomass resources, including non-edible oils, edible oils, waste edible oils, animal fats, and
algae [10]. These feedstocks previously mentioned are used in biodiesel production and can be

categorized into three generations, as illustrated in Figure I1.1.

The classification attempts to encourage the collection of detailed information about
diverse raw materials, with feedstock diversity serving as a method of supporting good
environmental practices. Feedstock variety may help protect natural resources and biodiversity
while reducing waste by making the most use of existing resources and managing them

responsibly [11].
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Biodiesel
Raw materials
1t Genération 22 Geﬁeration 3rd Generation
Edible oil No -Edible oil Algae
Sunflower oil Jatropha oil Microalgae
Soybean Oil Neem seed oil Bacteria
Palm oil Rubber seed oil Fungi
Waste oil
Animal Fat

Figure 11.14 : Various feedstocks used for biodiesel production [12].

11.3.1.1. 15t Generation : Edible oils

Biodiesel is produced primarily from edible vegetable oils which considered first
generation that are widely available in the agricultural sector [13]. Stats show that soybean oil
(30%), rapeseed oil (25%), palm oil (18%), and oils from other vegetable seeds (11%), make
up the majority of the global feedstock used for biodiesel production [14], highlighting the
importance of this generation. Edible oils provide various benefits in biodiesel synthesis,
including broad availability, high lipid content, and established processing infrastructure [15].
However, the application of edible vegetable oils or first-generation feedstocks has raised
concerns about food versus fuel debates because it competed with food supply, the potential for

starvation in developing countries, and environmental issues due to the use of arable land [16].

Different edible oils have been applied as feedstock for biodiesel production, Coconut
oil has applied as a feedstock for the production of biodiesel which resulting 90% a biodiesel
yield, a relatively high and very accepted [17]. Sunflower Oil has also used as raw materials
for biodiesel production yielding 95.3 + 1.2% of biodiesel [18], soybean oil also proved that it
could generate high yield of biodiesel 95 % [19], these several examples confirmed the previous

advantages of using edible oils as feedstock for biodiesel synthesis.
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TP e

Figure 11.15 : Edible oils used in transesterification.

11.3.1.2. 2nd Generation : Non-edible oils

Non-edible oils are produced by non-food plants such as jatropha, rubber seed, jojoba,
tobacco seed, neem, Karanja, waste cooking oils, and yellow oleander. Furthermore, animal
fats such as poultry fat and calf tallow might be considered second-generation biodiesel
producers [12] ; they have emerged as valuable alternatives to biodiesel production. Because
these feedstocks provide numerous advantages for environmentally friendly fuel generation.

Non-edible oils have several advantages, including availability, renewability, cheaper
cost resources, higher heat content, reduced sulfur content, lower aromatic content, and
biodegradability. They may be cultivated on marginal ground and in non-agricultural locations
with low fertility and moisture needs, reducing competition for food and feed. They are more
efficient and ecologically benign than first-generation feedstocks, and their biodiesel yield is
equivalent to food oils. Furthermore, non-edible feedstock might yield valuable byproducts for
other chemical processes [16]. However, these materials have significant drawbacks. Non-
edible oils contain hazardous chemicals that make them unsuitable for human consumption,
and biodiesel manufacturing costs are expensive due to the high percentage of free fatty acids
(FFASs) [20].

Non-edible oils applied as feedstocks for biodiesel production leading to biodiesel yields
of bitter almond oil BAO (91.22 wt.%) and waste fish oil WFO (93.30 wt.%) [21], However,

employing waste animal fat produce a moderate biodiesel yield with 65.7% [22].
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|

Figure 11.16 : Used cooking oil employed in biodiesel production.

11.3.1.3. 3" Generation : Algae

Microalgae are microorganisms that can be either monocellular or multicellular and
consist of eukaryotic protists and prokaryotic cyanobacteria. They can be found in soils,

glaciers, lakes, rivers, hot springs, and seas where sunshine and water are present [23].

Algae have recently shown tremendous potential for biodiesel generation due to their
high lipid content (the primary component utilized in biodiesel synthesis) and quick growth
rates. Algae may be grown in a variety of habitats, including ponds, bioreactors, and open water
systems, making them a flexible and adaptable feedstock source. Their capacity to grow in a
variety of environments reduces the demand for arable land and freshwater resources,
alleviating worries about competing with food crops and land use issues. Apart from that [24],
microalgae have the ability to adsorb organic contaminants such as ammonia, nitrate,
and nitrite in wastewater, so they can be used to combine biodiesel generation and wastewater
treatment, where they can be grown in wastewater and then used for biodiesel generation,

lowering production costs as indicated in various studies [25-27].

Many algae have used for biodiesel production, Spirulina maxima has used and obtained
a maximum biodiesel yield of 86.1% [28], Spirulina platensis produced a maximum biodiesel
yield 75% [29], Chlorella vulgaris also applied for biodiesel synthesis leads to a high yield of
96% [30], and many more studies which proven that despite the promise findings, more efforts

to explore the algae comprise high lipid percentage to enhance the biodiesel yield.
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Figure 11.17 : Some algae used in biodiesel production : (a) Chlorella [31] and (b) Spirulina [32].

11.3.2. Biodiesel synthesis reaction : Transesterification

As previously stated, there are several techniques for producing biodiesel from
feedstock such as direct use and blending, pyrolysis, micro-emulsion [33]. However,
transesterification is the most often used process for producing biodiesel with a high yield and
outstanding characteristics. This process was developed as early as 1853, when scientists E.
Duffy and J. Patrick performed the first transesterification of vegetable oil, many years before
the first diesel engine became functional [34]. In general, transesterification is a chemical
process that occurs when one molecule of oil or triglycerides found in microalgae oils or lipids
reacts with three molecules of alcohol, often methanol or ethanol. This process results in an
immiscible mixture containing three molecules of biodiesel known as Free Fatty Acid Methyl
Ester (FAME) and glycerol as a byproduct [35], as indicated in Figures 11.5 and 11.6 which

displayed the general equation of the transesterification.
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H,C OCOR’ ROCOR’ H,C— OH

HC — OCOR"+ 3ROH—— ROCOR" + HC—OH

HC——— OCOR"” ROCOR” H;C——0OH
Triglycerides + Alcohol @———— FAME + Glycerin

Catalyst

Figure 11.18 : Transesterification General Equation.

To fully understand the mechanism of this reaction, Fig I1.6 represent the steps of
transesterification,

@

I

H,C —0OH- C — R, H,C —— OH
0 0
I ]
HC —OH—- C — R, + CH0H -~ HC —OH + H,C-0-C—-R,
0
"
HZC—O—C—R;; Hzc—OH
Triglyceride Methanol Glycerol Methyl Ester
(b)
H,C — OH H,C —— OH
0 0
1 .
HC —OH—- C — R, + CH0H ~ HC ——OH + H,C-0-C—R,
0
I
H,C— 0 — C — Ry H,C —— OH
© Diglyceride Methanol Glycerol Methyl Ester
H,C — OH H,C —— OH
0
HC — OH +  CH;0H = HC —— OH + HyC -0 - C—Ry
O \
I
H,C— 0 — C — R H,C — OH
Monoglyceride Methanol Glycerol Methyl Ester

Figure 11.19 : Transesterification reaction steps.
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In the first step, triglycerides react with an alcohol molecule to form diglycerides and
methy!l ester molecules, with glycerol as a byproduct. Then, the diglycerides produced further
react with alcohol to create monoglycerides and more methyl ester molecules. Finally, the

methy| ester reacts with alcohol once again to yield glycerol and the third methyl ester molecule.

All three reactions together are represented by the general equation in Fig I1.5, wherein
three molecules of alcohol react with triglycerides to produce three molecules of methyl ester,

which constitute the produced biodiesel.

However, in some cases and due to some complexation in feedstocks such as high acid
value...etc., using a catalyst can surpass these obstacles and improve reaction rate, efficiency,
selectivity, and also yield of biodiesel [33]. This catalytic activity optimizes biodiesel
production, ensuring economic feasibility and sustainability in the renewable energy industry.

The transesterification reaction set-up employed in laboratory is demonstrated Figure 11.7.

Water outlet

4—— Reflux Condenser
Water inlet

Magnetic pellet

Magnetic stirrer + Hot plat

Figure 11.20 : Biodiesel production laboratory set-up.
11.4. Catalysts used in biodiesel production
11.4.1. Catalyst role in biodiesel synthesis

A catalyst is an element that accelerates a chemical reaction or reduces the temperature

or pressure required to initiate a chemical reaction without being consumed during the process
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[36]. These substances are important in biodiesel synthesis because they facilitate the
transesterification process, which is required to convert triglycerides into biodiesel and
glycerin. These catalysts speed up the reaction, improve selectivity, boost overall process
efficiency, and lower production costs by reducing the amount of energy required to reach
specified products [37]. According to many previous studies, there are major 3 classes of
catalysts used for biodiesel production Homogenous, Heterogenous and Enzymatic catalysts,
these types and some examples of each one is summarized in Fig 11.8.

Homogenous Catalysts

Acid
Base
Phase transfer
Biodiesel catalysts Heterogenous Catalysts
Magnetic Biomass waste
Carbon based Zeolite

Magnetic

Enzymatic Catalysts

Lipase

Figure 11.21 : Different types of catalysts used for biodiesel production.

11.4.2. Homogenous Catalysts

Homogeneous catalysts are compounds that have been used in the same phase as the
reaction system. This kind of catalyst is an effective technique to accomplish chemical

transformations under moderate conditions [38].

This type of catalyst is commonly used in biodiesel production because of its simplicity
and quick reaction kinetics [39]. Homogenous Catalysts, including hydrochloric acid (HCI),
sulfuric acid (H2S0a), phosphoric acid (HsPOs), organic sulfonic acid (HSO3R), sodium
hydroxide (NaOH), sodium methoxide (NaOCH?3), sodium ethoxide (NaOCH>CHz), sodium
butoxide (NaOC4Hy), potassium hydroxide (KOH), and potassium methoxide (KOCHz3), fall
under these two categories acid and basic catalysts [40], and they are often dissolved in the

same solvent as the reactants to facilitate the reaction.
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Furthermore, homogeneous catalysts have significant catalytic activity in a short

timeframe and may work efficiently at relatively low temperatures, generally ranging from

40°C to 65°C and at an atmospheric pressure condition [41].

As mentioned previously we can classify homogenous catalysts into acid, basic

catalysts, in addition there are phase transfer.

Homogenous acid catalysts : The major problem, especially in waste oils, is the high
percentage of free fatty acids (FFASs), which influence and reduce the quality of
biodiesel produced and increase its synthesis cost [20] . Here come the advantages of
acid catalysts like hydrochloric acid (HCI), and sulfuric acid (H2S0s)...etc [40],
where despite the high levels of free fatty acids (FFAS) in the feedstock, they do not
notably impact the efficacy of acid catalysts, which accelerate the reaction, giving a
high biodiesel yield. As a result, acid catalysts are used to demonstrate effectiveness in
both esterification and transesterification reactions and direct conversion with the low
cost feedstocks such as oils waste and fat [42].

However, these acid catalysts have significant drawbacks as well such as a slow pace
reaction rate when compared to other catalysts [43], and the usage of particular acid
catalysts might cause corrosive problems in the reactor and pipeline[44].

Homogenous Base Catalysts : These catalysts are more cost-efficient since they
produce a high yield of biodiesel with a shorter reaction time at ambient temperature
[45]. resulting in a reaction speed 4,000 times quicker than acid-based catalysts [46].
Furthermore, they function at atmospheric pressure. Furthermore, their high conversion
rates are related to the lack of intermediary procedures. There are many base catalysts
used, according to studies the most used are sodium hydroxide (NaOH), potassium
hydroxide (KOH), sodium methoxide (CH3sONa), and sodium bicarbonate (NaHCO3)
[47]. However, homogenous base catalysts have some limitations: they are non-reusable
catalysts that must be used with low FFA feedstocks because of the risk of
saponification, unlike acid catalysts, and they produce low biodiesel yield owing to
emulsion formation [33].

Phase transfer catalysts : Several studies have emphasized the benefits of phase
transfer catalysts in terms of improving anion transfer between the polar
methanol/glycerol phase and the non-polar oil phase. This type of catalyst accelerates

transesterification, removes the need for expensive aprotic solvents, simplifies scaling
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up, and increases activity and conductivity to achieve optimal yield in a short period of
time[48].

Tab I1.1 summarizes the most used homogenous catalysts for biodiesel production mentioned

in previous studies.

Table 1.1 : Several Homogenous catalysts used in Biodiesel production.

Feedstock Catalyst Parameters Biodiesel yield Ref

Waste coconut oil KOH Molar ration : 6:1 83.32 wt.% [49]
Time : 60 min
Catalyst concentration : 1.0wt%

Karanja oil H>SO4 Molar ration 1:9 70% [50]
Time : 60 min
Temperature : 60°C
Catalyst concentration : 5wt%

Sunflower oil NaOH Molar ration 6:1 97.1% [51]
Time : 120 min
Temperature : 60°C
Catalyst concentration : 1wt%

Rice bran NaOCH;  Molar ration 7.5:1 83.3% [52]
Time : 60 min
Temperature : 55°C
Catalyst concentration : 0.75wt%

11.4.3. Enzymatic catalysts

Enzyme catalysts in transesterification provide several benefits. Enzymes allow for easy
recovery and reuse while also demonstrating thermal stability under mild reaction conditions
such as pH, temperature, and pressure. Enzyme-catalyzed procedures also allow for efficient
downstream product recovery, and can be reused for many cycles [53]. Furthermore, enzymes
are unaffected by water concentration in the feedstock [54], resulting in consistently high yields
of the desired output [44]. These qualities make enzyme-catalyzed transesterification an
appealing alternative for biodiesel generation, with high efficiency and dependability
throughout the process. The following Tab I1.2 summarized some enzymatic catalysts used in

biodiesel production

42



Chapter II Biodiesel feedstock and production processes and catalysts

Table 11.2 : Various enzymatic catalysts applied for biodiesel production.

Feedstock Catalyst Parameters Biodiesel yield Ref
Palm ail Crude Lipase  Molar ration : 6:1 92.07+£1.04% [55]
Time: 36 h
Temperature : 35°C
Canola il Rhizomucor ~ Molar ration 3:1 45% [56]
miehei lipase Time : 96 h
Temperature : 50°C
Catalyst concentration : 13wt%
Jatrophacurcas  Lipase-PDA-  Molar ration 6:1 92% [57]
oil TiO2 NPs Time: 30 h
Temperature : 37°C
Catalyst concentration : 10wt%
Sunflower oil Lipase@Bio- Molar ration 8:1 >60% [58]

MOFs Time:4h
Temperature : 50°C
Catalyst concentration : 100mg

11.4.4. Heterogenous catalysts

A heterogeneous catalyst is a solid component that reacts in a phase distinct from the
liquid reaction mixture [59]. These catalysts function by adsorbing reactant components onto
their surfaces. In biodiesel reactions, heterogeneous catalysts typically appear in the solid

phase, whereas alcohol and triglycerides occur in the liquid phase [60].

Heterogeneous catalysts have benefits over homogeneous and enzymatic catalysts in
recent advanced biodiesel research. It has various benefits, including faster reaction rates,
milder reaction conditions, lower energy consumption, simple separation from the reaction
mixture, a high potential for catalyst reuse and regeneration, and decreased corrosivity [61].
Also, this type of catalyst is considered a low-cost green compound that could be obtained from

cheap sources at low prices, which helps reduce overall biodiesel production costs [62].

Previous research has shown that many different types of heterogeneous catalysts
may be employed for biodiesel synthesis, including those formed from biomass waste, zeolite,
metal-based, metal oxide, and many more. The qualities, advantages, and disadvantages of the

major types of heterogenous will be discussed in the parts that follow.

o Zeolites : Zeolites are low-density, crystalline microporous aluminosilicates with

structured cavities and molecular-sized channels [63]. These compounds have varied
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catalytic properties and shape selectivity. Zeolites are gaining popularity as catalysts
and support materials in biodiesel synthesis because of their changeable acidity/basicity,
large specific surface, adjustable hydrophobicity/hydrophilicity, and outstanding
durability [64]. However, they have downsides in biodiesel synthesis, including greater
reaction temperatures, longer reaction times, more costly preparation techniques, and
lower conversion efficiencies [65].

e Magnetic catalysts : Magnetic solid catalysts, such as FesO4 and y-Fe2Os, are gaining
popularity in biodiesel production due to their magnetic response qualities. These
catalysts may be easily separated with minimum mass loss by applying an external
magnetic field to high-viscosity reaction mixtures, making them suitable for reuse [66].
However, this sort of catalyst has limits in terms of active site leaching-induced
deactivation and catalytic reusability, both of which are unresolved challenges
[67]. and supported magnetic catalysts feature weak interactions between active
components and magnetic supports, necessitating simpler manufacturing techniques for
some magnetic catalysts [68].

e Catalysts derived from Biomass waste : Catalysts produced from waste biomass
sources provide a viable alternative to the constraints of synthetic heterogeneous
catalysts in biodiesel synthesis. Compared to their synthetic equivalents, which can
involve high prices and the use of potentially hazardous chemical reagents, catalysts
generated from organic waste materials offer various benefits [69].

These catalysts are nontoxic, safe to handle and store, plentiful, and cost-effective since
they are derived from renewable sources such as waste eggshells, bones, sea shells, etc.
[70], which are regarded as the main sources of calcium oxide (CaO) based catalyst .
This catalyst feature great basic strength and has a lesser environmental effect due to its
limited solubility in methanol and simplicity of handling [71]. Using waste biomass for
catalyst manufacture reduces dependency on nonrenewable resources and hazardous
chemicals while also contributing to waste reduction and sustainability in biodiesel

synthesis.

Tab I1.3 summarize the latest studies where the heterogenous catalysts have been used in

biodiesel production.
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Table 11.3 : Various heterogenous catalysts applied for biodiesel production.

Feedstock Catalyst Parameters Biodiesel yield Ref

Rubber seed oil Eggshells Calcination T°: 900°C 97.84% [72]
Calcination time : 4h
Molar ration : 9:1
Time:4h
Temperature : 65°C
Catalyst concentration: 5 wt.%

Waste cooking ~ Waste ostrich Calcination T° : 600-1000°C 90.56% [73]
oil bone Molar ration : 15:1
Time:4h

Temperature : 60°C
Catalyst concentration: 5 wt.%

Recycled NaOH/CoFe;O, Calcination T°: 350°C 98.71 %
cooking oil Calcination time : 2h [74]
Molar ration : 12 :1
Time:2h

Temperature : 65°C
Catalyst concentration: 3 wt.%

Waste cooking XMn-yZr/CaO  Calcination T°: 650°C 92.1% [75]
oil Calcination time : 5h
Molar ration : 15:1
Time:3h

Temperature : 80°C
Catalyst concentration: 3 wt.%

Waste cooking IGO@SITi Molar ration: 1:1 96% [76]
oil Time:3h
Temperature : 120°C
Catalyst concentration: 0.3g

Used cooking oil zeolite Calcination T°: 800 °C 93.7% [77]
supported CaO  Molar ration : 9.7:1
Time : 238.8 min

Temperature : 69.1°C
Catalyst concentration: 2.1 wt%

Waste frying oil Ba-based Calcination T°: 700 °C 93.17 £ 0.02% [78]
zeolite Molar ration : 12 :1
Time:2 h

Temperature : 65.38°C
Catalyst concentration: 3 wt.%
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11.5. Conclusion

In conclusion, this chapter discussed and emphasized the various feedstocks and
catalysts used to make biodiesel. The selection of feedstock and catalysts is crucial in biodiesel

production to achieve a high yield with excellent attributes at low cost and in a short period.

The literature indicates that diverse feedstocks were employed for this matter, including
edible and non-edible oils, algae, and waste biomass such as waste oils and fat. Every type of
feedstock has specific benefits that allow for higher-quality biodiesel and issues that may limit
its usage, which require careful assessment of aspects such as availability, cost, and
environmental effects. The type of catalyst used (e.g., homogeneous, heterogeneous, enzymatic,
chemical, or waste) has a considerable impact on reaction efficiency, speed, product quality,

and sustainability.

Each type of catalyst provides unique advantages and limitations, as highlighted in this
chapter, and the presentation of the characteristics of each type is important in the step of
selecting the most suitable catalyst for transesterification based on specific production
requirements and the type of feedstocks used, as well as to limit the cost.

In the end, continued research and innovation in feedstock utilization and catalyst
development are essential to further improving the efficiency, sustainability, and economic
viability of biodiesel production processes. and this needs the use of advanced and new methods

to facilitate the research and investigation.

The use of artificial intelligence methods has been considered the most interesting topic
in recent years because it allows for the rapid acquisition of data and high-accuracy results. The
application of Al methods in biodiesel production and how they can be useful in the choice of

feedstocks, analyzing the results, etc. will be discussed in Chapter I11.
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I11.1. Introduction

After reviewing the production of biodiesel under specific conditions and the use of
catalysts to enhance reaction rate, selectivity, and durability in the previous chapter, it is
essential now to explore methods that simplify and improve the analysis, prediction, and
classification of diverse data involved in biodiesel production. The used input includes

conditions datasets, analytical data, images... etc.

The primary objective of using automated methods is to enhance the accuracy of results
and minimize errors. This chapter will focus on the most innovative and widely used method in
recent times: artificial intelligence (Al). We will highlight its major applications in biodiesel

production processes and demonstrate how Al can be beneficial in this context.

Additionally, this chapter will discuss other methods such as simulation using the free
open-source software DWSIM and Density Functional Theory (DFT). We will examine the
advantages of these methods in the biodiesel production process, providing a comprehensive
overview of the latest advancements and tools available to researchers and practitioners in the
field.

111.2. Artificial Intelligence
111.2.1. Definition

Artificial Intelligence (Al) refers to automated systems, such as computers or machines,
that can perform tasks typically done by humans by processing large amounts of data quickly
[1]. Al systems are capable of interpreting external data, learning from this data, and using their
findings to achieve specific goals and tasks through adaptive methods [2]. Al encompasses
various applications, including visual perception, speech recognition, decision-making, and
language translation [3].This technology allows automated machines to imitate human thought
processes, making them helpful in a variety of industries while dramatically increasing

efficiency and effectiveness.

The concept of artificial intelligence (Al) developed in the mid-twentieth century. In
1947, English mathematician Alan Turing discussed the idea during a lecture, suggesting that
Al could be best developed through advancements in computer programming. However, the
term "Acrtificial Intelligence” was first coined by John McCarthy in 1956 at the "Dartmouth

Summer Research Project on Artificial Intelligence” conference [4].
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111.2.2. Different types in Artificial intelligence
111.2.2.1. Machine learning

Machine learning is a branch of artificial intelligence that involves developing
algorithms to train machines to do certain tasks [5]. It involved the application of statistics, data
mining, probability theory, information theory, algorithmic analysis, and other disciplines [6].
Because of its widespread use in recent years in various disciplines and sectors, such as
classification analysis, regression analysis, data clustering, association rule learning, and
feature engineering for dimensionality reduction [7], the improvement of machine learning
(ML) algorithms over time has been a critical goal which has been investigated from multiple

perspectives in recent research.

Machine learning methods are primarily classified into four categories: Supervised,
unsupervised, semi-supervised, and reinforcement learning as mentioned in Figure I11.1, which

will presented below [8]:

Supervised | Semi-supervised \
Learning \ \ Learning

- Machine Learning

Unsupervised  Reinforcement
Learning | \\ Learning

Figure 111.22 : Classes of Machine learning.

e Supervised learning : it involves training algorithms using labeled data to anticipate
outputs for provided inputs [9]. Supervised learning is separated into two types:
classification and regression. Classification algorithms organize test results into
specified groups, such as discriminating between cats and dogs or deciding whether
traffic lights should be red or green. In contrast, regression algorithms forecast
numerical values by examining the connection between dependent and independent
factors, such as traffic speed. Linear and logistic regression are the two common
regression approaches [10]. Different algorithms and methods, including XGBoost,

Naive Bayes, Support Vector Machine, Decision Tree, Random Forest, Logistic
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Regression, and K-Nearest Neighbor, are extensively applied in supervised learning,
providing a diverse range of tools to create predictive models with high accuracy [11].

e Unsupervised learning : Unsupervised learning is task-driven and identifies hidden
patterns and structures in unlabeled data. It detects the similarities between unlabeled
input data by categorizing sample data based on their commonalities [12] .In the short
term, it is a machine learning model that can learn, train, and test itself without
supervision, unlike supervised learning [13]. This technique not only gives useful
insights into the dataset's basic properties but also serves as a strong tool for data-driven
exploration and analysis in different scientific and industrial fields.

e Semi-supervised learning : Semi-supervised learning combines supervised and
unsupervised learning by using labeled and unlabeled data. This approach is
advantageous since labeled data is more difficult to get and unlabeled data is less
expensive , an allow to classify unlabeled data from providing small amount of labeled
data [14,15].

e Reinforcement Learning: Reinforcement Learning, a machine learning approach,
allows agents to learn through trial-and-error in an interactive environment [16]. This
form of machine learning algorithm constantly trains itself employing a computational
approach to learning from actions [17]. Reinforcement learning has been effectively
used in a variety of industries, including robotics, gaming, recommendation systems,
and finance, demonstrating its adaptability and efficacy in handling difficult issues that

older approaches struggle with.

111.2.2.2. Neural Network

Neural Networks, modeled based on the function of the human brain, strive to replicate
the brain's pattern recognition skills, these networks consist of linked layers of neurons that
interpret incoming data and extract significant characteristics and patterns, similar to how
neurons interact in the brain [18]. A Neural Network's fundamental structure consists of input,
hidden, and output layers, with connections between nodes reflecting weights that change over
the learning process as mentioned in Figure 111.2 [19]. These networks are widely used in voice
recognition, computer vision, industrial inspection, demonstrating their adaptability and

efficacy in addressing difficult issues [20].
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e

Input Layer Hidden Layers Output Layer

Figure 111.23 : Neural Network Structure

111.2.3. Image Segmentation Methods

In recent years and due to limitations of traditional methods of analysis by eye which
usually conduct to numerous errors, researchers have employed Al methods in these fields to
surpass these drawbacks, Artificial intelligence (Al) has greatly advanced the field of image
segmentation and classification analysis, particularly in medical imaging, satellite imagery, and
various industrial applications. Al techniques, especially Images segmentation algorithms,
classification methods like reinforcement learning ...etc, have shown remarkable success in

automating and improving the accuracy of these processes.

111.2.3.1. Image segmentation

Segmentation is a crucial step in image processing that divides a digital image into
multiple sections. It is widely used to identify objects, making images more meaningful and
easier to analyze. The goal of image segmentation is to divide the image into meaningful

connected components and to extract the characteristics of the objects within the image [21].
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[ Image segmentation ]
I
I ; !

Threshold P;egloél Edge Based Watershed Clustering
Method ase Method Based Method | | Based Method

Method

Figure 111.24 : Images segmentation different methods.

There are many methods applied for image segmentation as displayed in Figure.3,
several ones which been applied in many papers are demonstrated below:

a) Threshold Segmentation : This method divides grayscale images based on specific
target values. There are two types of threshold segmentation: local and global. The
global threshold method uses a single threshold to separate an image into two regions,
the target and the background . In contrast, the local threshold method uses multiple
thresholds to segment an image into various target regions and backgrounds [22].

b) Edge Based Segmentation : This approach detects edges in images by identifying
rapid changes in intensity levels. These algorithms find edges where the first derivative
of intensity surpasses a threshold or where the second derivative has zero crossings.
Common edge-based segmentation techniques include gray histograms and gradient-
based algorithms [23].

c) Region Based Segmentation : This method segments an image into subregions by
identifying clusters of neighboring pixels with similar intensity values. These regions
are grouped according to their anatomical or functional roles. Region-based
segmentation algorithms are simpler and more resistant to noise than edge detection
methods and divide an image into similar regions based on predefined criteria.
Techniques in this category include Region Growing, Region Splitting and Merging,

and Watershed Transformation [24].

However, image segmentation faces several challenges, necessitating the development of new
optimization algorithms inspired by nature, known as Nature-Inspired Optimization Algorithms
(NIOAs). These innovative methods are proposed as alternatives to traditional mathematical
approaches, which often prove insufficient for complex problems like image segmentation.
NIOAs incorporate Al mechanisms where individuals cooperate to solve tasks. Researchers

have developed NIOAs based on principles from nature, physics, social behavior, and biology.
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These algorithms can be classified into various categories, including Evolutionary Computation
Techniques (ECTSs), Bio-Inspired Algorithms (BIAs), physics and chemistry-based methods,
and other algorithms as indicated in Figure.4 [25].

[ Nature Inspired Optimization Algorithms }
I

v ] v ] ¥ v
. Swarm ) .
Evolutionary intelli Physics Based Human related Chemical
mntelligence
5 Methods Methods Based Methods
Methods
[ Genetic Algorithm GA ] [ Ant Colony Algorithm ] [ Multi Verse Optimizer ] [ Harmony Search ] [ Artificial Chemical Process ]
[ Genetic Programming GP ] [ Ant Lion Algorithm ] [ Black Hole Optimizer ] [ Firework Algorithm J [ Chemical Reaction Optimizer ]
[ Evolution Strategy SG ] [ Salp Swarm Algorithm ] [ Thermal Exchange Optimizer J [ Mine Blast Algorithm ]
[ Differential Evolution DE ] [ Dragon Fly Algorithm ] [ Simulated Annealing J [ League Championship Algorithm ]

Figure 111.25 : Different classes of nature inspired optimizations algorithms.

Each developed nature-inspired optimization method is divided into two phases:
exploration and exploitation. Exploration involves a global search or diversification, while
exploitation focuses on a local search or intensification to find the optimal solution. These
phases with operators used in developing methods allow to enhance the search for better
solutions and get good performance especially for images segmentation problems [26]. Several
nature-inspired optimization algorithms developed in the recent years as displayed in Table
1.1,
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Table 111.4 : Different nature inspired optimization algorithms developed.

Algorithm Name Inspiration Methods of development Ref

Artificial Bee Colony Honeybee foraging behavior Investigates and exploits food  [27]
(ABC) sources to optimize solutions.

Firefly Algorithm (FA) Flashing behavior of fireflies developed by attracting fireflies  [28]

based on their brightness to settle
on ideal solutions.

Hunger Games Search Hunger drives behavior in both Simulates hunger-driven  [29]
(HGS) animals and humans. resource seeking behavior. Uses
the exploration and exploitation
phases to identify optimal

solutions
RIME (Recurrent Icing the natural process of ice formation ~ Recurrent memory processes are  [30]
Memory-based Evolution) and memory retention. employed to preserve valuable

information,  whereas icing
patterns guide search,

Grey Wolf Optimizer Grey wolves' natural leadership Emulates grey wolves' social  [31]
(GWO) hierarchy and hunting method. hierarchy and hunting habits.
Whale Optimization Bubble-net hunting strategy of Has three operators that replicate  [32]
Algorithm (WOA) whales humpback  whale  foraging

behavior such as searching for
prey, encircling prey, and using a
bubble net.

111.3. Artificial intelligence in Biodiesel production

Our thesis aims to get an efficient biodiesel production mechanism by choosing
appropriate catalysts, and suitable feedstocks such as algae, used cooking oil...etc. However,
additional methods and approaches are demanded to ensure both results and analysis with high
accuracy which allows to minimize the time, effort, and cost put into producing high-quality
biodiesel. Employing artificial intelligence (Al) in biodiesel production offers numerous
advantages, including improved efficiency, optimization, sustainability, and cost-effectiveness.
Al techniques like Artificial Neural Networks (ANN), and Image segmentation can both model,

enhance, and optimize production parameters.

These parameters enhanced include Reaction temperature, catalyst Synthesis conditions
and their concentration in the reactions, reaction time, reaching to analyze the modification that

occurred in catalysts, and choosing the suitable feedstock through classification.
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The optimization of these parameters and conditions for sure leads to better control over

the transesterification process and higher biodiesel yield and quality. The following points will

include several applications of Al in biodiesel production.

111.3.1. Prediction and Optimization of Biodiesel Production Using ANN

The application of Artificial Neural Network (ANN) and other Methods such as ANFIS
(Adaptive Neuro-Fuzzy Inference System) and RSM (Response Surface Methodology) in

biodiesel production optimization allow to get the optimized parameters and factors affecting

in biodiesel synthesis like Temperature, Time, Catalyst concentration, and Alcohol/Oil molar

ration, this computational model, is capable of successfully estimate the efficiency of biodiesel

production, and to examine the agreement between the experimental and the predicted results.

[33,34], These outcomes were proven by several studies as highlighted in Table 111.2

Table 111.5 : Different ANN methods used for biodiesel predictions.

Paper Title Methods used Objective Ref
Prediction and optimization Artificial neural network (ANN) A comparison of the effectiveness of [35]
of biodiesel production by Response Surface Methodology Artificial Neural Networks (ANN) and
using ANN and RSM (RSM) Response Surface Methodology (RSM) in
forecasting and optimizing biodiesel
production from pomegranate seed oil.
Optimization and analysis of Multi-layer perceptron (MLP) Comparison between four Prediction [33]
bioenergy production using K-nearest neighbors (KNN) methods in terms of e the reliability,
machine learning modeling: Artificial neural network (ANN) accuracy, and prediction ability of
Multi-layer perceptron, Gaussian processes regression (GPR) transesterification of Palm oil to produce
Gaussian processes biodiesel.
regression, K-nearest
neighbors, and Artificial
neural network models
Biodiesel Production from ANN Biodiesel production from jatropha [36]
Jatropha: A Computational Genetic Algorithm oil optimization using Al and machine
Approach by Means of learning algorithms, including artificial
Avrtificial Intelligence and neural networks (ANN). and genetic
Genetic Algorithm algorithms to improve production and
quality predictions.
Biodiesel production from Artificial neural network (ANN) Using calcium oxide from eggshells as a [34]

rubber seed oil using calcium
oxide derived from eggshell
as catalyst — optimization
and modeling studies

Response Surface Methodology

(RSM)

catalyst, biodiesel was produced from non-
edible rubber seed oil. The process
parameters were optimized with RSM.
Additionally, an ANN was trained to
predict biodiesel conversion.
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111.3.2. Classification of feedstocks used for biodiesel production

Selecting suitable raw materials for biodiesel production is crucial for ensuring high
yields. Algae, with over 40,000 species, presents a significant challenge for manual
identification and classification, which can lead to errors due to some reasons such as
boundaries and textures not clear in some images and can be a consuming time process [37].
Al techniques can be employed to classify algae data quickly and accurately, minimizing
mistakes in algal categorization. This ensures that the best species are selected for biodiesel
production, leading to more consistent and reliable results. Consequently, the use of Al in this
field reduces costs associated with trial-and-error methods and manual classification, making
the production process more cost-effective and economically viable. The application of this

technique in biodiesel production can be summarized as indicated in Figure I11.5.

Transesterification
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Figure 111.26 : Classification method for algae species used in biodiesel production.

Different approaches and methods of Al were employed for this purpose and some of

them were displayed in Table 111.3.
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Table 111.6 : Different Al techniques employed for Algae classification and identification.

Paper Title Methods used Objective Ref
Microalgae Classification Improved Metaheuristic Algorithm(A The objective is to create a more [38]
Using Improved modified Quantum-Based Thermal accurate classification technique for
Metaheuristic Algorithm Exchange Optimization Algorithm) microalgae using computer-aided
methods.
Computer Vision Based Pre-processing with Deep learning Evaluated the utility of three deep [39]
Deep Learning Approach technique used to enhance the learning models for algae detection
for the Detection and quantities of data and increase the and compared their performance.
Classification of Algae precision.
Species Using Microscopic
Images
Automated Microalgae The classification of algal images Developed an automated microalgae [37]
Image Classification by four steps: preprocessing, image recognition system for algal
segmentation using single-resolution microscopic pictures.
edge detection, feature extraction, and
classification using an SMO classifier.
Accurate Classification of Apply a deep convolutional neural The objective is getting a [40]

Algae Using Deep
Convolutional Neural
Network with a Small

Database

network (CNN) algorithm for the
accurate identification and
classification of algae.

classification and recognition of
algae using CNN method with high
accuracy.

111.3.3. Segmentation for SEM analysis images

SEM image analysis is essential for identifying and understanding surface changes in

materials under various conditions such as time, temperature, and preparation methods. This
analysis is vital in biodiesel production, particularly when using heterogeneous catalysts
prepared under specific protocols. By performing SEM analysis on these catalysts, researchers

can observe how different parameters affect catalyst preparation [41].

However, similar to algae classification, SEM image analysis can be time-consuming
and challenging due to the difficulty of visual inspection, which can lead to misinterpretations.
Additionally, SEM images can be noisy and unclear, complicating their verification.

Al methods can greatly simplify the interpretation of SEM images by applying advanced
segmentation techniques. These techniques divide the images into distinct sections and
highlight regions of interest, such as specific surface features or defects [42]. By doing so, Al
helps to focus on the most relevant parts of the image, reducing noise and unwanted parts in the
image. This makes the analysis more efficient and accurate[43], allowing researchers and

experts to more easily investigate and understand the material characteristics and the effects of
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different conditions. Ultimately, Al-enhanced SEM image analysis leads to better insights and
more reliable results in research and enhancing production processes to obtain catalysts with
high activity and selectivity. As mentioned in Figure.6, the segmentation method applied for
Catalyst SEM images can facilitate and make the analysis of SEM images in different
conditions (Before and after calcination as example) Different Al methods applied for this

matter are presented in Table 111.4.

Table 111.7 : Various Al techniques employed for SEM images identifications and analysis.

Paper Title Methods Used Obijective Ref
Identification of Three convolutional neural network The objective is to identify [44]
nanocomposites models were used to clarify and spot agglomerates in SEM images of

agglomerates in scanning agglomerates in spherical silica- spherical silica-based polyethylene
electron microscopy images  based polyethylene nanocomposites. nanocomposites by the semantic
based on semantic segmentation technique.
segmentation
Scanning electron A developed U-Net convolutional The objective is to analyze concrete [45]
microscopy (SEM) image neural network was employed for microstructure SEM images using
segmentation for concrete SEM image microstructure  semantic segmentation techniques.
microstructure analysis of analysis.
concrete using U-net
convolutional neural
network
Automated image the U-Net architecture employed to Facilitate the analysis of Graphene [46]
segmentation of scanning train on a dataset of images, using SEM images by U-Net coupled
electron microscopy images moderate image augmentation to with images segmentation
of graphene using U-Net enhance the analysis. technique.
Neural Network
Deep Learning Based A method for evaluating SEM Evaluation of robustness and [47]

Instance Segmentation of
Titanium Dioxide Particles
in the Form of Agglomerates
in Scanning Electron
Microscopy

pictures of titanium dioxide samples
that combines Mask-RCNN and
transfer learning.

performance deep learning
algorithm Mask R-CNN when
applied to SEM images of TiO2
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Figure 111.27 : Image segmentation methods applied for Catalyst SEM images analysis.
111.4. Other useful methods and software’s for biodiesel production

Along with Al approaches, biodiesel production may benefit from a variety of
innovative methodologies and software tools meant to increase efficiency, output, and
sustainability. The following paragraphs briefly describe several essential methodologies and

software programs that are useful in biodiesel production:

111.4.1. JASP

JASP is a user-friendly, open-source statistical software designed for ease of use,
available on Windows, Mac OS X, and Linux. It provides tools for performing common
statistical tasks and offers descriptive statistics and basic analysis methods, including t-tests for
one-sample, paired, and grouped designs, ANOVA for grouped and repeated measures designs,
ANCOVA, linear regression, correlation tests, and contingency tables [48]. These tests allow
researchers to examine how temperature, catalyst concentration, and reaction time affect
biodiesel output and quality. JASP can also assist find connections between raw material
qualities and production outputs, allowing for the selection of the optimal raw materials and
processing conditions. This results in increased efficiency, cost-effectiveness, and sustainability

in biodiesel synthesis.
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111.4.2. SPSS

SPSS (Statistical Package for the Social Sciences) is a strong data processing and
analysis tool that is particularly useful in biodiesel production research. It may create
experiments to discover optimal production settings, such as JASP, do regression analysis to
model correlations between variables, and utilize ANOVA to establish the relevance of process
parameters. SPSS also uses descriptive statistics to describe data and multivariate analysis to
investigate complicated relationships. Furthermore, SPSS may be used to run tests such as
Wilcoxon and Friedmann, which are vital in the characterization of distinct novel generated
optimization algorithms used for image segmentation and validate their efficiency over the

previous ones.

111.4.3. DWSIM

DWSIM was developed by Daniel Medeiros, this software is an open-source chemical
process simulation tool. This free software helps users understand the behavior of chemical
systems [49]. It is a simulation tool that enables students, researchers, and professionals to
simulate biodiesel production, evaluating and optimizing various stages of synthesis. It can
simulate the entire production process, optimize reaction conditions, aid in equipment design,
and conduct economic and sensitivity assessments for efficient and cost-effective production.
DWSIM also provides energy and mass balance calculations and environmental effect

evaluations.

DWSIM is a valuable tool for biodiesel production, offering a user-friendly interface,
comprehensive thermodynamic models, and customization options. Being an open-source
software, its integration capabilities and robust community support [50], these advantages make

it even more effective in creating sustainable and cost-efficient biodiesel production processes.

111.4.4. Density Functional Theory

Density Functional Theory (DFT) is a common and effective "ab initio” method for the
structure of quantum many-body systems (atoms, molecules, and solids). It analyzes the

electronic structure of atoms, molecules, and condensed matter systems [51].

Density Functional Theory (DFT) is essential for designing and optimizing catalysts in
chemical reactions, including biofuel synthesis. It has been successfully applied to study the
catalytic properties of various catalysts [52]. DFT helps optimize reactions at the molecular
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level, understand reaction mechanisms, characterize feedstocks, and analyze reactant
adsorption on catalyst surfaces [53]. This leads to a deeper understanding of catalyst reactivity
and performance in biodiesel synthesis and helps optimize reaction conditions to maximize

yield and minimize energy consumption.

DFT also aids in environmental impact evaluations by studying byproduct generation
and emissions. It provides molecular-level insights and predictive capacity while also assisting
in the development of efficient, environmentally friendly catalysts and processes, resulting in

higher-quality biodiesel and more sustainability.
111.5. Conclusion

In this chapter, we looked at numerous Al techniques and their considerable benefits in
biodiesel manufacturing. It has been demonstrated that Al technologies like machine learning,
neural networks, and adaptive algorithms employed in segmentation can transform the biodiesel
business by improving prediction accuracy, characterization analysis, and production process

optimization.

These techniques allow for detailed modeling of complicated biodiesel production
characteristics, making it easier to pick the best conditions for maximum yield and quality. Al
approaches also provide real-time monitoring and quality control, which eliminates the need
for trial-and-error testing and reduces production costs. Furthermore, Al's capacity to analyze
vast datasets and uncover trends that human researchers may not see helps to drive novel
solutions and ongoing progress in biodiesel production. Additionally, we presented various
methods and software, explaining their advantages and how they simplify and expedite the

simulation and understanding of biodiesel production.

This chapter served as an introduction to the practical aspects of this thesis, where we
implemented several Al methods in the biodiesel synthesis process and evaluated their
effectiveness. The following chapter will detail the materials like feedstocks, catalysts ...etc.,
techniques, and Al models employed to streamline the biodiesel production and

characterization processes.
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Chapter IV Materials and methods

1VV.1. Introduction

Previous chapters have discussed Algeria's waste and energy concerns and offered
solutions for reducing pollution and greenhouse gas emissions driven by the country's high
production of waste and heavy reliance on fossil fuels. These include employing catalysts to
speed up the process and creating biodiesel from a variety of materials, including algae and
waste cooking oil. By using this method, pollution diminishes and a new, environmentally

beneficial fuel is produced.

The upcoming chapter will delve into the experimental protocol designed for biodiesel
production, detailing each step of the process from resource collection to catalyst application
ending in biodiesel synthesis. Additionally, it will highlight the advanced Al techniques
implemented to facilitate and optimize the analysis of characterization results, ensuring precise

and reliable data interpretation.
IVV.2. Experimental Protocol Proposal

Fig IV.1 outlines the proposed framework for biodiesel synthesis in this thesis, which
utilizes waste cooking oil and algae as raw materials and cuttlefish bones as a catalyst. The first
steps involve breaking down cuttlefish bones to make calcium oxide (CaO), which is a
heterogeneous catalyst. Then, the lipid properties, antibacterial activity, and other factors are
checked to make sure the feedstock is suitable and the biodiesel is of good quality. In summary,
the method includes three main processes: first, prepare the raw materials by assessing the
qualities of waste cooking oil and algae; second, convert cuttlefish bones into CaO; and third,

use the CaO catalyst to perform the transesterification process, turning oils into biodiesel.

Advanced techniques like SEM (Scanning Electron Microscopy), XRD (X-ray
Diffraction), FT-IR (Fourier-Transform Infrared Spectroscopy), and GC-MS (Gas
Chromatography-Mass Spectrometry) are used to analyze and characterize the materials used

for biodiesel production.

Additionally, an Al method optimizes and facilitates the analysis of CaO SEM image

characterization results, ensuring precise and reliable data interpretation.
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Figure 1V.28 : Experimental protocol proposal.
IVV.3. Materials and Methods
IVV.3.1. Catalyst Preparation

The catalyst selected for biodiesel production is Calcium Oxide (CaQO), known for its
high stability and excellent performance due to its extremely high basic strength [1]. This
catalyst is synthesized by thermally decomposing Calcium Carbonate (CaCQs3) as highlighted
in Eq.1.

CaC03 > Ca0 + CO2 (1)

Calcium carbonate (CaCOz) is widely found in natural sources such as eggshells and
animal bones. For this study, cuttlefish bones often found along coastlines and recognized for
their high calcium content were selected as the primary source of calcium. Cuttlefish bones are
also commonly used as dietary supplements for birds, providing essential calcium that

strengthens eggshells. Their natural richness in calcium makes them an ideal candidate for
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examining calcium transformations during catalyst preparation, allowing us to leverage their

unique properties in this research.

The Calcium Oxide (CaO) catalyst preparation, as illustrated in Fig 1V.2, begins with
collecting cuttlefish bones from Oued Bibi Beach during the autumn season. These bones are
thoroughly washed to remove impurities and dried overnight at 100 °C. After drying, they are
ground into a fine powder using an electric blender. This powder then undergoes calcination at
900°C for 2 hours, resulting in the CaO catalyst, which will be used for transesterification

reactions and further analyzed through various characterization techniques.

N ™ D
Cuttlefish bones Washing ﬁ Drying =
& 5 100°C .”

k-/ \/ @ 2 Overnight . E iy
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Figure 1V.29 : CaO catalyst preparation method.

IVV.3.2. Algae and waste cooking oil samples

Algae and waste cooking oil samples were employed for the study. The waste cooking
oil was collected from local restaurants in Tamalous, ensuring a sustainable approach by
repurposing used oil. The algae samples included Spirulina and Chlorella, sourced from
BioHealth DZ, a local startup dedicated to producing biohealth products. These materials were
chosen for their availability and potential in biodiesel production.

But before introducing this feedstock’s into transesterification reactions, several tests

were done to confirm the proprieties of these materials.

IVV.3.3. Characterization methods
1V.3.3.1. Catalyst characterization

1) X-Ray Diffraction: CaO and CaCOs identification and highlight their chemical
compositions was carried out using X-ray diffraction (XRD) analysis to both before and

after calcination. The analysis was performed with a Bruker D8 ADVANCE with
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DAVINCI design (Bruker AXS, Germany), operating at 40 mA and 40 kV with Cu Ka
radiation (wavelength of 1.54 A). Data collection spanned a 20 range of 10-90° with a step
size of 0.02° and a time per step of 19.1 s.

2) Infra-Red Spectroscopy: The characterization of CaO and CaCOs was performed using
Fourier Transform Infrared (FTIR) spectroscopy to highlight the functional groups found
in surfaces. Measurements were done with a Shimadzu QATRTM-S Single-Reflection ATR
Accessory equipped with a diamond crystal, covering the wavelength range of 4000-400
cm!,

3) Scanning Electron Microscopy: Scanning Electron Microscopy (SEM) is essential for
examining and highlighting surface modifications in materials before and after calcination.
This study aims to observe the changes in CaCOs after thermal treatment to produce CaO

catalysts. To achieve this, we used a ThermoScientific Quattro model SEM.

1VV.3.3.2. Feedstock characterization

1) Lipid Proprieties: This analysis looked on the feedstock's lipid properties and content. For
that, 50g of Spirulina and 30g of Chlorella were extracted using methanol as the solvent and
following the maceration methods, both spirulina and chlorella were kept overnight under
stirring. This characterization helps to determine the lipid content of these algae samples,

which is crucial for assessing their potential as a feedstock for biodiesel synthesis.

1VV.3.4. Al proposed method for efficient SEM images analysis

Many studies indicate that calcium oxide (CaO) is widely utilized as a catalyst in
biodiesel synthesis, largely due to its favorable physical and chemical properties. Physically,
CaO bhoasts a large surface area, structural stability, and strong basic sites, which make it highly
effective for catalytic reactions. Chemically, it exhibits notable thermal stability and catalytic

activity, making it suitable for high-temperature processes.

The morphology of CaO can vary significantly, influenced by factors such as the choice
of raw materials and the calcination temperatures used during preparation. This variability
underscores the importance of careful feedstock selection and precise control over calcination

conditions to optimize the catalytic efficiency of CaO.
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To further understand and optimize the properties of CaO as a catalyst, Scanning
Electron Microscopy (SEM) is frequently employed as a key characterization method. SEM
analysis provides detailed insights into the catalyst’s surface morphology, which in turn helps
elucidate the structural modifications occurring during preparation. This detailed imaging
reveals changes that enhance the catalyst's performance, making SEM an invaluable tool for
refining feedstock choices and ensuring the highest possible selectivity and activity in biodiesel

production.

However, manual examination of SEM images done by researchers can often fall short
in providing a thorough understanding, as image noise and other distortions may obscure crucial
details. To address this limitation, researchers have developed a range of advanced solutions.
Among these, segmentation algorithms stand out as a powerful tool. By breaking down and
refining image components, segmentation enhances both the clarity and precision of analysis,
transforming complex images into more interpretable representations. This approach not only
overcomes the challenges of manual image inspection but also enables more accurate and

reliable findings, offering a sharper, more detailed insight into the materials under study

In this context, this practical chapter of our thesis presents a novel Symmetric Chaotic
War Strategy Optimization Algorithm (SCWSO), specifically designed to achieve precise
segmentation of SEM images of calcium oxide (CaO) catalysts used in the transesterification
reaction of biodiesel. Unlike traditional methods that rely on random processes, the whole
inspiration of SCWSO came from the hybridization between symmetric chaotic sequences
derived from the Henon map and the original optimization algorithm called the War strategy
optimization algorithm. This hybridization has been a big advantage in enhancing the
segmentation of SEM images. This structured approach not only accelerates the search for
optimal solutions but also enhances the clarity and accuracy and eliminates noise present in
several images, facilitating interpreting of SEM images of CaO catalysts, making it a powerful

tool for detailed catalyst analysis.

A streamlined overview of the SEM image analysis process using SCWSO is illustrated
in Fig IV.3.
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Figure 1V.30 : Experimental protocol proposal.

1VV.3.4.1. Data used in the method

As with any Al-driven approach, the effectiveness of the SCWSO method in analyzing
SEM images of calcium oxide (CaO) catalysts hinges on selecting an appropriate dataset. A
well-chosen dataset is essential for evaluating various aspects of the algorithm’s performance,
ensuring that its capabilities are thoroughly tested and validated. In this study, the images
presented in Fig IV.4 and Tab IV.1 were carefully chosen as the dataset for applying the
SCWSO method. These images encompass a diverse range of features, providing a robust
foundation for testing the method’s proficiency in both image segmentation and catalyst

characterization, thus offering a comprehensive assessment of SCWSQO’s analytical potential
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Table 1V.8 : Dataset employed in Al method.

Image Title Reference
SEM-1 Calcined kettle limescale [2]
SEM-2 Calcined Silver Croaker’s stone 4um [3]
SEM-3 Calcined chicken egg shell 50kX [4]
SEM-4 Eggshell-CaO-900-600°C [5]
SEM-5 Eggshell-Ca0O-900°C [5]
SEM-6 Uncalcined 5X eggshell waste [6]
SEM-7 Kettle limescale [2]
SEM-8 Raw chicken egg shell 500X [4]
SEM-9 Raw chicken egg shell 5kX [4]
SEM-10 Raw chicken egg shell 50kX [4]

This dataset was also selected for its relevance in studying the transformation of calcium
compounds under calcination, a key process in catalyst preparation. Before calcination, calcium
exists as calcium carbonate, which then converts into calcium oxide during the heating process,
which present a main objective in our study. By applying the SCWSO method, we can
effectively analyze structural changes occurring as calcium carbonate transitions to calcium
oxide. This dataset thus enables a comprehensive evaluation of SCWSO’s capability to detect
and interpret morphological differences across the various calcination stages, offering critical

insights into the catalyst’s development.
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SEM-7 SEM-8 SEM-9

Figure 1VV.31 : SEM images employed in Al methods

1VV.3.4.2. Development of Symmetric Chaotic War Strategy Optimization
Algorithm

SCWSO is an enhanced technique of original nature inspired method called War
Strategy Optimization WSO incoraopted with different technique such symmetric chaotic and

Hennon map
1VV.3.4.2.1. War Strategy Optimization algorithm

The WSO method was proposed by Tummala et al.[7], suggesting that each soldier has an
equal chance to rise to King or Commander depending on their battle strength. These leaders
guide other soldiers, but they may confront formidable local opponents who employ strategic
placement and mobility techniques. To summarize, WSO mathematically models the tactics

and varied positions used by soldiers and commanders, as follows:
e Attack position :

Every soldier adjusts his pose to conform to the King and Commander positions, as
stated in Eq. 2:
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Yi(t+ 1) =Yi(t) +2XpX(C—K)+rand X (Wi X K — Xi(t)) (2)

Where Y; (t + 1) is the update position, Yi (t) the former position, C the commander’s position,

K the king’s location, and Wi is the weight
e Weight and Rank updating :

Positions get updates by search agents based on interactions among Soldier, Commander, and
King grades. If the new location's attack force is less than the previous ones, the soldier returns
to his former position. When updates are successful, soldiers' ranks Si rise.

Yit+ 1) = (Yi(t+ 1)(Fn = Fp) + (Yi(t))(Fn < Fp) (3)
Si = (Si+1)(Fn = Fp) + (S))(Fn < Fp) 4)

Using the new rank, we can determine the current weight as follows:

Si
w=w ) )
i i Max;e,

e Defense strategy :

The king, the commander, and a chosen soldier's placements define the defense strategy for
position updates. However, the ranking mechanism and weight changes remain constant

following Eqg. 6.

Yi(t+1) =Yi(t) + 2 Xp X (K —Yrana(t)) +rand x Wi X (c —=Yi(t)) (6)

e Taking the weak soldiers out and replacing them :

In every iteration, soldiers with the lowest fitness ratings are picked. Several replacement
procedures were investigated, with one of the simplest options being to replace the weakest

soldier with a randomly selected soldier, as shown in Eq. 7.
Yw(t + 1) = Lb + rand X (Ub — Lb) (7)

Where Ly and Uy are the lower and upper bounds respectively.
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1V.3.4.2.2. Symmetric chaotic

The Henon map, with its multiple distinguishing features, is considered popular chaotic
systems. The set of functions Hap: R? — R? has the corresponding discrete form, as shown in
Eq.8. [8]:

1— ax*+y
bx

Hap (i> = ( ) (®

The system variables are (x, y), while the system parameters are (a, b). (Hap) is determined by
two parameters (a, b), which for chaotic behavior have canonical values of 1.4 and 0.3. As

indicated in Eg. 9, the Henon map can also be expressed iteratively.

x(k+1) =1—ax*k) + y(k)
y(k + 1) = bx(k) )

With k=1,2...., N

Yet, to fully incorporate WSO with the Henon map, it must be expressed in linear form this

way:

T (Z,Z) = H (Vl—al’vz—a’z) (10)
ab- 1 2 ab f1—a1 f2— a2
z1 and z2 are variables of the system after the linear transformation, The pairings(zi, z2) , (1 —
21, 22), (21, 1 — z2), and (1 — z1, 1 — z2) are used to make the sequence [8].

In our thesis, the Symmetric Chaotic War Strategy Optimization (SCWSQO) approach
introduces an innovative twist on traditional random sequences by integrating symmetric
chaotic patterns generated from the Henon map function. By leveraging chaotic mapping, this
approach enhances heuristic algorithms, creating a more diverse and dynamic selection process
that improves algorithmic performance. The added variability in SCWSOQO's search strategy
allows for more thorough exploration, enhancing the robustness and precision of the results.
The specific performance improvements achieved through this method are detailed in the

sections below.

e Chaotic Defense attack mechanism :

The modification starts by replacing the random variables in Eqgs. 2 and 6 with symmetric

chaotic settings, resulting in the following position update Eq .11:
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DYi(t + 1)
. Yit) +2X (1 —2z1) X (C—K) +rand X (Wi X K —Yi(t)) rand < 0.5 1
“4ie) £ 2 x (1= 21) X (K — Yrana(£)) +rand X Wi x (¢ — Yi(£)) rand > 05 D

¢ King-Commanders Based Chaotic Mutation (KCBCM) :

In order to update a Soldier's best position, the King (K) is chosen as the highest-ranking
unit, followed by the Commander (C) and the Lieutenant, depending on the fitness of all N

troops. Each i" soldier’s new mutation position Xi(New), is then determined.
Yi(New) =Y(t+1)+(2Xx(1—2z1)—1) X (K — (C + Lieutenant) + ((1 — z3) — 1)(K —=Y(t)) (12)

Where, (1 — z1) and (1 — z2) are symmetric parameters obtained from the normalized Henon

map.
Following these changes, the new position update will be assessed as follows:

Yi(Newl) i Yi(Newl)) < f(Yi(New)
Yi(New2) = { y(I\?va) il]]: ][((Y.(N:vtl))l f{Y(_(Nevi‘f))) (13)

With : Yi(New) = Yi+ DYi(t+1)
e Search Technique for a Chaotic Multi-Leader Exploring Group (SCMEG) :

To boost the algorithm's ability to navigate the search area and pick the most suitable
candidates. SCMEG (Search strategy for a Chaotic Multi-Leader Exploring Group) strategy,

outlined in Eq. 14, is presented; which aim to guide the process toward the best possible finding:
Ysemea(t+1) =K+ Wi X (Xmi— Yri+Ymr — Yr2) (14)

Y1 and Y2 are randomly chosen soldier positions from the entire population, while Ym and Ymr
are randomly selected from the top five best positions in the army. This selection process is
explained in Eq.15.

Yi = {Yscmec if f(Yscmec) < f(Yi) (15)
e Chaotically Weighted Soldier Strategy (CWSS) :

Chaotically Weighted Soldier Strategy is presented to increase the algorithm's global search
efficiency. Eqs. 16 and 17 explain how it utilizes a chaotic search to randomly find new spots

inside the present region.

Yewss(t+ 1) =Yt + 1+ Wi X (1 —2z1)) X (Yr1— Yr2) (16)
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Yi = {Yewssif f(Ycwss) < f(Y) (17)

To summarize, Algorithm 1 below provides the pseudocode for constructing the SCWSO
algorithm, detailing the necessary equations used and its application in analyzing CaO SEM

images.

Algorithm 1 : SCWSO pseudo-code

Input: Soldier size (S) = 30, dimension of the war space (dimension of the problem), Ib: lower
bond, Ub: upper bounds, Max-iteration= 100, Positions of the King (K = zeros (1, dim)), Army

Commander (C = zeros (1, dim)), pr = 0.5

Output: Best solution
Set the settings; R=zeros (1, soldier size); W = 2ones (1, soldier size)
Deploy the soldiers in the conflict zone in an arbitrary and uniform way.
For 1: soldier — size
Obtain the attack force for each soldier.
end for
Configure the fitness for all of the soldiers (attack force).
Select the highest-fitness soldier as the King and the second-highest as the Commander.
while do t < Tmax(MaXiterations)

For 1: soldier — size

p =rand

if p < pr percentage signal given to pursue the strategy
Upgrade every soldier's location utilizing Eqg. 11 (Exploration)

else

Upgrade every soldier's location utilizing Eg. 11 (Exploitation)
end if

Assess every soldier's attack force.

Arrange each soldier's fitness.

Find the optimum locations in the army population employing Egs. 12, 13, 14, and 15

Upgrade each soldier's position based on the attack force of their present and former

placements via Eq. 3.
Improve the rank and weight of each soldier located on the territory employing Eq. 4

end for
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Upgrade the Global search with Xcwss based on Egs. 16 and 17.
Locate the weak soldier with the bad fitness
Relocate the weak soldier picking an appropriate relocation strategy
Upgrade the King and Commander positions
t=t+1

end while

Reveal the King’s attack force and position

Generate coloromap images for the selected pictures

Evaluating time complexity helps to understand the algorithm's efficiency and
scalability with increasing problem size. For the SCWSO method, this analysis shows how
changes in population size (N), search space (D), and iterations Maxitr impact computational
resources. Time complexity is evaluated employing big-O notation for the SCWSO algorithm.
The initialization, function evaluation, and position update complexities are O(NxD), O(N),
and O((N+1) xD), respectively. Thus, the total time complexity is O((N+1) xDxMaXiter).

1VV.3.4.3. SCWSO Evaluation

The SCWSO approach was assessed versus other algorithms to prove its superiority and
efficiency in this area, with each SEM image input exposed to up to 100 iterations over 30
independent runs for each technique. All methods have been examined through the same
simulation circumstances and their parameters set to default values. Table 1V.2 outlines

algorithms used, along with their settings.
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Table I1V.9 : Algorithm used in evaluation and its parameters.

Algorithm Name Parameter Setting

Common parameters Population size N = 30
Total number of iterations T = 100

Number of independent runs = 30

Symmetric Chaotic War Strategy Optimization a=1.4,b=0.3 of Henon map
(SCWSO0)
War Strategy Optimization (WSO) [7] p is a random variable in the range [0, 1]
Sine Cosine Algorithm (SCA) [9] SCA a = 2 (defaults)
Chimp Optimization Algorithm (Chimp) [10] Chimp Gauss map the initial condition
with x (0) = 0.7.
Other parameters set as defaults
Chornobyl Disaster Optimizer (CDO) [11] Defaults parameters
Golden Jackal Optimization (GJO) [12] Ci variable is varied from 1 to 2
Reptile Search Algorithm (RSA) [13] a=0.1, p = 0.005 (default)
Grey Wolf Optimizer (GWO) / (IGWO) [14] C is changed in range [0, 2]

The effectiveness of the developed method is gauged utilizing the following metrics: fitness,
peak signal-to-noise ratio (PSNR), structural similarity index (SSIM), and feature similarity

index (FSIM). these metrics are summarized as follow:
e Standard deviation

To evaluate the algorithm's stability in fitness research, the standard deviation is
considered a good test. A high standard deviation indicates increased instability in the

algorithm. It can be estimated utilizing Eq. 18 [15].

TE
oO: —
E

i=1
e PSNR

PSNR measures serve to evaluate the similarity between segmented and original images.
Higher PSNR values imply higher image quality, which mean less distortion. This
value estimated via Eq.19 [16,17]:
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2

VMSE

MSE indicate the mean square error of image before and after segmentation , determined
as follow [16]:

PSNR = 20 x logiox ( ) (19)

m—1n—1

1
MSE = WZOZILI(i,j) -GG HIN?*  (20)
i=0 j=

1(i,j) and G(i, j) are grayscale values of SEM image before and after segmentation.

e SSIM

SSIM results can demonstrate the method's superiority over alternative approaches.
Strong finds show robust segmentation of the original images, SSIM determined as follows
[17]:

(zluorgzﬂseg + Cl)(o-org.seg + CZ)
SSIM (Iorg, Iseg) = 2 2 2 2 (21)
(u org + u seg + c)(u org + u seg + c2)

Where, porg and pseq refer to the mean intensities of the original image and the segmented
image, while corg and cseg are their standard deviations. Covariance between the original and

segmented images is denoted as corg-seg, and €1 and cz are fixed constants.
e FSIM

The high FSIM values imply that the original images were segmented accurately, with
the segmented images identical to the original. The process of computing FSIM entails defining
phase congruency (PC) and gradient magnitude (GM), which identify visual qualities and
compute image gradients. FSIM is calculated using these two expressions as follow [17]:

2PC1PC2 + T

Sec = persper+T- (22)
1 2 1

Where: Spc measures the similarity between the original and segmented images. PC;
and PC; are phase congruency of the original and segmented images, while T1 is a positive

constant that enhances Spc stability.

2G1G, + T
Se = g1 (23)
1 2 2
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Sc computes the similarity between Gi and G2, which represent the gradients of the
original and segmented pictures. T is a positive constant that varies with the dynamic range of

GM values.

Utilizing Egs. 22 and 23 FSIM can be obtained:
Su(x) = [Spc(x)]*[Sa(x)]8 (24)

a and B employed to alter the relative findings of PC and GM features.

Also, every evaluation includes the Friedman and Wilcoxon tests, which are good
nonparametric techniques for assessing paired and repeated measures data. These tests are
useful because of their resilience and applicability, particularly when normalcy assumptions are

violated.
e Analysis of several variant of WSO algorithm and noise images effect

In this section, three images SEM-1, SEM-2, and SEM-7are used for analysis due to
their distinct characteristics. SEM-1 and SEM-7, derived from the same raw materials, enable
a comparison to assess the effects of calcination. In contrast, SEM-2 represents CaO obtained
from different raw material, allowing an effective comparison of the impact of varying

feedstocks in the preparation process.

Different variations were applied to the War Strategy Optimization (WSO) algorithm
and tested on SEM images 1, 2, and 7, with multiple thresholds. These variations aimed to
evaluate the effectiveness of segmentation using the WSO method and the impact of each
variation on performance. The results were then compared with those from the proposed

SCWSO approach to assess its overall effectiveness.

In addition, noise studies are required to evaluate SCWSO performance with image
degradation. Salt and pepper noise is a typical sort of impulsive noise that causes damaged
pixels to display either the highest or lowest gray value. This procedure was used with SEM-1,
SEM-2, and SEM-7[18].
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IVV.4. Biodiesel Production
IVV.4.1. Biodiesel from Waste Cooking oil

The waste oil is first filtered to remove impurities and food particles. Then, 50 g of the
filtered oil is heated to 100 °C for 10 minutes to evaporate any residual water, and 10 g of
methanol is mixed with 1 g of Cuttlefish CaO catalyst and stirred until fully combined. The oil
is then heated to 60°C in a reaction vessel, and the methanol-CaO mixture is added, with
continuous stirring at 60°C in water bath for 2 hours. After the reaction, the mixture is cooled
and allowed to stand overnight, enabling separation into biodiesel and glycerol layers. The
biodiesel layer is then separated, washed with water, and dried at 100 °C. Key synthesis
conditions include a 5:1 oil-to-methanol (Oi/MeOH) molar ratio, a 2 wt.% Cuttlefish CaO
catalyst, a 60°C reaction temperature, and a 2-hour reaction time.

1VV.4.2. Biodiesel from Chlorella algae

Chlorella algae was selected as the raw material for biodiesel production. A sample of
25 g of dried, Chlorella biomass was combined with 10 ml of my hexane as a solvent and 75
ml of methanol 75 mL of methanol (12:1 methanol-to-oil molar ratio) and 1.25 g of Cuttlefish
CaO catalyst (5 wt% of biomass) in a reaction vessel with a condenser. The mixture was heated
to 60°C in water bath and stirred continuously for 4 hours. After cooling, it was filtered to
remove solid residues, resulting in a liquid containing biodiesel, unreacted methanol, and
glycerol. This liquid was left to settle overnight, allowing the biodiesel to separate from the
glycerol layer. The biodiesel was then decanted, washed with warm distilled water until clear,
and dried at 100°C. Key conditions included a 12:1 methanol-to-oil ratio, 5 wt.% CaO catalyst,

a reaction temperature of 60°C, and a reaction time of 4 hours.
IVV.5. Conclusion

Chapter IV outlined the materials and methods required to achieve the objectives set in
the previous chapter. It covered the preparation and treatment of waste cooking oil to produce
biodiesel, along with a comparison of the yield obtained from this process to that derived from
algae. Additionally, the procedure for preparing the catalyst, specifically using cuttlefish bones,
was detailed to illustrate its application in biodiesel production. These practical tests were then
analyzed through various characterization techniques like XRD, FTIR, and SEM. The chapter

also described the development of a novel Al method for segmenting SEM images named
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SCWSO, which is a hybridization between a chaotic method and the optimization algorithm
WSO, providing a thorough explanation of its implementation and various evaluations applied
to confirm its superiority over other approaches. The outcomes of these experiments and their
analysis were discussed in detail in the next chapter, which will focus on confirming the
effectiveness and efficiency of the proposed materials and methods demonstrated in chapter
V.
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Chapter V Results and discussion

V.1. Introduction

As outlined in the previous chapter, various methodologies were employed to meet the
thesis objectives, which include developing advanced Al techniques for catalyst analysis,
designing effective catalysts, and applying them with suitable feedstocks for biodiesel

production.

This chapter presents the outcomes of the experimental procedures, highlighting key
findings from each approach. The following sections offer a detailed overview of the results,
including the performance of the catalysts, the effectiveness of the Al techniques, and the
impact of different feedstocks. Additionally, the chapter discusses the materials, protocols, and
experimental setups used to ensure the accuracy and reproducibility of the results.

V.2. Improved Symmetric Chaotic War strategy optimization algorithm Outcomes

Findings of various tests applied to the developed SCWSO approach are emphasized

and evaluated in the following subsections.

V.2.1. Results of performance metrics evaluation

Tables 1 to 4 in the annex displayed the average outcomes for fitness, PSNR, SSIM, and
FSIM evaluation metrics, where the proposed SCWSO algorithm was compared versus various
competing algorithms across multiple threshold values (nth =5, 7, 9, 12, and 15). To provide a
more detailed comparison of SCWSO’s performance and efficiency, outcomes of the Friedman
test conducted on all metrics are included in Tables V.1 to V.4, with visual representations
shown in Figures V.1 to V.4, illustrating the average values of each metric for the different
methods. A more accurate and efficient algorithm is indicated by higher mean values in PSNR,
SSIM, and FSIM, while a lower mean value is preferable for fitness. We highlight the top-

performing results in bold for clarity in each table.

V.2.1.1. Fitness results

Table 1 in the annex displays fitness values for previous mentioned algorithms,
evaluated across multiple threshold levels. SCWSO consistently achieved the lowest fitness
values, excelling in SEM-2, SEM-3, SEM-5, SEM-6, SEM-8, SEM-9, and SEM-10.

Additionally, it displayed the lowest standard deviation in 34 out of 50 cases, underscoring its
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robustness and reliability. While IGWO performed well in 9 instances, notably in SEM-7, and
CDO showed competitive results in 7 instances, SCWSO maintained a clear advantage.

Figure V.1 illustrates that SCWSQ's average fitness value (0.247711) was consistently
lower than those of the competing algorithms, highlighting its superior performance. The
Friedman test results in Table V.1 further validate SCWSQO’s effectiveness, ranking it first

among all algorithms and confirming its leadership in image analysis.

0,395677

0,31818

0,307574

0,27806 0,283318 0,279328
0,260916 0,2561

0,247711

Figure V.32 : Fitness results.

Table V.10 : Friedman test result and ranking of Fitness.

Methods SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO
FT Results 1.08 472 282 784 7.12 528 9.00 2.14 5.00
Rank 1 4 3 8 7 6 9 2 5

V.2.1.2. PSNR results

Findings displayed in Table 2 of the annex indicate that the SCWSO algorithm
consistently attained the highest PSNR values across most images and thresholds, performing
well in SEM-2, SEM-4, SEM-5, SEM-6, and SEM-10. SCWSO surpassed all other algorithms
at each threshold and secured the top three PSNR results in other images. IGWO ranked as the
second-best performer, showing strong results in SEM-7 and SEM-9. These findings emphasize
SCWSO’s reliability and effectiveness in segmenting distinct CaO-based catalyst SEM images,

minimizing distortion, and achieving superior PSNR values.
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The Friedman test results, shown in Table V.2, reinforced these findings, placing SCWSO as
the top-ranking algorithm for PSNR performance. Figure V.2 illustrates SCWSQO’s leading
average PSNR value of 25.7216, significantly outperforming the second-ranked IGWO with an
average of 25.5312. This outcome confirms SCWSO’s robust reliability and efficiency in CaO

catalyst SEM image segmentation.

25,7216

25,5317

25,4566

25,1585 25,1378

25,0434

24,5557
24,3964

23,7307

Figure V.33 : PSNR results.

Table V.11 : Friedman test result and ranking of PSNR.

Methods SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO
FT Results 1.20 4.66 320 792 7.24 542 840 2.32 4.64
Rank 1 5 3 8 7 6 9 2 4

V.2.1.3. SSIM results

Table 3, stated in the annex, depicts SSIM results for images segmented using SCWSO
and other methods. SCWSO consistently has the highest SSIM ratings, with particular success
in SEM-2, SEM-5, SEM-9, and SEM-10. The highest SSIM value was obtained at SEM-9 with
a threshold of 15, confirming SCWSO's resilience and efficacy in segmenting CaO-based
catalyst SEM images. While IGWO showed strong performance in SEM-3 and SEM-7 at
specific thresholds, and CDO and GJO achieved high values in certain cases, SCWSO remained

the top performer overall.
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Figure V.3 underscores SCWSQ’s leading average SSIM score of 0.86986, with IGWO and
GJO following. The Friedman test results in Table V.3 further validate SCWSQ’s efficiency,
ranking it first among the evaluated methods. These findings affirm SCWSO’s superiority in
delivering high-quality segmentation for CaO catalyst SEM images.
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Figure V.34 : SSIM results.

Table V.12 : Friedman test result and ranking of SSIM.

Methods SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO

FT Results 1.30 5.20 280 7.78 7.46 466 8.18 2.50 5.12

Rank 1 6 3 8 7 4 9 2 5

V.2.1.4. FSIM results

Table 4 lists in the annex depicts FSIM statistics for CaO-based catalyst segmentation
with various approaches. The SCWSO algorithm consistently produced the highest FSIM
values, especially in SEM-1, SEM-3, SEM-4, SEM-5, SEM-6, and SEM-10, where it outscored
almost all approaches at each threshold. Except for GJO, which performed well in SEM-7 at a
threshold of 7, SCWSO outperformed all other algorithms by maintaining great image realism
and effectively segmenting SEM images.
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Figure V.4 further illustrates SCWSO’s superior performance, with an average FSIM
value of 0.90809, outperforming IGWO. The Friedman test outcomes highlighted in Table V.4
confirm SCWSQO's top rank for FSIM, demonstrating its effectiveness and reliability in SEM
image segmentation.
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Figure V.35 : FSIM results.

Table V.13 : Friedman test result and ranking of FSIM.

Methods SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO
FT Results 1.20 4.66 320 7.92 7.24 542 8.40 2.32 4.64
Rank 1 5 3 8 7 6 9 2 4

V.2.2. Wilcoxon test Results

Wilcoxon test was employed to evaluate SCWSQ's performance in PSNR and SSIM to
those of other methods. The rank-sum test uses P-values to assess statistical significance, with
"++" indicating that SCWSO outperforms the comparison method and "--" indicating that the

performance is similar or worse. The symbols "++" and "--" are used to provide clarity.

This test evaluated various algorithms, including SCWSO, WSO, GJO, SCA, Chimp,
RSA, IGWO, and GWO, to assess their performance in image segmentation. The findings
revealed that SCWSO consistently outperformed the other approaches, with Tables 4 and 5
presented in the annex, showing nearly all comparisons yielding significant results (p < 0.05)
in 48 to 50 cases. These primary conclusions from Tables 4 and 5 indicate that SCWSO is

exceptionally well-suited for segmenting CaO-based catalyst SEM images, providing superior

104



Chapter V Results and discussion

quality over comparable algorithms. The results underscore a significant performance gap
between SCWSO and other methods in the field of image segmentation.

V.2.3. Performance Analysis of Various WSO Algorithm Variants

Tables V.5-V.8 showcase the performance of different variants of the War Strategy
Optimization (WSO) algorithm applied to SEM-1, SEM-2, and SEM-7 images across various
thresholds. Among the tested variants, SCWSO, which leverages a symmetric chaotic approach,
consistently delivered superior results across all evaluation metrics, with notable success in
SEM-1 and SEM-7. By comparison, CWSO, which integrates certain chaotic techniques, and
MWSO1, utilizing only mutation, showed moderate effectiveness. The unmodified WSO

algorithm, however, yielded the lowest performance.

These findings are further substantiated by the Friedman test, which ranked SCWSO at
the top across all metrics, with MWSO1 and CWSO following in order of effectiveness. This
analysis highlights SCWSO’s enhanced capability and robustness in optimizing CaO-based

catalyst SEM image segmentation relative to its counterparts.
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Table V.14 : Fitness results for different variance applied on WSO.

Results and discussion

Images nTh Metrics SCWSO CWSO MWSO1 WSO
5 Mean 2602e-01  2.658e-01  2.633e-01  2.88le-01
Std 1115e-03  7.875¢-03  1.807e02  3.922-02
7 Mean 1465¢-01  1676e-01 148801  1.808e-01
std 5.453¢-03  16156-02  1.010e02  2.826e-02
9 Mean 9.052¢-02  1267e-01  1.055e-01  1.294e-01
SEM-1 Std 4940e-03  1.683e-02  9086e-03  1.745¢-02
12 Mean 6.559¢-02  8906e-02  7.009e-02  8.766e-02
std 4.888e-03  1628e02  7.699e-03  1.063e-02
15 Mean 4945¢-02  6.182e-02  4.963e-02  6.759e-02
Std 7.164e-03  1179e-02  5227e03  1.092e-02
5 Mean 5007e-01  5176e-01  5006e-01  5.247e-01
Std 7.355¢-04  1349e-02  5191e-04  1.491e-02
7 Mean 2796e-01  3.085e-01  2.800e01  3.248¢-01
std 5961e-03  2917e-02  4.377e03  3.150e-02
9 Mean 1821e-01  2262e-01  1877e01  2.16le-01
SEM-2 Std 9.779¢-03  2464e02 162202  2.227e-02
12 Mean 1168201  1488e-01 120301  1.424e-01
Std 7.766e-03 1872602  1.325¢02  2.069¢-02
15 Mean 8.501e-02 1.134e-01 8.661e-02 1.052e-01
Std 8.275¢-03  1575¢-02  9.084e-03  1.066e-02
5 Mean 2.597e-01 2.780e-01 2.597e-01 2.883e-01
Std 1041e-03  3.077e-02  5010e-04  3.104e-02
7 Mean 1524e-01  1717e-01  1546e01  1.886e-01
SEM-7 Std 0.458¢-03  1764e-02  1269e-02  2.837e-02
9 Mean 1101e01  1217e-01  1.094e01  1.395¢-01
Std 1113e-02  1462e-02  1.010e-02  2.930e-02
12 Mean 7.122¢-02  9.691e-02  7.710e02  1.075e-01
Std 6.031e-03  2.1526-02 885303  2.050e-02
15 Mean 5514e-02  7.337e-02  5674e02  8.048e-02
Std 5.895¢-03  1557e-02  7.888e-03  1.944e-02

FT mean 1.13 3.27 1.87 3.73

Rank 1 3 2 4
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Table V.15 : PSNR results for different variances applied on WSO.

Results and discussion

Images nTh Metrics SCWSO CWSO MWSO1 WSO
5 Mean 2.282e+01 2.271e+01 2.278e+01  2.280e+01
Std 1.089%-01 4.934e-01 1.561e-01 7.607e-01
7 Mean 2.611e+01 2.581e+01 2.594e+01  2.528e+01
Std 3.807e-01 9.029e-01 5.116e-01  1.039%+00
SEM-1 9 Mean 2.798e+01 2.704e+01  2.773e+01  2.713e+01
Std 6.033e-01 1.283e+00 6.488e-01  1.009e+00
12 Mean 3.029e+01 2.898e+01 2.988e+01  2.902e+01
Std 1.075e+00 1.375e+00 1.013e+00  1.048e+00
15 Mean 3.200e+01 3.103e+01 3.158e+01  3.048e+01
Std 1.012e+00 1.228e+00 1.203e+00  1.128e+00
5 Mean 2.247e+01 2.222e+01 2.247e+01  2.214e+01
Std 3.132e-02 2.474e-01 1.973e-02 2.448e-01
7 Mean 2.463e+01 2.428e+01 2.466e+01  2.408e+01
Std 1.116e-01 3.757e-01 9.479e-02 4.057e-01
SEM-2 9 Mean 2.642e+01 2.55%9e+01  2.631e+01  2.576e+01
Std 2.722e-01 4.636e-01 4.006e-01 4.803e-01
12 Mean 2.821e+01 2.736e+01 2.818e+01  2.770e+01
Std 3.304e-01 6.145e-01 4.762e-01 6.670e-01
15 Mean 2.951e+01 2.859%e+01 2.942e+01  2.882e+01
Std 5.178e-01 5.298e-01 4.854e-01 5.202e-01
5 Mean 2.266e+01 2.307e+01 2.268e+01  2.272e+01
Std 2.619e-01 1.280e+00 3.160e-01  1.441e+00
7 Mean 2.626e+01 2.617e+01 2.625e+01  2.541e+01
Std 6.292e-01 1.121e+00 7.583e-01  1.663e+00
9 Mean 2.834e+01 2.807e+01 2.816e+01  2.767e+01
SEM-7 Std 0.651e-01 12100400  8.172e-01  1.234e+00
12 Mean 3.053e+01 2.925e+01 3.023e+01  2.884e+01
Std 7.871e-01 1.747e+00 9.255e-01  1.457e+00
15 Mean 3.196e+01 3.052e+01 3.193e+01  3.043e+01
Std 8.560e-01 1.792e+00 9.867e-01  2.000e+00

FT mean 1.33 3.27 2.00 34
Rank 1 3 2 4
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Table V.16 : SSIM results for different variance applied on WSO.

Results and discussion

Images nTh Metrics SCWSO CWSO MWSO1 WSO
5 Mean 7.762e-01 7.711e-01 7.745e-01 7.676e-01
Std 2.510e-03 1.330e-02 6.024e-03 2.432e-02
7 Mean 8.619e-01 8.498e-01 8.591e-01 8.376e-01
Std 6.939e-03 1.832¢-02 9.498¢-03 2.5966-02
SEM-1 9 Mean 8.996e-01 8.767e-01 8.938¢-01 8.782e-01
Std 7.879-03 2.104e-02 1.029-02 1.837e-02
12 Mean 9.317e-01 9.091e-01 9.270e-01 9.110e-01
Std 1.278-02 2.025-02 1.101e-02 1.406e-02
15 Mean 9.483e-01 9.357e-01 9.453e-01 9.294¢-01
Std 1.053e-02 1.457e-02 1.087e-02 1.447e-02
5 Mean 8.306e-01 8.170e-01 8.312¢-01 8.120e-01
Std 1.494e-03 1.574e-02 1.061e-03 1.676e-02
7 Mean 8.756e-01 8.654e-01 8.760e-01 8.609e-01
Std 2.351e-03 1.209e-02 1.910e-03 1.292¢-02
SEM-2 9 Mean 9.108e-01 8.920e-01 9.087e-01 8.961e-01
Std 4.071e-03 1.256€-02 7.628e-03 9.711e-03
12 Mean 9.367e-01 9.222e-01 9.356e-01 9.263e-01
Std 4.849-03 1.043e-02 6.919¢-03 1.169e-02
15 Mean 9.498e-01 9.366e-01 9.496e-01 9.409e-01
Std 5.179-03 8.323e-03 6.178e-03 5.958-03
5 Mean 7.045¢-01 7.216e-01 7.050e-01 7.038e-01
Std 1.285e-02 6.693e-02 1.559¢-02 7.073e-02
7 Mean 8.422¢-01 8.391e-01 8.421e-01 8.100e-01
Std 1.964e-02 3.787e-02 2.4626-02 6.528¢-02
SEM-7 9 Mean 8.940e-01 8.869e-01 8.911e-01 8.753e-01
Std 2.379e-02 3.287e-02 1.963e-02 3.309¢-02
12 Mean 9.337e-01 9.025¢-01 9.271e-01 8.975e-01
Std 1.155e-02 4.335¢-02 1.547e-02 3.605e-02
15 Mean 9.493e-01 9.246e-01 9.481e-01 9.204e-01
Std 9.253e-03 3.806e-02 1.287e-02 3.969-02

FT mean 1.27 3.2 1.87 3.67

Rank 1 3 2 4
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Table V.17 : FSIM results for different variance applied on WSO.

Results and discussion

Images nTh Metrics SCWSO CWSO MWSO1 WSO
SEM-1 5 Mean 8.421e-01 8.385e-01 8.411e-01 8.345e-01
Std 2.092e-03 1.179e-02 5.073e-03 1.798e-02
7 Mean 8.959e-01 8.895e-01 8.924e-01 8.806e-01
Std 7.244e-03 1.657e-02 8.697e-03 1.697e-02
9 Mean 9.219e-01 9.085e-01 9.186e-01 9.099-01
Std 9.112e-03 1.946e-02 9.944e-03 1.546e-02
12 Mean 9.455e-01 9.312e-01 9.416e-01 9.303e-01
Std 1.375e-02 1.747e-02 1.265e-02 1.421e-02
15 Mean 9.601e-01 9.515e-01 9.558e-01 9.463e-01
Std 1.195e-02 1.365e-02 1.276e-02 1.320e-02
5 Mean 8.774e-01 8.601e-01 8.774e-01 8.534e-01
Std 7.654e-04 1.916e-02 6.006e-04 1.936e-02
7 Mean 9.032e-01 8.963e-01 9.022e-01 8.936e-01
SEM-2 Std 2.612e-03 1.184e-02 3.269e-03 1.363e-02
9 Mean 9.329e-01 9.200e-01 9.313e-01 9.218e-01
Std 5.924e-03 9.323e-03 5.897e-03 8.857e-03
12 Mean 9.531e-01 9.401e-01 9.506e-01 9.451e-01
Std 5.151e-03 1.032e-02 6.634e-03 9.461e-03
15 Mean 9.616e-01 9.502e-01 9.611e-01 9.546e-01
Std 4.811e-03 7.407e-03 5.455e-03 4.850e-03
SEM-7 5 Mean 8.130e-01 8.196e-01 8.130e-01 8.195e-01
Std 5.152e-03 1.825e-02 6.082e-03 2.326e-02
7 Mean 8.842e-01 8.842e-01 8.827e-01 8.700e-01
Std 1.401e-02 2.427e-02 1.500e-02 3.206e-02
9 Mean 9.183e-01 9.142e-01 9.156e-01 9.091e-01
Std 1.933e-02 2.358e-02 1.503e-02 2.335e-02
12 Mean 9.454e-01 9.265e-01 9.418e-01 9.233e-01
Std 1.115e-02 2.885e-02 1.434e-02 2.344e-02
15 Mean 9.580e-01 9.412e-01 9.580e-01 9.407e-01
Std 9.870e-03 2.669e-02 1.168e-02 2.896e-02

FT mean 1.27 3.00 2.13 3.6
Rank 1 3 2 4

V.2.4. Results of Noise Images

Figure V.5 shows outcomes of the integration of salt and pepper noise into SEM-1,
SEM-2, and SEM-7 images, which aim to test SCWSO's resistance to image deterioration.

The segmented outputs produced by SCWSO were compared to those of CWSO, WSO,
and MWSO1 using MSE and PSNR metrics, as demonstrated in Tables V.9 and V.10. Findings
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revealed that SCWSO consistently outperformed the other algorithms in terms of MSE and
PSNR values. The Friedman test confirmed these findings, rating SCWSO as the best
performer, with MWSO1 and CWSO trailing behind in effectiveness.

SEM-7

Figure V.36 : Noise effect on various SEM images.
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Table V.18 : MSE results for noises images.

Results and discussion

Images nTh Metrics SCWSO CWSO MWSO1 WSO
5 Mean 3.529e+02 3.401e+02 3.484e+02 3.671e+02
Std 1.073e+01 3.564e+01 1.299e+01 7.606e+01
7 Mean 1.627e+02 1.826e+02 1.677e+02 1.926e+02
Std 1.581e+01 3.793e+01 1.387e+01 5.054e+01
Mean 1.129e+02 1.219e+02 1.128e+02 1.335e+02
SEM-1 Std 1.445e+01 2.877e+01 1.949e+01 2.921e+01
12 Mean 6.578e+01 8.470e+01 6.589e+01 8.799%e+01
Std 1.429e+01 3.539%+01 1.595e+01 3.708e+01
15 Mean 4.259%+01 6.125e+01 4.771e+01 6.207e+01
Std 9.346e+00 2.476e+01 1.263e+01 2.281e+01
5 Mean 3.580e+02 3.816e+02 3.588e+02 3.792e+02
Std 4.435e+00 2.524e+01 8.895e+00 2.293e+01
7 Mean 2.169e+02 2.395e+02 2.178e+02 2.394e+02
Std 4.,839e+00 2.612e+01 3.994e+00 2.157e+01
9 Mean 1.441e+02 1.649e+02 1.464e+02 1.734e+02
SEM-2 Std 0.771e+00  1593e+01  1.074e+01 1.743e+01
12 Mean 9.120e+01 1.197e+02 9.853e+01 1.168e+02
Std 9.287e+00 1.609e+01 1.055e+01 1.226e+01
15 Mean 6.982e+01 9.043e+01 7.25%e+01 8.235e+01
Std 5.939e+00 1.302e+01 7.520e+00 1.069e+01
5 Mean 3.612e+02 3.628e+02 3.581e+02 4.167e+02
Std 6.777e+01 7.801e+01 5.867e+01 1.726e+02
7 Mean 1.602e+02 1.887e+02 1.706e+02 2.083e+02
Std 2.563e+01 5.020e+01 5.067e+01 1.163e+02
Mean 1.015e+02 1.160e+02 1.117e+02 1.405e+02
SEM-7 Std 2294e+01  4.104e+0l  2.767e+01 6.246e+01
12 Mean 6.197e+01 7.120e+01 6.009e+01 9.654e+01
Std 1.987e+01 4,041e+01 1.859e+01 5.792e+01
15 Mean 4.345e+01 4,935e+01 5.168e+01 5.327e+01
Std 1.208e+01 1.611e+01 2.558e+01 2.496e+01

FT mean 1,33 3.07 1,87 3,73
Rank 1 3 2 4
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Table V.19 : PSNR results for noises images.

Results and discussion

Images nTh Metrics SCWSO CWSO MWSO1 WSO
5 Mean 2.266e+01 2.284e+01 2.271e+01 2.256e+01
Std 1.310e-01 4.481e-01 1.631e-01 8.392e-01
7 Mean 2.604e+01 2.560e+01 2.590e+01 2.540e+01
Std 3.951e-01 8.622e-01 3.365e-01 9.892e-01
SEM-1 9 Mean 2.764e+01 2.739e+01 2.767e+01 2.698e+01
Std 6.086e-01 1.020e+00 7.650e-01 9.651e-01
12 Mean 3.005e+01 2.914e+01 3.006e+01 2.896e+01
Std 9.564e-01 1.537e+00 1.015e+00 1.487e+00
15 Mean 3.193e+01 3.052e+01 3.147e+01 3.043e+01
Std 8.864e-01 1.443e+00 1.053e+00 1.376e+00
5 Mean 2.259%e+01 2.232e+01 2.258e+01 2.235e+01
Std 5.254e-02 2.786e-01 1.016e-01 2.572e-01
7 Mean 2.477e+01 2.436e+01 2.475e+01 2.436e+01
Std 9.633e-02 4.290e-01 7.943e-02 3.777e-01
9 Mean 2.655e+01 2.598e+01 2.649e+01 2.576e+01
SEM-2 Std 2.860e-01 4.086e-01 3.120e-01 4.402e-01
12 Mean 2.855e+01 2.738e+01 2.822e+01 2.748e+01
Std 4.217e-01 5.560e-01 4.662e-01 4.441e-01
15 Mean 2.971e+01 2.861e+01 2.954e+01 2.901e+01
Std 3.701e-01 6.047e-01 4.273e-01 5.777e-01
5 Mean 2.261e+01 2.264e+01 2.264e+01 2.226e+01
Std 6.851e-01 1.018e+00 6.463e-01 1.699e+00
7 Mean 2.614e+01 2.551e+01 2.598e+01 2.540e+01
Std 7.153e-01 1.101e+00 1.222e+00 1.880e+00
SEM-7 9 Mean 2.817e+01  2.771e+01 2.778e+01 2.702e+01
Std 9.722e-01 1.370e+00 1.105e+00 1.759e+00
12 Mean 3.038e+01 3.000e+01 3.052e+01 2.876e+01
Std 1.195e+00 1.694e+00 1.223e+00 1.906e+00
15 Mean 3.190e+01  3.140e+01 3.133e+01 3.119e+01
Std 1.145e+00 1.319e+00 1.582e+00 1.589e+00

FT mean 147 2,87 1,87 3,8
Rank 1 3 2 4

V.2.5. Convergence curves

Figures V.6 and V.7 present convergence curves for SEM-1 and SEM-2 images,
providing a detailed comparison of each algorithm's performance over time. SCWSO
demonstrated a clear advantage, outperforming other algorithms, including WSO, SCA, Chimp,
CDO, GJO, RSA, IGWO, and GWO, not only in achieving the optimal solution but also in the
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speed of convergence. SCWSO consistently reached the optimal solution in fewer iterations,

highlighting its efficiency and effectiveness in solving complex segmentation tasks.

This rapid convergence occurred consistently across all evaluated threshold values,
proving SCWSO's versatility and robust performance in a variety of circumstances. SCWSO's
fast convergence highlights its ability to provide high accuracy and computational efficiency,
making it ideal for real-time and resource-intensive image segmentation applications. These
findings highlight SCWSQO's ability to provide superior results with faster processing speeds
than standard algorithms.
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Figure V.37 : Convergence Curves for SEM-1 at all thresholds.
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Figure V.38 : Convergence Curves for SEM- 2 at all thresholds.

V.2.6. Images Colormap

Figures VV.8-V.10 display colormap images of SEM-7, SEM-1, and SEM-2 segmented
at thresholds 5, 7, 9, 12, and 15 employing the SCWSO algorithm. This visualization effectively
illustrates SCWSO’s capability to improve image quality and accurately delineate various
regions, with higher thresholds revealing finer details through distinct color differentiation that
emphasizes specific areas and particles. In SEM-7 (pre-calcination), the surface appears
smooth and lacks prominent features, particularly at higher thresholds of 12 and 15, where
minimal structural variation is observed. Conversely, SEM-1 (post-calcination) displays a
notably rough texture due to CO- loss, with diverse colors marking varying particle sizes that
confirm morphological changes resulting from calcination. On the other hand, SEM-2,
dispersed CaO-based catalysts derived from Silver Croaker, showcases unique microparticles
with distinct size and structural differences from SEM-1, influencing properties such as surface
area and porosity. Lower thresholds, such as 5, reveal more intricate details in this sample.
Overall, these results underscore SCWSQ’s proficiency in segmenting SEM images, enabling
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the identification of material and surface changes across different raw materials and calcination

conditions
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Figure V.39 : Coloromap images for SEM- 7 at all thresholds.
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Figure V.40 : Coloromap images for SEM- 1 at all thresholds
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Figure V.41 : Coloromap images for SEM- 2 at all thresholds.




Chapter V Results and discussion
V.3. Characterization of Calcium Oxide Synthesized from Cuttlefish bones

The characterization of calcium oxide derived from cuttlefish is the main topic of this
section. The purpose of the analysis is to assess the synthetic material's structural, chemical,
and physical characteristics. As stated in Chapter 4, a number of methods, including Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and X-ray
diffraction (XRD), will be used to highlight the material's potential uses across a range of
industries by offering in-depth information about its composition, morphology, and functional

groups.

V.3.1. Fourier transform infrared spectroscopy (FTIR)

Qualitative FTIR analysis of the uncalcined and calcined waste material was performed
to obtain more information about the chemical properties of the catalysts. Figure V.11 shows
that the spectra of the dried wastes of cuttlefish bones correspond to CaCOs. The relatively low
intensity band at about 3612 cm™ is attributed to the O-H stretching vibration of the
physiosorbed moisture on the CaCOjs surface, whereas the peak at 2328 cm™ can be attributed
to the carbon dioxide adsorbed from the atmosphere. The rest of the characteristic peaks are
due to the different vibration modes of the carbonate group (C0O¢-): the asymmetric C-O
stretching vibration at the strong absorption peak at 1422 cm, the out-of-plane C-O bending
at 876 cm™, and the in-plane C-O bending vibration at 725 cm™. Infrared spectroscopy
investigations not only provide information about the functional groups in samples but may
also be applied to identify the crystal structure of calcium carbonate [1]. The characteristics and
positions of the carbonate bands in the spectrum of the wastes match those of calcite, suggesting

that the calcium carbonate from the cuttlefish bones is predominantly calcite crystals [2].

On the other hand, the FTIR spectra of the calcined cuttlefish bones displayed somewhat
similar types of characteristic peaks as those before calcination, owing to the presence of similar
types of functional groups. The sharp absorption peak at 3640 cm™ is associated with the OH
bending vibration in Ca(OH)., which may be produced by the adsorption of water molecules
on the surface of Calcium oxide [3]. The stretching vibration bands of ( C0?~) group at 1422
cm™ and 872 cm™ are due to the chemisorption of CO, from the atmosphere, which carbonates
CaO [4]. The disappearance of the absorption calcite peak at 724 cm™ suggests successful
conversion of CaCOs presented in cuttlefish waste to CaO by the calcination process under high
temperature 900°C.
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Figure V.42 : FT-IR results of (a) Uncalcined Cuttlefish bones and (b) Calcined Cuttelefish bones.

V.3.2. X-Ray Diffraction analysis

The phase and crystal structure of Cuttlefish bones before and after calcination were
determined by X-ray diffraction (XRD) analyses. The XRD patterns mentioned in Figure V.12
support FTIR results, where the calcium wastes are mainly composed of calcium carbonate
calcite (CaCO3), which was mineralized to calcium oxide (CaO) under calcination. From
Figure V.12(a), the XRD spectra of the uncalcined wastes exhibit diffraction signals at 20:
23.06; 29.33; 35.93; 39.4; 43.09; 47.09; 47.46; 48.49; 57.4; 60.61; 64.63; 65.57; 70.17; and
72.97, which corresponds to the crystal plane of hexagonal calcite (JCPDS database No. 98-
015-8257); (012), (104), (110), (113), (202), (024), (018), (116), (122),(214),(030),
(0012),(0210), and (128) respectively.

Furthermore, no diffraction peaks were identified for other phases, suggesting that
nearly pure calcite devoid of contaminants and compounds was obtained [5]. Crystalline

calcium oxide was achieved as the predominant phase after calcination (Fig. X(b)). The
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characteristic diffraction peaks (hkl) at 26 at 32.42, 37.51, 54.10, and 64.28 correspond to (111),
(002), (220), and (311) planes of CaO, respectively (JCPDS card number 98-005-7267) [6].
Low-intensity peaks at 31.4, 39.29, 43.08, and 47.05 correspond to the (006), (113), (202), and
(024) planes of calcite (JCPDS reference number: 98-016-4935), which occur as a secondary

phase along with portlandite calcium hydroxide at 260: 17.98 (001), 50.76 (111), 60.59 (201),

and 71.77 (202) (JCPDS 98-020-224) [7, 8].
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Figure V.43 : XRD findings of (a) Uncalcined Cuttlefish bones and (b) Calcined Cuttelefish bones.
V.3.3. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) analysis was conducted at various magnifications
to investigate morphological changes in cuttlefish samples and to elucidate the structural
transformation associated with the calcination step performed under 900 °C temperature.

Figures V.13 (a, b) highlight SEM images of the uncalcined cuttlefish, which revealed
bulk morphologies lacking a defined shape, characterized by irregular particles. The surface
appeared rough and heterogeneous, indicating the unprocessed state of the material. On the
other hand, Figures V.13 (c, d) display SEM images of cuttlefish after calcination at 900°C for
2 hours and demonstrate significant morphological changes. The calcination process resulted
in the transformation of irregular particles into smaller, more uniformly shaped particles with a
smoother and less rough surface. This structural refinement is indicative of thermal

decomposition, leading to the formation of calcium oxide (CaO) from calcium carbonate[9].
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The high surface area and regular particle shape observed in the calcined samples
suggest an improvement in material properties, potentially enhancing reactivity. These findings

highlight the critical role of thermal treatment in altering the transformation of CaCOs to CaO.

Figure V.44 : SEM images of cuttlefish with different magnifications : (a,b) before calcination (c,d)

after calcination.

Energy Dispersive X-ray Spectroscopy (EDX) analysis was performed to complement
the SEM findings, providing elemental composition data for cuttlefish samples before and after
calcination and were highlighted in Figure.

EDX outcomes of the uncalcined cuttlefish displayed in Figure V.14(e) revealed the
presence of calcium carbonate atoms, confirming the material's initial composition as calcium
carbonate (CaCO:s). These findings align with the unrefined morphology observed in the SEM
images, indicating the untreated state of the cuttlefish material.
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Post-calcination EDX analysis showed in Figure V.14 (f) demonstrated a complete

transformation of calcium carbonate into calcium oxide (CaQO). The carbon atoms present in

calcium carbonate observed in the uncalcined state were absent in the calcined sample,

indicating their consumption during the thermal decomposition process. Results further showed

a significant increase in the percentages of calcium and oxygen, confirming the high presence

of calcium oxide in the calcined cuttlefish. These EDX results corroborate the SEM

observations, providing strong evidence of the structural and chemical transformation of

cuttlefish during calcination.
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Figure V.45 : EDX spectrum outcomes of : (€) Uncalcined cuttlefish bones, (f) calcined cuttle fish
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bones.

V.3.3.3. SCWSO application on the SEM images of cuttlefish bones catalyst

Figures V.15-19 illustrate the application of our developed SCWSO algorithm in

analyzing scanning electron microscopy (SEM) images of cuttlefish bones, both prior to

(Figures V.15-16) and following calcination (Figures V.17-18). These images were captured at
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various magnifications ranging from X200 to X800, allowing for detailed examination of the
structural changes induced by thermal treatment.

In Figures V.15-16, which depict the state of cuttlefish bones before calcination, the
colormap images reveal a rough surface characterized by a heterogeneous distribution of
particles in diverse shapes and forms. This heterogeneity suggests a smaller surface area. The
SCWSO algorithm effectively highlights these parameters, demonstrating its capability to
enhance image clarity. By applying various thresholds, the algorithm reveals additional details
and more particles of cuttlefish bones, which refer to the presence of calcium carbonate
particles.

Conversely, Figures V.17-18 showcase the SEM images after thermal treatment aimed
at converting calcium carbonate into calcium oxide. The SCWSO algorithm's results confirm
significant changes in the morphology of the cuttlefish bones post-calcination. In Figure V.17,
captured at X200 magnification, the surface appears less rough and more homogeneous, with a
notable absence of large, irregularly shaped particles. This observation is further supported by
Figure V.18, where the SCWSO method successfully elucidates the presence of smaller
particles with defined shapes, indicating a smoother and more uniform surface. As additional
thresholds are applied, more intricate details emerge, such as organized particle shapes
resembling triangles. This transformation confirms that calcium carbonate has been effectively

converted into calcium oxide.

Overall, the SCWSO algorithm demonstrates its utility in optimizing SEM image
analysis by enhancing detail visibility and providing insights into morphological changes

during calcination process.
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Figure V.46 : Cuttlefish bones before calcination SEM images seegmantation at various thresholds

(X240 magnification).
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Figure V.47

: Cuttlefish bones before calcination SEM images seegmantation at various thresholds
(X500 magpnification).
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Figure V.48 : Cuttlefish bones after calcination SEM images seegmantation at various thresholds

(X200 magpnification).
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Figure V.49 : Cuttlefish bones after calcination SEM images seegmantation at various thresholds

(X800 magpnification).



Chapter V Results and discussion
V.4. Biodiesel Feedstocks Analysis
V.4.1. Lipid content

The lipid extraction analysis of Spirulina and Chlorella algae demonstrates significant
differences in lipid yields between the two species. From 50 grams of spirulina, 0.41 grams of
lipids were extracted, corresponding to a lipid content of 0.82%. In comparison, the extraction
from 30 grams of chlorella yielded 1.17 grams of lipids, resulting in a substantially higher lipid
content of 3.9% as highlighted in Figure V.109.

These findings emphasize chlorella’s superior lipid extraction efficiency compared to
spirulina under the tested conditions. The higher lipid yield from chlorella is likely due to its
distinct biochemical composition and structural properties. This analysis highlights the
importance of selecting an appropriate microalgal species for applications such as biodiesel
production. Consequently, chlorella was chosen as the feedstock for subsequent biodiesel

production experiments.

Figure V.50 : Lipid extraction resuts of chlorella anad spirulina.
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V.4.2. Biodiesel Synthesis

Biodiesel production from waste cooking oil (WCQ) and chlorella algae using cuttlefish
bone-derived CaO as a catalyst highlights significant differences in yield and process

efficiency, as illustrated in Figures V.20 and V.21.

For WCO, a biodiesel yield of 84% fatty acid methyl esters (FAME) was achieved, as
shown in the upper section of Figure V.20. The lower section depicts the by-products, including
glycerol and residual catalyst. These results were obtained under optimized conditions: a 5:1
oil-to-methanol (Oi/MeOH) molar ratio, a 2 wt.% cuttlefish bone-derived CaO catalyst, a
reaction temperature of 60 °C, and a reaction time of 2 hours. This demonstrates the
effectiveness of WCO as a low-cost, high-availability feedstock for biodiesel production.
Further optimization of parameters including oil-to-methanol ratios, catalyst composition,

reaction temperature, and duration could improve yields even further.

In comparison, Chlorella algae, which was chosen based on the lipid content test in the
previous section, produced a slightly lower yield of 76% FAME under different conditions: a
12:1 methanol-to-oil ratio, a 5 wt.% CaO catalyst, a reaction temperature of 60 °C, and a
reaction time of 4 hours. Despite the lower yield, chlorella algae remains a viable alternative
feedstock for biodiesel production. The process integrates lipid extraction and
transesterification into a single step, similar to the process used for WCO. Improving lipid
extraction methods and further optimizing transesterification conditions could potentially

enhance Chlorella's biodiesel yield.

Both feedstocks offer promising routes for biodiesel production, each with unique
advantages and challenges. While WCQO's high yield and low cost make it an attractive option,
Chlorella algae's sustainable nature and potential for higher lipid yields with optimized methods
provide long-term promise. Outcomes also underscore the effectiveness of cuttlefish bone-
derived CaO as a catalyst. The catalyst not only accelerates the transesterification process but

is also easily recoverable, settling with the residue at the bottom of the reaction vessel.
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V.5. Conclusion

This chapter demonstrated the integration of advanced Al tools and sustainable
materials in biodiesel production, which was highlighted in the previous chapter. The
SCWSO method proved highly effective in segmenting SEM images over other Al methods,
enhancing the analysis of CaO catalysts derived from different sources. Characterization
techniques like XRD, FT-IR, and SEM confirmed the suitability of cuttlefish bones as an
excellent source of calcium oxide, and the SCWSO method simplified and improved the

interpretation of SEM image analyses, confirming its suitability for this kind of issue.

The application of cuttlefish bone-derived CaO in biodiesel production showcased its
efficiency and sustainability. Waste cooking oil (WCO) achieved a high yield of 84% FAME,
emphasizing its economic and environmental advantages, while Chlorella algae, with a yield
of 76% FAME, presented a renewable alternative with potential for further optimization. The
catalyst's ease of recovery and cost-effectiveness reinforced its value for biodiesel processes.

This chapter highlights the synergy between Al techniques and sustainable materials,
underscoring their potential to advance biodiesel production. Future efforts should focus on
refining Al tools, optimizing catalyst preparation, and opening doors for new challenges and

applications.

132



References



[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

M. B. Toffolo, L. Regev, S. Dubernet, Y. Lefrais, and E. Boaretto, ‘FTIR-Based
Crystallinity Assessment of Aragonite—Calcite Mixtures in Archaeological Lime Binders
Altered by Diagenesis’, Minerals, vol. 9, no. 2, Art. no. 2, Feb. 2019, doi:
10.3390/min9020121.

M. S. Hossain and S. Ahmed, ‘Crystallographic characterization of naturally occurring
aragonite and calcite phase: Rietveld refinement’, Journal of Saudi Chemical Society,
vol. 27, no. 3, p. 101649, 2023.

T. Witoon, ‘Characterization of calcium oxide derived from waste eggshell and its
application as CO2 sorbent’, Ceramics International, vol. 37, no. 8, pp. 3291-3298,
2011.

N. S. Lani, N. Ngadi, N. Y. Yahya, and R. Abd Rahman, ‘Synthesis, characterization and
performance of silica impregnated calcium oxide as heterogeneous catalyst in biodiesel
production’, Journal of Cleaner Production, vol. 146, pp. 116-124, 2017.

H. Zhai, F. Liu, Y. Huang, Q. Yang, C. Tian, and W. Zhou, ‘Preparation of peanut shell-
like calcium carbonate from biowaste chicken eggshell and its application for aqueous
Victoria Blue B removal’, Microporous and Mesoporous Materials, vol. 329, p. 111549,
2022.

K. K. Jaiswal, S. Dutta, C. B. Pohrmen, R. Verma, A. Kumar, and A. P. Ramaswamy,
‘Bio-waste chicken eggshell-derived calcium oxide for photocatalytic application in
methylene blue dye degradation under natural sunlight irradiation’, Inorganic and Nano-
Metal Chemistry, vol. 51, no. 7, pp. 995-1004, Jul. 2021, doi:
10.1080/24701556.2020.1813769.

M. G. Rinaudo, S. E. Collins, and M. R. Morales, ‘Eggshell Waste Valorization into
Ca0/CaCO3 Solid Base Catalysts’, Engineering Proceedings, vol. 67, no. 1, Art. no. 1,
2024, doi: 10.3390/engproc2024067036.

I. M. Maafa, A. A. S. Alahl, M. O. Abd EI-Magied, X. Cui, and A. S. Dhmees, ‘Eco-
friendly self-terminated process for preparation of CaO catalyst based on chitosan
production wastes for biodiesel production’, Journal of Materials Research and
Technology, vol. 30, pp. 1217-1227, 2024.

I.S. Abd Manaf, M. H. A. Rahim, and G. P. Maniam, ‘Biodiesel production from catfish
(Pangasius) fat via ultrasound-assisted method’, Maejo International Journal of Energy

and Environmental Communication, vol. 1, no. 1, pp. 15-20, 2019.



General
conclusion



General Conclusion

Our thesis has delved into one of the most pressing challenges confronting our planet
over the past 20-30 years: the dual crises of global warming and environmental pollution. The
degradation of air, soil, and water has reached critical levels, demanding urgent and innovative
solutions to mitigate the far-reaching risks and threats posed by these issues. By addressing
these interconnected problems, this work aims to contribute to the growing body of knowledge
dedicated to safeguarding the planet for future generations by applications of multiple recent
methods in order to enhance the efficiency of treatment and find new resources that limit

reliance on fossil fuels.

Algeria, like many developing countries, has experienced significant growth in
economic activities and a rapid rise in population in recent years. While these developments
have driven progress, they have also brought adverse consequences for both human health and
the environment. The root causes of these challenges were explored in detail in the first chapter,
highlighting the nation’s heavy reliance on fossil fuels and inefficient waste management
practices. These factors have created a critical situation, straining both environmental

sustainability and energy security.

To address these pressing issues, this thesis proposes adopting a circular economy model
as a viable solution. By emphasizing recycling and reusing waste as feedstock for energy
production, this approach aims to reduce the improper handling of waste and decrease

dependency on fossil fuels, paving the way for a more sustainable and resilient future.

Chapters 1l and Ill outlined the practical implementation of our proposed circular
economy model, focusing on sustainable biodiesel production. Our approach emphasized the
utilization of two key resources: waste cooking oil, which is generated in significant quantities,
particularly by households and restaurants, and algae, which are cultivated in different areas
using CO:, a major byproduct of industrial and transportation sectors. The process employed
various types of catalysts to accelerate reactions, improve activity, and enhance selectivity,

thereby optimizing biodiesel production.

Furthermore, this thesis explored the integration of advanced technologies, particularly
artificial intelligence (Al), in refining biodiesel production processes. Al techniques such as
machine learning, neural networks, and adaptive algorithms were highlighted for their ability
to model production characteristics with precision, optimize yield and quality, and enable real-
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time monitoring and quality control. These technologies not only reduce production costs but
also drive innovation by simplifying complex simulations. and make the biodiesel production
process easier to handle and control.

Chapter IV provided a comprehensive explanation of the protocols employed to achieve
the outcomes of the circular economy model described in earlier chapters. The selected raw
materials for biodiesel production included waste cooking oil and two types of algae (Spirulina
and Chlorella) chosen for their abundance and potential to reduce both fossil fuel dependence
and waste accumulation. Additionally, this chapter introduced the biodiesel production from
these raw materials using a novel heterogeneous catalyst derived from cuttlefish bones, a readily

available resource found along coastlines.

Moreover, this chapter explored the application of advanced artificial intelligence
techniques named the Symmetric Chaotic War Strategy Optimization Algorithm (SCWSO) to
analyze the cuttlefish bone-derived catalyst SEM images. By employing this Al-driven method,

the analysis of the catalyst's results becomes more precise, accessible, and comprehensible.

Finally, Chapter V presented the experimental results, highlighting key findings in
biodiesel production from waste cooking oil (WCO) and Chlorella algae. WCO achieved an
impressive yield of 84%, demonstrating its high efficiency and practicality for biodiesel
production through transesterification. Its low cost and wide availability make it an attractive
feedstock for sustainable energy solutions. Chlorella algae, while yielding slightly less at 76%,
also showcased considerable potential as a renewable energy source, underscoring the

adaptability and promise of these feedstocks in addressing global energy challenges.

In addition, the analysis of the cuttlefish bone-derived calcium oxide (CaO) catalyst
using advanced characterization techniques such as XRD, FT-IR, and SEM confirmed its
suitability as a cost-effective and abundant source of calcium for catalyst preparation. These
findings emphasize the feasibility of leveraging low-cost, readily available materials to advance
biodiesel production, supporting the shift towards accessible and sustainable energy

technologies.

Moreover, this chapter introduced the application of the improved Symmetric Chaotic
War Strategy Optimization algorithm (SCWSO) for segmenting scanning electron microscopy
(SEM) images of the CaO catalyst. The SCWSO algorithm demonstrated superior performance
across various tests and evaluations, making it suitable for application to SEM images, as

detailed in the chapter. Its application to SEM images of the cuttlefish bone-derived catalyst
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showcased high efficiency, simplifying image analysis and enabling easier comparison of
material states before and after calcination. This integration of advanced computational
techniques further enhances the precision and practicality of catalyst analysis, driving

innovation in the field of biodiesel production.

In conclusion, the experimental findings strongly support the theoretical framework
proposed in the earlier chapters. The results validate the suitability of cuttlefish bones as a rich
source of calcium, effectively processed into calcium oxide for use as a heterogeneous catalyst
in biodiesel production. They also highlight the significant potential of waste cooking oil and
algae as suitable feedstocks for biodiesel production, demonstrating their effectiveness in

reducing pollution and promoting reliance on eco-friendly sources of energy.

Furthermore, the integration of artificial intelligence approaches, which is image
segmentation, into this research has proven to be highly effective. Al applications, such as those
utilized for analyzing catalysts in various states, demonstrated exceptional speed, accuracy, and
efficiency, significantly streamlining the process. These advancements underscore the
transformative role of Al in enhancing research methodologies and optimizing biodiesel
production processes, paving the way for sustainable and innovative solutions to environmental

and energy challenges.

However, While the experimental results and theoretical models are promising, certain
limitations require additional exploration. Key areas for development include optimizing
reaction conditions to improve biodiesel yield across various feedstocks and investigating the
long-term stability, reusability, and industrial-scale performance of the cuttlefish bone-derived
calcium oxide catalyst. Additionally, the SCWSO technique, despite its advantages, showed
challenges such as premature convergence, an imbalance between exploration and exploitation,
and a tendency to get stuck in local solutions. which revealed an area for development and

improvements that will be highlighted in future perspectives sections.
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Future Perspectives

Despite the promising findings obtained in the experimental chapter, which support the
theoretical proposals outlined in earlier chapters, results demonstrated the suitability of various
raw materials for biodiesel synthesis, including cuttlefish bones as a promising, low-cost, and
eco-friendly source of calcium, which can be converted to calcium oxide for use as a catalyst.
Additionally, Al techniques proved highly effective in streamlining SEM image analysis,
making it faster and more efficient.

However, some observations and limitations were identified that require optimization
in future studies and led ro areas for further refinement, particularly to enhance the integration
of Al with laboratory processes. These insights have led to several recommendations and future

perspectives, which are detailed as follows:

Further studies are needed to assess the long-term stability and reusability of the CaO
catalyst derived from cuttlefish bones to ensure its effectiveness across different feedstocks and
varying operational parameters. This evaluation is crucial for validating its suitability for wider

applications.

Additionally, optimizing biodiesel production from waste cooking oil and Chlorella
algae is essential to identify the ideal parameters and conditions for achieving higher yields.

Exploring additional feedstocks, such as animal fats and other types of algae, is also
recommended to gain deeper insights into the potential of different materials for biodiesel

production and expand the range of sustainable raw materials.

Regarding the Al method employed in this thesis (SCWSO), further research is
recommended to broaden the range of image datasets analyzed and refine the threshold values
to achieve greater accuracy in future applications. To enhance segmentation performance and
minimize time-intensive challenges, the innovative SCWSO algorithm should be compared and
benchmarked against other meta-heuristic optimization techniques and advanced machine
learning methods. This comparative approach will help identify its strengths and areas for
improvement in the structure of the SCWSO algorithm, paving the way for more robust and
efficient image analysis solutions.

Ultimately, these recommendations aim to provide a clearer direction for future research

and contribute to achieving more refined and impactful results in the area of biodiesel
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production which is directly influence both of waste management situation and energy

resources consumption.
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Annex 1 : SCWSO method Evaluation Tables

Table 1: Fitness metrics results for all algorithms.

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO

SEM-1 5 Mean 2.603e-01 2.800e-01 2.638e-01 3.290e-01 3.349e-01 2.820e-01 4.225¢-01 2.627e-01 2.829e-01
Std  1.460e-03 2.458e-02 4.386e-03 4.756e-02 5.970e-02 9.410e-03 6.369e-02 2.782e-03 2.909e-02

7 Mean 1.496e-01 1.776e-01 1.664e-01 2.298¢-01 2.152e-01 1.749e-01 2.878e-01 1.516e-01 1.766e-01

Std  1.120e-02 2.120e-02 3.124e-02 4.062e-02 4.512e-02 1.310e-02 5.188e-02 6.500e-03 1.891e-02

9 Mean 1.020e-01 1.247e-01 1.205e-01 1.771e-01 1.608e-01 1.232¢-01 2.164e-01 1.051e-01 1.366e-01

Std  8.963e-03 1.908e-02 1.931e-02 3.211e-02 2.817e-02 7.831e-03 3.505e-02 7.942e-03 2.617e-02

12 Mean 6.871e-02 8.855e-02 8.100e-02 1.278e-01 1.216e-01 8.659e-02 1.740e-01 7.041e-02 8.750e-02

Std  5.866e-03 1.131e-02 1.437e-02 2.200e-02 2.104e-02 7.392e-03 2.326e-02 6.212€-03 1.271e-02

15 Mean 4.936e-02 6.357e-02 6.585¢-02 9.669e-02 9.939e-02 6.487e-02 1.201e-01 5.281e-02 6.863e-02

Std  3.213e-03 1.042e-02 1.156e-02 1.398e-02 1.522e-02 5.613e-03 2.187e-02 4.555-03 1.042e-02

SEM-2 5 Mean 5.009e-01 5.368e-01 5.088e-01 5.539e-01 5.525¢-01 5.339e-01 6.841e-01 5.049e-01 5.303e-01
Std  1.116e-03 4.809e-02 1.483e-02 2.210e-02 4.778¢-02 1.306e-02 7.936e-02 4.681e-03 1.936e-02

7 Mean 2.810e-01 3.093e-01 3.041e-01 3.563e-01 3.580e-01 3.278e-01 4.549e-01 2.916e-01 3.165e-01

Std  6.647e-03 2.390e-02 3.192e-02 5.050e-02 4.044e-02 1.296e-02 4.853e-02 1.301e-02 2.552e-02

9 Mean 1.829e-01 2.199e-01 1.937e-01 2.720e-01 2.479-01 2.229e-01 3.183e-01 1.948e-01 2.229e-01

Std  9.958e-03 2.739%-02 2.166e-02 5.276e-02 2.790e-02 1.285e-02 4.970e-02 1.354e-02 2.262e-02

12 Mean 1.177e-01 1.475¢-01 1.289-01 1.889e-01 1.605e-01 1.495e-01 2.376e-01 1.261e-01 1.458e-01

Std  9.968e-03 1.340e-02 1.934e-02 3.037e-02 1.732e-02 1.015e-02 3.342e-02 1.063e-02 1.858e-02

15 Mean 8.585¢-02 1.057e-01 9.915e-02 1.339e-01 1.204e-01 1.060e-01 1.656e-01 9.200e-02 1.032e-01

Std  9.365e-03 1.059e-02 1.600e-02 1.925e-02 1.435¢-02 7.524e-03 2.650e-02 9.696e-03 1.834e-02

SEM-3 5 Mean 4.284e-01 4.446e-01 4.362e-01 5.158e-01 4.823e-01 4.687e-01 6.276e-01 4.335e-01 4.541e-01
Std  1.654e-03 2.212e-02 8.891e-03 6.323e-02 4.534e-02 1.433e-02 8.904e-02 6.207e-03 2.931e-02

7 Mean 2.703e-01 2.924e-01 2.903e-01 3.499e-01 3.447e-01 3.067e-01 4.371e-01 2.801e-01 3.014e-01

Std  5.226-03 1.576e-02 2.374e-02 3.379e-02 3.276e-02 1.433e-02 9.164e-02 1.201e-02 2.265e-02

9 Mean 1.915e-01 2.210e-01 2.096e-01 2.620e-01 2.465e-01 2.275¢-01 3.050e-01 2.046e-01 2.193e-01

Std  8.537e-03 1.353e-02 2.081e-02 3.116e-02 2.268e-02 1.007e-02 2.970e-02 1.111e-02 1.733e-02

12 Mean 1.289-01 1.475¢-01 1.442¢-01 1.811e-01 1.702e-01 1.621e-01 2.192e-01 1.385e-01 1.526e-01

Std  8.901e-03 1.506e-02 1.957e-02 2.123e-02 1.806e-02 1.137e-02 2.881e-02 9.535e-03 1.403e-02

15 Mean 9.305-02 1.096e-01 1.019e-01 1.333e-01 1.293e-01 1.204e-01 1.578e-01 1.055e-01 1.152e-01

Std  6.783¢-03 7.899e-03 1.178e-02 1.332e-02 1.313e-02 7.050e-03 1.875¢-02 5.424e-03 8.476e-03

SEM-4 5 Mean 6.727e-01 6.926e-01 6.814e-01 7.389-01 7.134e-01 7.085e-01 9.829e-01 6.773e-01 7.143e-01
Std  8.778e-04 2.196e-02 1.330e-02 3.328e-02 1.752e-02 1.503e-02 1.301e-01 7.696e-03 4.248e-02

7 Mean 3.970e-01 4.443e-01 4.203e-01 4.950e-01 4.826e-01 4.513e-01 6.639-01 4.059e-01 4.338e-01

Std  6.217e-03 4.779%-02 4.513¢-02 5.100e-02 5.432¢-02 1.803e-02 8.555e-02 1.730e-02 1.975e-02

9 Mean 2.681e-01 3.219e-01 2.875e-01 3.845¢-01 3.557e-01 3.186e-01 4.744e-01 2.871e-01 3.064e-01

Std  1.164e-02 3.037e-02 4.184e-02 4.630e-02 3.977e-02 1.954e-02 7.426e-02 1.968e-02 2.252e-02

12 Mean 1.772e-01 2.142e-01 1.905e-01 2.555e-01 2.485e-01 2.159e-01 3.050e-01 1.907e-01 2.214e-01

Std  1.333e-02 2.252e-02 2.364e-02 2.743e-02 3.688e-02 1.203e-02 3.744e-02 1.902e-02 2.445¢-02

The best results are in bold



Table 1 - continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO

15 Mean 1.366e-01 1.674e-01 1.348e-01 1.871e-01 1.871e-01 1.582e-01 2.371e-01 1.417e-01 1.666e-01

Std 1.731e-02 2.234e-02 2.049e-02 2.562e-02 2.462e-02 1.196e-02 2.551e-02 1.233e-02 2.507e-02

SEM-5 5 Mean 7.119e-01 7.398e-01 7.234e-01 7.796e-01 7.634e-01 7.522e-01 9.722e-01 7.165e-01 7.291e-01
Std  9.144e-04 2.813e-02 1.775e-02 3.936e-02 2.719e-02 1.588e-02 1.035e-01 7.235e-03 2.272e-02

7  Mean 4.174e-01 4.540e-01 4.411e-01 5.041e-01 4.812e-01 4.734e-01 6.080e-01 4.352e-01 4.560e-01

Std  3.471e-03 3.017e-02 2.571e-02 5.443e-02 4.040e-02 2.232e-02 7.470e-02 1.409e-02 2.605e-02

9 Mean 2.750e-01 3.134e-01 2.850e-01 3.567e-01 3.446e-01 3.292e-01 4.410e-01 2.936e-01 3.247e-01

Std  1.548e-02 2.426e-02 3.125e-02 2.548e-02 2.577e-02 2.237e-02 5.427e-02 1.824e-02 3.214e-02

12 Mean 1.741e-01 2.161e-01 1.821e-01 2.412e-01 2.349e-01 2.201e-01 3.024e-01 1.947e-01 2.208e-01

Std  1.390e-02 2.782e-02 2.204e-02 2.042e-02 2.147e-02 1.696e-02 3.620e-02 1.479e-02 3.313e-02

15 Mean 1.225e-01 1.524e-01 1.320e-01 1.771e-01 1.720e-01 1.586e-01 2.129e-01 1.392e-01 1.628e-01

Std  1.054e-02 1.772e-02 1.988e-02 1.882e-02 1.532e-02 1.354e-02 2.335e-02 1.074e-02 2.260e-02

SEM-6 5 Mean 4.280e-01 4.432e-01 4.401e-01 4.954e-01 4.838e-01 4.621e-01 6.051e-01 4.344e-01 4.405e-01
Std  1.902e-03 1.997e-02 2.619e-02 2.843e-02 4.438e-02 1.640e-02 7.679e-02 7.675e-03 1.219e-02

7 Mean 2.580e-01 2.847e-01 2.830e-01 3.340e-01 3.265e-01 3.002e-01 4.234e-01 2.711e-01 2.901e-01

Std  7.340e-03 2.058e-02 2.797e-02 3.125e-02 3.338e-02 1.675e-02 5.444e-02 1.028e-02 2.177e-02

9 Mean 1.808e-01 2.051e-01 1.993e-01 2.467e-01 2.494e-01 2.222e-01 3.054e-01 1.956e-01 2.068e-01

Std 4.883e-03 1.612e-02 1.894e-02 2.466e-02 2.070e-02 9.715e-03 3.330e-02 8.272e-03 1.534e-02

12 Mean 1.170e-01 1.439e-01 1.325e-01 1.738e-01 1.597e-01 1.520e-01 2.054e-01 1.335e-01 1.392e-01

Std 7.561e-03 1.124e-02 1.633e-02 1.422e-02 1.277e-02 9.837e-03 2.998e-02 5.873e-03 1.271e-02

15 Mean 8.303e-02 1.017e-01 9.627e-02 1.217e-01 1.192e-01 1.118e-01 1.509e-01 9.468e-02 1.038e-01

Std 7.164e-03 9.953e-03 1.540e-02 1.789e-02 1.343e-02 7.327e-03 1.813e-02 6.656e-03 1.177e-02

SEM-7 5 Mean 2.609e-01 3.010e-01 2.713e-01 3.121e-01 3.271e-01 2.774e-01 4.363e-01 2.623e-01 2.980e-01
Std 3.589e-03 3.623e-02 2.513e-02 3.606e-02 4.474e-02 1.021e-02 8.029e-02 2.819e-03 4.936e-02

7 Mean 1.524e-01 1.951e-01 1.597e-01 2.348e-01 2.155e-01 1.804e-01 2.919e-01 1.524e-01 2.012e-01

Std  9.959e-03 3.046e-02 1.801e-02 3.740e-02 3.478e-02 9.200e-03 4.936e-02 5.428e-03 3.474e-02

9 Mean 1.089e-01 1.415e-01 1.144e-01 1.714e-01 1.780e-01 1.275e-01 2.322e-01 1.040e-01 1.483e-01

Std  1.040e-02 2.217e-02 1.374e-02 3.527e-02 4.150e-02 9.265e-03 3.650e-02 7.446e-03 2.850e-02

12 Mean 7.373e-02 1.035e-01 8.608e-02 1.273e-01 1.344e-01 9.361e-02 1.641e-01 7.211e-02 1.026e-01

Std  6.741e-03 2.227e-02 1.731e-02 2.139e-02 3.011e-02 6.854e-03 2.652e-02 6.369e-03 2.044e-02

15 Mean 5.413e-02 7.793e-02 6.096e-02 1.025e-01 9.738e-02 6.808e-02 1.249e-01 5.276e-02 7.702e-02

Std 5.926e-03 1.787e-02 1.072e-02 1.867e-02 1.545e-02 5.429¢-03 2.201e-02 5.808e-03 1.767e-02

SEM-8 5 Mean 5.993e-01 6.225e-01 6.167e-01 6.617e-01 6.841e-01 6.468e-01 8.577e-01 6.041e-01 6.204e-01
Std 7.592e-04 2.111e-02 4.572e-02 3.069e-02 8.309e-02 1.842e¢-02 1.128e-01 6.208e-03 2.611e-02

7 Mean 3.401e-01 3.782e-01 3.558e-01 4.630e-01 4.383e-01 3.982e-01 5.585e-01 3.513e-01 3.784e-01

Std 1.525e-02 2.680e-02 3.067e-02 4.451e-02 5.119e-02 2.119e-02 8.315e-02 1.546e-02 2.872e-02

9 Mean 2.295e-01 2.715e-01 2.454e-01 3.202e-01 3.119e-01 2.826e-01 4.089e-01 2.425e-01 2.630e-01

Std 1.149e-02 2.850e-02 3.165e-02 3.252e-02 3.019e-02 1.649e-02 5.878e-02 1.741e-02 2.222e-02

12 Mean 1.488e-01 1.897e-01 1.595e-01 2.243e-01 2.208e-01 1.935e-01 2.800e-01 1.610e-01 1.901e-01

Std 1.236e-02 2.152e-02 1.654e-02 2.819e-02 2.881e-02 1.305e-02 3.858e-02 1.701e-02 1.953e-02

15 Mean 1.111e-01 1.415e-01 1.277e-01 1.718e-01 1.592e-01 1.392e-01 1.967e-01 1.205e-01 1.406e-01

Std  1.146e-02 1.599e-02 2.174e-02 2.992e-02 2.137e-02 1.100e-02 2.407e-02 8.789e-03 1.326e-02

SEM-9 5 Mean 6.759e-01 6.939e-01 6.839e-01 7.447e-01 7.232e-01 7.100e-01 9.051e-01 6.818e-01 6.946e-01
Std 9.865e-04 1.785e-02 1.174e-02 4.527e-02 4.453e-02 1.548e-02 8.752e-02 6.503e-03 1.920e-02

7  Mean 3.905e-01 4.299e-01 4.066e-01 4.801e-01 4.686e-01 4.446e-01 6.149e-01 3.955e-01 4.295e-01

Std  1.124e-02 4.151e-02 4.142e-02 2.753e-02 4.111e-02 1.930e-02 9.198e-02 1.726e-02 4.137e-02

9 Mean 2.695e-01 3.105e-01 2.791e-01 3.632e-01 3.495e-01 3.161e-01 4.264e-01 2.735e-01 2.955e-01
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Table 1 - continued
Std  1.431e-02 2.708e-02 3.286e-02 3.651e-02 3.706e-02 1.672e-02 5.808e-02 2.227e-02 2.680e-02
12 Mean 1.728e-01 2.239e-01 1.818e-01 2.566e-01 2.435e-01 2.143e-01 3.147e-01 1.858e-01 2.107e-01
Std  1.586e-02 2.279e-02 2.370e-02 3.184e-02 3.639e-02 1.283e-02 4.048e-02 1.758e-02 1.995e-02
15 Mean 1.228e-01 1.605e-01 1.357e-01 1.899e-01 1.745e-01 1.557e-01 2.327e-01 1.316e-01 1.611e-01
Std  1.045e-02 2.322e-02 2.631e-02 2.842e-02 2.091e-02 1.059e-02 3.049e-02 1.084e-02 2.230e-02

The best results are in bold



Table 1 - continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO
SEM-10 5 Mean 5.588e-01 5.799e-01 5.681e-01 6.179e-01 5.926e-01 5.953e-01 7.545e-01 5.631e-01 5.802e-01
Std  8.208e-04 2.126e-02 1.479e-02 3.972e-02 1.927e-02 1.558e-02 1.041e-01 4.915e-03 2.077e-02
7 Mean 3.230e-01 3.602e-01 3.457¢-01 4.095e-01 4.037e-01 3.741e-01 4.839e-01 3.318e-01 3.795¢-01
Std  5.612e-03 3.140e-02 2.269e-02 3.177e-02 3.698e-02 1.943e-02 5.151e-02 1.080e-02 3.848e-02
9 Mean 2.213e-01 2.538e-01 2.363e-01 3.014e-01 2.925¢-01 2.557e-01 3.643e-01 2.302e-01 2.582e-01
Std  1.098e-02 2.435e-02 2.902e-02 3.844e-02 2.951e-02 1.492e-02 4.361e-02 1.255e-02 3.020e-02
12 Mean 1.419e-01 1.782e-01 1.561e-01 2.087e-01 1.853e-01 1.743e-01 2.342e-01 1.529%e-01 1.768e-01
Std  1.161e-02 2.164e-02 2.283e-02 2.634e-02 1.482e-02 1.327e-02 3.253e-02 1.335e-02 2.181e-02
15 Mean 1.005e-01 1.264e-01 1.109e-01 1.488e-01 1.395e-01 1.270e-01 1.839%e-01 1.105e-01 1.308e-01
Std  8.977e-03 1.609e-02 1.726e-02 1.835e-02 1.105¢-02 7.102e-03 2.438e-02 9.184e-03 1.469e-02
Table 2: PSNR metrics results for all algorithms.
Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO
SEM-1 5 Mean 2.281e+01 2.271e+01 2.268e+01 2.216e+01 2.203e+01 2.317e+01 2.301e+01 2.284e+01 2.276e+01
Std  1.638e-01 6.982e-01 4.010e-01 1.126e+00 9.006e-01 7.677e-01 8.407e-01 2.541e-01 7.172e-01
7 Mean 2.601le+01 2.573e+01 2.569e+01 2.487e+01 2.446e+01 2.553e+01 2.489e+01 2.590e+01 2.556e+01
Std  4.556e-01 8.240e-01 6.471e-01 1.089e+00 1.298e+00 9.241e-01 8.818e-01 4.478e-01 6.732e-01
9 Mean 2.773e+01 2.730e+01 2.742e+01 2.598e+01 2.628e+01 2.748e+01 2.607e+01 2.739e+01 2.730e+01
Std  5.417e-01 1.042e+00 8.035e-01 1.532e+00 1.423e+00 9.733e-01 9.992e-01 6.435e-01 1.271e+00
12 Mean 3.012e+01 2.902e+01 2.967e+01 2.794e+01 2.855e+01 2.922e+01 2.735¢+01 2.960e+01 2.906e+01
Std  7.967e-01 1.217e+00 1.266e+00 1.427e+00 9.940e-01 9.632e-01 6.505e-01 1.042e+00 1.065¢+00
15 Mean 3.152e+01 3.095e+01 3.112e+01 2.915e+01 2.940e+01 3.098e+01 2.894e+01 3.126e+01 3.036e+01
Std  8.879e-01 1.010e+00 1.047e+00 1.066e+00 1.061e+00 9.568e-01 7.718e-01 1.161e+00 1.443e+00
SEM-2 5 Mean 2.246e+01 2.204e+01 2.237e+01 2.192e+01 2.189e+01 2.209e+01 2.101e+01 2.244e+01 2.210e+01
Std  4.243e-02 4.839e-01 1.930e-01 3.403e-01 3.829e-01 3.040e-01 5.547e-01 7.210e-02 2.642e-01
7  Mean 2.463e+01 2.425¢+01 2.428e+01 2.362e+01 2.361e+01 2.399e+01 2.280e+01 2.456e+01 2.416e+01
Std  8.618e-02 3.811e-01 5.607e-01 6.375e-01 5.172e-01 3.988e-01 4.938¢-01 1.518e-01 4.339e-01
9 Mean 2.643e+01 2.578e+01 2.627e+01 2.474e+01 2.506e+01 2.564e+01 2.433e+01 2.628e+01 2.563e+01
Std  2.904e-01 5.080e-01 6.057e-01 9.515e-01 6.649e-01 4.112e-01 7.022e-01 2.935e-01 5.172e-01
12 Mean 2.822e+01 2.738e+01 2.807e+01 2.616e+01 2.701e+01 2.697e+01 2.562e+01 2.817e+01 2.751e+01
Std  3.807e-01 4.418e-01 9.204e-01 8.112e-01 7.064e-01 6.918e-01 6.873e-01 4.589e-01 5.866e-01
15 Mean 2.947e+01 2.888e+01 2.933¢+01 2.793e+01 2.829e+01 2.854e+01 2.707e+01 2.943e+01 2.889e+01
Std  4.430e-01 5515e-01 7.519e-01 8.386e-01 8.083e-01 8.293e-01 7.261e-01 5.253e-01 6.682e-01
SEM-3 5 Mean 2.189e+01 2.165e+01 2.183e+01 2.093e+01 2.133e+01 2.137e+01 1.995¢+01 2.182e+01 2.157e+01
Std  5.656e-02 3.282e-01 1.730e-01 6.495e-01 5.280e-01 3.058e-01 7.615e-01 1.230e-01 3.401e-01
7  Mean 2411e+01 2.370e+01 2.381e+01 2.284e+01 2.290e+01 2.347e+01 2.180e+01 2.396e+01 2.349e+01
Std  1.281e-01 3.120e-01 4.091e-01 5.638e-01 5.616e-01 3.197e-01 1.061e+00 2.044e-01 4.689e-01
9 Mean 2546e+01 2.494e+01 2.518e+01 2.403e+01 2.438e+01 2.469e+01 2.342e+01 2.522e+01 2.497e+01
Std  2.855e-01 3.422e-01 4.625e-01 5.815e-01 4.772e-01 3.111e-01 5.717e-01 3.073e-01 4.131e-01
12 Mean 2.725e+01 2.665e+01 2.692e+01 2.569e+01 2.613e+01 2.621e+01 2.502e+01 2.696e+01 2.664e+01
Std  4.271e-01 4.873e-01 6.520e-01 6.710e-01 5.573e-01 5.060e-01 6.677e-01 4.117e-01 3.885¢-01
15 Mean 2.903e+01 2.816e+01 2.854e+01 2.708e+01 2.727e+01 2.754e+01 2.656e+01 2.842e+01 2.804e+01

The best results are



Table 1 - continued

Std  5.305e-01 4.980e-01 7.191e-01 6.014e-01 5.239e-01 4.931e-01 7.652e-01

SEM-4 5 Mean 2.179%+01 2.168e+01 2.171e+01 2.138e+01 2.164e+01 2.149e+01 1.979e+01
Std  3.693e-02 1.756e-01 9.761e-02 2.975e-01 1.822e-01 1.872e-01 7.688e-01

7 Mean 2.412e+01 2.366e+01 2.397e+01 2.307e+01 2.344e+01 2.350e+01 2.147e+01

Std  1.893e-01 3.965e-01 4.969e-01 4.720e-01 5.201e-01 3.207e-01 6.457e-01

9 Mean 2.580e+01 2.503e+01 2.551e+01 2.417e+01 2.476e+01 2.494e+01 2.301e+01

Std  2.323e-01 4.568e-01 6.724e-01 7.000e-01 5.921e-01 3.844e-01 8.132e-01

5.117e-01
2.174e+01
7.658e-02
2.404e+01
2.681e-01
2.55%+01
4.040e-01

4.829e-01
2.147e+01
3.241e-01
2.375e+01
2.882e-01
2.521e+01
4.361e-01

The best results are



Table 2 — continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO

12 Mean 2.763e+01 2.695e+01 2.73%e+01 2.606e+01 2.644e+01 2.676e+01 2.493e+01 2.733e+01 2.691e+01

Std 4.329e-01 4.663e-01 6.923e-01 4.841e-01 6.974e-01 4.965e-01 6.487e-01 5.108e-01 5.239e-01

15 Mean 2.895e+01 2.819e+01 2.887e+01 2.748e+01 2.759e+01 2.804e+01 2.600e+01 2.879%e+01 2.829e+01

Std  4.774e-01 5.198e-01 6.353e-01 7.175e-01 7.626e-01 4.925e-01 6.336e-01 5.342e-01 6.155e-01

SEM-5 5 Mean 2.081le+01 2.065e+01 2.066e+01 2.031e+01 2.057e+01 2.046e+01 1.894e+01 2.076e+01 2.065e+01
Std  5.432e-02 1.887e-01 2.391e-01 3.541e-01 3.778e-01 2.265e-01 6.267e-01 9.708e-02 3.044e-01

7 Mean 2.28le+01 2.258e+01 2.257e+01 2.206e+01 2.251e+01 2.232e+01 2.083e+01 2.270e+01 2.276e+01

Std  2.092e-01 3.647e-01 3.989e-01 6.662e-01 5.725e-01 4.284e-01 7.197e-01 3.722e-01 4.337e-01

9 Mean 2462e+01 2.426e+01 2.456e+01 2.341e+01 2.381e+01 2.385e+01 2.233e+01 2.433e+01 2.388e+01

Std  2.425e-01 4.628e-01 4.208e-01 4.533e-01 4.900e-01 5.246e-01 8.172e-01 3.880e-01 5.399e-01

12 Mean 2.663e+01 2.594e+01 2.645e+01 2.516e+01 2.546e+01 2.558e+01 2.402e+01 2.623e+01 2.574e+01

Std  2.904e-01 5.387e-01 6.679e-01 5.693e-01 5.278e-01 5.532e-01 7.922e-01 4.754e-01 7.794e-01

15 Mean 2.821e+01 2.741e+01 2.794e+01 2.665e+01 2.678e+01 2.705e+01 2.555e+01 2.767e+01 2.708e+01

Std  4.293e-01 5.201e-01 8.108e-01 5.890e-01 5.811e-01 5.215e-01 8.848e-01 4.482e-01 4.315¢-01

SEM-6 5 Mean 1.825e+01 1.819e+01 1.797e+01 1.780e+01 1.740e+01 1.793e+01 1.799e+01 1.819e+01 1.815e+01
Std  1.548e-01 6.508e-01 5.826e-01 1.322e+00 1.066e+00 1.122e+00 1.412e+00 4.641e-01 5.325e-01

7 Mean 2151e+01 2.107e+01 2.098e+01 2.070e+01 1.993e+01 2.110e+01 2.051e+01 2.126e+01 2.104e+01

Std  3.201e-01 9.697e-01 1.082e+00 1.490e+00 1.365e+00 1.078e+00 1.317e+00 5.049e-01 1.222¢+00

9 Mean 2.383e+01 2.319e+01 2.358e+01 2.214e+01 2.193e+01 2.286e+01 2.196e+01 2.378e+01 2.347e+01

Std  6.486e-01 8.242e-01 1.147e+00 1.505e+00 1.468e+00 1.072e+00 1.277e+00 1.109e+00 1.134e+00

12 Mean 2.652e+01 2.553e+01 2.583e+01 2.468e+01 2.441e+01 2.511e+01 2.403e+01 2.587e+01 2.558e+01

Std  6.728e-01 9.936e-01 1.070e+00 1.170e+00 1.263e+00 9.288e-01 1.207e+00 9.814e-01 9.959¢-01

15 Mean 2.824e+01 2.731e+01 2.727e+01 2.624e+01 2.625e+01 2.678e+01 2.537e+01 2.766e+01 2.733e+01

Std  5.269e-01 7.289e-01 1.038e+00 1.378e+00 9.074e-01 8.245e-01 1.393e+00 7.405e-01 1.083e+00

SEM-7 5 Mean 2.262e+01 2.279e+01 2.239e+01 2.174e+01 2.104e+01 2.298e+01 2.306e+01 2.271e+01 2.237e+01
Std  3.350e-01 1.616e+00 1.015e+00 1.530e+00 1.207e+00 1.158e+00 1.783e+00 7.732e-01 1.452e+00

7  Mean 2.604e+01 2.531e+01 2.570e+01 2.407e+01 2.444e+01 2.591e+01 2.515e+01 2.607e+01 2.565e+01

Std  7.473e-01 1.383e+00 6.817e-01 1.943e+00 1.802e+00 1.569e+00 1.303e+00 6.885e-01 1.643e+00

9 Mean 2.834e+01 2.754e+01 2.783e+01 2.669e+01 2.581e+01 2.798e+01 2.680e+01 2.821e+01 2.725e+01

Std  9.212e-01 1.393e+00 1.005e+00 1.584e+00 1.941e+00 1.317e+00 9.451e-01 6.021e-01 1.850e+00

12 Mean 3.027e+01 2.932e+01 2.955e+01 2.849e+01 2.793e+01 2.987e+01 2.844e+01 2.970e+01 2.943e+01

Std  8.385e-01 1.593e+00 1.268e+00 1.506e+00 1.749e+00 1.149e+00 8.296e-01 1.240e+00 1.960e+00

15 Mean 3.173e+01 3.046e+01 3.162e+01 2.975e+01 3.005e+01 3.145e+01 2.980e+01 3.122e+01 3.051e+01

Std 1.051e+00 1.989e+00 1.106e+00 1.305e+00 1.229e+00 1.057e+00 1.010e+00 9.393e-01 1.502e+00

SEM-8 5 Mean 2.101e+01 2.081e+01 2.088e+01 2.068e+01 2.040e+01 2.071e+01 1.967e+01 2.093e+01 2.087e+01
Std 2.189%e-02 1.903e-01 2.770e-01 2.172e-01 4.958e-01 1.734e-01 5.338e-01 1.100e-01 1.853e-01

7  Mean 2.334e+01 2.297e+01 2.316e+01 2.232e+01 2.242e+01 2.281e+01 2.146e+01 2.321e+01 2.299e+01

Std 1.634e-01 2.448e-01 3.649e-01 4.571e-01 4.898e-01 2.802e-01 7.214e-01 1.868e-01 2.992e-01

9 Mean 2.498e+01 2.445e+01 2.480e+01 2.380e+01 2.400e+01 2.417e+01 2.299e+01 2.485e+01 2.462e+01

Std 2.221e-01 4.525e-01 5.091e-01 4.004e-01 4.548e-01 3.700e-01 6.569e-01 3.877e-01 3.834e-01

12 Mean 2.688e+01 2.591e+01 2.674e+01 2.521e+01 2.570e+01 2.578e+01 2.448e+01 2.661e+01 2.614e+01

Std 3.529%-01 4.989e-01 5.002e-01 6.423e-01 6.335e-01 5.886e-01 7.145e-01 5.301e-01 4.790e-01

15 Mean 2.806e+01 2.725e+01 2.783e+01 2.661e+01 2.712e+01 2.730e+01 2.614e+01 2.785e+01 2.740e+01

Std 4.976e-01 3.893e-01 6.458e-01 9.317e-01 6.304e-01 5.985e-01 7.573e-01 4.73%e-01 4.483e-01

The best results are



SEM-9 5 Mean
Std

7  Mean

Std

9 Mean

Std

12 Mean

Std

2.147e+01
2.487e-02
2.376e+01
1.723e-01
2.532e+01

2.975e-01
2.729e+01

2.138e+01
1.088e-01
2.341e+01
3.120e-01
2.486e+01

3.736e-01
2.631e+01

2.144e+01
8.802e-02
2.368e+01
4.128e-01
2.531e+01

5.068e-01
2.713e+01

2.108e+01
2.525e-01
2.299e+01
3.512e-01
2.430e+01

4.354e-01
2.575e+01

2.127e+01
2.388e-01
2.322e+01
4.374e-01
2.461e+01

4.360e-01
2.610e+01

2.125e+01
1.277e-01
2.327e+01
2.411e-01
2.470e+01

3.154e-01
2.638e+01

Table 2 - continued

2.019e+01
4.669e-01
2.184e+01
6.742e-01
2.338e+01

7.036e-01
2.473e+01

2.144e+01
7.094e-02
2.381e+01
1.962e-01
2.540e+01

3.799e-01
2.714e+01

2.135e+01
1.379e-01
2.346e+01
3.803e-01
2.504e+01

4.205e-01
2.661e+01

3.190e-01 5.045e-01 7.134e-01 6.022e-01 6.549e-01 4.221e-01 8.231e-01
4.887e-01 3.435e-01

The best results are



Table 2 — continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO

15 Mean 2.877e+01 2.786e+01 2.849e+01 2.706e+01 2.767e+01 2.762e+01 2.579e+01 2.870e+01 2.787e+01
Std  3.866e-01 6.007e-01 9.316e-01 7.647e-01 5.739e-01 6.010e-01 7.014e-01 4.035e-01 5.968e-01
SEM-10 5 Mean 2.190e+01 2.172e+01 2.183e+01 2.141e+01 2.160e+01 2.155e+01 2.024e+01 2.186e+01 2.166e+01
Std  4.224e-02 2.651e-01 1.478e-01 3.768e-01 2.859e-01 2.659%-01 7.731le-01 1.109e-01 2.783e-01

7 Mean 2.420e+01 2.383e+01 2.394e+01 2.325e+01 2.330e+01 2.348e+01 2.229e+01 2.412e+01 2.365e+01
Std  1.222e-01 4.285e-01 3.346e-01 4.552e-01 5.682e-01 3.356e-01 5.458e-01 2.055e-01 4.975e-01

9 Mean 2.592e+01 2.543e+01 2.563e+01 2.453e+01 2.480e+01 2.523e+01 2.346e+01 2.582e+01 2.528e+01
Std  3.020e-01 5.218e-01 5.565e-01 6.940e-01 6.069e-01 4.310e-01 6.662e-01 3.145e-01 5.533e-01

12 Mean 2.790e+01 2.701e+01 2.756e+01 2.610e+01 2.684e+01 2.681e+01 2.540e+01 2.762e+01 2.702e+01
Std  3.925e-01 5.009e-01 7.526e-01 6.036e-01 5.996e-01 5.617e-01 7.495e-01 5.167e-01 6.078e-01

15 Mean 2.941e+01 2.856e+01 2.889%e+01 2.763e+01 2.796e+01 2.825e+01 2.665e+01 2.913e+01 2.841e+01
Std  3.652e-01 6.369e-01 8.323e-01 6.932e-01 5.702e-01 4.679%-01 8.960e-01 5.509e-01 4.904e-01

Table 3: SSIM metrics results for all algorithms.

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO GWO

SEM-1 5 Mean 7.753e-01 7.661e-01 7.711e-01 7.435e-01 7.406e-01 7.802e-01 7.655e-01 7.756e-01 7.686e-01
Std  4.166e-03 2.211e-02 1.168e-02 3.732e-02 3.088e-02 1.895e-02 2.923e-02 6.383e-03 2.162e-02

7 Mean 8.597e-01 8.468e-01 8.517e-01 8.220e-01 8.144e-01 8.454e-01 8.217e-01 8.574e-01 8.433e-01

Std  9.011e-03 1.626e-02 1.654e-02 2.740e-02 3.074e-02 1.741e-02 2.821e-02 8.990e-03 1.418e-02

9 Mean 8.950e-01 8.817e-01 8.882e-01 8.504e-01 8.588e-01 8.843e-01 8.517e-01 8.900e-01 8.791e-01

Std  8.047e-03 1.903e-02 1.539e-02 3.324e-02 2.762e-02 1.694e-02 2.246e-02 1.049e-02 2.428e-02

12 Mean 9.290e-01 9.105e-01 9.226e-01 8.884e-01 8.994e-01 9.140e-01 8.777e-01 9.234e-01 9.112e-01

Std  7.942e-03 1.613e-02 1.694e-02 2.667e-02 1.610e-02 1.282e-02 1.307e-02 1.278e-02 1.550e-02

15 Mean 9.446e-01 9.354e-01 9.392e-01 9.090e-01 9.125e-01 9.357e-01 9.057e-01 9.422e-01 9.281e-01

Std  7.610e-03 1.216e-02 1.120e-02 1.584e-02 1.491e-02 1.014e-02 1.232e-02 1.014e-02 1.690e-02

SEM-2 5 Mean 8.307e-01 8.077e-01 8.254e-01 8.058e-01 8.033e-01 8.180e-01 7.813e-01 8.297e-01 8.103e-01
Std  2.127e-03 2.059e-02 1.069e-02 1.952e-02 1.523e-02 1.451e-02 2.199e-02 4.497e-03 1.793e-02

7 Mean 8.758e-01 8.648e-01 8.688e-01 8.506e-01 8.504e-01 8.625e-01 8.356e-01 8.727e-01 8.632e-01

Std  1.866e-03 9.553e-03 1.054e-02 1.490e-02 1.099e-02 9.616e-03 2.071e-02 5.352e-03 1.149e-02

9 Mean 9.113e-01 8.942e-01 9.079e-01 8.841e-01 8.875e-01 8.944e-01 8.710e-01 9.056e-01 8.942e-01

Std  4.105e-03 1.136e-02 8.714e-03 1.740e-02 9.437e-03 6.950e-03 2.070e-02 7.073e-03 1.089e-02

12 Mean 9.366e-01 9.221e-01 9.351e-01 9.086e-01 9.208e-01 9.213e-01 8.970e-01 9.317e-01 9.231e-01

Std  4.670e-03 7.181e-03 8.815e-03 1.402e-02 8.563e-03 6.930e-03 1.461e-02 7.204e-03 1.088e-02

15 Mean 9.499e-01 9.404e-01 9.482e-01 9.335e-01 9.391e-01 9.398e-01 9.213e-01 9.472e-01 9.416e-01

Std  5.602e-03 5.976e-03 8.699e-03 9.831e-03 6.877e-03 7.578e-03 1.348e-02 6.944e-03 1.112e-02

SEM-3 5 Mean 7.073e-01 7.020e-01 7.042e-01 6.890e-01 6.966e-01 6.961e-01 6.839e-01 7.055e-01 6.994e-01
Std  2.411e-03 1.007e-02 5.796e-03 1.408e-02 1.091e-02 9.832e-03 2.024e-02 6.095e-03 1.161e-02

7 Mean 7.648e-01 7.559e-01 7.577e-01 7.439e-01 7.430e-01 7.510e-01 7.304e-01 7.606e-01 7.491e-01

Std  6.205e-03 1.060e-02 1.147e-02 1.795e-02 1.519e-02 1.393e-02 2.316e-02 5.384e-03 1.465e-02

9 Mean 7.953e-01 7.862e-01 7.934e-01 7.718e-01 7.783e-01 7.813e-01 7.730e-01 7.877e-01 7.863e-01

Std  9.188e-03 1.379e-02 1.680e-02 2.132e-02 1.638e-02 9.977e-03 2.277e-02 7.889e-03 1.339e-02

12 Mean 8.457e-01 8.27%-01 8.450e-01 8.224e-01 8.287e-01 8.233e-01 8.112e-01 8.353e-01 8.285e-01

Std  1.974e-02 1.540e-02 1.996e-02 1.995e-02 1.898e-02 2.050e-02 2.200e-02 1.745e-02 1.672e-02

The best results are



15 Mean 8.892e-01 8.674e-01

Std  1.579e-02 1.782e-02

SEM-4 5 Mean 7.519e-01 7.477e-01
Std  2.524e-03 1.165e-02

7 Mean 8.433e-01 8.228e-01
Std  5.292e-03 2.200e-02

8.813e-01
1.584e-02
7.527e-01
9.106e-03

8.368e-01
1.570e-02

8.511e-01
1.541e-02
7.427e-01
1.996e-02

8.139e-01
1.504e-02

8.557e-01
1.773e-02
7.371e-01
1.279e-02

8.171e-01
1.924e-02

8.545e-01
1.766e-02
7.534e-01
1.135e-02

8.302e-01
1.138e-02

Table 2 - continued
8.425e-01 8.742e-01 8.621e-01
2.114e-02 1.239e-02 1.956e-02
7.250e-01 7.497e-01 7.420e-01
2.314e-02 4.055e-03 1.395e-02

7.905e-01 8.392e-01 8.321e-01
1.649e-02 1.143e-02 9.546e-03

The best results are



Table 3 — continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO

9 Mean 8.844e-01 8.644e-01 8.810e-01 8.477e-01 8.584e-01 8.688e-01 8.295e-01 8.790e-01 8.708e-01

Std  5.506e-03 1.390e-02 1.308e-02 1.380e-02 1.493e-02 8.557e-03 2.119e-02 8.744e-03 9.066e-03

12 Mean 9.147e-01 9.001e-01 9.150e-01 8.891e-01 8.952e-01 9.012e-01 8.742e-01 9.096e-01 8.989e-01

Std  6.261e-03 9.992e-03 1.025e-02 1.231e-02 1.217e-02 7.526e-03 1.116e-02 8.642e-03 1.257e-02

15 Mean 9.305e-01 9.196e-01 9.375e-01 9.154e-01 9.179e-01 9.211e-01 8.968e-01 9.306e-01 9.195e-01

Std  6.190e-03 9.202e-03 7.973e-03 9.911e-03 8.273e-03 5.184e-03 1.021e-02 6.109e-03 1.151e-02

SEM-5 5 Mean 7.427e-01 7.380e-01 7.402e-01 7.299e-01 7.341e-01 7.337e-01 6.999e-01 7.418e-01 7.395e-01
Std  8.966e-04 5.368e-03 5.895e-03 1.066e-02 1.008e-02 5.072e-03 1.821e-02 1.765e-03 6.563e-03

7 Mean 8.032e-01 7.944e-01 7.959e-01 7.823e-01 7.895e-01 7.920e-01 7.593e-01 8.008e-01 7.991e-01

Std  4.186e-03 1.098e-02 9.068e-03 1.805e-02 1.714e-02 9.146e-03 1.614e-02 6.395e-03 1.004e-02

9 Mean 8.457e-01 8.348e-01 8.429e-01 8.156e-01 8.222e-01 8.298e-01 7.972e-01 8.397e-01 8.297e-01

Std  6.444e-03 9.930e-03 9.941e-03 1.067e-02 1.164e-02 1.029e-02 1.590e-02 8.380e-03 1.313e-02

12 Mean 8.849e-01 8.703e-01 8.818e-01 8.537e-01 8.579e-01 8.681e-01 8.328e-01 8.751e-01 8.641e-01

Std  6.824e-03 1.220e-02 1.273e-02 1.081e-02 1.065e-02 8.157e-03 1.631e-02 1.007e-02 1.700e-02

15 Mean 9.087e-01 8.944e-01 9.056e-01 8.807e-01 8.836e-01 8.920e-01 8.684e-01 8.992e-01 8.891e-01

Std  6.854e-03 1.050e-02 1.342e-02 1.301e-02 1.040e-02 8.439e-03 1.212e-02 8.421e-03 1.088e-02

SEM-6 5 Mean 7.249e-01 7.215e-01 7.141e-01 7.038e-01 6.922e-01 7.134e-01 7.259e-01 7.223e-01 7.195e-01
Std  5.555e-03 2.396e-02 2.125e-02 5.064e-02 3.934e-02 4.041e-02 6.015e-02 1.642e-02 1.805e-02

7 Mean 8.315e-01 8.152e-01 8.139e-01 8.031e-01 7.808e-01 8.201e-01 8.030e-01 8.236e-01 8.158e-01

Std  8.547e-03 2.701e-02 3.424e-02 4.640e-02 4.267e-02 3.576e-02 4.208e-02 1.480e-02 3.828e-02

9 Mean 8.834e-01 8.687e-01 8.759e-01 8.360e-01 8.355e-01 8.620e-01 8.437e-01 8.798e-01 8.719e-01

Std  1.388e-02 1.880e-02 2.661e-02 4.054e-02 3.833e-02 2.670e-02 3.351e-02 2.355e-02 2.544e-02

12 Mean 9.271e-01 9.094e-01 9.192e-01 8.941e-01 8.878e-01 9.093e-01 8.832e-01 9.129e-01 9.104e-01

Std 1.128e-02 1.665e-02 1.593e-02 2.416e-02 2.826e-02 1.763e-02 2.671e-02 1.868e-02 1.850e-02

15 Mean 9.464e-01 9.328e-01 9.342e-01 9.182e-01 9.173e-01 9.334e-01 9.018e-01 9.373e-01 9.329e-01

Std  7.463e-03 1.043e-02 1.344e-02 2.202e-02 1.631e-02 8.443e-03 2.786e-02 9.976e-03 1.655e-02

SEM-7 5 Mean 7.023e-01 7.059e-01 6.904e-01 6.547e-01 6.192e-01 7.218e-01 7.466e-01 7.061e-01 6.886e-01
Std  1.587e-02 7.831e-02 5.048e-02 7.773e-02 6.564e-02 5.821e-02 1.033e-01 3.642e-02 7.072e-02

7 Mean 8.351e-01 8.076e-01 8.237e-01 7.593e-01 7.720e-01 8.323e-01 8.276e-01 8.369e-01 8.176e-01

Std  2.621e-02 5.236e-02 2.633e-02 8.385e-02 7.359e-02 5.949e-02 5.939e-02 2.517e-02 6.378e-02

9 Mean 8.954e-01 8.723e-01 8.823e-01 8.496e-01 8.153e-01 8.866e-01 8.766e-01 8.929e-01 8.580e-01

Std  2.061e-02 4.366e-02 2.593e-02 5.326e-02 6.471e-02 3.608e-02 2.965e-02 1.494e-02 5.743e-02

12 Mean 9.284e-01 9.075e-01 9.139%e-01 8.900e-01 8.745e-01 9.249e-01 9.114e-01 9.162e-01 9.040e-01

Std  1.388e-02 3.552e-02 2.800e-02 3.638e-02 5.086e-02 2.659¢-02 1.552e-02 2.464e-02 5.234e-02

15 Mean 9.455e-01 9.218e-01 9.452e-01 9.155e-01 9.207e-01 9.423e-01 9.300e-01 9.384e-01 9.252e-01

Std 1.307e-02 4.250e-02 1.722e-02 2.730e-02 2.216e-02 1.545e-02 1.245e-02 1.439e-02 2.657e-02

SEM-8 5 Mean 8.457e-01 8.376e-01 8.401e-01 8.346e-01 8.200e-01 8.399e-01 8.163e-01 8.419e-01 8.416e-01
Std 9.492e-04 1.008e-02 8.032e-03 1.055e-02 1.794e-02 8.597e-03 1.434e-02 5.369e-03 8.481e-03

7 Mean 8.973e-01 8.884e-01 8.929e-01 8.754e-01 8.717e-01 8.844e-01 8.613e-01 8.940e-01 8.887e-01

Std 4.167e-03 7.013e-03 9.003e-03 1.175e-02 1.332e-02 6.303e-03 1.821e-02 5.718e-03 7.220e-03

9 Mean 9.205e-01 9.121e-01 9.178e-01 9.014e-01 9.035e-01 9.091e-01 8.914e-01 9.174e-01 9.135e-01

Std 3.915e-03 8.912e-03 7.007e-03 8.586e-03 8.032e-03 7.303e-03 1.019e-02 6.507e-03 7.188e-03

12 Mean 9.436e-01 9.310e-01 9.440e-01 9.264e-01 9.270e-01 9.341e-01 9.182e-01 9.392e-01 9.325e-01

Std  5.011e-03 7.741e-03 6.370e-03 9.488e-03 9.266e-03 6.451e-03 1.099e-02 5.949e-03 8.131e-03

The best results are
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15

SEM-9 5

Mean
Std
Mean
Std
Mean
Std

Mean
Std

9.541e-01
5.159e-03
7.739%-01
2.108e-03
8.445e-01
5.108e-03

8.852e-01
7.552e-03

9.447e-01
6.065e-03
7.680e-01
6.324e-03
8.331e-01
1.401e-02

8.712e-01
1.154e-02

9.536e-01
7.725e-03
7.707e-01
6.194e-03
8.428e-01
9.856e-03

8.840e-01
1.311e-02

9.409e-01
9.867e-03
7.564e-01
1.603e-02
8.256e-01
1.178e-02

8.607e-01
1.229e-02

9.453e-01
6.719e-03
7.553e-01
7.519e-03
8.229%e-01
1.464e-02

8.593e-01
1.123e-02

9.475e-01
7.171e-03
7.691e-01
8.136e-03
8.366e-01
1.021e-02

8.710e-01
9.345e-03

Table 3 - continued

9.362e-01
8.195e-03
7.492e-01
1.800e-02
8.038e-01
2.247e-02

8.532e-01
1.297e-02

9.525e-01
5.186e-03
7.723e-01
3.571e-03
8.430e-01
6.962e-03

8.849e-01
9.254e-03

9.459e-01
7.028e-03
7.690e-01
7.527e-03
8.352e-01
1.092e-02

8.793e-01
1.216e-02

The best results are
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Table 3 — continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO
12 Mean 9.224e-01 9.014e-01 9.228e-01 8.944e-01 8.972e-01 9.084e-01 8.824e-01 9.170e-01 9.044e-01
Std  1.133e-02 1.295¢-02 1.109e-02 1.152e-02 1.630e-02 9.511e-03 1.261e-02 9.342e-03 1.271e-02
15 Mean 9.419e-01 9.226e-01 9.405e-01 9.187e-01 9.219e-01 9.284e-01 9.043e-01 9.386e-01 9.238e-01
Std  6.256e-03 1.412e-02 1.278e-02 9.411e-03 8.280e-03 6.689e-03 1.192e-02 5.938e-03 1.153e-02
SEM-10 5 Mean 8.232e-01 8.142e-01 8.186e-01 8.023e-01 8.064e-01 8.090e-01 7.731e-01 8.198e-01 8.153e-01
Std  1.822e-03 1.237e-02 6.762e-03 1.862e-02 1.586e-02 1.492e-02 3.406e-02 5.418e-03 9.778e-03
7 Mean 8.870e-01 8.718e-01 8.779%-01 8.523e-01 8.506e-01 8.631e-01 8.351e-01 8.834e-01 8.665e-01
Std  1.823e-03 1.373e-02 9.913e-03 1.439%e-02 1.718e-02 1.233e-02 1.743e-02 6.511e-03 1.679-02
9 Mean 9.155e-01 9.026e-01 9.086e-01 8.871le-01 8.883e-01 9.042¢-01 8.652e-01 9.129e-01 8.996e-01
Std  6.314e-03 1.158e-02 1.173e-02 1.737e-02 1.361e-02 1.110e-02 1.764e-02 7.881e-03 1.764e-02
12 Mean 9.418e-01 9.260e-01 9.379e-01 9.141e-01 9.220e-01 9.276e-01 9.047e-01 9.364e-01 9.238e-01
Std  5.973e-03 9.651e-03 1.035e-02 1.128e-02 1.076e-02 8.050e-03 1.357e-02 8.491e-03 1.160e-02
15 Mean 9.560e-01 9.441e-01 9.532e-01 9.333e-01 9.386e-01 9.449e-01 9.185e-01 9.523e-01 9.412e-01
Std  4.296e-03 8.467e-03 8.742¢-03 1.039e-02 7.493e-03 4.314e-03 1.382¢-02 5.635e-03 8.223e-03
Table 4: FSIM metrics results for all algorithms.

Images nTh Metrics SCWSO WSO GJO SCA  Chimp  CDO RSA IGWO  GWO
SEM-1 5 Mean 8.423e-01 8.357e-01 8.391e-01 8.186e-01 8.171e-01 8.402¢-01 8.212e-01 8.418e-01 8.348e-01
Std  3.241e-03 1.416e-02 7.065e-03 2.862e-02 2.175¢-02 1.348e-02 1.863e-02 4.977e-03 1.806e-02
7  Mean 8.946e-01 8.876e-01 8.909e-01 8.719e-01 8.676e-01 8.848e-01 8.698e-01 8.924e-01 8.863e-01
Std  8.712e-03 1.351e-02 1.016e-02 2.220e-02 2.498e-02 1.494e-02 2.338e-02 7.832e-03 1.367e-02
9 Mean 9.186e-01 9.112e-01 9.150e-01 8.914e-01 8.985¢-01 9.133¢-01 8.910e-01 9.132e-01 9.119e-01
Std  8.122e-03 1.559e-02 1.229e-02 2.524e-02 2.299e-02 1.605e-02 2.208e-02 8.605¢-03 1.862e-02
12 Mean 9.437e-01 9.328e-01 9.398e-01 9.203e-01 9.303e-01 9.338e-01 9.123e-01 9.371e-01 9.319e-01
Std  9.658e-03 1.554e-02 1.623e-02 1.943e-02 1.374e-02 1.352e-02 1.195¢-02 1.222¢-02 1.460e-02
15 Mean 9.544e-01 9.517e-01 9.545e-01 9.337e-01 9.387e-01 9.524e-01 9.351e-01 9.518e-01 9.464e-01
Std  9.546e-03 1.186e-02 1.122e-02 1.201e-02 1.462e-02 1.166e-02 1.261e-02 1.131e-02 1.672e-02
SEM-2 5 Mean 8.769e-01 8.507e-01 8.724e-01 8.476e-01 8.494e-01 8.624e-01 8.232e-01 8.754e-01 8.519e-01
Std  1.746e-03 2.303e-02 1.193e-02 2.251e-02 1.581e-02 1.481e-02 2.230e-02 3.126e-03 2.169e-02
7 Mean 9.026e-01 8.927¢-01 8.972e-01 8.847e-01 8.856e-01 8.966e-01 8.685e-01 8.978e-01 8.938e-01
Std  4.257e-03 9.822e-03 1.204e-02 1.677e-02 1.462e-02 1.363e-02 2.228e-02 1.026e-02 1.366e-02
9 Mean 9.343e-01 9.184e-01 9.301e-01 9.065e-01 9.126e-01 9.174e-01 8.924e-01 9.281e-01 9.187e-01
Std  5.865e-03 1.268e-02 8.385e-03 1.623e-02 1.331e-02 9.921e-03 2.392e-02 6.256e-03 1.015e-02
12 Mean 9.522e-01 9.425¢-01 9.495e-01 9.277e-01 9.400e-01 9.403e-01 9.190e-01 9.485¢-01 9.418e-01
Std  4.542e-03 6.772e-03 7.965e-03 1.388e-02 7.676e-03 8.814e-03 1.371e-02 6.836e-03 7.431e-03
15 Mean 9.617e-01 9.542e-01 9.605e-01 9.473e-01 9.549e-01 9.519e-01 9.389e-01 9.611e-01 9.545e-01
Std  6.052e-03 6.383¢-03 6.239e-03 8.980e-03 8.702e-03 6.490e-03 1.293e-02 5.342e-03 9.176e-03
SEM-3 5 Mean 8.017e-01 7.990e-01 8.012e-01 7.826e-01 7.931e-01 7.939e-01 7.688e-01 8.010e-01 7.965e-01
Std  1.551e-03 5.898e-03 4.637e-03 1.485e-02 1.165e-02 6.436e-03 1.520e-02 3.383e-03 9.395¢-03
7  Mean 8541e-01 8.439e-01 8.460e-01 8.250e-01 8.289e-01 8.393e-01 8.021e-01 8.505e-01 8.389e-01
Std  4.583e-03 8.915¢-03 1.097e-02 1.259e-02 1.103e-02 9.739e-03 2.366e-02 5.334e-03 1.210e-02
9 Mean 8.806e-01 8.691e-01 8.714e-01 8.488e-01 8.560e-01 8.640e-01 8.321e-01 8.742e-01 8.717e-01

The best results are
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Std  7.893e-03 1.091e-02
12 Mean 9.103e-01 8.990e-01
Std  8.741e-03 1.042e-02
15 Mean 9.318e-01 9.197e-01
Std  6.768e-03 8.094e-03

SEM-4 5 Mean 8.562e-01 8.534e-01
Std  6.925e-04 4.465e-03

1.147e-02
8.990e-01
1.096e-02
9.220e-01
8.878e-03

8.543e-01
3.226e-03

1.394e-02
8.764e-01
1.149e-02
8.988e-01
1.246e-02

8.473e-01
7.617e-03

1.170e-02
8.840e-01
1.118e-02
9.028e-01
9.651e-03

8.551e-01
5.304e-03

8.155e-03
8.927e-01
1.152e-02
9.082e-01
7.586e-03

8.496e-01
4.119e-03

Table 3 - continued

1.442e-02
8.660e-01
1.567e-02
8.918e-01
1.469e-02

8.114e-01
1.771e-02

7.656e-03
9.048e-01
1.035e-02
9.180e-01
8.062e-03

8.557e-01
2.357e-03

1.068e-02
8.990e-01
8.904e-03
9.172e-01
7.339e-03

8.484e-01
7.579e-03

The best results are
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Table 4 - continued

Images nTh Metrics SCWSO WSO GJO SCA Chimp CDO RSA IGWO
GWO

7  Mean 8.992e-01 8.908e-01 8.975¢-01 8.851e-01 8.908¢-01 8.889e-01 8.508e-01 8.981e-01 8.914e-01

Std  2.905e-03 7.251e-03 8.646¢-03 1.146-02 1.222¢-02 8.017e-03 1.383e-02 4.565¢-03 5.429e-03

9 Mean 9.262e-01 9.132e-01 9.244e-01 9.013e-01 9.153¢-01 9.138¢-01 8.816e-01 9.233¢-01 9.175e-01

Std  4.893¢-03 8.647e-03 1.060e-02 1.448e-02 1.070e-02 9.246e-03 1.615e-02 9.059¢-03 6.823e-03

12 Mean 9.478e-01 9.382e-01 9.483e-01 9.293e-01 9.379e-01 9.360e-01 9.173e-01 9.455e-01 9.370e-01

Std  5.556e-03 8.186e-03 9.362e-03 9.139¢-03 8.400e-03 8.247e-03 1.426e-02 6.160e-03 7.884e-03

15 Mean 9.582e-01 9.518e-01 9.613e-01 9.464e-01 9.520e-01 9.507e-01 9.269e-01 9.588e-01 9.510e-01

Std  3.789e-03 6.456e-03 7.404e-03 9.246¢-03 8.091e-03 6.420e-03 1.324e-02 5.411e-03 6.615€-03

SEM-5 5 Mean 7.945¢-01 7.903e-01 7.911e-01 7.837e-01 7.879¢-01 7.862e-01 7.550e-01 7.929¢-01 7.914e-01
Std  9.031e-04 4.766e-03 5.083¢-03 8.885¢-03 8.558¢-03 5.136e-03 1.644e-02 2.291e-03 5.450e-03

7  Mean 8.448e-01 8.378e-01 8.389%-01 8.269e-01 8.348¢-01 8.344e-01 8.037e-01 8.424e-01 8.414e-01

Std  2.651e-03 7.687e-03 7.517e-03 1.444e-02 1.197e-02 7.422e-03 1.379e-02 5.814e-03 8.066e-03

9 Mean 8.818e-01 8.725¢-01 8.806e-01 8.563¢-01 8.626e-01 8.659e-01 8.369e-01 8.757e-01 8.665e-01

Std  4.829-03 9.617e-03 7.449¢-03 8.990e-03 9.079¢-03 9.099e-03 1.418e-02 7.024e-03 1.044e-02

12 Mean 9.143e-01 9.023e-01 9.128e-01 8.890e-01 8.928e-01 8.984e-01 8.687e-01 9.063e-01 8.972e-01

Std  5.414e-03 8.725¢-03 1.028e-02 9.232¢-03 9.095¢-03 7.452e-03 1.281e-02 7.908e-03 1.303e-02

15 Mean 9.352e-01 9.224e-01 9.324e-01 9.120e-01 9.150e-01 9.184e-01 8.967e-01 9.274e-01 9.169e-01

Std  5.755e-03 7.359¢-03 1.077e-02 8.403e-03 7.536e-03 7.752e-03 1.204e-02 5.606e-03 8.222e-03

SEM-6 5 Mean 8.088e-01 8.073e-01 8.053¢-01 7.969¢-01 7.958¢-01 8.032e-01 7.850e-01 8.079¢-01 8.076e-01
Std  1.503e-03 9.528e-03 7.596e-03 1.716e-02 1.216¢-02 1.308e-02 2.317e-02 4.690e-03 7.699e-03

7  Mean 8.736e-01 8.627e-01 8.614e-01 8.504e-01 8.446e-01 8.584e-01 8.361e-01 8.672¢-01 8.631e-01

Std  4.743e-03 1.298e-02 1.909e-02 2.209¢-02 1.763e-02 1.508e-02 2.704e-02 7.283¢-03 1.638e-02

9 Mean 9.106e-01 8.966e-01 9.043e-01 8.772e-01 8.749-01 8.900e-01 8.688e-01 9.066e-01 9.009e-01

Std  8.920e-03 1.186e-02 1.623e-02 2.085¢-02 2.104e-02 1.475e-02 2.119e-02 1.514e-02 1.465e-02

12 Mean 9.429e-01 9.275e-01 9.320e-01 9.132e-01 9.114e-01 9.201e-01 9.029e-01 9.309e-01 9.291e-01

Std  8.494e-03 1.154e-02 1.385¢-02 1.581e-02 1.588¢-02 1.404e-02 1.605e-02 1.193e-02 1.339e-02

15 Mean 9.567e-01 9.460e-01 9.468e-01 9.324e-01 9.342e-01 9.402e-01 9.179e-01 9.487e-01 9.460e-01

Std  6.154e-03 9.132¢-03 1.152¢-02 1.597e-02 1.023¢-02 9.289e-03 1.644e-02 9.165¢-03 1.396e-02

SEM-7 5 Mean 8.123¢-01 8.204e-01 8.121e-01 8.068e-01 7.985¢-01 8.207e-01 8.313e-01 8.149¢-01 8.164e-01
Std  5.939-03 2.736e-02 1.334e-02 1.899¢-02 1.637e-02 2.006e-02 4.043e-02 1.282¢-02 2.559e-02

7  Mean 8.790e-01 8.666e-01 8.725¢-01 8.498e-01 8.568¢-01 8.781le-01 8.777e-01 8.794e-01 8.756e-01

Std  1.711e-02 2.837e-02 1.402e-02 3.415¢-02 3.264e-02 3.358e-02 2.809e-02 1.558e-02 3.323e-02

9 Mean 9.176e-01 9.067e-01 9.097e-01 8.940e-01 8.794e-01 9.122e-01 9.061e-01 9.155¢-01 9.012e-01

Std  1.684e-02 2.73%-02 1.822e-02 3.350e-02 3.429¢-02 2.592e-02 2.059e-02 1.137e-02 3.454e-02

12 Mean 9.405¢-01 9.319e-01 9.319e-01 9.201e-01 9.130e-01 9.395e-01 9.323e-01 9.304e-01 9.317e-01

Std  1.263e-02 2.529¢-02 2.016e-02 2.782e-02 3.235¢-02 1.958e-02 1.261e-02 1.874e-02 2.979e-02

15 Mean 9.548e-01 9.417e-01 9.557e-01 9.386e-01 9.415e-01 9.540e-01 9.478e-01 9.473e-01 9.429e-01

Std  1.230e-02 2.913e-02 1.390e-02 2.085¢-02 1.741e-02 1.336e-02 1.038e-02 1.216e-02 2.024e-02

SEM-8 5 Mean 8.895¢-01 8.855¢-01 8.866e-01 8.852e-01 8.780e-01 8.836e-01 8.567e-01 8.876e-01 8.871e-01
Std  1.228¢-03 5.638e-03 7.413¢-03 8.885¢-03 1.361e-02 6.368e-03 1.650e-02 3.568e-03 5.462e-03

7 Mean 9.275e-01 9.200e-01 9.242e-01 9.112e-01 9.125¢-01 9.166e-01 8.897e-01 9.245¢-01 9.219e-01

Std  4.290e-03 6.126¢-03 7.885¢-03 1.021e-02 9.255¢-03 7.809e-03 1.936e-02 5.138e-03 7.526e-03

9 Mean 9.453e-01 9.377e-01 9.419e-01 9.280e-01 9.339%e-01 9.325¢-01 9.156e-01 9.429¢-01 9.394e-01

Std  3.520e-03 7.768e-03 8.153¢-03 7.333¢-03 6.396¢-03 7.574e-03 1.504e-02 6.000e-03 6.480e-03

The best results are
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12 Mean

Std

15 Mean

Std

SEM-9 5 Mean
Std

7  Mean

Std

9.578e-01
3.338e-03
9.638e-01
4.479e-03
8.428e-01
9.689%-04

8.899%e-01
4.158e-03

9.498e-01
6.415e-03
9.574e-01
4.179e-03
8.387e-01
4.959e-03

8.832e-01
7.422e-03

9.591e-01
5.032e-03
9.642e-01
5.324e-03
8.415e-01
2.394e-03

8.884e-01
7.440e-03

9.424e-01
9.885e-03
9.552e-01
8.698e-03
8.319e-01
7.702e-03

8.748e-01
7.257e-03

9.497e-01
7.383e-03
9.602e-01
7.676e-03
8.347e-01
6.763e-03

8.775e-01
9.052e-03

9.463e-01
6.972e-03
9.599%¢-01
5.342e-03
8.383e-01
4.183e-03

8.816e-01
5.365e-03

Table 4 - continued

9.332e-01
1.152e-02
9.506e-01
9.335e-03
8.085e-01
1.221e-02

8.499e-01
1.673e-02

9.557e-01
4.913e-03
9.628e-01
5.157e-03
8.419e-01
1.971e-03

8.905e-01
4.801e-03

9.510e-01
5.088e-03
9.598e-01
5.320e-03
8.394e-01
4.473e-03

8.839e-01
7.421e-03

The best results are
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Images nTh Metrics SCWSO

GWO

WSO

GJO

SCA

Chimp CDO RSA

IGWO

12

15

SEM-10 5

12

15

Mean
Std
Mean
Std
Mean
Std
Mean
Std
Mean
Std
Mean
Std
Mean
Std

Mean
Std

9.175e-01
5.891e-03
9.437e-01
6.933e-03
9.560e-01
5.287e-03
8.720e-01
1.490e-03
9.162e-01
4.355e-03
9.397e-01
5.626e-03
9.589e-01
4.984e-03

9.690e-01
4.329e-03

9.069e-01
8.308e-03
9.279%-01
8.465e-03
9.429e-01
9.106e-03
8.694e-01
7.096e-03
9.088e-01
1.165e-02
9.305e-01
1.167e-02
9.481e-01
8.335e-03
9.601e-01
8.227e-03

9.161e-01
9.782e-03
9.442e-01
9.680e-03
9.559e-01
1.062e-02
8.709e-01
5.746e-03
9.115e-01
8.131e-03
9.371e-01
9.670e-03
9.548e-01
9.204e-03
9.652e-01
6.866e-03

8.975e-01
8.090e-03
9.219e-01
8.030e-03
9.373e-01
9.756e-03
8.585e-01
9.642e-03
8.972e-01
1.332e-02
9.159¢-01
1.060e-02
9.373e-01
8.085e-03
9.537e-01
6.705e-03

9.036e-01
7.861e-03
9.253e-01
1.050e-02
9.462e-01
6.681e-03
8.657e-01
8.599e-03
8.986e-01
1.491e-02
9.206e-01
9.939%-03
9.484e-01
6.822e-03
9.571e-01
4.487e-03

9.048e-01
5.285e-03
9.286e-01
6.717e-03
9.428e-01
5.863e-03
8.631e-01
7.498e-03
9.005e-01
1.110e-02
9.286e-01
7.524e-03
9.447e-01
8.711e-03

9.583e-01
5.394e-03

8.829e-01
1.197e-02
9.042e-01
1.231e-02
9.208e-01
1.075e-02
8.269e-01
1.978e-02
8.760e-01
1.730e-02
8.986e-01
1.259e-02
9.267e-01
1.376e-02

9.421e-01
1.319e-02

9.178e-01
8.427e-03
9.406e-01
7.592e-03
9.542e-01
5.363e-03
8.714e-01
3.562e-03
9.150e-01
6.204e-03
9.378e-01
6.319e-03
9.559¢-01
5.908e-03
9.661e-01
6.119e-03

9.123e-01
8.044e-03
9.313e-01
6.404e-03
9.445e-01
6.711e-03
8.672e-01
9.479e-03
9.053e-01
1.207e-02
9.289%¢-01
1.078e-02
9.486e-01
9.102e-03
9.592e-01
6.376e-03
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Table 5. P and H Comparison findings from the Wilcoxon test between the proposed SCWSO vs Different methods.

Images nTh WSO GJO SCA Chimp CDO RSA IGWO GWO
P h P h P t P t P h P h P h P h
SEM-1 5 0.673279807 — 0 0.734325291 — 0 0.014795424 ++ 1 6.31976e-05 ++ 1 0.000570644 ++ 1 0.245190309 — 0  0.030009891 ++ 1 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
12 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
15 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
SEM-2 5 1.7344e-06 ++ 1 0.001035681 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1  0.000175692 ++ 1 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
12 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
15 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
SEM-3 5 6.33914e-06 ++ 1 0.000160464 ++ 1 1.92092e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 0.015788387 ++ 1 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
12 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
15 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
SEM-4 5 2.16302e-05 ++ 1 5.79245e-05 ++ 1 1.92092e-06 ++ 1 2.60333e-06 ++ 1 2.8786e-06 ++ 1 1.92092e-06 ++ 1 2.59671e-05 ++ 1 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
12 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
15 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
SEM-5 5 2.60333e-06 ++ 1 0.000135948 ++ 1 2.60333e-06 ++ 1 4.44934e-05 ++ 1 5.21649¢-06 ++ 1 1.7344e-06 ++ 1 0.000306387 ++ 1 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
12 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
15 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
SEM-6 5 0.125438239—- 0 1.7344e-06 ++ 1 0.028485956 ++ 1 0.00183258 ++ 1 0.958990172 — 0 0.585711569 — 0 0.803618522 — 0 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
12 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
15 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
SEM-7 5 0.038723026 ++ 1 1.7344e-06 ++ 1 0.001708773 ++ 1 7.69086e-06 ++ 1 0.765519292 — 0 0.005667173 ++ 1 0.308614851 — 0 1.7344e-06 ++ 1
7 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1
9 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1 1.7344e-06 ++ 1




SEM-8

SEM-9

SEM-10

12
15

12
15

(&3]

12
15

12
15

1.7344e-06 ++
1.7344e-06 ++
2.8786e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.02463e-05 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
2.60333e-06 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++
2.35342e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
0.346905139 —
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
0.031603382 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

N T e N S S S S SN S SER S SN

1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
3.18168e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
3.88218e-06 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

e e e T e T e T T S e e S S S S S =

1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

N N e e T e e e T e T T = = S S S S S

1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++
1.02463e-05 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
3.16517e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.02463e-05 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

e = = T = T = T = e e e e e N e N

1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++
1.7344e-06 ++

1.7344e-06 ++
1.7344e-06 ++

e = = T = T = T = e e e e e N e N



Table 6. P and H Comparison findings from the Wilcoxon test between the proposed SCWSO vs. WSO, SCWSO vs. Different methods.

Images nTh WSO GJO SCA Chimp CDO RSA IGWO GWO
P h P h P h P h P h P h P h P h
SEM-1 5 0.298943752 — 0 0.893644387 — 0 0.000771217 ++ 1 1.64e-05 ++ 1 0.020671114 ++ 1 0.005319684 ++ 1 0.01319417 ++ 1 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-2 5 1.73e-06 ++ 1 4.07e-05 ++ 1 1.73e-06 ++ 1 2.35e-06 ++ 1 0.0003065 ++ 1 1.73e-06 ++ 1 0.085895826 — 0 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-3 5 3.11e-05 ++ 1 4.86e-05 ++ 1 2.84e-05 ++ 1 1.92e-06 ++ 1 9.32e-06 ++ 1 0.000261343 ++ 1 0.089607669 — 0 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-4 5 0.005319684 ++ 1 0.00183258 ++ 1 0.00727105 ++ 1 5.31e-05 ++ 1 0.942610512 — 0 2.84e-05 ++ 1 0.552073834 — 0 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-5 5 0.004681835 ++ 1 0.001035681 ++ 1 2.13e-06 ++ 1 4.73e-06 ++ 1 4.73e-06 ++ 1 1.73e-06 ++ 1 0.503832969 — 0 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-6 5 0.062682812 — 0 1.73e-06 ++ 1 0.004991554 ++ 1 0.000189097 ++ 1 0.926255087 — 0 0.628843002 — 0 0.845080424 — 0 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-7 5 0.035008957 ++ 1 1.73e-06 ++ 1 0.002957462 ++ 1 8.47e-06 ++ 1 0.628843002 — 0 0.000663921 ++ 1 0.205864241 — 0 1.73e-06 ++ 1
7 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
12 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
15 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
SEM-8 5 8.92e-05 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 9.32e-06 ++ 1 1.73e-06 ++ 1 0.000268946 ++ 1 1.73e-06 ++ 1
!’ T73e-06 ++ 1 T73e-06 ++ 1 1.73e-06 ++ 1 T-73e-06 ++ 1 1.73e-06 ++ 1 T73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1
9 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1 1.73e-06 ++ 1



SEM-9

SEM-10

12
15

(53]

12
15

(&3]

12
15

1.73e-06 ++
1.73e-06 ++
9.71e-05 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
6.34e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

R e e = T = T

1.73e-06 ++
1.73e-06 ++
7.69e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

i e T T T T = N

1.73e-06 ++
1.73e-06 ++
5.22e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
2.88e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

i e T T T T = N

1.73e-06 ++
1.73e-06 ++
3.88e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.92e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

e T = e N e e e N T

1.73e-06 ++
1.73e-06 ++
5.79e-05 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
3.88e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

R e S N N T T a e

1.73e-06 ++
1.73e-06 ++
9.32e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

O = S N S e S N T e

1.73e-06 ++
1.73e-06 ++
0.016877584 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
2.13e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++
1.73e-06 ++

1.73e-06 ++
1.73e-06 ++

e e e T = T = = T = = S =



