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PREFACE

Humanity stands at a critical crossroads due to growing global issues
including resource depletion, climate change, and population expansion. The
need for sustainable solutions has never been more urgent. The title “Green
Revolutionary Technologies” reflects not only a call to action but also a
celebration of the innovative strides being made to secure a more sustainable
future.

This book examines the eco-friendly applications and innovative
technologies that could be helpful for sustainable industries, economies and the
environment. To achieve this goal, advancing in agriculture, waste
management, recycling, energy consumption, eco-friendly materials,
renewable energy construction and other areas must be made.

The aim of this book is to inspire, inform, and ignite action. This book is
for everyone who appreciates their surroundings and wishes for a greener and
more sustainable future. We hope that it will be helpful and educational in this
regard, even if only little.
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INTRODUCTION

Agriculture, long regarded as the cornerstone of human civilization, is
now experiencing a profound and unprecedented transformation driven by
rapid technological advancements. These innovations are reshaping traditional
practices, improving efficiency, and addressing global challenges such as food
security, climate change, and resource management (Cao et al., 2022). The
increase in human population has caused various environmental challenges that
inspire people to rethink and innovate in agriculture. The varied and complex
challenges of modern farming-from resource inefficiency to labor shortages
and sustainability-are not amenable to traditional farming practices (Djordjevic
et al., 2020).

Acrtificial Intelligence (Al), blockchain and autonomous farming
technologies have revolutionized traditional agricultural methods offered
solutions to the aforementioned challenges (Sharma et al., 2022). These newer
innovations have been helpful by creating new standards for efficiency,
transparency, and sustainability in eco-friendly practices and ushering in a new
"Green Revolution™ in agriculture. The new technologies at hand hence pose
for an industry upon whose operations, the environment and in turn the
economic pressures may be somewhat at the disposal.

In this sense, artificial intelligence will not only support sustainable
practices but will lead to a new way of innovation in greenhouse and open-field
farming (Khan et al., 2021). It analyzes vast amounts of information to enable
correct decision-making. For example, in greenhouse environments, it
improves climate control and irrigation to enhance plant growth while saving
resources. Certain tasks in open fields for harvesting, product tracking, and
efficiency improvements that lower labor costs have also adopted Al processes.

As the technology that goes hand in hand with Al, Blockchain plays a
substantial role in security and transparency for modern agriculture since it adds
the traceability feature to the supply chain (Alzoubi et al., 2024). At its center,
blockchain offers a decentralized and fixed ledger that logs every transaction
and movement of the product to be shared to all participants and other
stakeholders. (Prashar et al., 2020; Galves et al., 2018).

Autonomous systems in greenhouses are mainly about precise planting,
pruning, and harvesting. These applications reduce time and labor work with
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precision and efficiency (Zhang et al., 2022). Similarly, in agriculture, soil
management and crop harvesting can be handled through autonomous systems
for more sustainable agriculture practices.

This chapter covers Al, blockchain and autonomous systems in
agriculture. The aim is to find the recent technological advancement in
greenhouses and field agriculture that provide sustainable, transparent and
efficient results. The chapter topics are as following: Al-Powered Innovations
for Greenhouse Sustainability: Enhancing Energy and Resource Efficiency, Al-
Powered Autonomous Greenhouses: Shaping the Future of Precision Farming;
Automating Traditional Farming, Al in Harvesting, Pruning, and Ploughing;
Blockchain in Agriculture: Strengthening Supply Chains and Ensuring
Transparency, and Autonomous Systems in Agriculture: Transforming
Greenhouse and Field Operations.

AI-POWERED INNOVATIONS FOR GREENHOUSE

SUSTAINABILITY: ENHANCING ENERGY AND RESOURCE

EFFICIENCY

Energy consumption and resource management in greenhouses are
essential for sustainable agriculture. Therefore, Al-powered innovations are
being utilized to reduce the potential management related inefficiencies
(Titirmare et al., 2024). These inefficiencies not only reduce greenhouse crops
production but also create serious environmental concerns. Al-powered
innovations resolve these types of concerns by reducing the levels of resource
utilization in an environmentally sustainable manner (Gupta et al., 2024). Al
offers intelligent climate control systems and optimized irrigation systems.
Each one of these innovations supports the Green Revolution's promises such
as increasing productivity while reduction of environmental damage.

Al-Powered Climate Control Systems

The integration of Al in climate control system is another revolutionary
step for sustainable agriculture and green environment since it addresses
environmental challenges by means of analyzing in real time a number of
variables, from temperature to humidity and light levels (Selvam et al., 2023).

In their research, for example, Belhaj Salah and Fourati used a type of
Al model called the Deep Elman neural network in greenhouse management.
Their complex dynamics of greenhouses and a multilayer feed-forward neural
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network help to control the internal climate of the greenhouse. Through the
combination of these approaches, the system successfully controlled and
maintained temperature and humidity levels, thereby improving accuracy
compared to conventional approaches. Compared to the previous model, their
Al model reduced the error margins, wherein the error criterion (E;)was reduced
from 344.12 to 129.89, showing an improvement of more than 60%. This
clearly indicates that the proposed system might become a good tool in terms
of improving the precision of climate control for better crop productivity and
resource efficiency (Belhaj Salah & Fourati, 2021).

Optimized Irrigation Systems

Atrtificial intelligence significantly changes irrigation methodologies at a
revolutionary pace for agricultural practices. Most traditional irrigation systems
result in the wastage of water due to improper distribution. Optimized irrigation
systems reduce these effects by utilizing sensors and predictive algorithms that
can deliver the correct amount of water based on real-time data.

For instance, Singh et al. develop an optimized irrigation system with
improved sustainability by refining the usage of water and energy in sprinkler
irrigation. This is done with the help of a CNN model that assesses soil moisture
classification from in-field images to determine optimal irrigation timing. The
mobile app, integrated with CNN, improved water productivity by 32.75% and
saved 27.59% of water and 27.42% of energy compared to traditional methods.
Such Al-based systems can reduce human error, efficiently use available
resources, and improve agricultural productivity (Singh et al., 2023)

Al-POWERED AUTONOMOUS GREENHOUSES:

SHAPING THE FUTURE OF PRECISION FARMING

Contemporary greenhouses use Al-powered autonomous tools to achieve
maximum efficiency in precision agriculture. These systems are essentially
used for plant management and monitoring processes. The section intends to
explore a few dimensions of greenhouses and their impact on modern
agricultural practices.
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Robotic Systems for Plant Management

Acrtificial intelligence-driven robotic systems are engaged in every key
operation concerning planting, pruning, and harvesting in a greenhouse
environment. These robots are trained using machine learning algorithms to
handle sensitive tasks with great precision. In respect to Al-based plant
management, MRP has vital roles in enhancing the accuracy of agriculture.

For instance, Ren et al. designed an AMR and an MPR that could acquire
temporal-spatial phenotypic data over whole agricultural facilities, including a
strawberry production site. This system utilizes an ATI navigation algorithm
for navigation in tight and repetitive environments while maintaining a high
positional accuracy of 13.0 mm. The yield monitoring capabilities, along with
the use of video-based artificial intelligence systems for fruit detection and
feature extraction, show outstanding results in terms of performance, reaching
a minimum error rate of 6.26% at a constant speed of 0.2 m/s. Their study
concludes that plant growth dynamic models are key to successful production
management.

Al-Based Monitoring Systems

The development of the visual system in artificial intelligence, with very
sensitive sensors, enables the detection of symptoms for diseases, nutritional
deficiencies, and a range of other issues. Fernando et al., for instance, present
an advanced Al-based monitoring system for the management of greenhouses
by using LIDAR technology in combination with navigation and advanced
image processing techniques for disease detection. The methodology they used
combines conventional machine learning methods with CNNs, where they
achieved an accuracy of 99.4% validation in detecting ailments like leaf mold
and yellow leaf curl virus. This merged approach is indicative of remarkable
achievement in plant surveillance and especially in Al-Based Monitoring
Systems applicable to agricultural practices.

AUTOMATING TRADITIONAL FARMING: Al IN

HARVESTING, PRUNING, AND PLOUGHING

Traditional Farming tasks such as harvesting, pruning, and ploughing
leave their place to Al-powered applications that increases the efficiency and
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productivity, significantly. In this section, we will be exploring the trend Al-
powered research in agriculture.

Al-Powered Harvesting Systems

Generally, manual harvesting in agriculture concerns processes such as
cropping, collecting, and bundling, which often lead to considerable losses due
to grain shattering, shedding, and improper handling methods (Mishra &
Satapathy, 2021). This kind of inefficiency drives the need for better solutions,
most especially in large-scale farming. Harvesters that utilize artificial
intelligence harness computer vision and deep learning algorithms in
distinguishing and selecting crops based on their ripeness, among other quality
parameters. The systems reduce waste and increase the quality and consistency
of crops by using automated selection mechanisms that allow for efficient
harvesting with a minimized use of labor-intensive practices.

For example, the Al-powered harvesting method is used by the palm date
sector, which is culturally and economically important for the Arab world.
Khan et al., in their study, employed a machine learning model along with
explainable Al to make a correct estimation of the maturity, type, and disease
of the fruit that directly affects the productivity and health of palms. Their
proposed method introduces the machine learning framework for classification
of date fruit characteristics and monitoring of palm health, where both
individual and merged datasets can be focused for optimal performance. By
employing XAl techniques on the improved and optimized version of the
VGG16 deep learning model, the model adds clarity when it comes to decision-
making processes. The model was quite accurate in date type identification
(98%), date ripeness identification (93%), and WSD stages identification
(99.7%). These findings illustrate the capability of machine learning-based
analysis to assist harvesting systems and precision agricultural methodologies
that promote sustainability and resource efficiency. Further, it was proved that
the integration of Al-empowered harvesting systems into crop management
enables optimum productivity with minimal losses and ensures long-term
sustainability of this industry.

Al in Pruning and Ploughing
Al-powered pruning and ploughing operations have made a significant
change on agricultural due to precise analysis of plant growth patterns and
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health. Once these technologies are combined with GPS and 3D Lidar mapping,
the field operations can be more efficient and accurate.

Siciliano et al. built an Al-powered system for an automated pruning process
in vineyards. This Al-powered system contained trinocular stereo cameras to
capture images of the grapevines and created 3D models using computer vision.
These 3D models were implemented on a robot to identify and target specific
canes for pruning. Then, a six-degree-of-freedom robotic arm made a precise
cut using Al-powered prediction model. This system was experimented on a
96-meter-long vine row. The process lasted two minutes per row which could
match human performance. According to their research, the 3D model is a key
component in ensuring robot accuracy in identifying the vines for pruning
(Siciliano et al., 2020).

In addition, Priyadharsini et al. also used an Al-powered system,
specifically Artificial Neural Networks (ANNS), to increase agricultural yield.
The created automated system was used to detect soil nutrients and suggest the
best practices in crop management. Their ANN supported system used optical
transducers to measure the concentration of soil nutrients (NPK) and soil pH.
The outcomes are stored in cloud systems for cross-referencing with previous
records. The model, therefore, would be used to make predictions of the best
soil nutrient composition and recommend the kind of fertilizer to be applied in
case of a deficiency in nutrients. The system also provided farmers with real-
time information on prevailing market prices for agricultural products and
weather forecasts. In addition, the mobile app developed allows farmers to view
Al-generated analyses and make better decisions. The innovative approach
provided an alternative way, so instead of using conventional methods that
required much time and increased cost in their offer—using automation and Al
to supply real-time data into farmers' hands (Priyadharsini K. et al., 2021).

BLOCKCHAIN IN AGRICULTURE: STRENGTHENING

SUPPLY CHAINS AND ENSURING TRANSPARENCY

Blockchain is a game changer technology in agriculture that resolves
Agri-product fraud, traceability problem, price manipulation, and doubt about
the origin of the product (Bhusal et al.,2021). This section will take a look at
how this technology boosts transparency in the supply chain and enhances the
coordination of stakeholders.
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Enhancing Supply Chain Transparency

Many businesses are dealing with a huge demand for global transparency
along with supply chain which is mainly related to public sharing of essential
information of suppliers and their sustainability standards and purchasing
procedures (Egels-Zandén et al., 2015). Implementing blockchain technology
helps achieve this purpose since all transactions are registered and therefore
follow the course of agriculture products, hence guaranteeing trust and
lowering levels of fraud.

In their research, Sakthivel et al. proposed a blockchain model to
improve transparency and traceability in agriculture by integrating 10T devices.
They used smart devices for monitoring and collecting information about the
condition of crops, weather, and quality of products, which is then safely stored
in the blockchain. This provides immutable and transparent records that can be
accessed by consumers through maobile apps or QR codes to check the origin,
farming, and storage practices of products. Their system's utilization of
blockchain guarantees the security of data and prevents tampering, thus
building trust in the food supply chain (Sakthivel et al., 2024). It does this
through automated management in their system, where a transaction is made
between the clients, such as farmers and retailers, and the service providers in
logistics, storage facilities, etc. Through smart contracts, client registration in
the system automatically goes through the identity proof process, following
which encrypted secure communication happens between him and the different
service providers. All the interactions will be recorded in the blockchain,
ensuring lesser intermediaries, transparency, and improvement in efficiency
with lower costs.

Improving Coordination Among Stakeholders

Blockchain is also useful when it comes to the coordination of
stakeholders in agricultural supply chain. Real-time data sharing and validation
creates efficient communication between farmers, distributors and retailers. A
study conducted by Cao et al. (2022) shows that blockchain technology not only
reduces transaction time in agricultural supply chains but also significantly
improves coordination among stakeholders. In their study, they highlighted that
blockchain can facilitate a smart contract, an automatic payment and product
delivery form, to solve the compliance problem between contractual terms and
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intermediaries. By doing so, this system builds trust among stakeholders (Cao
etal., 2022).

AUTONOMOUS SYSTEMS IN AGRICULTURE:

TRANSFORMING GREENHOUSE AND FIELD

OPERATIONS

Autonomous systems are revolutionizing greenhouse and field activities,
thanks to the enhancement brought by precision and operational efficiency.
This session will look at how these systems are impacting agricultural practices
and how they contribute to making conventional methodologies sustainable and
environmentally friendly.

Autonomous Greenhouse Technologies

Most of the autonomous systems developed for greenhouses are targeted
to improve efficiency in planting, harvesting, and monitoring, while reducing
labor requirements and time. Generally, autonomous systems make use of Al,
more specifically reinforcement learning, by which observations are analyzed
to decide on actions taken to iteratively improve their policy models. For
instance, Zhang et al. (2021) showed the tremendous potential of autonomous
systems applied to greenhouse environments using advanced model-based
reinforcement learning. Their work's findings show that RL-powered
greenhouses can be used to control environmental factors like temperature and
CO: levels for better resource efficiency and maximum production of crops.
Their findings indicate that RL-based autonomous greenhouses can effectively
control environmental factors such as temperature and CO: concentrations,
resulting in increased resource efficiency and higher crop yields.

Their findings of the research show that well-adjusted parameters, like
dropout rate (p = 0.8), increase the effectiveness and robustness of the
algorithm. This proves the viability of the applications of autonomous
greenhouse to reach high levels of profitability with sustainability. The research
also found that such systems are capable of reducing environmental problems
while improving the efficiency of operations, hence offering long-term huge
benefits in agricultural automation.
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Field Agriculture Automation

There are various types of field agriculture automation examples such as
autonomous tractors and harvesters using Al and GPS technology. These
systems improve precision and efficiency while addressing labor shortages.

The semi-autonomous technologies in agricultural machinery, as
demonstrated by the work of Stentz et al., have shown the huge potential for
transformative changes that robotics can bring to farming methodologies. This
paper presents a system for semi-autonomous operation of tractors, which
combines GPS-guided navigation with stereoscopic imaging and obstacle
identification to improve operational efficiency, reduce costs, and increase
safety in agricultural tasks such as spraying, tilling, and seeding. One of the
salient features of the system is that it has both the ability to instruct and play
back, allowing a human operator to program routes manually but also control
many tractors remotely using wireless communication. Experimental tests in a
Florida orange grove showed that the system was able to follow predetermined
paths with precision while autonomously handling obstacles and environmental
challenges. This research shows the importance of introducing redundancy in
sensor systems, together with human supervision, in order to achieve resilient
and reliable automation in complex agricultural settings.

CONCLUSION

Agriculture is undergoing a major transformation, what's being termed
as a green revolution, because artificial intelligence, blockchain technology,
and autonomous systems are now in place to finally address the most pressing
issues of efficiency, transparency, and sustainability. The leading technologies
are helping sectors meet the yearning of a growing population while at the same
time being able to reduce their ecological footprint.

Al empowers the producers with tools to optimize energy use, resource
management and crop monitoring. Blockchain completes these advancements
by guaranteeing secure and transparent supply chains, fostering trust among
stakeholders and consumers. On the other hand, autonomous systems are
renovating traditional labor-intensive tasks into efficient, automated processes,
reshaping both greenhouse and field farming.

Despite the potential of these technologies, there are challenges such as
high implementation costs, technological literacy, and infrastructure constraints
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that need to be addressed. Furthermore, ethical considerations, data privacy,
and equitable access to these advancements are vital to guaranteeing their broad
and fair adoption.

The various disciplines coming together and the continuous development
are vital in facing the challenges in agriculture with a view to increasing
sustainability, resilience, and productivity. Through these emerging
technologies, humanity can better ensure a sustainable and prosperous future
for generations to come.
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INTRODUCTION

Extracting metals from ores as their primary sources requires investment
of money and time in mineral exploration and development of ore preparation
methods. Also, not only during the production process of these metals, but also
after they have completed their useful life, large amounts of waste is generated.
These wastes pose significant environmental problems but have significant
economic value, as well. With the increasing demand for metals and the
increase in production accordingly, limited ore resources, which are the main
source of metals, are being depleted day by day.

Metal recovery from waste helps conserve natural resources by reducing
the demand for virgin materials. This conservation is critical because many
metals are finite resources. Metal recovery from waste also helps reduce the
volume of waste that ends up in tailing dams, waste dumps or landfills. Where
metal content of landfills can leak into the ground and groundwater, could cause
serious long-term environmental problems. This is essential not only for
reducing landfill space but also for mitigating the environmental hazards
associated with waste disposal.

Among these industrial wastes, there are examples of the
recycle/recovery of different metals from industrial wastes such as slag, sludge,
chimney ashes, red mud, metal and mining waste, coal ashes, batteries and
electronic waste which occupy a significant place in terms of size and economy.
By recycling and reusing metals from wastes, it is possible to extend the
lifespan of the available resources and decrease the cost and the environmental
degradation like habitat destruction and water pollution caused by many
industries including mining, metal, energy, construction, electronic,
automotive.

METAL RECOVERY FROM ELECTRIC ARC FURNACE

(EAF) DUST

EAF dust, which is classified as hazardous waste, is produced during
scrap melting in an electric arc furnace and collected using bag filters or
electrostatic precipitators then stored as a pellet. In 2010, EAF facilities created
around 400,000 tons of dust. This amount of dust and slag produced as waste
has risen even more due to the current growth in steel production values. The
micron size EAF dust (dgso=2 um) contain iron oxides (FexOy), zinc ferrirte
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(ZnFe204), zinc oxide (Zn0O) lead oxide (PbO), titanium oxide (TiO2), cadmium
oxide (CdO), chromium oxide (CrO), alkaline chlorides (NaCl, KCI) and Zn-
Mn silicates. (de Aradjo, 2014; Marzinc, 2010; Cifgi, 2014; Lin et al., 2017)

Instead of treatment with methods such as stabilization and solidification
studies in the fields of pyrometallurgy, hydrometallurgy and bio-
hydrometallurgy have increased considerably in recent years, thus several
efficient results are obtained in waste recycling. Choosing hydrometallurgical
and bio-hydrometallurgical methods for recycling EAF wastes is advisable, as
these methods are more cost-effective, eco- friendly, and efficient compared to
pyrometallurgical processes.

Figure 1. A) Diagram of an electric-arc-furnace, B) An image of EAF, C) Pelletized
EAF Dust
Source: “https://teara.govt.nz/en/diagram/5885/electric-arc-furnace”

In the last decades numerous studies have been conducted on metal
recovery from EAF wastes using hydrometallurgical methods, including
chemical leaching processes with various acids and bases as reactants. During
treating EAF dust and recovering Zn from it using both acidic and alkaline
leaching procedures, the loss of zinc resulting from the low leaching
efficiencies of zinc ferrites’ complex structures is thought to be of significant
concern. Traditional acidic and alkaline leaching methods are unable to
efficiently leach the zinc ferrites in the EAF dust due to issues with zinc calcine
leaching processes. Zinc ferrites will readily generate when metallic zinc and
iron combinations are roasted to temperatures over 650°C, where melting and
roasting are carried out in EAFs. Between one-fifth and one-half of the Zn
content of the dust could be found in the form of zinc ferrites (Youcai &
Chenglong, 2017).
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Sulfuric acid (H2SO.) is the most popular leaching agent used for
extracting zinc ferrites from the dust. But still Sulfuric acid solution is useless
towards zinc ferrites. Some modifications could be helpful, like pretreatment
with acetic acid solution, sulphide precipitation and dissolution with H,SO4
solution. Another approach is extraction zinc ferrites with hot sulfuric acid
solution, in a same way of leaching residues of hydrometallurgical process of
zinc remainders. The major contents of dust iron oxides, that will be dissolved
in acidic solution, hence the removing (neutralization and/or precipitation) of
Fe from this solution is an important impediment to the use of this leaching
technique in industry (Youcai & Chenglong, 2017).

Likewise, even though zinc oxide is known to dissolve easily in alkaline
solution, zinc ferrites cannot be broken down by using alkaline solution,
regardless of the solution temperature and sodium hydroxide (NaOH)
concentration utilized. Jarupisitthorn et al. (2002) investigated parameters
affecting Zn recovery from EAF flue dust using sodium hydroxide (NaOH) in
their study. Shawabkeh (2009) studied Zn recovery from Jordanian EAF flue
dust using sulfuric(H2SO4), nitric (HNOs3), and hydrochloric (HCI) acids,
achieving the highest removal efficiency of 72% with sulfuric acid. Ruiz et al.
(2005) used ammonia (NHs3) to obtain pure zinc oxide (ZnO) from EAF flue
dust, dissolving Zn and other impurities (Cd, Cu, etc.). In Turkey, a study
determined optimum conditions using NaOH for Zn and Pb recovery from EAF
dusts, achieving 85% Zn and 90% Pb recovery, followed by Zn cementation
and purification (Orhan, 2004; Cifci, 2014).

Xia and Pickles (1999) investigated the transformation of zinc ferrite
(ZnFe20a) present in dust into sodium zincate (Na2ZnO:) and hematite (Fe2O3)
during a subsequent dilute caustic leaching process. Both zincite (ZnO) and
sodium zincate were found to be soluble, whereas hematite exhibited relative
insolubility. Their study demonstrated that the combined roasting and leaching
process achieved a zinc recovery rate of approximately 95%, with most of the
iron oxide remaining in the leach residue. Additionally, recoveries of lead,
cadmium, and chromium were observed at around 85%, 89%, and 37%,
respectively, under roasting conditions that included added moisture. Based on
these findings, the authors proposed a hybrid approach integrating low-
temperature roasting, dilute caustic leaching, zinc cementation, and
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electrowinning, which is further elaborated upon in their discussion (Xia and
Pickles, 1999).

The process produced two by-products: zinc dust, which contained more
than 50% zinc due to the metal's volatilization during the sintering process, and
pre-cast agglomerated, which had a total Fe content of over 70% and was
collected by filter bags. Furthermore, around 90% of the Pb and Cd present in
the original EAF dust was removed (de Araujo and Schalch, 2014).

METAL RECOVERY FROM BAYER PROCESS RESIDUE

(RED MUD)

The process patented by Bayer in 1892 revolutionized mineral
processing by making it economically and operationally feasible to extract
alumina from bauxite ore on a large scale. Bayer himself observed that this
process inevitably produced substantial amounts of residue (red mud), which
he identified as a possible source of iron due to its high Fe and low Al content.
Typical bauxite residue of the Bayer process appears red or reddish-brown, thus
it is commonly known as red mud. Red mud has caused serious environmental
problems, owing to its high alkalinity, heavy metal content and large output.
The worldwide stocks of bauxite residue stored on land currently is expected to
be over 2.7 billion tons, with an annual increase of 120 million tons. Typically,
1.75 tons of bauxite residue for every ton of alumina produced by refineries.
Despite its huge amount, regulated storage in certain areas reduces the negative
environmental effect (Klauber C, et al., 2009).

One of the biggest environmental disasters in recent years occurred in
2010, when residue reservoir containing some 30 million cubic meters of waste
from an aluminium factory in the village of Ajka, in western Hungary,
collapsed and one million cubic meters of red mud flow and cause an
environmental catastrophe shows the vital importance of this issue.

The disposal and reuse of red mud have become critical challenges for
alumina industries, necessitating the development of more innovative and
efficient techniques. To date, red mud has been explored for various
applications, including its use as adsorbents, construction materials, catalysts,
refractories, ceramics, cements, bricks, geopolymers, fillers, adsorption
materials, nanomaterials, and pigments. Bauxite residue consists mainly of iron
(Fe), aluminium (Al), silica (Si), sodium (Na), and titanium (Ti) with trace
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amounts of potassium (K), chromium (Cr), nickel (Ni), vanadium (V), zinc
(Zn), cobalt (Co), rare earth elements including neodymium (Nd), scandium
(Sc), cerium (Ce), Gadolinium (Gd), Samarium (Sm), lanthanum (La), yttrium
(YY), Praseodymium (Pr), europium (Eu), dysprosium (Dy), holmium (Ho),
Niobium (Nb), Zirconium (Zr). Given the presence of several valuable
components in red mud, the recovery of metals such as sodium (Na), calcium
(Ca), iron (Fe), aluminium (Al), titanium (Ti), scandium (Sc), and rare earth
elements (REESs) has been extensively investigated (Zhou et al., 2008; Li et al.,
2024; Klauber C, et al., 2009).

Figure 2. An image of bauxite residue (red mud) tailing dam

More than simply the creation of technological solutions is needed to
effectively convert bauxite residue from a tail or by-product that must be
disposed of at a cost into a lucrative product. To completely utilize red mud
(bauxite residue), several methods are now accessible. However, there are main
challenges that need to be solved such as large volume of residues, efficient
soda removal or treatment, heavy and radioactive metals, and the economics of
further downstream processing (Klauber C, et al., 2009).

The production of alumina from bauxite waste due to the embargo and
import restrictions in the United States during the World War Il show the
possibility of utilizing these wastes as alumina source.

Any process designed to extract only iron from bauxite tail is not likely
to be efficient. Similarly, finding a feasible way to recover alumina from
residue is difficult because it would need either sintering or acid treatment
which are less efficient and economical than the Bayer process itself. Recycling
and production of several metals including iron, aluminium/alumina and
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titanium in a single plant could be the only feasible way to process bauxite
residue.

There are several studies that examined procedures for the recovery of
Fe, Al, and Ti, both separately and in combination. The primary goal of
recovering multiple main metals is to increase value while minimizing residual
solids generated (Thakur et al., 1983; Paramaguru et al., 2005). Other studies
proved that pig iron, pigment grade TiO,, and Al>(SO.)s could be produced by
a progressive smelting and hydrometallurgy method. Pig iron could be
recovered by smelting, solid state reduction and/or magnetic separation. While
titanium oxide recovery is available by acidic (e.g. HCI) leaching (Ercag and
Apak, 1997).

Atasoy (2007) compared Seydisehir (Turkey) and Aughinish (Ireland)
residues and concluded that the red mud from Seydisehir would be more
suitable for Fe recovery (Klauber C, et al., 2009).

Metal Recovery from Industrial Ash (Petroleum and Coal
Combustion Ashes)

Industrial ashes are solid residues mostly produced due to combustion of
petroleum, crude oil, coal or coke as fuel in the power plants or thermal
treatment of various materials. Ash is generally classified into two types,
bottom ash and fly ash. Fly ash is a fine powder rich in silica, alumina, metals,
and other minerals, whereas bottom ash is coarser and accumulated at the
bottom of boilers after coal combustion. (Xiao et al., 2010; Ziyadanogullan &
Aydin, 2004)

Figure 3. A typical image of fly ash
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Coals and petroleum are complex fossil fuels that contain two organic
and inorganic matters. Other than carbon based organic matters, inorganic
components consist of silicates, oxyhydroxides, sulphates and carbonates.
Thus, coal (and petroleum in trace amount) rarely contains metals such as
aluminium (Al), iron (Fe), uranium (U), nickel (Ni), Magnesium (Mg)
vanadium (V), molybdenum (Mo), Tungsten (W), scandium (Sc), germanium
(Ge), gallium (Ga) and rare earth elements (Xiao et al., 2010; Tolhurst 2015;
Ma et al., 2021; Zhang et al., 2021; Arroyo et al, 2009).

There are several scientific investigations and business companies
underway to extract metals from coal ash, where each use different methods
and technologies (Tolhurst, 2015).

Metals are recycled from ashes using pyrometallurgical,
hydrometallurgical, or combined approaches. Common methods for treating
coal ash include direct leaching, roast-leaching, and autoclave leaching. Direct
leaching typically employs sulfuric acid (H2SO4) as a leachant due to its cost-
effectiveness, wide availability, and high efficiency in dissolving metals such
as aluminium, iron, uranium, nickel, molybdenum, vanadium, and titanium.
Autoclave leaching, conducted in an aqueous solution under elevated
temperature and pressure, facilitates higher recovery rates (Ziyadanogullan &
Aydin, 2004).

Several metal content such as Al, U, Ni, Mo, and V were recovered from
asphaltite ash in a study that involved flotation of a sulfurized ash sample (by
adding H.S), followed by the separation of Al and U from the ash by
ammonium carbonate (NH4).CO3 leaching and participation with ammonium
chloride NH4CI. Sulfuric acid (H.SOs) solution leached the solid residue
comprising Mo, V, Ni, Ti, and Fe, and solvent extraction was used to extract
the organic phase of Mo; then, MoS; was obtained by adding H,S
(Ziyadanogullan & Aydin, 2004).

Ma et al. (2021) in their study investigate a clean and energy efficient
method for recovery Al and Ti from coal fly ash, by using microwave heating
in the presence of sulfuric acid and ammonium hydrogen sulphate (H2SO. +
NH4HSO4) mixture as extract followed by water leaching which more than 80%
and 55% of aluminium and iron was extracted respectively. Compared to
conventional acidic baking methods, this approach reduced energy usage and
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gas emissions while increasing the extraction efficiencies of Al and Ti metals
(Maetal., 2021).

In their review, Xue and Liu (2021) compared various treatment methods
for fly ash containing heavy metals released from Municipal Solid Waste
Incineration (MSWI) plants, which cause serious threats to human health and
the environment, compared number of treatment techniques, including thermal
treatment, hydrothermal treatment, pyrolysis process, solidification-
stabilization and leaching process (Xue and Liu, 2021).

Sulfuric acid (H2S0.) is widely used as an industrial leaching agent due
to its non-volatile nature and strong solubility for metals such as zinc (Zn),
indium (In), and iron (Fe) in municipal solid waste incineration (MSWI) fly
ash. However, additional heavy metal solidification methods are necessary, as
lead (Pb), one of the most hazardous elements in MSWI fly ash, is insoluble in
sulfuric acid (Nagib & Inoue, 2000). Conversely, other studies have
demonstrated that hydrochloric acid (HCI) effectively dissolves both Zn and Pb
from MSWI fly ash at high rates.

Kang et al. (2020) investigate the treatment of heavy metals in municipal
solid waste incineration (MSWI) fly ash using four different leaching
solutions—water, NaOH, KOH, and NH.OH—followed by carbon dioxide
(CO2) uptake. They achieved remarkable results in the recovery of heavy metals
and have shown that alkaline solutions can be used (Kang et al., 2020). Xiao et
al (2010) studied recovery of vanadium in the form of Vanadium oxide (V20s)
and ferrovanadium (FeV) from petroleum fly ash. (Xiao et al., 2010).

Additionally, several studies have explored recovery of metals such as
germanium (Ge) and gallium (Ga) from fly ashes. Arroyo et al, (2014) test
varied extractants including oxalic acid, water, sulfuric acid (H2SOs),
hydrochloric acid (HCI), sodium hydroxide (NaOH), calcium oxide (CaO).
They achieve relatively high Ge extraction using H.SOs and NaOH, long
extraction time and low Ga leaching selectivity are two of the obstacles to the
feasibility of the method (Arroyo et al., 2014).

Zhang and Xu (2017) in their study propose an effective and green
recycling method which vacuum reduction and chlorinated distillation process
used for purification Ge, thus high recovery rate of Ge recovery and producing
high grade metallic germanium form ash is available (Zhang & Xu, 2017).
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CONCLUSION

Metal recycling from industrial waste is essential for conserving natural
resources, reducing environmental hazards, and advancing sustainable
industrial approaches. The recovery of metals from materials such as electric
arc furnace dust, Bayer process residues, and industrial ashes highlights the
immense potential of industrial waste as a resource rather than a pollutant.
Methods including hydrometallurgy, pyrometallurgy, and advanced processes
demonstrate promising results in extracting metals efficiently, minimizing
waste, and reducing environmental impacts of wastes. Although, these
techniques have advanced significantly, issues like processing efficiency,
economic viability, and by-product management still exist. Innovative and
integrated approaches, including combined recovery methods and the
development of green technologies, are crucial for overcoming these
challenges.

This chapter emphasizes the importance of ongoing research and
technological innovation in metal recycling to recycling industrial waste into a
valuable product, for a more sustainable and green future.
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INTRODUCTION

Gold has held significant economic and cultural value for humanity
throughout history. Today, it continues to be processed as a valuable mineral in
many countries and has become a sector that supports economic development.
Gold production is carried out using various methods. Currently, the most
commonly used method for gold recovery is cyanidation. However, due to
poverty and rising gold prices, many developing countries located in tropical
regions prefer the amalgamation process using mercury (Hg) for gold (Au)
recovery. Especially with the convergence of economic and social factors,
amalgamation with mercury is widely used globally, particularly in artisanal
and small-scale mining (ASGM), due to its low cost and ease of
implementation (Valenzuela ve Fytas, 2002; Oraby, 2009). However, the
amalgamation process also raises environmental and health concerns. Figure 1
shows the density map of primitive and small-scale miners using mercury for
gold recovery worldwide.

+
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Figure 1. Density map of primitive and small-scale mines producing gold through
amalgamation worldwide
Source: URL-1

Although officially banned in many countries, this method is preferred
by many mining companies due to its low cost and simplicity of use (Esdaile &
Chalker, 2018). This chapter will examine the gold production process through
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amalgamation, the environmental impacts and harms of mercury used in this
process, waste management, and sustainability proposals.

DEFINITION AND PROCESS OF AMALGAMATION

The amalgamation technique, used for many years, has been a subject of
research, but it is still not possible to say that the nature of amalgams is fully
understood. There are various approaches suggesting that the process results
from the surface tension difference between mercury, water, and gold, the
difference in specific gravity, or the solvent nature of mercury, leading to the
formation of valuable metal-Hg amalgams. Generally, the amalgamation
process is a concentration process where gold and/or silver in free gold ores is
mixed with mercury (Hg) in an amalgamation drum or table, resulting in the
combination of the precious metal with mercury (Hg) to form mercury-laden
metal (Hg).

In the amalgamation process, the wetting of gold with mercury is not a true
alloying process, but rather a moderate absorption of the two elements occurs
(Veiga et al., 1995). Mercury's surface tension is higher than that of water but
lower than that of gold, which causes mercury to adsorb on the surface of gold
particles. Additionally, due to differences in specific gravity, mercury acts as a
dense medium, allowing lighter gangue materials to float on top and thus
embedding the gold in mercury to form amalgam. The solubility of gold in
mercury at 20°C is only 0.06% (Veiga et al., 2006). In summary, amalgamation
is a process where gold and mercury undergo a chemical reaction to form a
gold-mercury combination. This method is particularly used to separate gold
from low-grade ores and free gold deposits.

Small mining operations employ a variety of operational techniques. The
type of ore used by gold producers determines the typical amalgamation
techniques utilized:

1. Whole ore amalgamation: Mercury is added to the ore during gravity
concentration, transferred to the grinding circuit, or processed using copper
plates.

2. Only gravity concentrates are amalgamated: In barrels or mixers,
concentrates and mercury are combined. Washing the amalgam in ponds,
riverbanks, or water wells separates it from heavy minerals (EPBC2010/5477,
2010).
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Figure 2. General flow chart for gold and silver production through amalgamation
Source: Lacerda & Salomans, 1998

The amalgamation process generally consists of several stages (Figure 2):
a) Preparation of the Mine: In the first stage, potential sources
containing gold (rocks, sediments, etc.) are collected. These materials

are then ground to reduce their size.
b) Mixing with Mercury: After being carried to amalgamation drums,
the concentrate or pulverized material is combined with mercury and
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subsequently separated in circular pans. Alternatively, the powdered
ore is floated in a slurry with water on slightly inclined plates, usually
made of copper that has been amalgamated with mercury. Mercury
interacts with gold particles to form amalgam. This stage is critical
because the amount and quality of mercury used directly affects the
amount of gold obtained.

c) Separation and Distillation: The mercury-gold amalgam is separated
from other minerals and materials. When the obtained amalgam is
heated, mercury vaporizes, resulting in impure gold bullion known as
“Dore” (Figure 3) (Gunson, 2004). The remaining gold is obtained
in pure form, while mercury creates side effects during this process.

Alternative form of
\ watertight steam trap

Figure 3. Image (left) and schematic image (right) of the distillation system used for
mercury removal
Source: URL-2, URL-3

Figure 4. Appearance of amalgam before and after Hg removal in the distillation cell
Source: URL-4
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AMALGAM WASTE

Gold and mercury combine to form a variety of compounds, such as
AuHg, and AusHg. There are three main gold-mercury compounds: AuHgz,
AuzHg, and AusHg. At room temperature and 100°C, respectively, mercury can
dissolve 0-14% and 0-65% of gold (EPBC2010/5477, 2010). However, due to
the surface tension of gold compounds in the form of electrum (Au-Ag),
amalgamation cannot be performed. Also, applying this method to small gold
particles (<400 microns) is more difficulties. The presence of impurities (such
as iron oxide, iron sulfide, tellurides, arsenic, antimony, and bismuth) in the
environment complicates amalgamation and increases mercury consumption.
The toxicity of mercury negatively affects human and environmental health,
leading to a decline in the application of this process, which has been used since
ancient times (Cilingir, 1996).

The use of this method has resulted in a significant amount of mercury
(Hg)-contaminated waste. This waste is widespread around the world, but
particularly concentrated in Africa and South America.

Mercury amalgamation is used in artisanal and small-scale gold mining
by nearly 15 million workers in more than 70 countries. According to study
done by Swain et al., (2007), artisanal mining activities in more than 50
developing countries produce between approximately 500 and 800 tons of gold
annually, while this is not being officially documented. This amount
corresponds to about 20-30% of global gold production (Swain et al., 2007;
Velasquez-Lopez et al., 2011). Despite laws prohibiting mercury use, it is still
widely used in small-scale gold mining. An estimated 1,000 tons of mercury
are released into the biosphere each year, with an estimated 300 tons entering
the atmosphere directly. Thus, it is estimated that gold mining facilities lose
between 1 to 2 grams of mercury per gram of gold mined. Almost all the Hg
consumed through these activities is somehow released into the environment.
The leading consumers of Hg through these activities are believed to be Brazil,
China, Colombia, Indonesia, Peru, the Philippines, Venezuela, and Zimbabwe
(Swain et al., 2007). According to a study by Velasquez-Lopez et al (2011),
amalgamation and gravity wastes contain 1.5-5 ppm gold and 150-350 ppm
mercury. This situation highlights the significant Hg pollution in the waste
resulting from gold production using Hg (Figure 5).
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Figure 5. The extent of environmental impact of amalgamation waste

Environmental Effects and Toxicity of Mercury

In nature, mercury can be found in three different forms: elemental,
inorganic, and organic. Which is known to be toxic and poses a danger in terms
of environmental pollution and human health. Besides, the gold obtained
through amalgamation has serious effects on the environment and human
health. The most volatile form of mercury is metallic (elemental) one, which is
present at room temperature as a liquid. When mercury combines with elements
like chlorine, sulfur, or oxygen, it forms inorganic mercury compounds
(mercury salts). The most commonly found inorganic mercury compounds
include Hg-Sulfide complexes, HgCl,, HgCI*, HgCls~, HgCl.?~, Hg(OH)2, and
Hg(OH)CI. Organic mercury compounds, or organomercurials, are carbon-
containing mercury compounds. Methyl mercury (CHsHg*) is the most
commonly found organic mercury compound (ATSDR, 1999;
EPBC2010/5477, 2010; Tchounwou et al., 2012; Ullrich et al., 2001). Most
mercury compounds with high vapor pressure are volatile, and mercury forms
can be converted from one form to another and easily vaporized (Al-Malki,
2012; Coles & Cochrane, 2006). Mercury has high chemical and biological
activity and tends to accumulate in living organisms. It creates a lot of harmful
inorganic and organic bonds. When found as waste in the environment, it is
quite difficult to eliminate (Antoszczyszyn & Michalska, 2016). The high
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evaporation property of elemental mercury at room temperature (Tchounwou
etal., 2012), the ease of dissolution of mercury hydroxides in water (Cotton et
al., 1999), and the relative stability of some organometallic compounds that can
be easily broken down by certain living organisms (EPBC2010/5477, 2010)
indicate that each type of mercury has its own toxic properties. However,
mercury sulfide (HgS) or mercury selenide (HgSe) compounds are stable
compounds with low solubility. Their solubility constants are 2.0x10%% and
3.2x107%°, respectively (Buketov et al., 1964; Coles & Cochrane, 2006;
Jackson, 1986).

Mercury levels in the atmosphere are thought to be safe up to 0.05 mg
Hg/m? (Coles & Cochrane, 2006). Mercury (Hg) is a neurotoxin that can be
effective even in very small amounts, directly affecting the central nervous
system and the kidney system. The type, form and duration of mercury (Hg)
exposure determines the severity and type of mercury poisoning. Severe
mercury (Hg) exposure, according to the World Health Organization (WHO),
is when the amount of mercury excreted daily in urine exceeds 50 pg/day. In
severe cases of mercury (Hg) poisoning, it affects the kidneys, nervous system,
respiratory system, immune system, skin, mouth, teeth, and gums, and can lead
to birth defects. Additionally, methyl mercury interferes with microtubule
formation and protein synthesis in neurons. It interferes with DNA synthesis
and changes the activity of cell membranes. As a result, it has highly toxic
effects on the nervous system and can lead to coma and death in severe
poisonings. Symptoms include cough, shortness of breath, fever, fatigue, gum
inflammation, hallucinations, neurological symptoms, peeling of skin on hands
and feet, and redness of the skin due to blood pooling in capillaries. If the blood
mercury (Hg) concentration is below 10 pg/L in adults, it is considered normal
for those with low occupational exposure (e.g., dentists) if the concentration is
below 15 pug/L (URL-5, 2019).

In summary, mercury, a heavy metal, has the property of
bioaccumulating. When released into the natural environment, it can harm
ecosystems through water and soil. When mercury mixes with water sources, it
can have toxic effects on organisms, particularly causing serious health issues
in fish and other aquatic life.
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WASTE MANAGEMENT AND SUSTAINABILITY

In the management of wastes originating from human activities, steps
such as reducing waste generation at the source, ensuring reuse, preventing
waste generation if possible and classifying wastes are important. The aim of
waste management is to evaluate and evaluate these wastes without harming
the environment and human health or to ensure their proper disposal. Therefore,
despite the increase in the amount of waste, developing an effective and
sustainable management strategy is becoming increasingly important.

Waste accumulation can cause environmental damage by polluting the
air, water and soil and can pose major health risks to humans. The management
of waste containing chemicals, including mercury, is a major concern. In
addition, artisanal and small-scale gold mining (ASGM) contribute greatly to
mercury pollution. Although ASGM is an important economic activity in many
developing countries, it poses serious risks to both human health and the
environment. The most serious of these risks is the unregulated release of
mercury into the environment from mining activities. In this context, the
“Minamata Convention on Mercury” was prepared under the leadership of the
United Nations Environment Program (UNEP) regarding the importance of this
issue. The scope of this agreement is related to the implementation of legislation
restricting the use of mercury and controlling waste disposal and reducing the
effects of mercury on the environment.

These issues need to be addressed in order to implement sustainable
mining practices. Sustainable mining practices include various strategies to
reduce the environmental impacts of waste resulting from the amalgamation
process and improve waste management. These can be addressed under 5
headings: waste management and recycling, use of alternative technologies,
education and awareness, policies and regulations, community participation
and collaboration.

a) Waste Management and Recycling:

- For efficient waste management, it is important to collect and classify
the amount and source of waste produced during the amalgamation process
(Telmer & Veiga, 2009).

- In reducing mercury emissions, recycling mercury-containing waste
will ensure that these wastes can be processed appropriately and reused (UNEP,
2013).
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b) Use of Alternative Technologies:

- Other techniques that enable the recovery of gold without the use of
mercury (e.g. G. leaching, gravity separation, etc. ought to be promoted to
lower mercury consumption (Veiga et al., 2014).

- Cleaner production methods include the use of technologies that use
fewer chemicals and use eco-friendly materials (Hinton et al., 2003).

- Ensuring the removal of mercury from the leach solutions formed after
the leaching of mercury with cyanide by precipitation (Bucknam, 2004;
Kantarct & Alp, 2019, 2023; Misra et al., 1998)

¢) Education and Awareness:

- Small-scale miners should be educated about the dangers of mercury
use and substitution techniques to ensure the adoption of sustainable practices
(Baker et al., 2016).

- Public education and awareness campaigns should be established
regarding the negative effects of mercury and other hazardous wastes on the
environment (Mékeld et al., 2018).

d) Policies and Regulations:

- Developments in this field will be supported by the creation of
certification schemes that encourage environmentally friendly mining methods
(World Bank, 2017).

- Enacting legislation that restricts the use of mercury and controls waste
disposal will help to lessen its effects on the environment (Minamata
Convention, 2013).

e) Community Participation and Collaboration:

- Developing sustainable practices requires cooperation between the
private sector, governments, and civil society organizations (Schmidt et al.,
2019).

- Adoption of sustainable practices can be aided by involving local
communities in decision-making processes (Bebbington & Bury, 2009).

In order to lessen the amalgamation process's negative environmental
effects and promote environmental health, these sustainable mining techniques
are essential.
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CONCLUSIONS

Although the production of gold through amalgamation is an
important source of income for small-scale miners, its negative effects
on the environment and human health in the regions where mining is
carried out cannot be ignored. The use of mercury and the damage caused
by the waste to the environment and human health raise questions about
the sustainability of this method. On the other hand, the fact that these
wastes also contain gold with economic potential is also important in
terms of their recovery as a secondary resource. Therefore, developing
cleaner and more environmentally friendly methods is crucial for
reducing environmental risks and protecting human health. In gold
production, adopting sustainable practices such as social responsibility,
use of innovative technologies, protecting the environment, providing
economic benefits, compliance with legal regulations such as the
Minimata Agreement can have positive results in many ways. To solve
these problems, it is crucial for governments and the mining sector to
cooperate in waste management to create a healthier environment and
society.
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INTRODUCTION

The global construction sector has consistently been recognized as a
major driver of environmental degradation, characterized by the extensive
consumption of natural resources and the substantial emission of greenhouse
gases (GHG) (Hong, Shen and Xue, 2016). According to recent estimates,
approximately 39% of energy-related CO: emissions stem from the
construction sector, primarily through the production and transportation of
construction materials, and the operation of buildings. (Dean et al., 2016). This
has led to a growing demand for innovative, environmentally sustainable
solutions to mitigate the adverse effects of construction on climate change and
natural resource depletion (Kc and Gautam, 2021).

In this context, metaheuristic optimization algorithms have emerged as
indispensable tools for structural engineers aiming to reconcile economic,
structural, and environmental goals. Unlike traditional optimization methods
that require precise mathematical formulations and are often restricted to
specific problems, metaheuristic algorithms are flexible, adaptable, and capable
of solving complex, multi-objective problems. These characteristics make them
well-suited for optimizing the design of structural systems where weight
minimization, cost efficiency, and environmental impact reduction are
paramount concerns.

This chapter explores the role of metaheuristic algorithms in promoting
sustainability within structural engineering. Emphasis is placed on the
integration of these algorithms in the design and optimization of steel,
reinforced concrete (RC), composite, timber, and hybrid structures.
Furthermore, the discussion highlights the significant environmental benefits
achievable through these optimizations, including reduced embodied energy,
lower carbon footprints, and more efficient resource utilization.

METAHEURISTIC OPTIMIZATION IN STRUCTURAL

ENGINEERING: AN OVERVIEW

Metaheuristic algorithms are high-level problem-solving
frameworks that iteratively refine potential solutions to find near-optimal
results. They are particularly effective in handling large, non-linear, and
multi-modal search spaces, often encountered in structural engineering
problems. Unlike deterministic algorithms that may get trapped in local
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optima, metaheuristic approaches explore the solution space extensively,
enhancing the likelihood of finding global optima.

Numerous metaheuristic algorithms, grounded in various
conceptual frameworks, are documented in the literature. For the
purposes of this review, a concise overview is provided, focusing on the
most widely recognized and pertinent algorithms relevant to the
objectives of this study, as outlined below:

Genetic Algorithms (GA): are metaheuristic methods inspired by
genetics and the process of natural selection. They simulate the process
of evolution by selecting, crossing over, and mutating candidate
solutions (individuals) to obtain the best solution to a problem. The
algorithm operates by generating an initial population of solutions, then
calculating fitness values of each solution in the population, and then
iteratively updating the population over several generations through
processes such as selection, crossover, and mutation (Goldberg, 1989).

Particle Swarm Optimization (PSO): is a computational
intelligence technique based on the social behavior of organisms, such
as birds flocking or fish schooling. The algorithm employs a population
of candidate solutions, termed particles, which explore the solution
space. Each particle updates its position based on its own historical best
position and the best position found by its neighbors, facilitating the
convergence toward an optimal solution through a collaborative search
process. Each particle adjusts its position based on its best-found solution
and the best solution found by the entire swarm, allowing the algorithm
to explore and exploit the search space. PSO is widely used for solving
continuous and combinatorial optimization problems due to its
simplicity and efficiency (Kennedy and Eberhart, 1995).

Simulated Annealing (SA): A metaheuristic method derived from
the annealing process in metallurgy, where a material undergoes heating
followed by controlled cooling to attain an optimal, stable configuration.
In SA, potential solutions are treated like particles in a system that
undergo a "heating" process (where higher energy states are allowed) and
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then "cooling” (where the system gradually settles into a low-energy
state). The algorithm navigates the solution space by accepting both
better solutions and worse ones with a specific probability to escape local
optima, gradually narrowing the search for an optimal or near-optimal
solution as the temperature decreases (Kirkpatrick, Gelatt, And Vecchi,
1983).

Gray Wolf Optimizer (GWO): A nature-inspired metaheuristic
inspired by the social behavior and hunting strategies of gray wolves. It
uses the roles of alpha, beta, delta, and omega wolves to guide the search
process. The alpha wolf leads the search for optimal solutions, while the
other wolves explore and refine potential solutions. GWO is widely used
for solving complex optimization problems by simulating the wolves'
encircling, hunting, and attacking behaviors (Nadimi-Shahraki, Taghian,
and Mirjalili, 2021).

Crow Search Algorithm (CSA): A metaheuristic optimization
algorithm inspired by the intelligent behavior of crows, particularly their
food-searching strategies. The algorithm mimics the behavior of crows,
where they explore and exploit the search space by iteratively adjusting
their positions to find optimal solutions. CSA utilizes strategies like
random exploration and local search to effectively balance exploration
and exploitation, enhancing its efficiency in solving complex
optimization problems (Askarzadeh, 2016).

Bonobo Optimizer (BO): Inspired by social behavior and mating
strategies of bonobos, a species of great ape. The algorithm mimics the
cooperative and competitive behaviors observed in bonobos, where
individuals collaborate and compete for resources, with a focus on
achieving optimal solutions through social interaction. The Bonobo
Optimizer explores the search space by balancing exploration and
exploitation, using a combination of cooperative moves and competitive
strategies to guide the search process (Das and Pratihar, 2022).

Each of these algorithms is capable of addressing the complex
interplay between structural efficiency, cost, and environmental impact,
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making them invaluable for advancing sustainable design practices in
construction.

APPLICATIONS IN SUSTAINABLE STRUCTURAL

SYSTEMS

Sustainable Design of Steel Structures

Steel structures are integral to modern construction due to their
superior strength and durability. However, their production significantly
contributes to global carbon emissions, necessitating the development of
sustainable design strategies. Advanced optimization techniques have
been employed to minimize CO: emissions, material usage, and
construction costs while ensuring structural efficiency. The related
studies are presented below:

» Optimum Design of Sustainable Steel Structures

Negarestani et al. (2024) explored the environmental and
economic impacts of optimizing steel structures by analyzing the
relationship between structural weight, carbon footprint, water
consumption, and construction time. Utilizing the Gray Wolf Algorithm,
they investigated how structural weight affects carbon and water
footprints, as well as the duration and cost of construction. They also
employed a multi-objective optimization algorithm to optimize three
different building structures featuring various frame systems, each
focusing on minimizing these objective functions (Negarestani et al.,
2024).

The study found a direct relationship between the weight of the
structure and the carbon dioxide emissions as well as water consumption
during steel production. Reducing the weight of a structure by adhering
to design limits not only improves serviceability and flexibility but also
leads to significant reductions in CO2 emissions and water consumption.
However, the results indicated that the weight of the structure does not
directly correlate with construction cost or time. Increasing construction
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costs did not result in lighter structures, and reducing weight did not
necessarily reduce construction time.

Among the various frame systems studied, the structure composed
of intermediate steel moment-resisting frames combined with the
concentric bracing systems was found to be the most environmentally
friendly, exhibiting the lowest water footprint, carbon emission, and the
lightest weight among the analyzed structures. This frame system also
proved to be the most cost-effective. On the other hand, the structure
with simple steel moment-resisting frames had the minimum
construction time, but it was more expensive and had a higher
environmental impact.

These findings led to the conclusion that optimizing structural
weight, particularly through the use of special concentric bracing, can
result in a more sustainable and cost-efficient design. The study
highlights the potential of metaheuristic algorithms, particularly the Gray
Wolf Algorithm, in optimizing building structures for both
environmental and economic objectives, promoting greener construction
practices without compromising on performance or cost.

» Carbon Emission Reduction for Truss Structures

Lee at al. (2024) conducted a study focused on the optimal design
of truss structures with the objective of minimizing carbon emissions,
distinguishing their approach from previous research that primarily
focused on other design factors. The study used the advanced Crow
Search Algorithm (CSA), a metaheuristic, to evaluate carbon emissions
generated by truss structures made from different materials, particularly
comparing steel with timber. The analysis was conducted within the
context of a construction located in the Republic of Korea, utilizing
various truss designs with differing numbers of bars. The results showed
that truss structures made from timber had lower carbon emissions
compared to those made from steel. Moreover, within the timber
structures, domestic timber produced fewer emissions than imported
timber, suggesting that the source of timber plays a significant role in
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sustainability. The study emphasized the importance of considering
carbon emissions during the design stage to achieve carbon neutrality in
the construction industry. It was also noted that the weight of the
structure directly correlated with carbon emissions, with heavier steel
structures leading to higher emissions (Lee, Kim, and Lee, 2024).

The study advocates for the construction of timber structures,
particularly using domestically sourced timber, to stabilize global
climate changes and reduce carbon emissions in the construction field.
Additionally, the study suggests that future evaluations should
incorporate the entire life cycle of materials in the optimization process
to provide more accurate and sustainable design solutions.

Sustainable Design of Reinforced Concrete Structures

Concrete is the most prevalent construction material globally;
however, its production, particularly the manufacturing of cement, is a
major source of global greenhouse gas emissions. Metaheuristic
optimization offers innovative solutions for reducing these emissions by
minimizing concrete consumption in building design, thereby reducing
cement usage and associated carbon emissions. Relevant research
contributions are outlined below:

» Minimizing CO. Emission for Reinforced Concrete Structures

Zaforteza et al. (2009) developed an approach for optimizing the
design of reinforced concrete (RC) building frames, with the primary
goal of minimizing the CO- footprint. This optimization was carried out
using the Simulated Annealing (SA) algorithm, considering two main
objectives: reducing CO2 emissions and minimizing the cost of RC
framed structures. The solutions were evaluated according to the Spanish
Code for structural concrete, ensuring compliance with established
standards. The methodology was implemented to a range of building
frames, from 2 to 4 bays, with heights of up to 8 floors (Paya-Zaforteza
et al., 2009).
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The results from the SA algorithm show a close relationship
between embedded CO. emissions and cost, with more environmental-
friendly solutions available at a modest cost increase up to 2.77% higher
than the lowest cost solutions. Conversely, the least expensive solutions
resulted in a 3.8% increase in CO> emissions. The study concludes that
the SA algorithm can effectively optimize structural designs for reduced
CO, emissions while maintaining reasonable costs. Furthermore, it
demonstrates the feasibility of achieving sustainable solutions with the
SA algorithm in real-world building frame designs.

» Optimizing Embodied Energy in Reinforced Concrete
Structures

Yeo and Gabai (2011) presented a study focused on optimizing the
embodied energy in reinforced concrete structures, a critical aspect often
overlooked in building design. While energy efficiency in building
operation is widely recognized, the embodied energy, representing the
energy consumed throughout the life cycle of materials used in
construction, also plays a vital role in reducing overall environmental
impact. The study applied structural optimization techniques,
traditionally used to minimize cost or weight, to minimize embodied
energy. They focused on optimizing the design of a basic reinforced
concrete element, specifically a rectangular beam with fixed moment and
shear capacities, in order to reduce its embodied energy. The results from
the optimization indicated that it was possible to reduce the embodied
energy by approximately 10%, at the cost of a 5% increase in material
costs. The extent of the reduction in embodied energy was highly
dependent on the cost ratio between steel reinforcement and concrete,
which also included construction costs such as the installation of
reinforcement and placement of concrete. The study highlights that by
optimizing the design of structural members for embodied energy, a
balance between energy efficiency and cost can be achieved. It
recomemnds that future work should explore multi-objective
optimization techniques, where both cost and embodied energy are
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considered simultaneously. They also propose including CO2 or
greenhouse gas emissions as additional indicators to further enhance the
sustainability of structural designs. This approach sets the stage for more
comprehensive and sustainable building designs by considering both
operational and embodied energy factors (Yeo and Gabbai, 2011).

» Multi-objective Optimization for Beam Design

Santos et al. (2024) introduced a multi-objective optimization
approach aimed at designing RC beams to decrease costs, CO- release,
and concrete cracks, driven by the increasing scarcity of natural
resources and the need for sustainable construction solutions. The study
utilized the Non-dominated Sorting Genetic Algorithm (NSGA-II) for
the optimization, considering conflicting objectives. The design
variables included the beam’s cross-sectional dimensions and the
number of steel bars in the bottom layer, with varying spans and concrete
strengths. The optimization resulted in Pareto frontiers that highlighted
the most relevant parameters for each objective(dos Santos, Alves, and
Kripka 2024).

The results revealed that solutions with minimum costs also
corresponded to the lowest environmental impact, while greater beam
width improved durability by minimizing cracks. Among the key
findings, the height of the beams emerged as the most influential
variable, with smaller heights optimizing both cost and environmental
impact. However, to minimize cracks, an increase in beam height was
necessary. The optimal width of the beam generally approached the
lower limit specified by technical standards for cost and impact, while a
larger base was favored for minimizing cracks to accommodate more
steel bars.

Further analysis showed that concrete, which had the biggest effect
on the environmental impact, was the smallest contributor to costs, while
wooden formwork contributed the most to costs but had the least
environmental impact. The study also found that higher concrete strength
classes helped reduce costs but increased CO emissions, especially for
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smaller spans. It is highlighted that the importance of evaluating
environmental impacts based on CO2 emissions from the cradle-to-gate
phase.

> Precast Prestressed Concrete Bridges

Yepes et al. (2015) presented a methodology for the optimization
of precast prestressed concrete (PC) road bridges with a double U-shaped
cross-section, focusing on minimizing both cost and CO, emissions. To
achieve this, they employed a hybrid Glowworm Swarm Optimization
(SAGSO) algorithm, combining the strengths of Simulated Annealing
(SA) for local search and Glowworm Swarm Optimization (GSO) for
global search. The optimization process took into account various design
variables, such as the materials, geometry, and reinforcement of both the
slab and beam. It also included the use of high-strength concrete and self-
compacting concrete in the beams. The results of the optimization
provided useful guidelines for engineers designing PC precast bridges.
A key finding was the strong relationship between cost and CO;
emissions, where for every 1 Euro reduction in cost, approximately 1.75
kg of CO2 emissions were saved. The study indicated that optimal
solutions by minimizing costs also achieved favorable environmental
outcomes, with minimal differences between the best possible
environmental solution and cost-effective solutions. The study
demonstrated that the hybrid SAGSO algorithm is an efficient tool for
the optimum design of PC precast bridges, successfully balancing both
cost and COz emissions. The results highlighted that optimizing for CO-
emissions typically required using larger volumes of concrete and
adjusting reinforcement amounts, depending on whether cost or
environmental impact was prioritized (Yepes, Marti, and Garcia-Segura
2015).

Sustainable Composite Load-Bearing Structural Elements
Composite structures, which combine materials such as steel and
concrete, represent a significant advancement in modern construction,
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offering superior strength, enhanced durability, and improved resistance
to various environmental factors. These structures benefit from the
unique properties of each material, such as the compressive strength of
concrete and the tensile strength of steel, resulting in highly efficient
load-bearing systems. This integration not only enhances structural
performance but also opens new pathways for sustainable construction
practices by reducing the overall material consumption and increasing
the lifespan of structures. By employing optimization techniques,
engineers can effectively balance multiple design objectives, including
material efficiency, cost reduction, and environmental impact
minimization. The pertinent studies are summarized as follows:

» Minimizing CO2 Emission for Prestressed Composite Beams

Alves et al. (2024) conducted a study aimed at optimizing the
design of prestressed steel-concrete composite beams with the primary
objective of minimizing CO2 emissions during the manufacturing phase.
The research was grounded in Brazilian design standards and
incorporated a range of design parameters, such as the steel beam
dimensions, the type of steel decking for the slab, concrete compressive
strength, and the number of tendons used. To address the optimization
problem, the authors employed both the Self-Adaptive Bonobo
Algorithm (SABO) and Particle Swarm Optimization (PSO) algorithms,
with the results validated through comparison with both experimental
and numerical data. A parametric analysis was carried out across span
lengths aiming to define which geometric parameters have great
significance influenced CO2 emissions (Alves, Fiorotti, and Calenzani,
2024).

The results of the study revealed that prestressing is particularly
beneficial for beams with spans exceeding 25 meters. The metal
formwork and beam profile had substantial effects on final CO>
emissions, with higher-strength concretes, although more CO2-intensive,
leading to reduced profile dimensions and lower overall emissions.
Between the two optimization algorithms, SABO provided the best
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solutions, achieving emissions 9% lower than those obtained with PSO.
The study further indicated that prestressing was particularly significant
for beams with spans exceeding 27.5 meters for doubly symmetric
profiles and 32.5 meters for monosymmetric profiles.

Regarding design failure modes, beams without tendons were
primarily influenced by plastification from positive bending moments,
while beams requiring tendons showed plastification due to both positive
and negative bending moments. SABO algorithm offers effective
solutions for minimizing CO> emissions in prestressed composite beam
design, with the results highlighting the importance of prestressing for
larger spans and the significant role of material selection in reducing the
environmental impact of construction. The authors acknowledged the
potential for further optimization using ultra-high-performance concrete
and materials with higher strength and lower CO2 emissions to achieve
even more sustainable designs.

» Optimum design of Concrete-filled Steel Columns

Guimaraer et al. (2022) presented an investigation on optimizing
the design of concrete-filled tubular columns, with a focus on
minimizing both financial costs and CO2 emissions during
manufacturing. The optimization process adhered to the guidelines of
related design code and was solved using a Genetic Algorithm (GA). The
study examined three types of composite tubular columns under
combined bending and compression, utilizing various cross-sectional
shapes: Circular Hollow Section (CHS), Rectangular Hollow Section
(RHS), and Square Hollow Section (SHS). The optimization considered
two main objective functions: financial costs, expressed in Brazilian
currency, and CO> emissions, measured in kilograms. Design variables
included concrete strength and the potential inclusion of longitudinal
rebar(Guimaraes et al. 2022).

The results demonstrated that the most cost-effective and
environmentally optimal design generally included a CHS profile, high-
strength concrete, and no longitudinal rebar, except for cases involving
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unsymmetrical bending, where longitudinal reinforcement was deemed
optimal. The optimization led to significant reductions in both
production costs and CO> emissions, with savings of up to 48% in cost
and 35% in CO. emissions compared to less favorable alternatives.
Structural steel was found to have the greatest impact on both cost and
emissions, contributing over 80% of the cost and emissions for columns
without reinforcement, and more than 70% when longitudinal rebar was
included. In contrast, concrete had the largest influence on CO:
emissions, especially in columns with longitudinal reinforcement. The
use of longitudinal reinforcement is only viable when the bearing
capacity of the profile and concrete is surpassed, making it essential for
certain design scenarios. The study also highlighted that higher concrete
strength, although associated with higher CO, emissions, results in more
efficient designs due to the structural resistance it provides when
combined with the steel profile. The authors emphasized that the use of
Genetic Algorithms (GA) for optimizing the design of these composite
columns is an effective method for balancing cost, material consumption,
and environmental impact, aligning with the growing demand for
sustainable construction practices in the civil engineering sector.

> Sustainable Design of Composite Truss Beams

Erlacher et al. (2023) proposed a methodology for optimizing
composite truss beams to minimize CO. emissions, using Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO). The
optimization considered various design parameters, such as steel
profiles, concrete strength, formwork, and truss height. Three truss
models—Pratt, Howe, and Warren—were analyzed along with different
profile types: double angles (DA), circular hollow tubes (CHT), and
circular concrete-filled tubes (CCFT) (Erlacher, Calenzani, and Alves,
2023).

The Warren truss model, known for its equilateral triangle design,
is a simple and efficient structure that evenly distributes loads across its
members. This model, along with CCFT profiles, proved to be the most
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effective in reducing CO2 emissions, particularly for longer spans. The
Pratt truss, with vertical members in compression and diagonal members
in tension, was also effective but slightly less efficient than the Warren
model. The Howe truss, with its reversed configuration of compression
and tension members, was the least efficient in terms of both cost and
CO: reduction in the study.

The results showed that PSO generally outperformed GA in
achieving the best solutions for minimizing both cost and emissions. The
study highlighted that increasing concrete strength, while raising CO:
emissions, helped reduce the use of steel, which ultimately lowered the
overall carbon footprint of the structure. Additionally, the combined
bending criterion played a crucial role in determining the optimal design,
particularly influencing solutions with tubular profiles where bending
moments were the dominant design factor.

CONCLUSION

Metaheuristic  optimization has revolutionized structural
engineering by enabling sustainable designs that maintain performance
and cost-effectiveness. These advanced algorithms address complex
challenges, such as reducing CO2 emissions and optimizing resource use,
contributing to the construction industry's sustainability goals. As the
field evolves, the integration of environmental considerations in the
design process through optimization will be crucial in shaping the future
of construction. Future research should expand sustainability metrics,
including energy consumption and material efficiency, to further refine
optimization techniques and ensure they meet both performance and
environmental goals, fostering a more sustainable built environment.
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INTRODUCTION

Nuclear power has long been a controversial topic, with proponents
touting its potential as a clean and efficient energy source, while opponents
raise concerns about safety, environmental impact, and radioactive waste.

The recent nuclear accident in Fukushima, Japan has reignited this
debate, with many nations reconsidering their reliance on nuclear power
(Gardoni et al., 2014). Proponents of nuclear power argue that it offers a viable
solution to the growing global energy demand and the need to reduce
greenhouse gas emissions (Taebi, B., 2011). They highlight the fact that nuclear
energy can produce large amounts of energy from relatively small amounts of
fuel, while generating minimal greenhouse gas emissions. Additionally,
nuclear power can reduce a country's dependence on fossil fuels, which can be
subject to geopolitical and price volatility (Taebi, B., 2011).

However, the opponents of nuclear power argue that the risks associated
with nuclear energy, particularly the potential for catastrophic accidents and the
long-term management of radioactive waste, outweigh the benefits. The
Fukushima disaster, as well as previous incidents like Chernobyl and Three
Mile Island, have eroded public trust in the safety of nuclear power plants
(NPPs), making the public more skeptical of this technology.

As aresult, the public's attitude towards nuclear energy has changed over
time, with many communities opposing the construction of new nuclear power
plants or nuclear waste repositories due to the perceived risks and the high
social costs associated with their development.

NUCLEAR ENERGY

Nuclear energy is a type of energy released as a result of the splitting or
merging of atomic nuclei. In a fission reaction, the splitting of these nuclei is
achieved as a result of the bombardment of heavy radioactive materials with
neutrons. A fusion reaction is a reaction that releases energy by the union of
two smaller atomic nuclei. The use of the energy generated by fission and
fusion reactions is called nuclear energy or nuclear energy.

The concept of nuclear energy dates back to 1895 with Wilhelm Rontgen.
In 1939, it was seen that energy was released by the division of the atom
(fission). After years of research, the first atomic weapon was made in 1945,
and it gained a different dimension with the production of nuclear weapons
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during World War Il. After the end of the war, the first nuclear power plant was
built in the USA, and electricity began to be produced in the last days of
December 1951. From the early months of the 1960s onwards, many countries,
especially the USA and Japan, began to benefit from this technology at a high
level.

Nuclear energy is used in many areas of our lives with nuclear reactions,
apart from energy production. It is used primarily in the field of health; in
medical applications, in industry; in the field of measurement and evaluation,
etc., in agriculture; in the production of more qualified seeds, in the
manufacture of weapons, in archaeological excavations; in the determination of
the age of the remains. The concept of nuclear energy used in this thesis is
accepted as nuclear power plants.

In order to meet the increasing energy deficit of developing and
industrializing societies, energy generating facilities using fossil fuels have
been and are being intensively utilized. However, as mentioned above, due to
the risk of depletion of natural resources from which fossil fuels are obtained,
the fact that these fuels are required in different areas such as heating and
vehicle use, and the damage they cause to the environment as a result of not
taking expensive precautions, their use has become a problem (Arh et al.,
2023). A renewable (sustainable) development requires both providing the
energy produced in a more economical way and minimizing the damage to the
environment we live in. When these are taken into consideration, it has become
inevitable to search for new energy sources. At this point, the issue of nuclear
energy production has come to mind as an alternative.

EFFECTS OF NUCLEAR POWER PLANTS ON CLIMATE

CHANGE

As the world grapples with the urgent need to combat climate change,
reducing greenhouse gas emissions has become a top priority for governments
and organizations alike. Among the various energy sources available, nuclear
energy stands out as a critical player in the transition to a more sustainable
energy future. With the ability to produce large amounts of energy with minimal
environmental impact, nuclear power plants offer a viable alternative to fossil
fuels, which are notorious for their high carbon emissions. This article
examines the fundamental role of nuclear power plants in reducing greenhouse
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gas emissions, focusing on their operational efficiency, comparative analysis of
emissions, and the prospects of nuclear energy within global energy strategies.

The operational efficiency of nuclear power plants is a cornerstone in
helping to reduce greenhouse gas emissions. Unlike fossil fuels, which often
require extensive extraction and transportation processes that contribute to the
overall carbon footprint, nuclear power produces a much higher energy output
per unit of fuel. For example, a single nuclear reactor can generate about 1,000
megawatts of electricity, enough to power about 750,000 homes. In contrast,
the same energy production from coal or natural gas would require much more
significant amounts of these fuels. Nuclear power plants also have a relatively
low land footprint compared to renewable energy sources such as wind and
solar power plants, which often require large areas of land to produce equivalent
energy levels. This is particularly important in densely populated areas where
land use is a critical consideration. Nuclear power plants also provide
continuous and reliable power generation without being affected by weather
conditions that could disrupt solar or wind power production. This baseload
capacity provides a stable electricity supply essential for modern economies
and helps reduce reliance on fossil fuel-based power plants during periods of
peak demand.

A thorough comparison of greenhouse gas emissions from nuclear
energy and fossil fuels underscores the environmental benefits of nuclear
power. It is essential to consider the entire life cycle of energy production, and
studies have consistently shown that nuclear energy generates significantly
lower carbon emissions compared to fossil fuels. According to research by the
World Nuclear Association, nuclear energy's life cycle emissions stand at
around 15 grams of CO, equivalent per kilowatt-hour, drastically lower than
coal's 1,000 grams and natural gas's 450 grams. This substantial difference
underscores nuclear energy's effectiveness in reducing greenhouse gas
emissions. Additionally, nuclear energy plays a vital role in meeting
international climate goals. The Intergovernmental Panel on Climate Change
(IPCC) has recognized nuclear energy as a critical component in strategies to
limit global warming to 1.5 degrees Celsius. By integrating nuclear energy into
the energy mix, we not only mitigate emissions but also drive energy diversity,
thereby enhancing energy security and stability.
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Looking ahead, the future of nuclear energy in global energy strategies
is driven by significant technological advances and changing policy
frameworks that support its role as a clean energy source. Innovations such as
small modular reactors (SMRs) promise to increase the safety, efficiency, and
economic viability of nuclear power generation, making it more accessible and
adaptable to a variety of energy needs. For example, SMRs can be installed in
remote locations or regions with lower energy demand, providing a tailored
solution for energy generation. In addition, many governments are increasingly
recognizing the potential of nuclear energy to contribute to decarbonization
efforts, leading to the creation of supportive policy frameworks and investment
incentives. However, the success of nuclear energy in the public sphere depends
largely on public perception and understanding. Educational campaigns that
demystify nuclear technology address safety concerns, and highlight its
environmental benefits are crucial to encouraging public acceptance. By
increasing awareness and knowledge about nuclear energy, stakeholders can
create a stronger foundation for its integration into the global energy landscape.

As a result, nuclear power plants play a crucial role in reducing
greenhouse gas emissions, demonstrating operational efficiency, minimizing
carbon output compared to fossil fuels, and promising future developments. As
the world strives to meet ambitious climate goals, the integration of nuclear
energy into the broader energy strategy is not only beneficial but essential
(Simsek et al., 2021). By focusing on technological innovation, supportive
policies, and effective public education, the full potential of nuclear energy can
be realized, and the path to a cleaner, more sustainable energy future can be
paved. The ongoing commitment to nuclear energy will undoubtedly remain a
critical element in global efforts to combat climate change and achieve a
carbon-neutral world.

DISCUSSION

Nuclear power plants play a significant role in reducing greenhouse gas
emissions compared to fossil fuels (Tiyliioglu & Tiirkan, 2023). Fossil fuels
are the most significant contributors to environmental problems, including
climate change as well as air and water pollution (Ari, 2023). In contrast,
nuclear energy produces zero emissions during its operation, making it an
environmentally friendly alternative (Duvar, 2024; Celebi et al., 2021). This
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stark difference in emissions highlights the importance of nuclear energy in the
global energy landscape, especially as countries strive to meet climate goals.
Nuclear energy’s ability to provide reliable energy without the associated
greenhouse gas emissions positions it as a critical player in the fight against
climate change.

Examining the lifecycle emissions of nuclear energy further highlights
its environmental benefits (Keskin, n.d.). While fossil fuel-based electricity
generation has significant emissions throughout its lifecycle (from extraction to
combustion), nuclear energy is mainly free of such emissions, the majority of
which occur during construction and decommissioning (Tiiylioglu & Tiirkan,
2023). However, these emissions are minimal compared to the carbon footprint
of fossil fuels (Tursucu et al., 2019). By understanding the full scope of
emissions associated with different energy sources, it becomes clear that
nuclear energy offers a viable option for reducing overall greenhouse gas
emissions and mitigating climate change impacts.

Studies have reported that magnetic and, more importantly, nuclear
forces have significant effects on plant development. Although there is
evidence of the existence of bacteria and microorganisms that are not affected
by nuclear factors, the entire scientific world unanimously demonstrates that
they have significant harmful effects on human life (Ulgen et al., 2017, 2020,
2021, 2023, 2024).

As the world moves towards a low-carbon energy future, nuclear energy
can contribute significantly to achieving this goal (Duvar, 2024). With the
increasing emphasis on energy efficiency and the phasing out of fossil fuels,
the integration of nuclear energy with other low-carbon sources is vital for
sustainable development (Topgu, 2018). Combining nuclear energy with
renewables can help ensure a stable and reliable energy supply while
minimizing carbon emissions. In this context, nuclear energy not only supports
energy security but also aligns with broader climate initiatives aimed at
reducing greenhouse gas concentrations in the atmosphere (Gardoni et al.,
2014; Topgu, 2018; Dumrul et al., 2023).

CONCLUSION
Nuclear power plants (NPPs) are a vital source of electricity and energy
production in the modern world when energy costs are at an all-time high. With
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the globe catching up to this technology and our country's high energy import
costs combined with an annual budget deficit in the tens of billions of dollars,
nuclear energy appears to be a vital alternative. In addition to all of this, the
following can be used to summarize the conclusions that should be made
regarding the energy production from NPPs, its effects on the environment, and
the required safety measures:

The use of nuclear power plants (NPPs) to generate nuclear energy is
still up for discussion. Contrary to environmentalists' emphasis that
nuclear energy is a disaster in this aspect, atomic energy experts and
economists contend that nuclear energy is the safest and most
effective energy source available. The notion that nuclear energy is
extremely safe and efficient is prevalent when considering the
instances provided in this study.

The side radioactive waste products created by NPPs are stored using
the proper techniques after being preserved for a period to lose their
radioactivity. In addition to the ones currently in use, safer
preservation techniques must be researched.

Neighboring countries should emulate the construction of a nuclear
power plant, as it is believed that there may be a variety of
environmental damages in the areas where nuclear power plants are
established, and that adverse effects and damages will also affect the
environment in the event of an accident.

Building artificial facilities that will be used as cooling water by the
sea and in unpopulated areas seems to be a more cost-effective way
to supply cooling water when building nuclear power stations.
However, places by the sea are more popular for habitation and
tourism. One factor that should be taken into account while
identifying these locations is that they are remote and lack a
residential area.

Nuclear power plant operating organizations should adhere to these
strict guidelines from the project stage onward, basing their design
decisions on the fundamentals of "Detailed and Deep Safety"
throughout the phases of building, design, and operation.

The general viewpoint and conclusions drawn from this investigation can
be summed up as follows: Nuclear energy carries hazards, just like any other
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form of energy, but given the current global economic downturn and energy
crises, as well as the country's own, it's inevitable that nuclear energy will play
a significant role in our lives both now and in the future. Furthermore, it is
anticipated that in the near future, the beneficial side of energy will prevail.
After taking all of this into account, it has been determined that the policies
pertaining to our nation's possession of this kind of energy are successful,
appropriate, and crucial for both our society and our nation.
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INTRODUCTION

Traditional AC power systems depend on synchronous generators. These
generators mostly rely on fossil fuels, which is one of the reasons for global
warming. Global warming and climate change since the 20th century are mainly
due to carbon dioxide emissions that are supported observationally even though
some research indicates that they are not because of human activities but nature
itself (Jian-Bin et al., 2012). Norbert (Norbert, 2008) concludes that the
scientific findings prove that human beings have an impact on earth's climate.
In order to reduce greenhouse gases, especially carbon dioxide, from vehicles
and power plants, we need to deploy available green technologies. It is evident
that using renewable energy resources creates less carbon dioxide compared to
fossil fuels. Therefore, battery technology and photovoltaic (PV) energy
systems are possible green technologies that can be utilized along with
synchronous generators.

These generators have high inertia, and they provide stable voltage and
frequency (Lasseter et al., 2019; Rathnayake et al., 2021; Unruh et al., 2020).
Additionally, the current handling capability of synchronous generators is six
or more times the rated currents. However, renewable energy sources are
intermittent, and they have low inertia issues. So, these energy systems do not
have the ability to store kinetic energy whereas traditional AC power systems
do. As aresult, one of the biggest challenges is that renewable energy systems
are more sensitive to sudden changes. To minimize or solve this challenge,
energy storage systems are integrated into renewable energy systems.

Three Port Inverter

DC AC #@

Grid

PV Panel DC-DC Converter ~ DC Bus

)
[—

DC

Wind Generator  AC-DC Converter

Battery

Figure 1. An example of battery integration in renewable energy systems.
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As seen in Figure 1, batteries can directly be connected to the DC bus.
However, it is better to utilize high voltage batteries to have low current levels
to reduce the loss of power. Instead of the three-port inverter illustrated, a
different multiport inverter might be used, which can be either unidirectional or
bidirectional. In addition, multiport inverters could be single-stage inverters
(Nilian et al., 2023) or dual-stage inverters (Rezai et al., 2023).

In energy storage systems, battery chemistries are usually lithium-ion and
lithium-polymer. It can be said that lithium-ion batteries are more common in
PV energy systems. It is because lithium-ion batteries are cheaper, and they
have higher power density and higher charging cycles. Nevertheless, lithium-
polymer batteries are safer, and they have less passive-discharge rate and better
fast-charging capabilities. As a result, lithium-ion batteries are accepted as
alternative energy sources to minimize the serious problems caused by fossil
fuels such as environmental pollution and global warming. In addition, they
have been continuously integrated on a large scale in PV farms, wind farms or
electric vehicles. However, since they contain flammable components, they are
susceptible to accidents caused by internal and external variables. For example,
on July 2, 2018, in South Korea’s Yeongam Wind Farm and on April 19, 2019,
at the APS Company in Arizona, USA, an energy storage system caught fire
and exploded. Also, on April 16, 2021, in Fengtai District, Beijing, China at a
PV energy storage station, a battery fire accident took place due to an internal
short-circuit fault (Xu et al., 2024). In summary, an energy storage monitoring
system or a battery monitoring system is crucial. In this chapter of the book, a
monitoring system, which we call a battery alert system (BAS), is investigated
and designed. Section 2 investigates which sensors and variables should be
taken into consideration. Then, in Section 3, an example of a battery alert
system (BAS) is modelled for increasing consumer safety and protection. After
that, key highlights are summarized in the conclusion section.

POSSIBLE DAMAGES IN BATTERIES

The objectives of this section are to decide what sensors are required and
how we are going to utilize those sensors to estimate the other variables that are
crucial for battery safety.
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Swelling, Thermal Runaway, and Explosion in Batteries

In batteries, it is certain that swelling is an indicator of decreased
performance. But it does not instantly mean that the battery will catch on fire
or will explode. It is a nature law that lithium-ion batteries will change shape in
one form or another (Velazco et al., 2022).

Basically, gases make batteries swell up. It is obvious that batteries will
be swelling during charging cycles and storage. However, it is important to
decide how much swelling is normal. The oxidation of the electrolyte on the
cathode surface will produce CO2, and the reduction of electrolyte on the anode
surface will produce C;H4, CHa, etc. (Li et al., 2020). This degradation is a
natural part of how batteries work.

High temperatures can speed up the rate at which the electrolyte goop
decomposes, which could contribute to gases building up inside a battery.
Therefore, a temperature sensor must be present. During the discharge process,
lithium near the surface of the negative electrode preferentially undergoes
oxidative desorption due to the action of large currents. Therefore, the swelling
force of the lithium-ion battery goes up when the charging cycle increases (Li
et al., 2020). Thus, a current sensor and the calculation of the number of the
charging cycle will help.

Even though overcharging and deep discharging create different
chemical reactions, that electrolyte goop degrades when a battery is fully dead
or overcharged. It is also shown that the open circuit voltage drops in batteries
during the thermal runaway which is mainly short circuits of the electrodes
(Galushkin et al., 2024). Then, a voltage sensor and the estimation of State-of-
Charge (SoC) play a significant role in batteries safety.

Dropping mobile batteries may affect one part of the batteries, and then
batteries might not be charged evenly across the battery cells that can cause
swelling. So, shock sensors might be effective in this situation. According to
(Michelini et al., 2023), irreversible swelling increases when State-of-Health
(SoH) of batteries decreases. It means that SoH estimation should be a part of
this research.

External heat source, overcharging and natural aging are the main sources
of thermal runaway in batteries (Xu et al., 2024). As a result of that, an external
temperature sensor is also required for this system. It was also found that aged
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batteries are more prone to thermal runaway, and the amount of smoke
produced is greater. Then, a gas sensor can be beneficial.

Lithium batteries are also susceptible to explosions when the
overpressure increases, and the higher battery capacity is more sensitive than
the lesser battery capacity (Wei-Qing et al., 2024). This work shows that a
pressure sensor can detect safety concerns.

In summary, voltage sensors, current sensors, temperature sensors,
pressure sensors, shock sensors, gas sensors, estimation of SoC and SoH, and
the number of charging cycles are important factors and variables.

DESIGNING BATTERY MONITORING SYSTEM

Depending on the applications, some of the sensors mentioned in the
previous section may not be used. However, when designing Battery Allert
System (BAS) in a PV energy system, nine variables are taken into
consideration. They are voltage level, current value, temperature value,
pressure level, shock level, gas level, estimation of SoC, SoH and charging
cycles. The first six variables are taken from sensors, and the last three ones are
estimated by an estimation method. Then, they are sent to BAS to decide
whether those values are in the acceptable range or not.

Voltage, Current, Temperature, Pressure, Shock, Gas
Data Batter
Battery s Y
Acquisition Allert
Pack N R SoC. SoH
Circuit Estimation | SoC 0 System
Method Charging Cycle

Figure 2. Block diagrams of a battery monitoring system.

In this section, as illustrated in Figure 2, an estimation method is designed
in order to have the optimum energy monitoring system for the PV energy
system that consists of 4.68 kW PV panels, 4.68 kW three-port inverter, and 12
kWh batteries. These values can be found in our previous work (Gullu, 2024).
So, there are four main estimation methods: Characteristic parameters method,
Ampere-hour integral method, Model-based filters method, and Data-driven
method (Xiong, 2020).
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Estimation Method Design

The characteristic parameters method performs an experiment to find a
relationship between the battery characteristic parameter(s) and SoC before
implementing the method. Then, SoC is estimated based on the lookup table
that was created during the characteristic parameter test. Ampere-hour integral
method uses Equation (1) that depends on the previous SoC value or initial SoC
value (SoC ( ty)), the charging or discharging current value (I7), the maximum
available battery capacity (Q.,qx), and the coulomb efficiency (n.). Therefore,
this method is also called Coulomb counting method.

t
R PINEORE:

SoC(t) = SoC( t;) — - @)

The model-based method needs a reliable model that uses Equivalent
Circuit Model (ECM) or Electrochemical model or any other battery model.
After establishing the battery model, the battery model’s state-space equation,
a filter and an algorithm are required to estimate the SoC. The data-driven
method relies on the huge amount of data between the battery variables such as
voltage, current, temperature and SoC. After that, it uses Machine Learning,
Deep Learning, Neural Network models or other techniques that solve
nonlinear problems to establish a mapping between battery variables and SoC.

When designing BAS, the characteristic parameter method is decided to
be an optimum solution. This method uses offline data that maps the
relationship between battery terminal voltage and SoC by using Open Circuit
Voltage (OCV) test. Even though overtime the relationship between them needs
to be calibrated, it is cheaper, easy to implement, and it has robust real-time
performance.

In 12-kWh batteries, LG18650MH1 battery cells are planned to be
utilized. Then, the OCV test for this battery cell is illustrated in Figure 3. A
battery cell is discharged at 1C rate until the end-voltage (2.5 V) and the battery
rests for 3 hours. This voltage is mapped to zero-percent SoC. Then, the battery
is charged at 1C rate for 5 minutes and rests for 3 hours to save the voltage
value. Charging the battery cell for 5 minutes and letting it rest for 3 hours
continue until the battery terminal voltage reaches its maximum value (4.2 V)
that corresponds to 100-percent SoC. As a result, the OCV test is performed to
map between the terminal voltage and SoC of the battery cell as plotted in
Figure 3.
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Figure 3. OCV test results for LG18650MH1 rechargeable lithium-ion battery

cell.

SoH indicators are battery capacity and internal resistance, which reflect
the energy and power capability, respectively. It is considered that the battery
is not enough to meet the normal demand when the battery capacity goes down
to 80% of the initial capacity. For battery power capability, the battery should
be changed when the internal resistance value becomes double the initial value
(Xiong et al., 2020). Electrochemical workstation or other AC excitation
equipment is utilized to measure the capacity or ohmic resistance or impedance
of a battery cell to estimate its SoH.

fio nelp(x)-dx )
SoC(t)—SoC(tp)

Equation 2 uses the coulomb counting method to estimate SoH that is
dependent on SoC and charging/discharging currents. It is also very important
to define a good sampling period.

As the charging cycle increases, the fading trend of the battery capacity
accelerates after about 1000 cycles, and the swelling force growth trend is also
accelerated (Li et al., 2020). Therefore, the number of charging cycles should
be counted by using the coulomb counting method in BAS design.

SoH(t) =
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Battery Allert System Algorithm Design

Above 50 volts batteries are considered hazardous and require a work
permit (Occupational Safety and Health Administration 2024; Harter et al.,
2020). Therefore, the 12-kWh battery pack voltage should be less than 50 V.
Based on this and the specifications in Table 1, the battery pack should include
3744 battery cells (13 in series and 288 in parallel). After considering internal
and external variables of the battery pack, the BAS algorithm is shown in Figure
4.

Table 1. Specification of LG18650MH1.

Item Level Specification
Rated capacity Average 3.2 Ah
Nominal Average 3.7V
Voltage
Charge Constant current 1550 mA
Charge End current 50 mA
Charge Max current 3100 mA
Charge Constant voltage 42V
Charge Max voltage 4205V
Charge Operating 0~45°C
temperature
Discharge Constant current 620 mA
Discharge Max current 10A
Discharge End voltage 25V
Discharge Operating -20~60°C
temperature
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CONCLUSION

In this chapter of the book, batteries’ internal and external variables are
investigated. For swelling, thermal runaway and explosion detection, voltage
Sensors, current sensors, temperature sensors, pressure sensors, shock sensors
and gas sensors are required for the PV energy system that consist of 4.68 kW
solar panels, 4.68 kW three-port inverter, and 12 kWh lithium-ion battery pack.
For estimation method, the characteristic parameters method for SoC is utilized
by performing OCV test, and the coulomb counting method is applied to find
SoH and the charging-cycle. Lastly, based on the battery pack design and the
specification of LG18650MH1 rechargeable lithium-ion battery, the battery
alert system’s algorithm is designed.
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INTRODUCTION
The demand for electrical energy that we have been using for

approximately the last 200 years has been increasing exponentially as a result
of technological developments and the spread of these technologies. To meet
the increasing demand, the number of renewable energy systems is increasing,
and the energy efficiencies of current and future systems are enhancing.
Renewable energy systems also have positive outcomes for environmental
contamination due to their near-zero CO; emission rates (Mostafa et. al, 2022,
Ibrahim et. al, 2020, Kotsiopoulos et. al, 2021).

In 2019, energy production, transportation and industry sectors
contributed to more than 80% of global CO2 emissions. Although
developments in renewable energy technologies have managed to reduce the
environmental impacts of energy production, the same success cannot be said
to have been achieved in the transportation and industry sectors. This situation
reveals that energy systems should not be limited to using only renewable
resources, but also that energy storage technologies should be developed, and
existing energy resources should be managed more efficiently (Rangel-
Martinez et. al, 2021).

Interest in buildings has increased due to growing concerns about
environmental and energy issues, as buildings utilize around 40% of all energy.
As a result, improving energy efficiency, particularly in commercial buildings,
has become imperative. Furthermore, energy systems must be flexible due to
the increasing use of integrated sustainable energy sources and energy
conversion technologies in buildings. Nevertheless, it is still unknown whether
the present sustainable improvements truly result in lower-end energy use and
more energy flexibility. The idea of nearly/net-zero energy buildings (nZEB)
has been promoted due to related legislation that has set goals for structures
(Walker et. al, 2020).

Energy efficiency and resource management have become crucial in the
age of globalization and fast industrial growth in order to handle the growing
complexity of environmental and economic issues. In addition to lowering
operating expenses, effective management promotes environmental
sustainability. Technological developments have expanded the potential to
enhance resource management and energy efficiency. Better forecasting,
quicker and more accurate data analysis, and the automation of intricate
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procedures are all made possible by Al, and these developments can
greatly enhance resource management effectiveness. By offering more flexible
and responsive solutions based on thorough data analysis and machine learning,
artificial intelligence holds promise for resolving these problems (Kristian et.
al, 2024).

Al METHODS FOR ENERGY EFFICIENCY

Machine Learning
Data analytics gave rise to machine learning (ML). ML uses a variety of
mathematical models to forecast outcomes for particular activities.
Researchers, engineers, and data scientists use it extensively because of its
many uses, which include anomaly detection, image recognition, data
estimation, and email filtering. ML algorithms can be used for forecasting
energy consumption in households and industries. They also can be used for
identifying energy inefficiencies in real-time and designing energy-efficient
solutions. A detailed explanation of some of the ML algorithms will be
provided in this section (Eyceyurt et. al, 2022).

Linear Regression

Linear regression looks for a linear relationship between the dependent
variable (¥) and the number of independent variables (x). Equation (1) indicates
the formula that is used to forecast a linear regression line (Egi & Eyceyurt,
2022).

Vi =Bo +PBixitE Equation (1)

The linear regression algorithm's intuition is to find the optimal values
for coefficients B, and B;. To generate conclusions for coefficients §, and B;,
the cost function and slope are crucial. Equation (2) represents the algorithm
for minimizing the value of the cost function.

minimize %Z}Ll(yi —¥)? Equation (2)
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Gradient Descent

Gradient descent is an ML technique that essentially starts with a given
initial point and constantly moves its steps in the direction of the gradient in
order to minimize the cost function as seen in Algorithm 1.

Algorithm 1 Gradient Descent Mechanism
fori=0,1,2,3....n

gi<Vr (x;)

Xiy1 <X ~tig;

end of loop

where x; is the independent variable, g; is the dependent variable's
gradient, and i is the number of iterations. Figure 1a illustrates the gradient
descent iterative operation. Equation (1) indicates that there are two
coefficients, B, and B;, which are shown as contour levels. Gradient descent
begins at x,, travels to x;, then to x,, and finally converges to the ideal value.
The global minimum is indicated by the middle of the circles, which is the ideal
optimum value. The local minimum is also displayed in Figure 1b, which could
lead to inaccurate forecasts. To get the optimal coefficients that lead to the
global minimum, gradient descent performs an iterative update (Eyceyurt et. al,
2022).

Data and fit Cost function

N N

—— B,=0000,8,=0000
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Figure 1. Gradient Descent algorithm illustration
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The gradient descent method uses a number of factors, including the
starting point x,, step size t;, and halting condition, to determine its course
during the iterative process. A poor decision could result in a local minimum
rather than a global minimum because these criteria are interconnected.
Additionally, to prevent the over-fitting issue, a gradient descent algorithm
should employ the regularization approach known as early stopping.
Nevertheless, using such methods results in a bigger generalization error since
learning performance improves with each iteration. Therefore, it seems sensible
to avoid the early halting and maintain f (x;,) to be as near to the global
minimum as feasible (Eyceyurt et. al, 2022).

Gradient Boosting Regressor

A strategy used for base learners of machine learning tools like
classification and regression is called "boosting." Boosting is a technique for
combining several weak models into one and a doping factor for weak iterative
models. Various boosting methods select the best option for the following
iteration and show the amount of misclassification. Concentrating on cases that
were incorrectly classified mostly reduces prejudice. Gradient Boosting
Regression (GBR) is the boosting approach wused in this study.
Since the gradient descent approach is used to minimize the cost function, the
GBR makes use of gradient terms for prediction. Although the GBR and linear
regression differ slightly, the accuracy of GBR is noticeably higher. Decision
trees (DT) are used and the error between the predicted and actual readings is
calculated by the GBR. We refer to this inaccuracy as residual. Features are
mapped to this residual by the GBR, which trains weak models. It integrates
them with the input of the current model after obtaining the residual. This
iterative procedure enhances the overall model prediction and moves the model
closer to the actual value (Eyceyurt et. al, 2022).

K-Nearest Neighbors (KNN)

The KNN algorithm is aN ML technique designed to address issues with
regression, pattern recognition, and classification. Additionally, it is a non-
parametric method that has a wide range of applications. Similar qualities
should be near the chosen data points, according to the KNN algorithm. A key
factor in prediction accuracy is the number of nearest neighbors, or K. The
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Manhattan distance formula, as shown in Equation 3, is typically used to
determine the distance vectors (Dgyn (X, Vi))-

Dgnn (xy)=Xi=1lxi — yil Equation (3)

The optimal k number is determined using a cross-validation approach and
the Root Mean Square Prediction Error (RMSPE). The average of the k closest
data points is then used to make the goal forecast. Equation (4) displays the
RMSPE mathematical formula (Zhan et. al, 2022).

1 _ .
RMSPE = \/;Z?zl(yi —¥)? Equation (4)

Deep Learning

In essence, deep learning is a kind of machine learning in which human
neural cells are mimicked by artificial neural networks (ANNSs). The large
number of ANN layers is implied by the term "deep." Therefore, learning will
be deeper as the number of layers rises (Egi & Eyceyurt, 2022). Therefore, large
and complicated datasets, such those produced by smart grids and Internet of
Things devices, are best handled by deep learning (DL) models. Convolutional
neural networks (CNN), deep belief networks (DBN), stacked auto-encoders
(SAE), recurrent neural networks (RNN), and generative adversarial networks
(GAN) are the five general categories into which commonly used DL models
can be broadly categorized. In numerous deep learning applications and image
classification tasks, manually created CNNs have demonstrated remarkable
effectiveness (Zhan et. al, 2022). A demonstration of deep neural network is
given in Figure 2.
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Figure 2. Demonstration of artificial neural network
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Deep learning is used for predicting renewable energy generation from
weather data, optimizing building energy systems using smart sensors, and
detecting anomalies in energy systems, such as equipment faults.

APPLICATIONS OF Al IN ENERGY EFFICIENCY

Smart Grids

Renewable energy technologies are becoming increasingly widespread
due to their environmental friendliness and low operating costs. However,
renewable energy sources cannot constantly produce the same amount of
energy, and their unbalanced energy creates various problems. The constant
change in energy demands at certain times of the day requires energy systems
to have a more flexible, reliable, and dynamic structure. Traditional energy
production and storage systems sometimes cannot meet these needs and cause
problems such as large-scale power outages and fluctuations (Wen et. al, 2024).
The increasing use of renewable and sustainable resources has also led to the
development of smart grid technologies. Smart grids optimize energy
production, distribution, and consumption processes to increase energy
efficiency. These systems increase the adaptability, efficiency, and reliability
of power systems by integrating sensing, communication and control
capabilities. The primary benefits of smart grid technology are reducing energy
losses, increasing the integration of renewable energy sources, and ensuring the
active participation of customers in energy systems. Smart grids leverage Al to
optimize energy distribution, integrate renewable sources, and ensure grid
stability (Wen et. al, 2024).

A. Raza and his colleagues performed mathematical modeling and
simulation of the Markov chain on super smart grid systems that optimize long-
scale energy distribution and reduce energy losses. Researchers who use HVDC
instead of HVAC in their systems state that they have adapted the HVDC
system to their models because the energy transportation distance would be too
long and there are significant losses in HVAC systems (Raza et. al, 2024).

W. Udo et al. stated in their studies that smart grids supported by machine
learning algorithms with advanced sensor and communication structures
increase energy efficiency. They also claimed that the system would perform
an efficient power operation by making future load predictions using past data
(Udo et. al, 2024). In addition, N. Thilakarathne and his team give information
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about the efficiency and reliability of energy distribution with the superior
communication and computational capabilities of their smart grid supported by
machine learning algorithms (Neranjan et. al, 2024).

S. Touzani and his friends used synthetic data and used deep
reinforcement learning (DRL) model in PV system to reduce the electricity
requirement of smart grids. They stated that the costs of their systems using
DRL decreased by 39.6% compared to traditional methods (Tauzani et. al,
2024).

Building Energy Management

Buildings consume approximately 40% of global energy, making them a
prime target for efficiency improvements (Walker et. al, 2020). Therefore,
reducing energy consumption in buildings and increasing their efficiency will
greatly affect the overall result. Al systems in buildings can analyze energy data
to recommend upgrades such as better insulation or LED lighting.

Energy estimation algorithms used in smart homes can provide energy
savings by optimizing energy consumption (Fu et. al, 2022; Alzoubi et. al,
2022; Bourhnane et. al, 2020). In a study, the electricity demands of 47
commercial buildings were estimated using various machine learning
algorithms using data collected over a period of 3 years. In the study where 2
years of data were used for training and 1 year of data for testing, it was seen
that boosted-tree, random forest, and ANN models gave the best estimates
(Walker et. al, 2020). A. Gupta et al. used deep reinforcement learning to
control the heater, one of the most energy-consuming systems in a home and
achieved both 30% temperature comfort and 12% energy savings compared to
traditional thermostats (Gupta et. al, 2021). In another study, S. Yang and his
colleagues have developed a system that saves 36.7% of electricity by
controlling the air conditioner and cooling fan with adaptive machine learning
(Yang et. al, 2020). M. Zekic-Susac et al. perform machine learning based
public building energy efficiency improvement system. In their research, the
10T network of the public building is used with 3 different ML algorithms to
increase energy efficiency. As a result, 13.6% energy efficiency is obtained
with the random forest technique (Zeki¢-Susac, et. al, 2021).
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Industrial Strategies

Al is revolutionizing energy-intensive industries by optimizing
production lines and improving equipment maintenance. It can identify
inefficiencies in manufacturing and adjust operations in real-time and detect
early signs of equipment failure, reducing downtime and energy waste. The
fourth industrial revolution, or Industry 4.0, is the idealized state of an economy
that uses highly automated processes to manufacture goods or render services.
One of the most alluring goals for achieving increased energy efficiency with
Industry 4.0 technologies is energy savings. Using cloud computing and Big
Data, an energy management system called Energy Cloud was also
implemented to track energy usage across several industrial locations. Using a
self-aware machine in the framework of Industry 4.0 could also lower
processing costs by conserving energy (Teng et al., 2021).

Edge computing is a service, much like big data and cloud computing,
except it is much closer to the customer. The goal is to give users the impression
that the content feedback and online speed are very quick. The issue of high
latency, network instability, and poor bandwidth in the conventional cloud
computing approach is one that edge computing is crucial to resolving. 5™
Generation mobile networks systems (5G), which brings lower latency and
higher bandwidth, is used in S. Zhao’s study to make energy efficient resource
allocation (Zhao et al., 2023). In another research, Egi & Eyceyurt developed a
system that can select the location of base stations in the most efficient way by
combining 3D point cloud and 2D maps using deep learning. This system
allows base stations to be positioned in a way that they can operate with the
least amount of energy, taking into account the effects of trees and man-made
structures on mobile phone signal levels.

CONCLUSION
Addressing global issues including resource scarcity, climate change, and

rising energy consumption requires energy efficiency. Energy efficiency tactics
have historically depended on manual interventions and static models, which
frequently fall short in addressing the complexity of contemporary energy
systems. Al provides a dynamic approach to energy management through its
skills in automation, optimization, and predictive analysis. This chapter
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addresses practical applications, highlights important research needs, and gives
an overview of how Al techniques are being used to increase energy efficiency.
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INTRODUCTION

The chemical industry is one of the most powerful and diverse parts of
all manufacturing industries (Jenck, et al.2004, Clark and Macquarrie 2002,
Anastas and Warner 1998). The chemicals are used to produce healthcare
products in industries related to pharmaceuticals, food & fertilizers, pesticides,
and herbicides in agriculture textile, transport, aerospace, soaps & detergents,
shipping, electronics, ammunitions, building & road materials, aerospace, and
many other areas (Commoner, 2013, Theodore, and Kunz, 2005). We can say
that starting from the last quarter of the 18th century to the 2025, the chemical
industry has seen many ups and downs and now it is considered as ‘central
discipline’ that links all branches of science including medicine, agriculture,
biology, physics and material sciences, and all branches of basic and applied
sciences, until to date (Downs, and Vogel 1993, National Academies of
Sciences, 2022). . All powerful countries have virtually very strong base in
chemical manufacturing industries and have a very large share in the economies
of industrially developed countries. (Downs, and Vogel 1993). It is well
established that demand for people in this century has increased in this century,
and this has opened a very difficult time chemistry or producing diverse
chemicals. Scientists and economists know that the demand for chemical
products is constantly growing (Das, and Ghosh, 2024, Zhu, 2024).

Some states are emerging in South, far East and western countries with
large populations and economies (Shu, et al. (2024). They seek to improve
standards of life and increase high standards of the healthcare sector, living in
the housing sector, comfortable clothing and using utility in consumer goods
equivalent to the people enjoying in the most developed western countries. This
has induced unprecedented and huge pressure on all types of chemical industry,
so the chemicals used should be considerably clean, safe, sustainable, made
according to the biosafety rules considering compatibility with the environment
(Lobel, et al. 2024) in line with 12 principles of green chemistry as mentioned
below (United States Environmental Protection Agency, Basics of Green
Chemistry, 2017, Krasnodebski, (2024).
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Figure_l. Usiné of green chemicals for extraction chemicals

PRINCIPLES OF GREEN CHEMISTRY

Prevention

Preventing waste is better than cleaning or treating it after its creation.
Therefore, there is need to redesign the chemical processes in factories to
reduce production of hazardous wastes to stop, avoid or minimize pollution
(prevention is better than cure) Or the industrial design should reduce or stop
production of waste.

Atom Economy
Synthetic methods should be designed to process maximized use of all
materials into the final product by maximizing atom economy improving yield
and efficiency by increasing chemical transformations which is described as:
No. of incorporated atoms

Atom Economy% = - x 100
No. of atoms in the reactants

Less Hazardous Chemical Syntheses

Wherever possible, synthetic methods should be used to generate new
compounds avoiding toxicity or using low toxicity to environment for human
health by replacing safer alternatives using green technology selecting low risk
reagents producing safer byproducts.
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Designing Safer Chemicals

New chemical products should have minimum toxicity and must be safe
to use and must be with minimum or no toxicity and produce safer compounds
for human health.

Safer Solvents and Auxiliaries

The auxiliary substances like separation agents, solvents, etc. should be
innocuous (Namieoenik and Wardencki 2000) when used if possible, during
chemical synthesis and generate  nontoxic compounds for human health
following the principles of green chemistry.

Design for Energy Efficiency

Chemical reactions and energy requirements should be recognized for
environmental and economic impacts and be minimized using synthetic green
chemistry methods at ambient temperature and pressure.

Use of Renewable Feedstocks

Renewable raw materials or feedstock should be used whenever
technically and economically possible by using renewable raw material
assuring production.

Reduce Derivatives

Minimize or avoid unnecessary derivatizations or steps, which generate
waste. Therefore, it is better to avoid protection/deprotection, and temporary
process modifications, as they require additional reagents by increasing steps
and generate wastes. More selective and good alternatives synthetic procedures
must be used following green chemistry principles to avoid unnecessary
derivatization whenever possible to avoid generation of waste.

Catalysis

Catalytic reagents must be selective and should be superior to
stoichiometric reagents. It is well known that small amounts of catalysts are
used to carry out a selective reaction and are preferred as stoichiometric
reagents, they reduce reagent base waste, avoid side reactions leading adoption
of green clean technology. They should be softer catalysts e.g. zeolites.
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Design for Degradation

Chemical compounds must be selected to break down them into harmless
products preventing their persistence in the environment. Designing of
degradable environment friendly products is desired. These chemicals must
have small half to breakdown must not be harmful for humans in long run.

Real-time analysis for Pollution Prevention
The development of analytical methodologies is highly important for real-
time to check and-monitor process check/avoid formation of hazardous
compounds and must be further developed process monitored carefully. Their
methods of analysis and monitoring tools should be carefully designed to avoid
the creation of harmful waste.

Inherently Safer Chemistry for Accident Prevention

Chemical process safety involves selecting appropriate substances and
their form to minimize potential accidents like releases, explosions, and fires
avoiding and minimizing accidents like the Bhopal Gas Tragedy in Indian state
of Madhya Pardesh.

The people are aware of a large number of risks and mistakes involved
with the ever-increasing development of chemical industries due to positive
role of social and print and electronic media and is constantly raising voice
against environmental pollution, and other problems etc (Wang, and Wu 2024).
The people have also awareness about countless benefits related to the
development of chemical industries in a number of sectors and branches
(Oliveira, et al.2024). The people are talking about use of different chemicals
in their life which has deteriorated in last >50 years (Dey, et al. 2024). Most of
the chemical industries are counted and ranked equal to or ranked alongside
unpopular, narcotics (heroin, opium, marijuana and hashish etc.), tobacco and
nuclear power industries (Ratshonka, 2024 ).

Moreover, if the statistics about enrolment of high school and universities
is compared, there is remarkable decrease in the numbers of students who
apply to read chemical engineering, chemistry, subjects, and all related basic
science subjects; a reasonable correlation could be seen for these trends (Love
2024). 1t is very important to see that we are not seeing further reduction in
agriculture-based industries that produce food and feedstock, where the interest
of the young students is persistent. The young people seeking careers in
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chemistry (Warner, 2024). We know that we live in period where product
manufacturing could take place on one side of globe and marketing could occur
on the other side of the globe because the developing countries are expanding
their industrial base with remarkable speed (Stewart-Koster, et al. 2024,
Lefevre-Arbogast, et al. 2024). This is becoming persistently possible since the
manufacturing and transport costs are costs are cheaper, which is also becoming
a source of pollution production (Singla, et al.2024). The developing countries
are competing with markets in the developed countries and meeting their
demands for different chemicals operating efficiently using raw materials. They
are producing chemicals at reduced costs with low levels of waste (Aharoni,
and Hirsch 2024, Adeoye, 2024). Disposal of growing pollution and waste
could add to the economic burden. Some countries in the EU have started taxing
the waste and finding pollution (Imran et al. 2024). These countries are also
encouraging measures to reduce pollution and increase greener manufacturing
of chemicals. This chapter consider the importance of green manufacturing by
describing some challenges offered by chemistry-based industries very
carefully about introduction of innovations and Technologies used in the
industry forward in the following years using concept of green chemistry to
improve the living conditions on this planet making it a safe place to live
reduce the risks human trespass due to unsafe use of chemical products
describing the  principles of green chemistry. The measures to waste
minimization less polluting and oxidation reactions using H202 are described
and reduced effects on the environment (Sato et al. 1998, Miyah, et al. 2024).
Manufacture of pharmaceuticals is invariably related to high levels of waste.
There is need to develop practice of green chemistry by designing commercial
catalysts for production of reduced wastes. the use of renewable feedstocks
in chemical production, and the bioproduction of chemicals in industry. This
measure will lead to the chemical industry of the present century being
remarkably different from the one that developed in the last century. The
measures will end up in lowering emissions to water, land and air. which will
be highly compatible with environment (Wang, et al. 2024). Rekha Panda, et
al.  (2024).) and describe more interesting tools in sonochemistry. by
sonochemical synthesis, using ultrasound for environmental protection in
combination with sono and electrochemistry. Microwave-assisted reactions can
be used to reap additional proved benefits of alternative energy sources
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(Fernandez, et al. 2024). Organic synthesis using pressurized microwave
systems is desired. Use of photons in photochemistry offers several advantages
over traditional reactions including lower reaction temperatures and control of
reaction selectivity (Ali, et al. 2024). Fuel cells represent one of the most
exciting and often cited examples of possible cleaner energy technologies for
the future. fuel cell applications in transport, stationary power generation and
battery replacement applications (Tariqg, et al. 2024, Qasem, et al. (2024).
Alternative solvents should be considered as the future of fuel cells and should
be considered as the major entry in the green chemistry toolkit. They have
enormous research (San José, et al. 2024). The use of water, supercritical
fluids, and ionic liquids should be considered. Supercritical fluorous biphasic
systems carbon dioxide, and supercritical water need detailed considerations
(Dupont et al. (2024). More study and discussion cover the use of supercritical
CO;, for catalyst recycling, product separation and simultaneous use of the fluid
as a reagent and solvent (Nunes, et al. 2024). Fluorous biphasic systems could
make the ingenious system of inventions for green chemistry (Ponnumsamy, et
al. (2024). Finally, study of the relationship between fluorous and supercritical
CO; media could show economic feasibility for fluorous biphasic chemistry
(Baricelli, et al. 2024). The concept of green chemistry is widely accepted in
technology and in principles globally (Krasnodgbski, 2024) good number of
green chemistry examples and has crossed lines of economic environmental,
and societal benefits there are larger challenges ahead (Huang, et al. 2024). The
chemical industry of the twenty-first century will accept and embrace the
principles of green chemistry through higher atom efficiency with better
utilization of raw materials, with less waste, and safer reactions (Chandy, et al.
2024).

Benefits

Environment: Several chemicals are mixed and released into environment
on purpose (like pesticides to Kill insects and weeds) while others are sent to
the environment accidentally or unintentionally (like emissions of motorcars,
and factories). Paradoxically the green chemicals could be recycled or broken
down into nonhazardous chemical compounds. They minimize pollution or do
not pollute the environment and deteriorate ecosystems. They are not hazardous
for human health and eliminate persistently toxic chemical compounds into
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food chain; and degrade rapidly. They add no or little hazards to drinking and
recreational water.

They increase the safety of laborers in chemical sector leading to low
risks of mishaps (like explosions or fires). These practices will lead to safe
future products like pharmaceuticals, insecticides and others. Economy: they
have positive effects on the economy requiring less feedstock by doing away
with expensive remediation. quicker manufacturing, saving energy and water.

CONCLUSION

Developing countries are producing chemicals at lower costs, increasing
pollution and economic burden. EU and many other countries are taxing waste
or making laws to discourage reduction of pollution, using greener
manufacturing practices. Green chemistry practices include waste
minimization. Green chemistry is a revolutionary and emerging technology.
Nano-fertilizers, nano pesticides as well as plant transformation gene delivery
applied to agriculture have the potential to disrupt many of the great problems
facing humanity in the coming days. It is expected that use of renewable
feedstocks, bioproduction, sonochemistry, microwave-assisted reactions,
organic synthesis, photons, fuel cells, and alternative solvents will improve
living conditions and standards of life in the future.
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INTRODUCTION

Population growth in recent years, severe water scarcity, degradation of
usable agricultural land, unsustainable energy consumption, weather,
temperature and precipitation changes, deficiency in waste management,
problems such as ever-increasing food demand pose challenges to agricultural
production and threaten global food security. It is important to integrate new
models and technologies into the conventional agricultural system in order to
reduce the negative effects of poverty and economic crises that come with these
challenges. Technological applications in agriculture have evolved
significantly to increase yield and quality to meet global food demand. An
exponential increase in the use of plant breeding, chemical fertilizers,
pesticides, herbicides, irrigation, and other yield-enhancing inputs has
significantly boosted food production to meet the needs of a growing
population (Evenson and Gollin, 2003). However, the increasing intensity of
agricultural production and the accompanying, cultivation-oriented growth
models lead to environmental degradation, ecosystem deterioration, and
depletion of natural resources. The reason is the serious health problems that
develop due to the frequent use of chemicals and drugs, various environmental
damage resulting from unsustainable agricultural applications, and the
production of approximately 25% of global greenhouse gas emissions that lead
to climate change, carbon emissions, and the degradation of natural capital
(IPCC, 2019). Due to yield consumption and environmental concerns, the
development of green innovations and the use of smart agricultural systems
became more crucial (Sundmaeker et al., 2016).

In addition to eliminating the difficulties in strategic sectors such as
agriculture and production, a new strategy is needed to promote food security.
These strategies can be possible with the use and development of sustainable
agricultural technologies and innovative ideas and can also be evaluated as the
main factor of economic growth and social transformation (Rockstrom et al.,
2017). This type of agriculture - based environmentally friendly technology is
called Green Technology.

Environmentally friendly innovative technologies play an important role
in the development of sustainable agriculture by contributing to environmental
concerns with their development (Arenhardt et al., 2016). Such environmental
technologies and innovations are generally called "clean technologies"”. Green
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technology or clean technologies are trying to mitigate the negative effect of
fossil fuels, pollutants, and chemicals on the environment. These technologies
and innovations can help close the gap between growth and sustainability as
they reduce negative impacts on the environment and improve productivity,
efficiency and operational performance. The general purpose of these smart
agricultural technologies is to apply the input with the right methods within the
scope of feasibility studies and to solve the negativities experienced in
agricultural production (Abdel-Fattah et al., 2021). Accordingly, it is to bring
innovation and changes in daily life by meeting the needs of the generation
without harming biodiversity and to minimize rural environmental concerns
with the use of green technology. The main goal of the green technologies
applications in agriculture is to look for an alternative to achieve the
sustainability of Mother Nature, the development of the best application model,
and the design of technology that will save the environment without
compromising growth. The cutting-edge green technologies are wind energy,
bioenergy, biofuel, biogas, biomass, micro and small hydroelectric, improved
geothermal energy, bio-transgenic, organic agriculture, water mill and solar
energy, etc. Besides, smart agricultural technologies that have been rapidly
developing in recent years; advanced sensors, drones and satellite images
support green technologies. These use renewable resources, increase cost and
resource efficiency, develop and support economic growth, reduce production
costs, increase resilience against environmental challenges, and play an
important role in the production of agricultural output, resulting in higher
production lands and clean environment and healthy products. These
environmentally friendly applications help the agricultural sector to cope with
possible crises and create a sustainable agricultural economy, and maintain
financial stability, while also contributing to the protection and efficient use of
water and other resources, reducing chemical impacts and increasing
agricultural productivity. Green innovation offers innovative solutions and
opportunities for employment, growth, development and the economy.
Especially in the last decade, there has been a significant increase in research
on these green applications that reduce the damage caused by agriculture, which
has become a major threat to human life, to the environment and provides
economic profitability (Fliaster and Kolloch, 2017).



123 | GREEN REVOLUTIONARY TECHNOLOGIES

GREEN AGRICULTURAL BIOTECHNOLOGY

A significant portion of the world's population earns its living through
agricultural activities, especially in developing countries, that cause an increase
in greenhouse gas emissions, pollution of resources and waste due to the use of
agricultural drugs, fertilizers and chemical substances. These pollutants
negatively affect human health, biodiversity, ecology and the environment
(Rockstrom et al., 2017). Therefore, it is necessary to create and increase
effective and innovative green methods to make a transition to sustainable
development (Schaltegger et al., 2017). The field of agricultural biotechnology,
as a potential solution utilizes living organisms for this purpose. It focuses on
improving agricultural applications, crop productivity, the quality of
agricultural products, and optimizing the use of resources. It involves
methodology of scientific principles tissue culture, genetic engineering and
molecular biology such as transgenic plant, genome editing, protoplast fusion,
polyploidy, and others to enhance plants for agricultural green biotechnology.
Overall, biotechnology plays an important role in minimizing excessive
agricultural drugs, especially pesticides, to meet environmentally friendly
production demands (Grung et al., 2015).

A Revolutionary Green Technology for Environmental and

agricultural Sustainability: Genetically Modified Crop

Trans-genetic plant production technology has provided revolutionary
progress in the production of genetically modified organisms (GMOS) since its
emergence in the 1990s. This process is based on recombinant DNA
technology, and the desired agricultural characteristics are given to the target
plant species by adding foreign genes. Thanks to this technology, it has become
possible to develop crops with high yields, increased nutritional value and
tolerance to various environmental stress conditions. Although GMO plant
production is a subject of debate, it makes significant contributions to
increasing agricultural productivity and improving global food security
(Garland & Curry, 2022). Modern agricultural biotechnology methods offered
by recombinant DNA technology make it possible to transfer desired
agricultural characteristics to target plant species in a much shorter time, in a
controlled and specific manner, compared to traditional breeding techniques.
Moreover, the need for parent plants to be closely related, along with the
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laborious and time-consuming processes and limiting factors such as
uncontrolled genetic mutations associated with traditional methods, has led to
the rapid adoption and pioneering of modern biotechnological technigues.

Thanks to genetically modified organisms (GMOs), agricultural products
are made more resistant to environmental stresses such as diseases and pests,
contributing to the reduction of the use of agricultural drugs such as chemical
herbicides and pesticides, optimizing nutritional needs and developing rich
nutritional profiles.

In addition, the other technology that is the most important agenda of
plant breeding is CRISPR/Cas9 (clustered regularly interspaced short
palindromic repeats) system is among the groundbreaking environmentally
friendly applications in agricultural production. In short, CRISPR/Cas9
technology creates incisions in the plant genome through Cas proteins, leading
to precise gene editing and the breeding of new plant varieties with desired
characteristics (Hamdan et al., 2023). However, it has been revealed that these
varieties are more productive, more durable and have improved nutritional
value compared to classical methods. Obtaining plants that are resistant to pests
and diseases and have improved nutritional value can make significant
contributions to the protection of resources such as soil and water and to the
reduction of environmental pollution and health risks by minimizing the use of
pesticides, chemical fertilizers and other harmful substances that pollute the
environment. The CRISPR/Cas9 technology improves the revival of
endangered plant species and the promotion of genetic diversity. Currently,
CRISPR/Cas9 technology has been used to improve approximately 120 crops,
including staple crops such as rice (Yuyu et al., 2020; Alam et al., 2022), wheat
(Gupta et al., 2023) and potato (Alok et al., 2023; Cardi et al., 2023).

Thus, GM and CRISPR/ Cas technologies assist green technology
applications in line with sustainable development goals by producing precise,
efficient and cost-effective solutions in agricultural production on a global
scale. However, it is important that these technologies are align with ethical
rules, concerns arising from public awareness and risk assessments.

Microbial Fertilizers in Green Biotechnology
The most important factor in increasing the efficiency of agricultural
production is the application of chemical fertilizers. Although the widespread
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use of chemical fertilizers is important in increasing the crop yield, it damages
the soil profile, physicochemical properties and microbial community structure
and limits the sustainable development of agriculture (Szilagyi-Zecchin et al.
2016). Nitrate leakage, residues of inorganic fertilizers such as sodium nitrate
and ammonium chloride can cause groundwater pollution and the production
of greenhouse gases. These negativities can threaten the basis of agricultural
production in the long term. In order to cope with these problems, it has become
necessary to develop sustainable and environmentally friendly alternatives. In
this context, increasing the efficiency of microorganisms by using natural and
beneficial microorganisms such as bacteria, fungi, actinomycetes, including
algae , as well as metagenomics and similar innovative biotechnological
approaches has supported the development of microbial fertilizers.

Microbial fertilizers, as biological fertilizers, contain a wide variety of
microorganisms. These fertilizers increase the diversity of beneficial
microorganisms such as fungi and bacteria in the soil by preserving the
structure of the soil and the balance of microbial communities, alleviating soil
compaction and balancing productivity (Liu et al. 2022). Biofertilizers support
ecosystem health by causing less damage to the environment than chemical
fertilizers and are more reliable because they are used in smaller amounts.
Besides, these fertilizers can quickly adapt to the environment, show their
effects in a short time, have a low risk of turning into pathogens or resistant
pests, and contribute to agricultural sustainability since they do not show any
negative effects on soil, plant and animal life (Suyal et al. 2016).

Some rhizosphere microorganisms contained in microbial fertilizers can
fix atmospheric nitrogen (bacteria), increase the solubility of potassium and
phosphorus in the soil (fungi) and release them, and make them available to
plants for water and essential nutrients (Nanaware et al. 2024). These
microorganisms regulate the pH of the soil, increase the organic carbon content
and increase plant tolerance to diseases. Due to their environmentally friendly
organic structure, they have an important role in terms of reducing dependence
on chemical fertilizers and supporting the biodiversity of the soil.

Rhizobacteria (PGPR) as a green environmental technology
Plant Growth Promoting Rhizobacteria (PGPR) found in microbial
fertilizers have a significant place in sustainable agricultural practices
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(Kloepper et al. 1989) and growth in a wide range with many plant species
(Compant et al. 2005). PGRP can function as defense regulators as well as
supporting plant growth by immobilizing nutrients, decomposing soil nutrients,
and converting them into usable forms by plants (Kloepper et al., 1980). By
making free nitrogen in the soil usable by plants, PGRPs can contribute to the
prevention of environmental pollution via minimizing the use of nitrogenous
fertilizers.

In addition, they can be effective in combating climate change by
reducing greenhouse gas emissions. Phosphorus, potassium and some insoluble
micronutrients in the soil can be solubilized and be used more efficiently
(Ahemad and Kibret , 2014). Soil pH can be balanced with organic acids such
as citric acid, gluconic acid, etc. (Seshadri et al., 2000). The uptake of nutrients
such as iron in the soil by plants can be increased through Siderophores
synthesized (Liu et al., 2014; Rai and Nabti , 2017). These microorganisms play
a key role in synthesizing phytohormones essential for plant growth and
development, while also inducing the ACC Deaminase enzyme, which reduces
ethylene production in plants under stress (Glick et al., 2007). PGPR Pantocin
facilitates the management of diseases by exhibiting antipathogenic activity
through the production of various antibiotics and growth inhibitors such as
bacteriocins, including oomycin, and allows the reduction of agricultural
chemical inputs (Kloepper et al. 1980; Richardson and Simpson 2011;
Fernando et al. 2005). Furthermore, due to the protective enzymes they
synthesize and show biopesticide effect and provide product protection,
therefore, they can be an alternative to the dependence on synthetic fertilizers
and pesticides (Banerjee et al. 2006). (De Andrade et al. 2023; Hasan et al.
2024; Egamberdieva et al 2019).

CONCLUSION

The development of biotechnological methods plays a key role in
ensuring  agricultural  sustainability.  Biotechnology-supported  green
technologies can transform agricultural industries into not only a more efficient
but also an environmentally friendly production model. These innovative
approaches have the potential to contribute to global food security by offering
environmentally friendly alternatives while minimizing environmental impacts.
These green agricultural biotechnology innovations can revolutionize
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agriculture, providing both economic and environmental gains. In this context,
they can increase soil fertility, improve yield and quality, and promote plant
growth while minimizing negative environmental impacts. As a result,
biotechnology has tremendous potential in transforming traditional agriculture
into a more sustainable and green agriculture.
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