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1. INTRODUCTION 

1.1. Description of the Project  

Wind energy is a clean and renewable energy source, which is created by using 

the speed of the wind. By turning the blades of a wind turbine, an electrical 

generator produces electricity. As a strategy to lessen our reliance on fossil fuels 

and mitigate the effects of climate change, wind energy has gained popularity in 

recent years. It can be used in both urban and rural areas and is a cheap, 

dependable source of electricity. Technology for producing wind energy is 

advancing quickly, making it an increasingly appealing option for supplying our 

energy requirements. Electricity, water pumping, and grain grinding are all 

produced using wind energy. In addition to these more conventional applications, 

wind energy is increasingly used to power residences, commercial buildings, and 

to refuel electric vehicles.  

Along with the emergence of COVID the daily life that is known changed and 

it is still changing over the years. The effect of the pandemic on people also forced 

people to stay in quarantine. As the people are not accustomed to living within 

their homes indefinitely, many of the population have asked to go outside and get 

rid of this effect of limitation. The common desire to live freely lead many of the 

families to buy a RV (Recreational Vehicle). Like the many of the countries, the 

quarantine rules of Turkey also let the RV owners to stay inside their RVs and 

travel with their vehicles during the COVID. The owners of RVs have 

significantly increased, and it is still increasing. Although energy demand of RVs 

is much lesser than the houses, many of the people wants to get cheaper and 

renewable energy to get both clean and economically sustainable. Wind turbines 

have become increasingly used as a source of renewable energy for RVs. These 

small, portable wind turbines can be mounted on the roof or exterior of an RV, 

providing a reliable source of electricity while on the road. Living off-grid is one 

of the main advantages of installing a wind turbine in an RV.  

A wind turbine can offer a reliable source of power without the need for these 

external connections that campground hookups or generators typically provide 

for RVs. Travelers who want to spend a lot of time in remote areas or who want 

to lessen their impact on the environment while traveling will find this to be 

especially helpful. The wind power in RVs has mostly used with the solar power 

to get higher energy production capacity by using hybrid systems. By using the 

wind energy when the RV is parked or the weather conditions are not comfortable 

for the solar energy, the vehicle can close the energy gap. The opposite situation 

can be occurred when there are no winds. Although the problem can be solved by 
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switching the energy sources, the installation stages of wind turbines creates 

another problem for the RV owner since it takes a lot of time and energy to finish 

the setup.  

1.2. Main Objective of the Project  

In this project, our goal is to fix the problem of installation of wind turbines 

in RVs and make it usable while the vehicle is on the road or in a parking state. 

The main idea is designing a folding wind turbine placed on the RV which can 

be operated by a remote controller. Having an automatic folding wind turbine 

will increase the energy efficiency by using the aerodynamics of the RV. 

1.3. Expected Benefits/Outcomes of the Project  

Providing continuous and off-grid energy source for a fully equipped RV will 

lower the cost of energy and since the component that we aim to achieve will be 

controlled remotely, it will also eliminate the turbine installation step. This will 

create a more efficient, practical and eco-friendly energy source for a RV. 

2. MATERIAL AND METHOD 

2.1.  Review of the Current State of the Art  

The use of wind turbines on RVs is a relatively recent development. First 

attempts to use a wind turbine on RVs started on early 2000s. These early wind 

turbines were small, portable units that were designed to be mounted on the roof 

of an RV or to the ground. They were typically used to charge the batteries of the 

RV, allowing the occupants to use electrical devices while off the grid. Over time, 

wind turbines for RVs have become more sophisticated and efficient.  

Today, it is possible to find wind turbines that are specifically designed for 

use on RVs, with features such as foldable blades for easy storage and transport. 

These wind turbines are often used in conjunction with solar panels to provide a 

reliable source of power for RVs, particularly for those who enjoy boondocking 

(camping without hookups). Wind turbines for RVs are typically small, with 

blade diameters ranging from 1 meter to about 2 meters. They are generally not 

as powerful as larger wind turbines used for utility-scale electricity generation, 

but they are well-suited for the smaller energy needs of an RV. In addition to 

charging batteries, wind turbines for RVs can also be used to power small 

appliances and electronic devices. 
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2.2.  Relevance of the Project with the Current State of the Art  

The current wind turbine systems that are used for RVs are heavy, hard-to-

install and can not be used while the vehicle is moving. Our approach and solution 

for this subject is to create a folding wind turbine system which can be used for 

both on the road and parking state.  

 

Fig 1.1: A conventional wind turbine system which is installed near a RV.[9] 

 

2.3.  Method  

2.3.1 Electrical System and Components of a RV 

RVs have two major electrical systems; one is DC and the other one is AC. 

The working principle of an AC system is much more similar of a house when 

the DC system is similar to a car. Since the RV is a combination of a living place 

and vehicle at the same time, the system must also use and mix these two 

principles. 

The appliances like air conditioning, microwave etc. are using AC 

power system because of their big energy need, while the things like lights, 

fans, TV are using DC power system. The two RV electrical systems are con-

nected so that if you have AC power, it will charge the batteries for the DC sys-

tem by using a device called inverter. The utilization of an inverter is very com-

mon in the energy industry since we deal with the AC and DC power systems in 

order to get electrical output.  
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Fig 1.2: An illustration of an RV system with basic components and applian-

ces.[8] 

 

2.3.2 Solar and Wind Systems on RV 

Since the solar panels create a DC energy, it can be constantly used to charge 

the RVs’ batteries. Although, the wind turbine creates AC energy that is needs to 

be converted to DC to use it on RVs’ batteries. Instead of using it for charging 

the batteries, we can use it as an AC power source for powering the appliances 

which needs more electrical energy.  

                                                    
Fig 1.3: A RV powered by the solar panels on the roof and a wind turbine that is 

installed on the ground.[12] 
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2.3.3 Basic Electricity Components of RVs 

RVs, or recreational vehicles, typically have several electrical components 

that allow them to function properly and provide electrical power for various 

devices and appliances. Some of the basic electrical components found in RVs 

include: 

2.3.3.1 Batteries 

RVs often have one or more batteries to store electrical energy and provide 

power when the RV is not connected to an external power source. 

 

Fig 1.4: Batteries which are installed in a RV in Başkent Caravan.  

2.3.3.2 Inverters 

Inverters convert direct current (DC) electricity from the batteries into 

alternating current (AC) electricity, which is used to power most appliances and 

devices found in an RV. 
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Fig 1.5: An inverter that is used for RVs in Başkent Karavan 

 

2.3.3.3 Electrical Panel 

The electrical panel, also known as a breaker panel, is a central location where 

the RV's electrical system is managed and controlled. It contains circuit breakers 

that protect the RV's electrical system from overloading and fuses that protect 

individual circuits. 
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Fig 1.6: An inside of an electrical panel.[11] 

 

2.3.3.4 Shore Power Cords 

RVs often have a shore power cord that allows them to be connected to an 

external power source, such as an electrical outlet or a generator, to recharge the 

batteries and power appliances and devices. 

 

Fig 1.7: Shore power cord which is connected to a RV.[10] 
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2.3.3.5 MPPT Charge Controller 

A maximum power point tracker (MPPT) is a device that is used to optimize 

the power output of a photovoltaic (PV) system by adjusting the electrical load 

on the PV array to match the maximum power point of the system. It achieves 

this by continuously monitoring the PV array's voltage and current output and 

changing the load to draw the most power possible. By enabling the PV system 

to function at its maximum power output, which can lead to increased energy 

production and possibly lower overall costs, this can boost the system's 

efficiency. Both on-grid systems with battery backup and off-grid PV systems 

frequently employ MPPTs. 

 

 

Fig 1.8: A solar regulator model which is commonly used in Başkent Caravan. 

 

2.3.4 Solar Power System Components 

2.3.4.1 Solar Panels 

A solar panel is a device that uses solar energy to create electricity. It is 

constructed of photovoltaic (PV) cells, which are built of silicon-based 

semiconductors. The PV cells' exposure to sunlight excites the semiconductor's 

electrons, which then produce a current. After passing through a number of 

electrical parts, including a solar charge controller or an inverter, this current is 

transformed into a form that may be used to power electrical appliances.  
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Solar power can be produced via on-grid or off-grid systems, and is frequently 

utilized to power residences, companies, and other buildings.A solar panel is a 

device that uses solar energy to create electricity. It is constructed of photovoltaic 

(PV) cells, which are built of silicon-based semiconductors. The PV cells' 

exposure to sunlight excites the semiconductor's electrons, which then produce a 

current. After passing through a number of electrical parts, including a solar 

charge controller or an inverter, this current is transformed into a form that may 

be used to power electrical appliances. Solar power can be produced via on-grid 

or off-grid systems, and is frequently utilized to power residences, companies, 

and other buildings. 

 

Fig 1.9: Two solar panels from Başkent Caravan. The values are from Lexron 

LXR-205w 

2.3.4.2 Solar Cable 

A solar cable is a type of electrical cable that is specifically designed for use 

in solar power systems. It is used to connect the various components of a solar 

power system, such as the solar panels, inverters, and storage batteries.  

Solar cables are typically made from high-quality materials that can withstand 

the harsh conditions found in solar power systems, such as exposure to sunlight 

and extreme temperatures. They are also designed to be highly resistant to 

corrosion, which is important in outdoor environments. Solar cables are an 

important component of any solar power system, as they are responsible for 

transmitting electricity from the solar panels to the other components of the 

system. 
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Fig 2.0: Solar cable that is used in Başkent Caravan. 

2.3.5 Wind Power System Components 

A wind turbine is a device that transforms the kinetic energy of the wind into 

electrical energy. A rotor with blades and a generator are the components of a 

wind turbine, which is mounted on a tower. When the blades of the generator are 

blown by the wind, a shaft attached to it rotates. The generator converts the 

rotating shaft's mechanical energy into electrical energy that can be used to power 

structures like homes and businesses. 

                                            
Fig 2.1: Installed system components. [9] 
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2.3.6 Energy Need of a RV 

Use of wind and solar energy is important for boondocking RV owners. 

Boondocking is a phenomenon of camping outside on an undesignated 

campground without hookups to electricity on shore power. For simulation 

purposes, total daily consumption is assumed to be 4.5 kWh, and an energy 

consumption value is assigned to each hour. The most energy-consuming device, 

the air conditioner, is assumed to run 8 hours per day, resulting in a daily energy 

consumption of 4 kWh. 

 

 

 

 

 

 

 

 

 

Table-1 Calculated energy consumption for a RV with following items 

above.[9] 

The values and types of solar panels and wind turbine is not clear yet. The 

assumptions below will change in the future. 

The following components are assumed to be installed in the vehicle: six units 

of 285 W monocrystalline photovoltaic panels, a 1 kW permanent magnet 

synchronous wind generator with a 12.5 m/s wind speed, two 60 An MPPT’s 

(Regulators) with control panels, a 4 kW inverter with a control panel, and six 

units of 240 Ah, 12 V gel type batteries. Although turbines with permanent 

magnet synchronous generators are more expensive, their compact and light 

structure makes them better suited for mobile applications. Deep discharge, 

overcharge, and a high number of cycles are more tolerable in sealed lead acid 

mono-block gelled electrolyte batteries. 

The system has two main energy production sources, and one energy storage 

unit. The measurements of an energy storage unit are calculated to provide 1.5-2 
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days of autonomy, so that storage units can provide power for 2 days even if there 

is no sun or wind energy available. This is based on a daily load profile. 

2.3.7 Yearly Wind and Solar Data 

 

Table-2 Monthly average daily radiation on a unit surface for Ankara, Tur-

key.[13] 

The system is intended for Ankara, Turkey's capital city. In photovoltaic 

power generation calculations, solar radiation values on a unit surface in Ankara 

were taken from and illustrated in the figure below. Similarly, wind speed values 

collected from a Davis instrument measurement station at 30 meters height were 

used in wind turbine power generation estimates. [13] 

 

 

 

 

 

 

Table-3   Best monthly Weibull parameters for Ankara, Turkey.[13] 
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Introduction 

Sustainable living is a lifestyle considers environmental, economic, and social 

factors together, aiming to make decisions that address the needs of future 

generations. Sustainability means meeting today's needs while also taking into 

account the needs of future generations. This concept has emerged as one of the 

most targeted ideas on a global scale in recent years. Major environmental issues, 

such as climate change, depletion of natural resources, biodiversity loss, and 

pollution caused by petroleum-based plastics, reveal the urgency of the transition 

to sustainable living. 

Since the mid-twentieth century, the term "plastic age" has been used to 

describe the period marked by the widespread use of petroleum-based plastics, 

which began in the 1940s. During this time, the production and use of plastic 

materials rapidly increased, with plastics replacing other materials in many 

industries (Thompson et al., 2009). Particularly from the 1950s onward, the 

proliferation of single-use plastic products and packaging has made plastics an 

inseparable part of daily life (Jambeck et al., 2015). However, the increasing 

presence and usage of plastics in every aspect of life have led to the issue of 

plastic pollution (Rochman et al., 2016). Today, there is even a "seventh 

continent," formed solely from the accumulation of plastic waste (Lebreton et al., 

2017). It is known that the main reason why these materials create increasing 

waste over time is that petroleum-based plastics can remain in nature for 

thousands of years without biodegrading (Andrady, 2011; Zhang et al., 2020; Xu 

et al., 2024). 

Currently, over 300 million tons of petroleum-based plastics are produced 

each year (Plastics Europe, 2021). This figure shows an increasing trend, as 

plastic demand continues to rise in both industrial and consumer sectors (Geyer 

et al., 2017). If this trend continues, total plastic production is expected to exceed 

9 billion tons by 2024 (Jambeck et al., 2015). Recent studies have demonstrated 

that the breakdown of plastics in the environment releases harmful chemicals, 

which accumulate in food chains, affecting biodiversity and ecosystem services 

(Lebreton et al., 2017). Research reports have confirmed that the degradation of 

petroleum-based plastics has resulted in micro- and nano-sized plastics reaching 

human blood, and even being detected in breast milk, which is supposed to be the 

cleanest (Liu et al., 2021; Zbinden et al., 2022). This situation has led to an 

increased awareness of the negative impacts of plastics on humans and the 

environment (Rochman et al., 2016). Addressing plastic pollution requires 

growing public awareness to promote comprehensive policy interventions, 
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innovative waste management solutions, and sustainable consumption and 

production practices (Jambeck et al., 2015). 

In this context, bioplastics are emerging as a significant alternative to 

traditional plastics and play a crucial role in achieving sustainable living. 

The Concept of Bioplastics 

Bioplastics are materials derived from natural resources, typically produced 

from renewable raw materials, and are largely biodegradable. These materials are 

obtained from biological sources such as starch, cellulose, chitin, and fatty acids. 

Bioplastics have the potential to revolutionize the plastic industry and have 

numerous applications. However, it is also important to note that not all plastics 

labeled as bioplastics are 100% biodegradable. 

Differences Between Biologically Originated and Biodegradable Plastics 

Bioplastics can generally be categorized into two main groups: biologically 

originated and biodegradable plastics. 

Biologically originated plastics are produced from biological sources, such as 

plants or microorganisms. However, not all of these materials have the ability to 

decompose biologically under natural conditions (Kumar et al., 2020). For 

instance, the most well-known bioplastic type, PLA (Polylactic Acid), has gained 

popularity particularly in the form of filaments for 3D printing, entering homes 

and everyday use (Khan et al., 2021). PLA is termed a bioplastic because it is 

biologically originated, but it can not degredate in nature for many years and only 

exhibits biodegradable properties under industrial composting conditions 

(Dussault et al., 2018). Similarly, Bio-PE (Biological Polyethylene), derived 

from sugarcane, has characteristics similar to traditional polyethylene, despite 

being produced from biological sources (Reddy et al., 2013). Polyamide 11 

(PA11) is produced from fatty acids derived from trees and is widely used in 

many industrial applications, but it is not biodegradable (Saini et al., 2018). Bio-

PP (Biological Polypropylene) is also derived from biological sources but does 

not possess biodegradable properties (Pereira et al., 2020). 

Biodegradable plastics, on the other hand, are materials that can be 

decomposed by microorganisms through natural processes. These types of 

plastics can rapidly biodegrade under suitable conditions (e.g., compost 

environments) (Thompson et al., 2009). Biodegradable plastics, such as PHA 

(Polyhydroxyalkanoates), are produced by bacteria and can decompose in natural 

environments within a few months (Khatami et al., 2019). Similarly, PBAT 

(Polybutylene Adipate Terephthalate) is categorized as a biodegradable plastic 
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and is commonly used in film and packaging applications (Wang et al., 2018). 

PBS (Polybutylene Succinate) is a biodegradable polymer utilized in various 

applications (Zhang et al., 2021). Starch-based plastics, derived from foods such 

as sugarcane, potatoes, and corn, are commonly used in food packaging and 

single-use products, decomposing significantly faster than traditional plastics 

(Bashir et al., 2020). Plastics made from cellulose are often used in films and 

coatings, while chitosan-based plastics, derived from the shells of crustaceans, 

possess biodegradable characteristics (Raghavan et al., 2021). 

The fundamental difference between these two types of plastics is that 

being biologically originated does not guarantee biodegradability. A 

plastic can be made from biological sources but may not decompose 

biologically depending on environmental conditions. Biodegradable 

plastics, however, have direct potential to provide environmental benefits. 

Environmental Impacts 

The positive environmental impacts of bioplastics, emerging as alternatives to 

traditional petroleum-based plastics, are critical for achieving sustainable living. 

The reliance on fossil fuels in the production of traditional plastics is a significant 

issue, as these are non-renewable resources and produce substantial greenhouse 

gas emissions that contribute to climate change (Friedrich & Wenzel, 2020). 

Since bioplastics are produced from renewable resources, they reduce this 

dependency (Duflou et al., 2012). This transition not only significantly reduces 

total energy consumption but also leads to greenhouse gas emissions during 

bioplastic production being 85% lower than those from traditional plastics 

(Huang et al., 2018). While traditional plastics can persist in nature for hundreds 

of years, bioplastics are characterized by their ability to decompose biologically 

within a few months under specialized composting conditions (Hakkarainen & 

Kautto, 2020). This facilitates waste management and minimizes environmental 

impacts (Aguado et al., 2019). The ability of bioplastics to decompose helps 

reduce soil and water pollution, as they can break down rapidly before reaching 

aquatic environments (Bacelar et al., 2020). 

Economic Benefits 

The economic advantages of bioplastics significantly impact the adoption of 

sustainable living. The initiation of bioplastic production and the transition to 

industrial-scale bioplastic manufacturing create new job opportunities in 

agriculture and industry (Nizami et al., 2017). The cultivation of bioplastic raw 

materials provides farmers with new income sources, while utilizing industrial 



27 

waste as raw material contributes to waste management (López et al., 2020). 

Bioplastics can be easily integrated into a circular economy model (Geissdoerfer 

et al., 2018). Recycling or composting bioplastics after use allows waste to 

transform into valuable resources (Pivnenko et al., 2016). As technology 

advances, the production costs of bioplastics are also decreasing (Duflou et al., 

2012). By using waste materials instead of food as raw materials, production costs 

are reduced, enhancing sustainability (Rujnić-Sokele & Pilipović, 2017). This 

situation is causing the market share of bioplastics to increase steadily (Khan et 

al., 2021). 

Social Awareness 

The use of bioplastics has begun to raise awareness of sustainable lifestyles 

among individuals and communities (Zhou et al., 2020). This process contributes 

to the development of environmental sustainability consciousness within society 

(Pérez et al., 2021). Educational programs, workshops, and campaigns are 

methods used to create awareness about the benefits of bioplastics (López-

Rodríguez et al., 2020). Additionally, especially in today's context where the 

impacts of climate change are starkly visible, it has been observed that consumers 

are shifting toward environmentally friendly alternatives, leading to increased 

demand for these products in the market (Coyle, 2021). 

Future Directions 

Advancements in bioplastic technology will enhance the performance of these 

materials, allowing for a broader range of applications. Research is progressing 

towards reducing costs and increasing durability. In improving the mechanical 

and thermal properties of bioplastics, the inclusion of 100% biodegradable 

additives is becoming increasingly important. Utilizing organic waste as raw 

material and ongoing studies on the recycling and reuse of bioplastics will 

contribute to the establishment of a sustainable economic model. 

General Framework for Current and Future Regulations 

The European Climate Law, published in 2021, outlines the EU's goal to 

reduce carbon emissions by 55% by 2030 compared to the pre-industrial era and 

to become the world's first carbon-neutral continent by 2050 as part of the Green 

Deal (European Commission, 2021). In line with these objectives, the EU has 

introduced the Carbon Border Adjustment Mechanism (CBAM) within the Fit 

For 55 package, which imposes carbon pricing on imports for certain sectors 

(Zhang et al., 2021). The upcoming CBAM regulation, expected to cover multiple 

sectors, has prompted businesses to prepare accordingly (Böhringer et al., 2021). 
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To maintain future competitiveness, many organizations are already calculating 

their corporate carbon footprints and implementing carbon reduction projects 

(Köhler et al., 2021). Additionally, efforts related to the plastic sector will 

commence by 2026. The effectiveness of bioplastics in reducing carbon 

footprints compared to petroleum-based plastics will facilitate compliance with 

these regulations (Müller et al., 2020). 

The global impacts of waste from single-use plastic products, which are often 

used once or for a short duration, are significant for both the environment and 

human health (Jambeck et al., 2015). The likelihood of single-use plastics 

entering our oceans is considerably higher than that of reusable alternatives 

(Rochman et al., 2013). The ten most commonly found single-use plastic products 

on European beaches represent 70% of all marine litter in the EU (European 

Commission, 2020). The EU aims to be a leader in the global fight against marine 

litter and plastic pollution (European Parliament, 2019). EU regulations seek to 

reduce the volume and environmental impact of specific plastic products 

(European Commission, 2018-a). 

Through its Directive on Single-Use Plastics, the EU applies different 

measures to various products. These measures are tailored to achieve the most 

effective outcomes and consider the availability of more sustainable alternatives. 

The Directive addresses ten items: cotton swabs, cutlery, plates, straws and 

stirrers, balloons and balloon sticks, food containers, beverage cups, beverage 

containers, cigarette butts, plastic bags, packaging, and hygiene products. 

According to the Directive, single-use plastic products may not be placed on the 

market in EU Member States where sustainable alternatives are readily available 

and affordable. This ban applies to cotton swabs, cutlery, plates, straws, stirrers, 

and balloon sticks. Additionally, it will apply to cups, food and beverage 

containers made from expanded polystyrene, and all products made from oxo-

degradable plastics (European Commission, 2018-b). 

For other single-use plastic products, the EU focuses on limiting their use 

through: 

 Awareness-raising measures to reduce consumption 

 Design requirements such as attaching caps to bottles 

 Labeling requirements to inform consumers about the plastic content 

of products, disposal options to avoid, and the environmental harm 

caused if products are discarded in nature 



29 

 Waste management and cleanup obligations for producers, including 

Extended Producer Responsibility (EPR) plans 

Specific targets include a separate collection target of 77% for plastic bottles 

by 2025, increasing to 90% by 2029. From 2025, it is aimed to use 25% recycled 

plastic in PET beverage bottles, and from 2030, all plastic beverage bottles are to 

contain 30% recycled plastic (European Commission, 2018-b). 

Furthermore, the EU's overarching policy aims to gradually reduce the use of 

non-recyclable plastics and encourage the adoption of biodegradable and 

recyclable packaging materials. Greater restrictions on the use of non-recyclable 

plastics are expected in line with the EU's strategy for sustainable packaging 

solutions. The European Green Deal and circular economy plans promote the use 

of bioplastics and recyclable materials, with stricter regulations anticipated in 

these areas. Notably, under the EU’s Single-Use Plastics Directive (2019/904),  

Germany banned many single-use plastic products in 2021, including food 

packaging and food containers made from polystyrene foam. Additionally, 

Germany's "Einwegkunststofffondsgesetz," effective in 2024, will impose 

extended responsibilities on producers of single-use plastic products, aiming to 

increase their environmental accountability and promote the use of biodegradable 

alternatives. 

Conclusion 

Biodegradable bioplastics are a crucial component of sustainable living. These 

materials offer environmentally friendly alternatives, playing a critical role in 

decreasing plastic pollution and fostering a healthier future. The adoption of 

biodegradable bioplastics can significantly impact a wide range of stakeholders, 

from individuals to industries, establishing them as a foundational material for a 

sustainable future. However, the development and regulation of non-harmful 

alternatives like bioplastics must be prioritized through legal frameworks. To 

achieve this, education, innovation, and collaboration should be encouraged to 

promote the widespread use of bioplastics, thereby delivering environmental, 

economic, and social benefits. 
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1. Introduction 

The Internet of Things (IoT) smart applications have gained popularity in 

recent years and are increasingly being adopted across various sectors such as 

cities, agriculture, healthcare, and industry  (Oliveira, Di Felice, & Kamienski, 

2024). IoT enables the transfer of information between a range of equipment by 

integrating different technologies with communication solutions. In terms of 

remote data monitoring, IoT is directly applied to the real-time acquisition and 

transmission of large volumes of data (Rahman, Selvaraj, Rahim, & 

Hasanuzzaman, 2018; Ramakrishna Madeti & Singh, 2016). In this context, the 

use of cloud computing becomes a flexible and cost-effective platform for 

processing and storing such data (Swathi & Guruprasad, 2014). Additionally, IoT 

now refers to billions of physical devices connected to the internet worldwide, 

used for collecting and sharing data (Hussain, Osman, Moin, & Memon, 2021; 

Kumar, Tiwari, & Zymbler, 2019; Yusri & Nashiruddin, 2020). 

The International Telecommunication Union's Telecommunication 

Standardization Sector (ITU-T) defines the Internet of Things (IoT) as "a global 

infrastructure for society that provides advanced services by connecting physical 

and virtual objects based on existing and evolving interoperable information and 

communication technologies" (Zmud et al., 2018). The integration of IoT with 

cloud computing is referred to as CloudIoT (Ramakrishna Madeti & Singh, 

2016). IoT encompasses various techniques, including smart sensors, wireless 

communication, networks, data analytics technologies, and cloud computing 

(Asghar, Negi, & Mohammadzadeh, 2015; Nemer, Sheltami, Shakshuki, Elkhail, 

& Adam, 2021; Nižetić, Šolić, López-de-Ipiña González-de-Artaza, & Patrono, 

2020). 

In this study, measurement data from a temperature sensor was transferred to 

an Arduino Uno control board and used in a Cloud-IoT-based application 

supported by LabVIEW software. An LM35 temperature sensor was employed 

to measure ambient temperature. Data from this sensor was processed by a 

program developed in the LabVIEW environment, allowing for both local 

visualization and storage on a computer for the user. Additionally, the data was 

sent to the ThingSpeak Internet of Things (IoT) and cloud computing platform, 

where it was further visualized and displayed on the platform. 
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2. Hardware and Software System Architecture 

Arduino Uno was used to capture data from the external environment via 

analog sensor measurements. The Arduino Uno board is equipped with an 

ATmega328P microcontroller, operating at 16 MHz. It features 16 digital 

input/output pins and 6 analog input pins. Communication with a computer is 

established through a USB connection (Arduino, 2024). The appearance of the 

Arduino Uno control board is shown in Figure 1 (Peter, 2024). 

 
Figure 1. Aruino Uno R3 

 
The LM35 temperature sensor was used to measure ambient temperature. This 

sensor produces a voltage of 10 mV per 1°C (Daumemo, 2021). It is connected 

to the “A0” analog channel of the Arduino Uno control board, as shown in Figure 

2. 

 

Figure 2. Hardware and software arthitecture  

The hardware structure used in the study is shown in Figure 3. Arduino Uno 

board communicates with the LabVIEW software through a USB interface. 
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Figure 3. Experimental setup 

In this study, LabVIEW software was used to log the data measured from the 

hardware on the computer and transmit it to the ThingSpeak online platform. 

LabVIEW is a paid software, but a student version is available.  

The download screen of the LabVIEW software from the National 

Instruments website as shown in Figure 4 (National Instruments Corp., 2024). 

 

Figure 4. LabVIEW software download screen 

For the communication between LabVIEW software and Arduino, the 

program intended for upload to the Arduino Uno can be found in the installation 

directory of LabVIEW. Specifically, the Arduino software with the "*.ino" 

extension, located at the path "C:\Program Files (x86)\National 

Instruments\LabVIEW 2019\vi.lib\LabVIEW Interface for 

Arduino\Firmware\LIFA_Base," must be directly uploaded to the Arduino Uno. 
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It is crucial to note the version of the compiler used for this upload. Higher 

versions of the IDE software have resulted in errors in the communication section 

with LabVIEW; hence, "Arduino IDE 1.0.1" was selected for this purpose. The 

software and library information uploaded to the Arduino is presented in Figure 

5. 

 

Figure 5. Arduino IDE software and Arduino program 

In LabVIEW, the software loop is executed on this graphical interface through 

visual programming. The "Timed Loop" menu, located under the "Functions" 

palette in LabVIEW, should be selected and placed in the programming area. The 

program loop continuously operates within this structure, based on the specified 

software loop duration. 
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Figure 6. Labview structures menu 

To establish a connection between the LabVIEW software and the Arduino 

Uno control board, the Arduino software libraries must be utilized. Since the 

version of LabVIEW being used is 2019, the "Arduino" software module should 

be installed via the "VI Package Manager (VIPM)." 

 

Figure 7. Labview VI package manager 

Following the installation of the software modules, the 'Init' and 'Close' menus, 

as shown in Figure 8, are used for communication with the Arduino Uno 

controller board. 

 

Figure 8. Labview Arduino menu-1 
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The 'Analog Read Pin' menu, shown in Figure 9, is used for measuring the 

analog voltage from the LM35 temperature sensor by the controller board. 

 

Figure 9. Labview Arduino menu-2 

The menus located in the 'Data Communication' tab, shown in Figure 10, are 

used for sending the obtained measurement data to the ThingSpeak platform. 

 

Figure 10. Labview data communication menu 

The 'Http Client' menu, shown in Figure 10, includes the 'Open Handle,' 'Get,' 

and 'Close Handle' menus, shown in Figure 11. 



40 

 

Figure 11. Labview HTTP menu 

The registration of a free account on the ThingSpeak platform for sending the 

temperature measurements transferred to LabVIEW software is shown in Figure 

12. 

 

Figure 12. ThinkSpeak platform menu-1 

A channel structure, as shown in Figure 13, has been created within the Cloud-

IoT platform on the ThingSpeak website for data acquisition. 
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Figure 13. ThinkSpeak platform menu-2 

To send data to a channel within the IoT structure, an object definition must 

be created. The 'API' associated with this object is generated by the Cloud 

platform, as shown in Figure 14. 

 

 

Figure 14. ThinkSpeak platform menu-3 

The 'API' created on the cloud platform is shown in Figure 15. 

 

Figure 15. ThinkSpeak platform menu-4 

After the program structure was created for reading analog data and sending 

the measurement data to the cloud environment, the 'string' data type, as shown 

in Figure 16, was utilized for transmitting the temperature measurement data to 

the controller board. 
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Figure 16. Labview software string menu-1 

The second 'string' structure used for data transmission to the cloud platform 

is shown in Figure 17. 

 

Figure 17. Labview software string menu-2 

The 'API' file on the cloud platform was configured as shown in Figure 18 

when transferred to the LabVIEW software. 

 

Figure 18. Aciklama. 

To enable simultaneous recording after real-time transmission of 

measurement data to the cloud, the 'For Loop' structure from the 'Functions' menu 

was used. 
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Figure 19. Labview software structures menu 

The selection of the 'Set Attributes' module, operating within the For loop, is 

shown in Figure 20. 

 

Figure 20. Labview software express menu 

The 'File I/O' menu, shown in Figure 21, was used to write the measurement 

results to the computer. 

 

Figure 21. Labview software file I/O menu 

The program structure developed in the LabVIEW software created for the 

study is shown in Figure 22. 
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Figure 22. The developed Labview program 

3. Experimental Results 

As a result of the application implemented based on Cloud-IoT, real-time 

temperature data was measured in the user program developed in LabVIEW 

software. The developed software also facilitated the recording of data in a 

computer environment. Developed LabVIEW program as shown in Figure 23. 

 

Figure 23.  The front panel of the developed LabVIEW program 

The temperature data measured in real-time has been sent to the ThingSpeak 

platform. The temperature data measured in real-time has been sent to the 

ThingSpeak platform, as shown in Figure 24. 
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Figure 24. The data graph sent to the ThingSpeak platform 

Data obtained from the LM35 sensor has been recorded in a computer 

environment in “.lvm” format. A screenshot of the file on the computer is shown 

in Figure 25. 

 

Figure 25.  The temperature log file 

An examination of the recorded real-time temperature measurement data 

shows that the interval between each measurement point is 2.5 seconds. The 

temperature change, starting from 15 °C within a specified time period, is shown 

in Figure 26. 
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  Figure 26.  Graph of measured temperature 

4. Conclusion 

In this study, a cloud-based application for real-time temperature 

measurement and recording was implemented within the rapidly advancing field 

of Cloud-IoT technology. The system employed an LM35 temperature sensor for 

temperature measurement and an Arduino Uno controller for data transmission 

and measurement acquisition. ThinkSpeak was used as the cloud computing 

platform, while a program developed in LabVIEW software handled data reading, 

recording, and transmission to the cloud platform. 
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Introduction 

Commercial fishing is one of the world's growing industries and, due to the 

nature of the activity, is very difficult to manage and regulate compared to other 

industries. Globally, increased gear selectivity, effort restrictions, quota 

limitations, temporal and spatial restrictions, transferable quotas, and discard 

bans are the technical measures in force within fisheries management (Plet-

Hensen et al., 2017). One of the most important regulations in EU fisheries in 

recent times is the landing obligation, which in the concept of the Common 

Fisheries Policy focuses in particular on unwanted or, in other words, “discarded” 

catches(CFP). Discard is generally identified as “the catch is that portion of the 

total organic material of animal origin in the catch, which is thrown away, or 

dumped at sea for whatever reason. It does not include plant materials and post-

harvest waste such as offal. The discards may be dead, or alive.” (FAO, 2018). 

The degree of discarding is shaped by various factors, including species 

composition, the condition of the catch, fishing techniques, equipment used, 

regulatory policies, and market demand (Tsagarakis et al., 2014). Additionally, 

the discard rate was estimated at 10.8% between 2010 and 2014, resulting in an 

annual total of 9.1 million metric tons of discards (Roda et al., 2019). In the 

Mediterranean, around 240,000 metric tons of discards were reported annually 

(Roda et al., 2019). 

Discard practices are influenced by numerous factors, making it challenging 

to evaluate the effectiveness of any specific measure or action. Furthermore, 

bycatch and discard reduction measures are often implemented in conjunction 

with other management strategies, making assessment of their effectiveness even 

more difficult. The most common bodies to regulate discarding are gear 

restrictions, seasonal and regional closures, species prohibitions, and length 

limitations. Many regulations are enforced inconsistently, and their 

implementation is often less restrictive than intended (Suuronen and Gilman, 

2020). In addition, discard data, which is very limited and scarce for many areas 

and fishery types, is crucially important to assess the magnitude of discarding. 

Therefore, a simpler, more flexible, and more inclusive approach is required to 

monitor and document not only target species but also unwanted catches to fully 

control the fisheries. In addition, such an approach must represent a high 

proportion of the total fishing effort, since the coverage of other monitoring, 

control, and surveillance (MCS) measures is around 1% globally (James et al., 

2019). 
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Electronic monitoring (EM) in the fishing industry 

The exploitation of marine resources requires a sustainable and measurable 

management strategy. Although the term “sustainability” has been pronounced 

by a massive community, measurability has been generally highlighted by the 

scientific community. Measuring the fisheries or a type of fishery requires 

reliable fisheries-dependent data basically on (a) the number and length of fish 

that are caught, (b) the total weight of each species in the catch composition, (c) 

fishing effort (e.g., the number of hours or days spent fishing), and (d) by-catch 

species with their number, length, and weight including protected species. This 

type of dataset establishes the concept of fully documented fisheries (FDF), 

which is essential for assessing fish stocks and monitoring and managing the 

environmental impacts of fishing. The most common measures to provide FDF 

include self-sampling, reference fleets, on-board observers, and electronic 

monitoring (EM), and three of them (self-sampling, on-board observers, and 

electronic monitoring) are also prevalent tools for MCS (James et al., 2019). 

Among these measures, EM appears to be innovative, practical, applicable, 

highly representative, and therefore a promising solution for catch monitoring. 

Recently, the use of EM systems has become widespread worldwide in many 

types of fisheries such as purse seining, bottom trawling, longline fishing, etc 

(Figure 1a, 1b). 
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Figure 1. EM implemented to fishery based on world oceans and seas (1a) and 

the trend in the world fishing fleet (1b) 

Source: van Helmond et al., 2019 

Electronic monitoring plays a crucial role, particularly in preventing illegal 

fishing. Traditional monitoring methods do not allow for continuous oversight of 

every vessel, but with these systems, monitoring processes become more 

effective and efficient. Additionally, the accuracy of species and quantities caught 

by fishermen is recorded through these systems, leading to better data 

management. An EM system typically consists of three primary components: (a) 

a GPS recorder that provides data on the vessel’s location, (b) cameras that 

capture visual information on fishing activities and catches, and (c) hydraulic and 

drum-rotation sensors that track the deployment and retrieval of gear (van 

Helmond et al., 2019) (Figure 2). 
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Figure 2. Main elements of the EM system deployed on a vessel 

Source: van Helmond et al., 2019 

Detailed and visualized documentation of the catch (Figure 3) allows us to 

obtain accurate results on by-catch species in terms of number, length, and weight 

compared to other monitoring options once the machine learning technology is 

very well adapted to the system. To achieve this goal, computer vision machine 

learning may also be applied to EM systems with the expected following benefits: 

 Automated species detection, identification, count, and length 

estimation of fish and other invertebrates as they are taken on board 

and placed on the conveyor belt.  

 Species identification of fish images collected in controlled 

environments. This can also be referred as preparing an image 

databank for by-catch species including their metric and meristic 

characters covering protected, endangered, and threatened species 

(PETS). 

Rapid and reliable data implementation to fishery management plans in a short 

time, which is very crucial due to dynamism and fluctuations in seasonal fishing 

effort and fish populations, can lead to a simpler and rapid management 

framework while ensuring the environmental and economic performance of 

fisheries are improved. 

EM-based data, such as catch composition and length frequencies, can then 

be utilized for quota management or to control unwanted catches. For instance, 

fishing grounds may be closed, or the fishing season adjusted if catches are found 

to contain a high percentage of spawners, juveniles, vulnerable species, or other 

non-target species. It is also possible to use EM-based morphometric data during 

gear modifications such as mesh size and shape for mitigating unwanted catches. 
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It is also reported that EM and observer data for discard amount estimation have 

a good correlation (McElderry et al., 2010) (Figure 4). 

Figure 3. Some image samples taken form EM system in the New Zealand in-

shore trawl fishery 

Source: McElderry et al., 2010 

 

Figure 4. Relation between discard estimations of EM and observer based data 

Source: McElderry et al., 2010 
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In expanding the use of EM systems among fishermen and the fishing 

industry, several concerns need to be addressed. First, reviewers are still the key 

elements of EM-based data, as video footages are still required to be manually 

analyzed, which makes the procedure tedious and expensive. Another one is the 

fishers’ consideration of EM as an intrusion into their work life, a threatening 

situation to their privacy. The latter is the deployment costs of EM systems which 

may be a challenging financial issue for the fishers. Regarding the first concern, 

face masking by computer vision technology integrated into the EM system may 

be a possible solution. Second, some incentives such as additional quota scoring 

and direct payment could attract fishers’ attention and provide their participation 

to EM supported catch monitoring. Instead of being unusual and unpopular to 

fishers, the use of EM systems among fishers can also be promoted by a “win & 

win” approach. This can be explained as while the decision makers obtain the 

required scientific data to manage fishery resources via EM on the quality and 

quantity of unwanted catches, on the other hand, fishers, who are mostly blamed 

for the impact they create on the marine environment, may use EM records as a 

way to prove the reliability of their documentation, in the spirit of the “black 

boxes” used in airplanes (van Helmond et al., 2019). This approach may also 

meet additional market expectations, as consumers increasingly want to know the 

origin or sustainability of the products they purchase. Michelin et al (2018) 

reported the future demand of seafood retailers on EM, who are willing to create 

and/or increase the traceability and transparency of their products in compliance 

with the “net-to-plate” strategy. This case shows that EM implementation in 

commercial fishery may directly affect the seafood industry as well. Therefore, 

seafood companies can be involved during the promotion and dissemination of 

EM in fisheries, more than that, they may be asked to cover some of the initial 

expenses (sponsorship) such as purchase and deployment that are accounted to 

be high costs for fishers, to strength the image of the fishing industry as a whole. 

In conclusion, although there are still some points to address such as data 

ownership, data storage, and data misuse, EM, from many perspectives, seems to 

be a powerful and promising tool in fisheries monitoring especially for unwanted 

catches.  

The case of Türkiye 

Türkiye, surrounded by seas on three sides, holds significant potential in the 

fishing industry. However, ensuring sustainable fishing practices and conserving 

marine resources requires the implementation of modern monitoring methods. In 

this context, electronic monitoring (EM) systems have already become a 

promising technology for Turkish fisheries. By 2022, total fisheries production 



56 

had risen to nearly 800,000 metric tons, with capture fisheries contributing 

328,000 (41%) metric tons and the Turkish fishing fleet comprises 14064 vessels 

across all length classes and types (Turkstat, 2024). Among the fleet, purse 

seiners (n=396) and trawlers (n=759) which are generally known as industrial 

vessels due to their high catch capacity, comprise around 6% of the fleet. 

Although deck equipment such as navigational systems, echo-sounders, and 

sonars are inevitable for such vessels, none of them were equipped with EM 

systems. Electronic monitoring systems continuously track maritime activities 

through cameras, sensors, and other data collection devices installed on fishing 

vessels. These systems aim to enhance compliance with fishing regulations, 

prevent illegal, unreported, and unregulated (IUU) fishing, and protect the marine 

ecosystem. Given the size of Türkiye’s fishing sector and the challenges in 

monitoring, these systems are supported by both commercial fishers and 

environmental protection organizations.  

Application fields of Electronic Monitoring Systems in Türkiye 

1. Prevention of Illegal and Unreported Fishing: Electronic 

monitoring systems are an effective tool for preventing illegal and 

unreported fishing, especially on Türkiye’s large and offshore fishing 

vessels. Traditional inspection methods require the physical presence 

of coast guards and inspection teams, whereas electronic monitoring 

automates and continuously monitors these processes. 

2. Catch Reporting and Data Accuracy: Electronic monitoring 

ensures the accuracy of the types and quantities of fish caught by 

fishers, contributing to more reliable fisheries data. This leads to more 

trustworthy assessments of catch amounts and stock evaluations, 

which are critical for fisheries management. This will enable getting 

reliable data, especially for discards which is very controversial in 

terms of quality and quantity in Türkiye 

3. Prevention of Illegal Fishing Gear Use: It can be challenging to 

detect illegal fishing gear and methods used in Türkiye. However, 

with electronic monitoring systems, identifying and prohibiting the 

use of such equipment has become more feasible. 

Advantages of Electronic Monitoring 

 Sustainability: To protect fish stocks in the seas and ensure the 

continuity of the ecosystem, electronic monitoring systems encourage 
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fishers to comply with fishing regulations. This helps prevent 

overfishing and improper fishing practices. 

 Reducing Monitoring Costs: Electronic monitoring replaces human-

dependent inspections, saving both time and costs. The use of 

technology digitalizes inspection processes, making it a more 

economical solution for both the government and fishers. These 

methods seem to be beneficial for Türkiye when the huge fishing 

areas around the Türkiye are considered.  

 Data Collection and Analysis: The electronic recording of collected 

data accelerates data analysis, a crucial step in fisheries management. 

Having more reliable and real-time data is of great importance in 

monitoring the health of marine ecosystems. This is again very 

required for discard analyze and amount estimation. 

Challenges Encountered 

 High Installation and Operating Costs: Installing electronic 

monitoring systems on fishing vessels can initially incur high costs. 

These expenses may present a significant barrier, especially for small-

scale fishers. However, the long-term benefits of these systems 

balance out the costs. The traditional approach of Turkish fishers may 

be the other challenging obstruction to integration. At this point 

incentives from the state, fishery authority, in this case it is the 

Ministry of Agriculture and Rural Affairs, and non-governmental 

organizations (NGOs) supports may encourage the fishery sector. 

 Technology Adaptation and Training: To use electronic monitoring 

systems effectively, fishers must receive the necessary training. This 

can extend the process of adapting to the technology. 

Nevertheless, in the long run, the benefits of these systems are critical for 

promoting sustainable fishing. Furthermore, with the growth of international 

trade, electronic monitoring is seen as a necessary step for Turkish fisheries to 

remain competitive in global markets. Turkish fishing fleet, especially trawlers 

and purse seiners, shall be prepared for adopting to EM. 

Future outlook and conclusion 

Türkiye aims to expand the implementation of electronic monitoring systems 

to achieve its sustainable fishing goals. Particularly in the export of fish products 

to international markets, the use of such technologies is crucial for compliance 
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with environmental standards. Markets like the European Union have strict 

regulations on sustainable fishing practices, and for Türkiye to integrate into these 

markets, the widespread use of electronic monitoring systems in the fisheries 

sector is essential. 

Consequently, the adoption of electronic monitoring systems in Turkish 

fisheries is a crucial tool for both preserving the marine ecosystem and ensuring 

the sustainability of the fishing industry. With the right policies and incentives, 

expanding the use of this technology can contribute to more efficient utilization 

of Türkiye's maritime resources. To establish an effective discard management 

strategy, adopting a fully documented fisheries approach is crucial.  

This approach not only includes the implementation of technical measures but 

also the integration of innovative tools and technologies like electronic 

monitoring. It's vital to carefully consider the discard characteristics (such as 

species composition, DPUE values, discard ratios, etc.) of fishery in Türkiye 

decision-making. Management actions could involve implementing spatial and 

temporal closures, shutting down fisheries in regions, and during periods where 

high discard ratios are observed. The findings from future studies on discards will 

be essential in promoting the sustainable management of biological resources. 

In conclusion, electronic monitoring is a critical technology for the protection 

of marine ecosystems and the sustainability of fishing. With legal regulations, 

financial support, and policies that facilitate fishers' adaptation to these 

technologies, Türkiye can move towards a more efficient and environmentally 

friendly future in the capture fishery sector. 
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Introduction 

Due to safety concerns stemming from environmental factors such as weather, 

sea conditions, and visibility (Jaremin & Kotulak, 2004), as well as specific 

characteristics such as age and length of fishing vessels, the fishing industry 

frequently operates in high-risk work environments (Atacan & Düzbastılar, 

2023). This sector strives to meet global demand, which3 in 2020 amounted to 

214 million tons of aquatic animals and algae from aquaculture and fisheries 

combined (FAO, 2022). In response to this significant demand and to promote 

sustainability, the fisheries sector is currently facing challenges such as maritime 

regulations (IMO, 2024), strict fishing quotas (Kindt-Larsen, Kirkegaard, & 

Dalskov, 2011), as well as national and international regulatory frameworks and 

scientific fisheries management initiatives (Gavaris, 2009). In addition, factors 

such as increasing fishing pressure (Jennings & Kaiser, 1998), environmental 

degradation (Brown, et al., 2021), fish farming, wild-capture fisheries, local and 

international regulatory measures, extended stays at sea, and technological 

advances have all played a role together in the growing complexity and 

contributed to the growing challenges in the fishing industry (FAO, 2014). 

Activities such as aquaculture production (Folk & Kautsky, 1992) and fisheries-

related demands (such as economic growth, increased energy consumption, and 

transportation) contribute significantly to widespread ecological degradation. 

They are emerging as a major cause of environmental decline (Brown, et al., 

2021). 

In 2020, despite a decrease in the total number of vessels, the global number 

of fishing vessels stood at 4.1 million, while the number of motorised vessels 

worldwide remained stable at 2.5 million (FAO, 2022). China, Indonesia, Peru, 

India, the Russian Federation, the United States of America, and Vietnam 

collectively contributed to global catch production, accounting for nearly 49% of 

the world's total production (FAO, 2022). According to the FAO statistics, China 

has the largest fishing fleet in the world with around 564,000 fishing vessels 

(FAO, 2022). The global fishing fleet is estimated to consume approximately 30 

to 40 million tons of fuel annually, accounting for more than 1% of global 

shipping fuel demand (Chassot, et al., 2021; Parker, et al., 2018). Tyedmers, 

Watson, & Pauly (2005) reported that the distribution and intensity of fuel 

consumption by marine fisheries totalled 50 billion litres of fuel (approximately 
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41.6 billion tons) in 2000, most of which was consumed in coastal fishing 

grounds in the Northern Hemisphere. In 2011, fishing consumed 40 billion litres 

(approximately 32 billion tons) of fuel and was estimated to produce a total of 

179 million tons of CO2 (Parker, et al., 2018). According to data from the same 

year, five countries with large fishing fleets - China, Indonesia, Vietnam, the 

United States, and Japan - account for more than a third of global fisheries and 

half of total emissions from global fisheries (Parker, et al., 2018). 

The increasing energy requirements of fishing fleets are leading to a rise in 

pollutant emissions. Typically, four-stroke compression ignition diesel engines 

used in fishing vessels (Szczepanek, 2015) are responsible for exhaust emissions 

consisting of oxygen (O2), nitrogen (N2), hydrocarbons (HC), water vapour, and 

carbon monoxide (CO), carbon dioxide (CO2), sulphur oxides (SOx), nitrogen 

oxides (NOx), and particulate matter (PM). Hydrocarbon fuels are considered the 

main source of greenhouse gases (GHGs) such as CO2 and pollutant emissions 

(CO, HC, NOx, SO2) and PM in the atmosphere (Korican, Vladimir, & Fan, 

2023). Burning fossil fuels in fisheries releases GHGs directly into the 

atmosphere, with CO2 making up the highest proportion of all GHGs ( (Xu, Lin, 

Yin, Martens, & Krafft, 2023); (Korican, Vladimir, & Fan, 2023).  

Both fishing and aquaculture production require a variety of fishing boats with 

different fuels (Gabrielii & Jafarzadeh, 2020), engines, and propulsion systems 

(Son, Lee, & Sul, 2018), varying depending on needs. Fuel saving (Korican, 

Vladimir, & Fan, 2023) and increasing fuel efficiency (Szczepanek, 2015) in 

various applications in fishing boats have become critical issues worldwide. 

Many factors affect the fuel consumption of fishing boats in terms of structural 

and operational aspects (Szczepanek, 2015), such as the performance of the 

engine, on-board auxiliary systems, age, shape and design of fishing vessels, 

fishing equipment, and activity, as well as the speed of the boat, and weather 

conditions (Tyedmers, Watson, & Pauly, 2005).  

One reason for the fluctuating fuel consumption is that fishing boats, 

particularly trawlers and purse seiners, perform activities that require varying 

amounts of energy, such as navigating, searching for fish, and setting and hauling 

the net (Korican, Vladimir, & Fan, 2023). 

Types of fishing vessels 

It is known that fishing vessels are designed according to fishing methods and 

gear, and the equipment and technologies on board are developed according to 

these criteria (He, Chopin, Suuronen, Ferro, & Lansley, 2021). Humans have 

been captured for thousands of years (Thermes, van Anrooy, & Gudmundsson, 
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2023). Although there are different views on the definition (Smith & Basurto, 

2019), small-scale fishing has been practiced for thousands of years and is mostly 

carried out along the coast using passive fishing gear (Thermes, van Anrooy, & 

Gudmundsson, 2023; He, Chopin, Suuronen, Ferro, & Lansley, 2021).  

The design of fishing vessels is based on the fishing methods and gear used. 

Therefore, the equipment and technologies on board are developed according to 

these two main criteria (He, Chopin, Suuronen, Ferro, & Lansley, 2021). 

Fishermen used various fishing tools and methods in their fishing activities 

ranging from primitive to sophisticated. Despite varying definitions (Smith & 

Basurto, 2019), include artisanal fisheries (traditional fishing practices, non-

mechanized equipment, and methods, fishing activities carried out by individuals, 

families, or small communities, etc.) and small-scale fisheries (includes artisanal 

fishing, ranging from simple, traditional equipment to more advanced and 

mechanized equipment, targeting local and sometimes regional markets, etc.) 

have a long history and are carried out predominantly along the coasts using 

passive fishing equipment (He, Chopin, Suuronen, Ferro, & Lansley, 2021; 

Thermes, van Anrooy, & Gudmundsson, 2023; FAO, 2022; FAO, 2014).  

The development of technology, the increasing need for food, and the process 

of enabling fishing vessels to stay at sea longer have led to the emergence of 

semi-industrial/industrial fishing. Industrial fishing refers to large-scale, highly 

mechanized, and capital-intensive fishing activities. In contrast, semi-industrial 

fishing, which falls between artisanal and industrial fishing, has more advanced 

technology and larger vessels than artisanal fishing but is carried out on a smaller 

scale than industrial fishing. Semi-industrial fishing essentially refers to small-

scale commercial fishing using a semi-industrial fishing vessel (Belhabib, et al., 

2020; Thermes, van Anrooy, & Gudmundsson, 2023). The characteristics and 

operation of semi-industrial and industrial fishing vessels have evolved 

significantly in recent decades due to advances in vessel and equipment 

technology, innovations in vessel design, propulsion systems, on-board 

equipment, and fishing methods (Thermes, van Anrooy, & Gudmundsson, 2023). 

Industrial fishing, which was the first significant activity of the Japanese in the 

1920s, refers to the use of large vessels, typically longer than 15 meters, primarily 

for offshore fishing operations (Gillett, 2007).  

A technical document published by FAO provides definitions and 

classifications of the main types of semi-industrial and industrial fishing vessels: 

trawlers, purse seiners, seiners, dredgers, gillnetters, trap setters, longliners, pole 

and line vessels, trollers and multipurpose vessels (Thermes, van Anrooy, & 

Gudmundsson, 2023). These fishing vessels are equipped with special tools that 
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vary depending on the fishing method and gear used, such as deck equipment 

(Hoşsucu, Düzbastılar, Ceyhan, & Ayaz, 1999), fish detection devices (GPS, 

Sonar, etc.) and catch handling and processing equipment (net drum, trawl winch, 

machines for filleting and cutting, etc.) which have high energy requirements 

during both navigation and fishing (Thermes, van Anrooy, & Gudmundsson, 

2023). Unlike fishing vessels used in industrial fishing, small fishing boats are 

designed to travel shorter distances to fishing grounds using generally passive 

fishing gear, smaller crews, and some minimum equipment (Guyader, et al., 

2013). According to the European Commission, fishing boats under 12 m are 

considered small fishing vessels (Commission, 2006).  

With designs ranging from simple trawlers to factory trawlers, they are among 

the world's most important industrial fishing vessels fishing in very shallow 

waters up to 2,000 m. Trawlers are categorized as beam trawlers, side trawlers, 

stern trawlers, freezer trawlers, and factory trawlers (Thermes, van Anrooy, & 

Gudmundsson, 2023). They use a variety of techniques and gears (bottom and 

midwater trawls), trawl nets of varying sizes and designs (single boat otter trawl, 

bottom pair trawl etc.), and special equipment to set and haul the net and, where 

appropriate process seafood of high commercial value (He, Chopin, Suuronen, 

Ferro, & Lansley, 2021; Thermes, van Anrooy, & Gudmundsson, 2023). Many 

trawlers on deck have various-sized trawl winches for the releasing, pulling, and 

storing of warp wires, and net drums for deployment, retrieval, and storage of the 

sweeps and net. The vessels have fish detection devices such as sonar, net 

sounders, various types of echo-sounders, and trawl control and monitoring 

equipment. After being caught, the fish are kept fresh in ice or chilled seawater 

or frozen in containers. In some cases, trawlers can slaughter, sort, and cool the 

fish, which requires more energy (Thermes, van Anrooy, & Gudmundsson, 

2023).  

Purse seiners vary greatly in size, from small fishing boats used in coastal 

waters to fully mechanized, large industrial vessels employed on the high seas. 

The vessels are categorized as American and European types of purse seiners 

(Thermes, van Anrooy, & Gudmundsson, 2023). Typical equipment on purse 

seiners includes a power block or triple roller (triplex) and storage systems for 

hauling and stowing the net (Düzbastılar & Hoşsucu, 1997). The fish is pumped 

on board on large purse seine vessels, while on smaller vessels, a brailer (large 

scoop net) is usually used. The net drums, purse seine, and other winches, rollers, 

as well as the fish pumps, are mechanically driven by the main or auxiliary 

engine, as well as by electrical, hydraulic, or electro-hydraulic systems. Some 
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purse seiners have sieve systems on deck for sorting and grading fish by size and 

species, allowing the release of undersized individuals (Düzbastılar, et al., 2022). 

Other fishing vessels include dredgers, lift netters, gillnetters, trap setters, 

longliners, line vessels, multipurpose vessels, and recreational fishing vessels. 

The size and design of fishing boats and their equipment vary from country to 

country depending on fishing habits and the magnitude of the fishery economy. 

The energy consumption of fishing vessels is also related to the fishing techniques 

and characteristics of fishing gear (Kaykaç, Düzbastılar, Zengin, Süer, & Rüzgar, 

2017; Davie, Minto, Officer, Lordan, & Jackson, 2015), the type of fishing 

vessels with a variety of main and auxiliary engines and their navigation and 

fishing equipment (Korican, Vladimir, & Fan, 2023). Fishing techniques and 

characteristics of fishing gear and the fishing site are related to the fuel 

consumption of fishing vessels. Kaykaç et al. (2017) conducted a study to 

measure the fuel consumption and towing resistance of beam trawl in sea snail 

fishing in the Black Sea. They compared three different sledges for differences in 

fuel consumption and towing resistance on two sea ground types (sandy and 

sandy muddy) during the fishing operation.  

Researchers found that the energy consumption of fishing vessels depends on 

the structure, design, and size of the boat (Szelangiewicz, Abramowski, Zelazny, 

& Sugalski, 2021; Gulbrandsen, 1986), the engine conditions, and usage patterns; 

fishing gears, fishing and navigating patterns, distance to the fishing area, target 

species and fish migration patterns and the traditions on board (Basurko, Gabiña, 

& Uriondo, 2013; Gulbrandsen, 1986).  

Energy conversion in the propulsion system of fishing boat 

A diesel-powered main engine usually generates the power required for the 

propulsion system on fishing vessels and the boat is thrusted by a propeller at the 

end of the system (Figure 1). The propulsion system consists of the diesel engine 

(as the prime mover), flywheels, reduction gear and shaft, intermediate shaft, 

stuffing box, stuffing box bulkhead, stern tube (as the transmission system), and 

the propeller (as the propulsor) (Shi, Stapersma, & Grimmelius, 2009; Notti & 

Sala, 2012).  

The propulsion systems on board fishing vessels power the vessel by 

converting rotational motion into translational motion. Engine power (HPe) and 

motion are transmitted from the main drive to the propeller (THP-thrust 

horsepower; propeller-generated power) via a rotating rod called propulsion 

shafting. 80 to 90% of the total power generated by the main engine from fuel 

energy is used in the propulsion systems (Gulbrandsen, 1986). 

https://www.marineinsight.com/main-engine/different-types-of-marine-propulsion-systems-used-in-the-shipping-world/
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Figure 1. The drive system and the power output 

As shown in Fig. 1, brake horsepower (BHP) is the power delivered to the 

engine output shaft of a piston engine that is between 0.8 and 0.9 times the 

horsepower (HP) (Gudmundsson, 2014). Shaft horsepower (SHP) is equal to 

BHP minus any mechanical losses in the reduction gear, typically between 0.95 

and 0.99 times BHP. A series of model tests and calculations can be used to 

determine the shaft power required to move a ship at a given speed (Rawson & 

Tupper, 2001). Delivered horsepower (DHP) is the power transported to the 

propeller, which takes into account losses through the gearbox, bearings, and 

stern tube seal and is typically between 0.97 and 0.99 times the SHP. Thrust 

horsepower (THP) represents the remaining power after the propeller 

compensates all losses along the drive train, generally between 0.65 and 0.75 

times the DHP. In addition, the thrust delivered by the propeller is intended to 

overcome the vessel's resistance, which depends largely on the shape of the 

vessel's hull (Shi, Stapersma, & Grimmelius, 2009). Finally, effective 

horsepower (EHP) refers to the power required to move the ship's hull at a given 

speed without propeller action, typically between 0.70 and 0.75 times the THP 

(Gudmundsson, 2014). Internal combustion engines are generally not very 

efficient, with even the best engines struggling to reach 50% efficiency. Only 

about 40% of the energy in the fuel is converted into power at the flywheel, while 

the rest is lost through exhaust gasses or released into the water. Due to thermal 

and mechanical losses in diesel engines, only about 25% of the fuel energy can 

be used as net thrusting energy (Figure 2).  
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Figure 2. Energy losses of internal combustion diesel engine 

While artisanal and small-scale fishing typically uses motorized boats 

powered by low-power, air-cooled diesel engines, industrial fishing operates 

large vessels equipped with high-capacity, water-cooled diesel engines to meet 

the energy needs of various equipment. Traditionally, these internal combustion 

engines used diesel fuel to provide sufficient mechanical power, electricity, and 

thermal energy to fishing vessels (Szczepanek, 2015; Behrendt, 2014). Fishing 

vessels have one or more main engines for propulsion depending on boat size and 

fishing method, additionally, auxiliary engines are used to meet energy 

requirements for electricity, heating/cooling, handling, and hauling systems 

(cranes, net drum, trawl winch, etc.) and other operating systems (water pumps, 

wastewater disposal, etc.) (Korican, Vladimir, & Fan, 2023). For example, in a 

study (Düzbastılar, Tosunoğlu, & Kaykaç, 2003), the power requirement of a 

trawl winch was estimated at 32 hp according to Koyama's formula (Koyama, 

1971), while BHP for a trawler was estimated at 400 hp. It is recommended that 

the power requirement of a trawl winch should be at least half of EHP or equal to 

EHP (Düzbastılar, Tosunoğlu, & Kaykaç, 2003).  

In the propulsion system propellers are one of the main components of fishing 

vessels. Ideally, the propeller should be designed for optimal performance under 

all relevant operating conditions. The vessel's speed is achieved by its propulsion 

system, typically a screw propeller, which converts engine torque into thrust to 

move the surrounding water. The screw propeller, mounted on a shaft at the stern, 

creates a flow velocity that resembles the shape of a screw. Depending on the 

boat size and fishing method, there are many types of propellers used in fishing 

vessels. There are two types of screw propulsion: fixed pitch propeller and 

controllable pitch propeller (Breslin & Andersen, 1996). Generally, small fishing 

vessels have fixed pitch propellers, while large fishing boats equipped with 
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certain high-tech tools (marine deck equipment, sonar systems for fishing, 

joystick steering, generator, etc.) use controllable pitch propellers in industrial 

fishing.  

Marine diesel engines are the most effective energy sources for fishing fleets 

worldwide; however, they are responsible for high exhaust emissions from 

fishing and navigation. Depending on the fishing area, fishing vessels range from 

small boats with engines under 10 horsepower to large tonnage vessels with 

thousands of horsepower and higher fuel consumption. This also leads to higher 

NOx emissions, contributing to various health and environmental problems. It is 

estimated that GHGs from fishing vessels could be reduced by 10-30% through 

more efficient engines, larger propellers, better boat design and hull 

modifications, and speed reductions (Thermes, van Anrooy, & Gudmundsson, 

2023).  

Energy efficiency and fuel savings in fishing vessels 

The path to successful energy conservation, particularly through energy 

efficiency and fuel-saving practices, lies through a detailed inspection of fishing 

gear and methods, fishing vessel technology, characteristics of engines, 

propulsion systems including reduction gears, propellers, and nozzles, and sail-

assisted propulsion or other complementary energy approaches, introduction 

advanced technology and finally conservation and improvement of natural 

resources (Boopendranath, 2002; Gulbrandsen, 1986). For example, fuel 

consumption varies depending on fishing gear and fishing methods for target 

species with different vessel designs and sizes (Gulbrandsen, 1986).  

The International Maritime Organization (IMO) has created a mandatory plan 

for all ships, the Ship Energy Efficiency Management Plan (SEEMP) (IMO, 

2022a), which is designed to continuously plan, monitor, and track the fuel 

efficiency and safety of ship operations, thereby increasing fuel efficiency 

through four steps (planning, implementation, monitoring, and self-evaluate) 

(Hussein, Elsayed, & Yehia, 2021). The SSEMP applies to all vessels of 400 GT 

and above, including fishing vessels. The IMO has introduced the requirement 

that newly built ships comply with the developed Energy Efficiency Design 

Indexes (EEDI) (IMO, 2022b), Energy Efficiency eXisting ships Index for 

existing ships (EEXI) (IMO, 2022c), and Energy Efficiency Operational 

Indicator (EEOI) (IMO, 2009) to reduce CO2 emissions from ships. The EEDI 

and EEXI regulations apply to ships of 400 GT and above operating in 

international trade, but not to the fishing sector. Díaz-Secades (2024) argues that 

the indices in the IMO standards can also be used for fishing vessels, particularly 
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given the role of fishing vessels larger than 400 GT in CO2 emissions. For fishing 

vessels, EEOI factors link the amount of CO2 emitted into the atmosphere with 

the mass of fuel consumed, fish caught, and the distance travelled. To calculate 

the EEOI for fishing vessels, the following factors are taken into account: the 

amount of fuel consumed in grams, the type of fuel, the conversion factor 

expressed in the mass (tons) of CO2 produced by the combustion of one ton of 

fuel, the mass of transported catch (tons), and distance in nautical miles 

corresponding to the operational task carried out (Hussein, Elsayed, & Yehia, 

2021; IMO, 2016). Between 1990 and 2011, emissions from the global fishing 

industry increased by about one-third (Hussein, Elsayed, & Yehia, 2021). 

Similarly, work has been carried out to formulate the Enhanced Emissions Index 

(EEI) for fishing vessels, which is formulated as the ratio of emissions generated 

by the vessel power system and the amount of catch considered as a benefit to 

society (BS). The addition of SOx and NOx emissions to the commonly 

calculated amounts of CO2 emissions represents an extension of existing 

approaches to formulating energy efficiency indices for ships while adapting the 

presentation of societal benefits to the fisheries sector through the assessment of 

diesel, LNG and methanol (Koričan, Vladimir, Haramina, Alujević, & Vučković, 

2023). 

Increasing fishing vessels' fuel efficiency will reduce GHGs and increase 

fishing income. Therefore, reducing ship emissions has become one of the most 

important and current research topics in maritime sciences (Korican, Vladimir, & 

Fan, 2023; Sarıca, Gökçe, Dalgıç, & Özbilgin, 2018; Behrendt, 2014; 

Szczepanek, 2015; Moon, Ruy, & Park, 2024). The two main components of 

fishing vessel fuel consumption are operational activities and structural factors 

(Szczepanek, 2015). For example, the speed of fishing vessels is the most 

important factor affecting fuel consumption for operational activities 

(Boopendranath, 2002), while the selection of an appropriate propeller is an 

element of structural factors (Gulbrandsen, 1986) (Figure 3).  
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Figure 3. Factors affecting the energy consumption of fishing vessels are classi-

fied according to several criteria (Adopted from Szczepanek, 2015) 

Behrendt (2014) summarised reducing energy consumption and increasing 

energy efficiency for fishing vessels as technological/structural activities, 

operational activities, and added logistical activities in addition to Szczepanek’s 

(2015) definition. One of the technological activities is the optimization of the 

hull’s shape to reduce resistance. The decrease in hull resistance is evidenced by 

the need for propulsion power in the range of 10 to 25% (Behrendt, 2014). For 

example, a fishing vessel should have a bulbous bow to reduce drag around the 

hull at cruising speed. By changing the way water flows around the hull, the 

bulbous bow increases speed, range, fuel efficiency, and stability by reducing 

drag. According to a project report, the bulbous bow can reduce fuel consumption 

by 5% while navigating; however, if the skipper decides to move 0.3 knots faster, 

the overall fuel consumption increases despite the improved fuel efficiency 

(Kemp, 2018). The installation of the submerged parts (sacrificial anodes, stern 

and rudder systems, propeller structures, bow thrusters, etc.) of the fishing vessel 

causes additional hydrodynamic resistance.  

The force required to propel a boat primarily depends on the speed of the 

vessel, the waterline length (LWL), which is the length of the boat at the waterline 

level, and the displacement, which includes the weight of the boat along with the 

crew, fishing gear, fish, and ice. In many cases, fuel consumption could be 

estimated depending on the engine characteristics (power, specific fuel 

consumption, rpm, etc.) dimensions (LWL, tonnage, etc.), and speed of the vessel 

(cruising, fishing, etc.) (Figure 4). In small-scale fishing with fishing vessels 
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shorter than 12 m, the energy saving rate is about 37% when the vessel's speed is 

reduced by 6 knots from 7 knots (Gulbrandsen, 1986).  

 

Figure 4. A fishing boat has a waterline length of 8.0 m (LWL) and a displace-

ment in service condition (in waves and with some fouling organisms on the 

hull) of 3.5 t. HP: Power requirement HP/t: The value for the HP per tonne dis-

placement, and l/h: The fuel consumption in litres (l) per hour (h) (Adopted and 

derived from Gulbrandsen (1986)). 

The other factor related to technological/structural issues is an improvement 

in the effectiveness of the propulsion system such as the selection of the type of 

propeller (fixed pitch propeller and controllable pitch propeller, kort nozzle) and 

its characteristics (i.e. rotation speed of the propeller), fin stabilizers, and 

selection of reduction gear and main engine (Behrendt, 2014; Szczepanek, 2015). 

For small fishing boats, an energy saving of 14% can be achieved by increasing 

the engine gear ratio from 2 to 4 (Gulbrandsen, 1986). In addition to the design 

and engine characteristics of the fishing vessel, other structural and operational 

elements, such as cooling and keeping fish in a cold medium, also play an 

important role in increasing energy efficiency. A study analysing existing 

refrigeration systems on board fishing vessels indicated that the electrical energy 

requirement of the refrigeration system accounted for half of the total energy 

produced (Ruiz, 2012). Ruiz (2012) suggested improving insulation and 

compressor systems, researching new and environmentally friendly refrigerants, 

using alternative cooling systems (liquid ice, pre-cooling, etc.), and using waste 

heat systems to increase energy efficiency. 
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The second activity is the operational issue of energy saving for fishing 

vessels, as described by Behrendt (2014) and Szczepanek (2015). This includes 

maintaining the hull and propeller to prevent fouling organisms, polishing the 

propeller blades and rudder system, performing routine maintenance on the main 

engine (improves energy efficiency by up to 30%) and auxiliary equipment, 

maintaining the proper draft and trim by loading the vessel appropriately and 

planning efficient cruising. For example, up to 40% of energy can be saved by 

removing fouling organisms (barnacles, calcareous tubeworms, mussels, etc.) 

attached to the ship's hull (Gulbrandsen, 1986). Gulbrandsen (1986) observed that 

the fuel consumption of small fishing vessels increased by 7% after one month, 

by 44% after six months and by 88% after one year, which was due to the 

formation of fouling on the hull. 

The last factor described by Behrendt (2015) is the logistic activity related to 

reducing travel time as cargo and increasing the qualifications of the crew. For 

example, a fishing location should be chosen that is closest to the vessel, or the 

catch should be landed at the nearest fishing port (Szczepanek, 2015). Crew 

training is another important factor in increasing energy efficiency, as the crew 

can be trained in energy-saving management and the coordination of various 

energy system devices. 

Energy efficiency and fuel saving have become a much-studied topic in recent 

years. A four-dimensional model to assess fishing vessel fuel consumption was 

developed by Kemp (2018) using data from 50 fishing vessels. There are (1) all 

engines in the vessel (starboard propulsion engine, port propulsion engine, and 

an auxiliary generator, etc.), (2) this mode is the fishing activity of the fishing 

vessel depending on the fishing method (e.g. trawling, long-lining, etc.), (3) the 

third dimension is defined loads depending on propulsion, cooling, hydraulics, 

AC, DC, and engine overhead, and (4) the final dimension is propulsion modes 

including cruising, fishing, and anchoring. Kemp (2018) used a model called the 

Vessel Energy Analysis Tool (VEAT) to calculate the fuel a vessel will consume 

over a range of loads. Additionally, it was noted that various technological 

features of the vessel, such as the presence of a turbocharger, the type of diesel 

engine cycle (two-stroke or four-stroke), hull design, trim, bulbous bow, and keel 

cooler, are closely related to fuel consumption and energy efficiency (Kemp, 

2018). Korican, Vladimir & Fan (2023) aimed the study at assessing, through the 

development of a mathematical model, the energy efficiency of fishing vessels in 

the Adriatic against the background of new decarbonisation targets, lack of 

environmental regulations and the aging diesel-powered fleet, proposing 

improvement measures. One of the study's results related to exhaust gases showed 
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that the emission indices of the purse seiner part of the fleet ranged between 0.32 

and 2.01 kg CO2 equivalent per kg of catch. In comparison, the emission indices 

of the trawler part of the fleet ranged between 2.08 and 14.11 kg CO2 equivalent 

per kg catch. They found that trawlers had a higher emission index (13-15%) than 

purse seiners and the index was influenced by factors such as engine power, gross 

tonnage, and age of the fishing vessel (Korican, Vladimir, & Fan, 2023). For 

example, for small fishing boats less than 12 m long, a reduction of half a ton by 

using lighter materials results in an energy saving of around 19% (Gulbrandsen, 

1986). 

Fuel consumption depends on many factors including fishing techniques, the 

technology, size and speed of the vessel, equipment on deck, etc. For example; 

the fuel consumption of the Polish fleet was distributed 60-75% for the primary 

propulsion system that powers the vessel, 10-15% for axillary equipment for 

fishing (hydraulic drive), and 2-15% for electrical equipment for fishing and 

traveling (Behrendt, 2014). In Scandinavia, the amount of diesel fuel needed to 

catch 1 kg of fish was 0.94 litres for trawling, 0.18 to 0.30 litres for longline and 

gillnet fishing, and 0.08 litres for purse seining (Gulbrandsen, 1986).  

Sala et al. (2011), introduced a new fuel consumption monitoring system to 

evaluate the energy performance of fishing vessels under different operating 

conditions. It was tested on two semi-pelagic trawlers in the Adriatic, each with 

an engine power of around 900 kW and an overall length (LOA) of around 30 

meters. Although the fishing vessels were made of different materials and 

equipped with different types of propellers, they used fishing gear of the same 

design and size. Their total and instantaneous fuel consumption was calculated 

for various activities, such as trawling and navigating at different speeds. The 

highest fuel consumption was recorded during trawling (130 l/h at 4.4 knots) and 

traveling (100-130 l/h at 11 knots). Another result indicated a 15% fuel saving 

when traveling half a nautical mile per hour slower. In both fishing and cruising, 

reducing the speed of fishing vessels reduces fuel consumption (Abernethy, 

Trebilcock, Kebede, Allison, & Dulvy, 2010). 

Sala et al. (2022) conducted energy audits on ten vessels from three typical 

Mediterranean trawl fisheries: midwater pair trawl, bottom otter trawl, and 

Rapido beam trawl. These fisheries use approximately 2.9 litres of fuel per 

kilogram of landed fish, varying consumption rates by gear type and vessel size. 

Normally, this fuel consumption produces 7.6 kg of CO2 per kilogram of fish. 

They established benchmarks for monitoring progress to minimize energy 

consumption throughout the supply chain for reducing the environmental impact 

of fishing (Sala, et al., 2022).  
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When fishing, higher speeds result in increased fuel consumption due to the 

resistance between the fishing gear, fluid, and seafloor. Düzbastılar, Tosunoğlu 

& Kaykaç (2023) theoretically calculated the resistance of conventional, tailored 

trawls and their gears (doors, warp wires, cables) at different towing speeds (v). 

The relationships between trawl size and energy demand have been studied The 

drag forces (FD) of trawls were calculated as a function of towing speed 

(FD=323.07v2 for conventional trawl net, FD=282.14v2 for tailored trawl net), 

water depth, and warp length. Both resistances increase 1.8 times when the 

towing speed increases from 1.5 to 2 knots. At towing speeds of 2.5, 3, and 3.5 

knots, the trawl resistance forces increase by 2.8, 4, and 5.5 times, respectively, 

compared to the resistance at the initial towing speed (Düzbastılar, Tosunoğlu, & 

Kaykaç, 2003). These results suggest that the fuel consumption of fishing vessels 

is strongly influenced by fishing activity at higher speeds, due to the drag forces 

of the fishing equipment and hull. In addition, it has been reported that the 

different fuel consumption in the cruise phase could also depend on different hull 

designs, types of propellers, installed power engines, surface currents, and sea 

conditions (Sala, De Carlo, Buglioni, & Lucchetti, 2011; Gulbrandsen, 1986).  

Additional devices have been used in fishing vessels to reduce the fuel 

consumption of diesel engines. One of these was a magnetic device for saving 

fuel in fishing vessels. Three different devices were used in both laboratory and 

real fishing conditions. In all cases, fuel savings reached around 2%, and exhaust 

emissions around 0.6% (Gabiña, et al., 2016).  

Significant gains can be achieved if the above suggestions for reducing fuel 

consumption by increasing energy efficiency are applied to fishing vessels. For 

example, reductions in fuel consumption through modifications of internal 

combustion engines have been estimated at 2-6%, through optimization of hull 

design at 8-10%, through selection of appropriate propellers at 3-6%, and through 

the application of antifouling paint at 1-2% to reduce friction force, 2-5% through 

applications (grinding, polishing) to minimize friction of submerged vessel 

surfaces and 1-2% through optimization of trim (Behrendt, 2014).  

Alternative fuels and energy sources in fishing vessels 

The differences between studies suggest a possible range of between 279 and 

400 tonnes/year in global shipping fuel consumption (McGill, Remley, & 

Winther, 2013). Today's fishing methods rely heavily on diesel and recent study 

results show that 70% of the total cost is spent on travel alone (Anand, 2018). In 

recent years, fluctuations in oil prices and the resulting environmental pollution 

have led to the experimentation with different fuel technologies in maritime 
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transport. According to the IMO, approximately 77% of the total marine fuels 

used worldwide are residual fuels (McGill, Remley, & Winther, 2013). The 

fishing industry can benefit greatly from using alternative fuels such as natural 

gas (NG) or perhaps hydrogen. Liquid fuels, such as ethanol, methanol, liquefied 

biogas (LBG), and biodiesel (fatty acid methyl ester), and gaseous fuels, such as 

propane, hydrogen, and natural gas, are the two main types of alternative marine 

fuels in maritime transport (Banawan, El Gohary, & Sadek, 2010).  

For coastal fishing ships, hydrogen fuel cells are a viable option, while 

biodiesel, LNG (liquefied natural gas), and LBG are suitable for all types of 

fishing vessels (Gabrielii & Jafarzadeh, 2020). The trawler fleet in Italian waters 

has a high energy consumption, accounting for about 40% of total costs, with an 

increase in recent years due to rising fuel prices (Altosole, Buglioni, & Figari, 

2014; Gabiña, et al., 2016). Although the proportion of GHGs from fishing is 

quite small compared to sea transport, it has reached a level that must be reduced 

quantitatively.  

Alternative fuels to reduce the fuel costs and emissions from internal 

combustion engines in fishing vessels have ranged from methanol to propane 

(Yaakob & Husain, 2015). Banawan, El Gohary & Sadek (2010) compared seven 

different fuels (ethanol, methanol, LBG, biodiesel, hydrogen, propane, and NG) 

in terms of availability, renewability, safety, adaptability, IMO compliance, 

performance, and cost and showed that they have acceptable values with the 

matrix they used.  

Diesel-electric, hybrid, battery-electric, and alternative fuel vessels are 

technologies currently used in cruise ships, ships, ferries, and sport fishing boats 

(Kemp & Atshan, 2021). The adoption of alternative energy and propulsion 

systems depends on key factors such as efficiency, cost, and the suitability of 

existing ships for conversion. Technological advancements in reducing emissions 

from conventional diesel engines, particularly the reduction in battery costs, 

increased capacities, and the rise of hybrid systems, are creating promising 

conditions for reducing environmental pollutants 

Dual fuel 

The fuel price is a dominant cost factor in the operation of fishing vessels, 

regardless of the size and type of boats. For this reason, fuel efficiency and using 

alternative fuels instead of conventional diesel fuel in fishing vessels have 

become increasingly important in recent years. Fisherman usually uses high-

quality diesel oil called high-speed diesel oil (HSD) (Santoso, Semin, Cahyono, 

& Sampurno, 2021). 
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The significant difference in efficiency between gasoline and diesel engines 

has led engine designers to look for a way to achieve the efficiency of a diesel 

engine in natural gas-powered gasoline engines, called dual-fuel or multi-fuel 

engines (Breeze, 2014). A dual-fuel engine is a diesel engine that runs on both 

gaseous and liquid fuels. In gas operation, the engine works according to the Otto 

process, in which the lean air-fuel mixture is supplied to cylinders during the 

suction stroke. In diesel mode, the engine operates according to the diesel 

process, in which diesel fuel is supplied to the cylinders at the end of the 

compression stroke. Dual-fuel engines feature flexibility, a higher compression 

ratio, lower emissions, and better efficiency, and are designed to operate on 

gaseous fuels, with diesel serving as a backup fuel source. 

Natural gas (NG) is now used much more frequently to power ships (gas ships) 

as environmental aspects have become more important in the maritime sector. 

The fishing industry does not use NG very often due to bunkering and storage 

problems (Yaakob & Husain, 2015). The specific cost of gases is lower than that 

of all types of diesel fuel. Although these pure and low-emission gases are 

expensive to manage, store, and distribute, they are still cheaper than diesel fuel 

(Santoso, Semin, Cahyono, & Sampurno, 2021). While NG theoretically 

produces fewer emissions than diesel fuel, dual-fuel diesel engines that can run 

on either fuel often involve significant upfront costs. One study found that a 

modified dual-fuel diesel engine (50% NG + 50% diesel) producing about 10 

horsepower reduced NOx emissions by a third and even found that emissions 

decreased as the gas ratio increased (Santoso, Semin, Cahyono, & Sampurno, 

2021). In another study, a dual-fuel overhaul was performed on a diesel engine, 

and diesel fuel was used only to trigger ignition. In this way, fuel costs should be 

reduced (Ismail, Zulkifli, Fawzi, & Osman, 2016). In addition, NG, one of the 

alternative fuels, performs better than other fuels such as ethanol, biodiesel, and 

hydrogen in terms of cost, safety, performance, adaptability, and IMO 

compliance (Banawan, El Gohary, & Sadek, 2010). 

Heavy fuel 

Heavy oil, also known as residual fuel, consists of the remains from the bottom 

of the barrel that is produced during oil refining. It is extremely viscous, so it 

needs to be heated to around 130°C to flow. HFO contains heavy metal 

contaminants and is typically high in sulphur, with an average content of about 

2.5% by weight, equivalent to 25,000 parts per million (ppm). Consuming HFO 

releases large amounts of air pollutants (i.e. sulphur oxides (SOx), nitrogen oxides 

(NOX) and particulate matter (PM) – as well as climate pollutants such as carbon 

dioxide (CO2), nitrous oxide (N2O), and black carbon (Comer, Olmer, Mao, Roy, 
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& Rutherford, 2017). HFO is also used in fishing vessels, particularly in the 

commercial maritime transport sector. In 2015, fishing vessels were responsible 

for 9.4% of Arctic HFO consumption. The use of HFO contributes to the 

production of greenhouse gases, including black carbon (Comer, 2018). Comer 

(2018) found that 159 of the 755 fishing vessels, or 21%, in the IMO Arctic in 

2015 were fuelled by HFO. In particular, across the 17 countries, it was observed 

that Russian-flagged fishing vessels were responsible for 64% of HFO 

consumption and 21% of black carbon emissions from fishing vessels (all fuels) 

in the IMO Arctic in 2015 (Comer, 2018). 

Low-sulphur residual fuel oil 

Fuel can be obtained from low-sulphur oil or produced through 

desulfurization, but the high cost and complexity of this process increase the final 

fuel price. In addition, the complex chemical composition of ultra-low sulphur 

fuel oil can pose operational risks to ships (HELCOM, 2019). 

LNG/LPG 

LNG currently represents the first and most likely alternative fuel to be 

considered a true replacement for HFO for ships (HELCOM, 2019). It is assumed 

that the global use of LNG will increase significantly, particularly in coastal 

shipping. Typically, CO2 emissions are reduced by 20% compared to diesel or 

gas oil; however, methane slip from some engines may partially offset this 

reduction (Gabrielii & Jafarzadeh, 2020). However, a study on the use of LNG 

instead of MGO in fishing vessels found that the energy consumption of the 

vessel using LNG as fuel would be higher, which would be responsible for the 

resulting methane emissions and thus increase the global warming potential 

almost the same as MGO. Additionally, LNG's acidification and eutrophication 

potential is 85% lower than that of MGO, meaning it has less impact on terrestrial 

and freshwater ecosystems. However, it was noted that it was easy to conclude 

that LNG was more environmentally friendly than MGO (Leira, 2018).  

To date, only LPG carriers have used LPG as fuel. In 2019, seven such ships 

were ordered, and four LPG tankers were converted to operate on LPG. 

Compared to diesel, LPG combustion results in approximately 15% lower CO2 

emissions. Additionally, there is a significant reduction or complete elimination 

of SOx and PM emissions, with the extent of NOx reduction depending on the 

engine technology (Gabrielii & Jafarzadeh, 2020). 
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Biodiesel 

Various biodiesel fuels, including hydrogenated vegetable oil (HVO), can be 

used in ships with minimal adjustments. Although supply and demand remain 

limited, CO2 emissions are reduced by around 50% compared to diesel oil, 

considering emissions from HVO production (Gabrielii & Jafarzadeh, 2020).  

Ferry line in Denmark uses soybean oil, while fish and chicken oils have also 

been tested. Although oils and fats have been used in the automotive industry for 

years, their remaining potential is uncertain (McGill, Remley, & Winther, 2013). 

Blending biodiesel with conventional diesel is critical for the UK government to 

meet its commitment to reduce CO2 emissions by 20% by 2010. Currently, both 

pure vegetable oil (SVO), i.e. oil obtained from plant material (rapeseed, oil palm, 

etc.), and biodiesel are produced in the UK (Rossiter, 2007). 

These fuels face challenges such as limited miscibility with intermediate fuel 

oil (IFO), freezing sensitivity, and preservation issues. Biodiesel, algae fuel, 

methanol, hydrogenation-derived renewable diesel (HDRD), and pyrolysis oil are 

almost sulphur-free. Algae and HDRD fuels are compatible with diesel engines, 

but biodiesel (fatty acid methyl ester) requires engine modifications due to 

incompatibility with some materials. While pyrolysis oil is also sulphur-free, it is 

high in acidity, and low cetane levels, and is naturally immiscible with diesel, 

requiring modification for marine use (McGill, Remley, & Winther, 2013).  

Liquefied biogas 

Biogas is a renewable energy source produced from organic wastes (fisheries 

and forestry, food waste and wastewater, etc.). No significant modifications are 

required for ships that already use LNG, as LBG produces similar emissions. 

While the production of LBG is currently limited, expanding production facilities 

could promote its wider use in the future. Although there is potential for using a 

mixture of LNG and LBG in maritime transport, improvements are needed in the 

production, storage, and transport stages for its use in fishing vessels. 

Methanol 

Due to its chemical structure, methanol is the simplest form of alcohol and is 

often used in the chemical industry. It can be made from many different fossil 

and renewable raw materials, with the majority being made from natural gas 

(HELCOM, 2019). To achieve the same energy content, a methanol fuel tank 

requires 2-2.5 times the volume of diesel fuel (Gabrielii & Jafarzadeh, 2020; 

HELCOM, 2019). In addition to the needed additional space, fuel costs remain 

the biggest challenge. The use of methanol virtually eliminates SOx emissions 
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and significantly reduces PM emissions compared to diesel, although the extent 

of NOx reduction depends on the engine technology (Gabrielii & Jafarzadeh, 

2020). However, methanol increases the risk of corrosion, which must be 

addressed by adequately modernizing the fuel tanks and fuel system (McGill, 

Remley, & Winther, 2013). 

Electric 

Recent advances in ship electrification offer the potential for greater energy 

efficiency, improved energy management, and fuel savings for larger vessels. 

Benefits also include power redundancy and reduction in noise and vibration, 

which is particularly important for passenger ferries. Battery-powered propulsion 

systems, the most popular energy storage technology, are already being 

developed for smaller ships (HELCOM, 2019). Electric drive systems are based 

on an electric motor that provides all the power for the propeller. The electrical 

energy required to drive the ship's propeller can come from various sources, such 

as a generator with a diesel engine, a battery, or a fuel cell. Diesel-electric systems 

are common on passenger ships and military vessels, which have large electrical 

loads in addition to propulsion loads (Kemp & Atshan, 2021).  

Researchers in Indonesia investigated converting a 10 GT purse-seine vessel 

to electric propulsion. The fishing and navigation phases required a total battery 

capacity of 6000 Ah. Technical and economic analysis showed that a battery-

powered fishing vessel generates higher revenues and lower costs compared to a 

diesel-powered vessel (Prananda, Koenhardono, & Tjoa, 2019). Unlike on-board 

charging from fossil fuel generators, batteries charged from shore power are 

typically classified as an alternative fuel. An all-electric gillnet fishing vessel has 

also been demonstrated in Norway, using batteries that can be charged on land or 

via an on-board diesel generator (Kemp & Atshan, 2021). While using shore 

power eliminates local emissions, the emissions from shore power generation 

must still be considered. These systems can achieve an emissions reduction of 

nearly 90% (Gabrielii & Jafarzadeh, 2020) Lithium-ion batteries are the most 

widely used. However, they are both heavy and more suitable for short distances. 

However, some fishing boats are equipped with this type of battery. The cost of 

a diesel engine is higher than the cost of the tank that stores the diesel fuel used 

as energy, while an electric battery is more expensive and heavier than the electric 

motor that drives the propeller (Kemp & Atshan, 2021). 

Ammonia 

Ammonia can be used as fuel in both internal combustion engines and fuel 

cells. Compared to hydrogen, it has a higher energy density and is easier to store, 
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allowing longer operating distances. Although ammonia is available worldwide, 

the main challenges are its toxicity and corrosiveness. The only emissions from 

an ammonia fuel cell are water and pure nitrogen. Therefore, when produced 

regeneratively, ammonia can be considered a carbon-neutral fuel (Gabrielii & 

Jafarzadeh, 2020). 

Hydrogen 

Hydrogen can be used as a marine fuel and converted into electricity through 

fuel cells or internal combustion engines. Fuel cells enable converting energy 

sources (e.g., hydrogen, methanol, ammonia, natural gas, biogas) with greater 

efficiency than conventional combustion engines. Water is the only emission 

produced by a hydrogen-powered fuel cell, making it a zero-emission technology 

(Gabrielii & Jafarzadeh, 2020). However, the hydrogen production method is 

important for reducing GHGs. A hydrogen fuel cell with an electric motor 

produces around 75% fewer emissions than a simple diesel engine (Gabrielii & 

Jafarzadeh, 2020). While hydrogen is extremely attractive in terms of emissions 

reduction, its main challenge in maritime applications is its high cost and limited 

bunkering infrastructure. Due to the high cost of tanks, and fuel cells, and range 

limitations due to low density, current technology is limited to the use of 

hydrogen in short-sea shipping. Therefore, this alternative can only be viewed as 

a long-term perspective. Particular attention should be paid to the storage of 

hydrogen on board ships to ensure safe operation (HELCOM, 2019). 

Hybrid system 

The hybrid drive system combines the advantages of mechanical and electric 

drives through the use of a gearbox. However, this integration also leads to 

increased weight and volume. Fishing vessels often operate under low or no load 

during fishing operations. In such cases, both electric and mechanical propulsions 

can be a solution when additional power is required (Hwang, Kim, Jeon, & Kim, 

2022). The first hybrid trawler powered by batteries and LNG was scheduled for 

delivery in 2020. The fishing boat’s main engine is capable of dual-fuel, with 

95% of its energy derived from LNG. In addition, when switching from diesel to 

LNG, an auxiliary engine can support the primary engine. To further reduce fuel 

consumption in the conventional diesel cycle by fifteen percent, a 500 kWh 

battery is used. In addition, the energy capacity of this battery is about 10 hours. 

In addition, CO2 emissions are reduced by 20-25%, NOx emissions are reduced 

by 80%, and SOx and particulate matter emissions are negligible in this hybrid 

system (Gabrielii & Jafarzadeh, 2020).  
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A simulation based on the technical specifications of South Korean fishing 

vessels (7.99-ton class) determined that hybrid systems can reduce fuel 

consumption by approximately 10%, significantly reducing CO2 emissions 

(Hwang, Kim, Jeon, & Kim, 2022). In a study, the project was developed into an 

alternative electromechanical energy supply system for a 12-meter coastal fishing 

vessel. The proposed system combined a hydrogen fuel cell, lithium battery, and 

diesel generator for propulsion (Gutiérrez & Meana, 2012). 

A study was conducted to develop a hybrid propulsion system for a catamaran 

fishing boat that integrates a conventional diesel engine, sails, and solar panels. 

The models were tested at speeds consistent with real conditions, starting at 

approximately 10 knots. The results showed that a hybrid ratio of 40:60, 

combining diesel engine and solar sail, provided the optimal benefit. This 

configuration reduced fuel consumption by 6 litres per hour and reduced 

emissions of toxic gases into the atmosphere. In addition, the ship maintained 

good stability and seaworthiness (Santosa, et al., 2014).  

The study discussed the potential and barriers to the development of hybrid 

and fully electric propulsion systems on fishing vessels generally less than 10 

meters in length. In particular, they assessed the availability and conversion or 

implementation costs of electric and hybrid systems to reduce fuel costs for small 

vessels using trawls and dredges (Johnson, Waldman, Rybchenko, Bell, & Ready, 

2022). Another study compares the current propulsion system of a longline 

fishing vessel with alternative designs such as hybrid and diesel-electric 

propulsion, focusing on efficiency and fuel consumption. The comparisons are 

based on simulation models using electricity demand estimates. In addition, an 

economic evaluation of the proposed alternatives is carried out. The results, 

taking into account market trends, operating patterns, and cost analysis, highlight 

the potential for hybrid propulsion in future longline fishing vessels (Andersson 

& Logason, 2015).  

Different power systems can be combined so that hybrid systems used in 

fishing boat navigation can also meet the power needs of various devices on 

board. The plan is to generate the necessary energy from solar and wind energy 

to keep the fish caught in Indonesia in a cold chain (2-4 C°). Two 100W solar 

panels and a 300W wind turbine were combined to generate the required daily 

energy (720Wh) (Banjarnahor, Hanifan, & Budi, 2017). 

Wind 

Wind energy could reduce ships' consumption of conventional power. Wind 

propulsion can be divided into soft sail, fixed sail, rotor, kite, and turbine 
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technologies (HELCOM, 2019). A study investigated the implementation of wind 

turbine-assisted propulsion for propulsion power generation on a modern Scottish 

seiner/trawler. Typical operating costs and conditions for such vessels are 

presented. The wind turbine performance is evaluated in all operating modes, 

including steam and fishing, and the corresponding fuel savings are calculated. 

The results show that the annual fuel savings achieved by using the wind turbine 

on this vessel are between 20% and 25% (Bos & MacGregor, 1987). A study 

presented field measurement results of a 400W commercial wind turbine 

generator (WTG) installed on a prototype fishing boat to obtain a preliminary 

survey of the energy saving of the diesel engine in the fishing boat (Wang, et al., 

2009). 

Solar energy 

Solar energy applications use electricity generated by photovoltaic (PV) cells. 

The biggest limitation of this evolving technology is the limited space for both 

solar cells and energy storage. While advancing technology enables the 

deployment of next-generation energy storage systems, further technical 

developments are required to fully power ships with this energy. The 

effectiveness of solar power depends on the location and is therefore particularly 

suitable as a supplement to auxiliary energy. However, PV systems have low 

efficiency and require a lot of decks or installation space for cell installation 

(HELCOM, 2019). 

Nevertheless, the possibility of operating a fishing boat (10 GT, total length: 

14 m, 54 HP) with solar energy was investigated in Indonesia. They calculated 

the number of solar panels and batteries that would provide the necessary 

electrical energy by considering all factors such as the dimensions of the boat, 

power requirements, auxiliary, fishing, and navigating equipment. Therefore, 2 

solar panels and 3 batteries should be installed on the fishing boat in the system, 

which will reduce fuel consumption. The electrical energy obtained from the solar 

cell is used to charge the batteries and devices powered by alternating current 

such as navigation lights, televisions, radios, communication devices, etc. are 

operated with the help of an inverter (Sudjasta, Prayitno, & Hatuwe, 2021). A 

study conducted in Indonesia aimed to cover at least half of electricity needs by 

installing solar panels on fishing boats. It was also stated that the system would 

pay for itself in approximately 9 years (Nugraha, Luthfiani, Sotyaramadhani, 

Widagdo, & Desnanjaya, 2022). 

In Sri Lanka, a study was planned to develop an alternative propulsion 

mechanism using solar panels for fishing boats that fish at sea for a few days and 
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transmit power to the propulsion system using the electricity provided by the 

charged batteries. The study assumes a 60-ft fishing vessel has a speed of 6 knots 

and calculates a navigating time of 1 hour with 11 hours of charging time. The 

payback period of the system is estimated at around 8 years (Gamage, 

Wimalasooriya, Boteju, & Wimalsiri, 2021). A study was conducted on the 

process of using solar energy for lighting, communications, and other on-board 

requirements to save fuel for a private fishing fleet of small-scale fishermen who 

target pelagic species and undertake long voyages of 30 to 45 days in much of 

the Indian Ocean (Babu & Jain, 2013). In South Korea, fishing vessels are 

switching to battery-powered systems to reduce fuel costs and engine noise while 

powering essential equipment. However, the problem arises when the batteries 

are discharged and the equipment fails. To prevent this, they examined the 

feasibility of installing a solar auxiliary power system on fishing vessels weighing 

9 to 10 tons (Yoon, Jeon, Hwang, & Kim, 2021). 

Diesel-electric 

A diesel-electric powertrain consists of power sources, electrical panels, 

electrical control units, and a main electric drive motor (Figure 5). Diesel-electric 

propulsion is particularly fuel-efficient on ships where auxiliary loads, such as 

cruise ships and ships with highly fluctuating operating profiles, make up a 

significant portion of the propulsion requirement. The potential of this system for 

fishing vessels is also being investigated (Bastos, Branco, & Arouca, 2021; Notti 

& Sala, 2012). An energy management system optimizes fuel efficiency by 

matching the number of engines in operation to the combined propulsion and 

auxiliary loads, keeping engines near their design point and rated speed, which 

reduces emissions, particularly NOx. However, the system's additional energy 

conversion stages increase conversion losses, producing higher specific fuel oil 

consumption at top speeds (Gabrielii & Jafarzadeh, 2020). 

 

Figure 5. Structure of a diesel-electric powertrain 
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Conclusion 

The IMO has set a goal of reducing GHGs by at least 50% by 2050. To achieve 

the objectives of the Paris Agreement, greenhouse gas emissions from ships must 

be reduced by 75-85% per ton-mile, taking into account the expected growth in 

shipping volumes by 2050 (Wang & Wright, 2021). The use of carbon-containing 

fuels (LNG, LPG, etc.), carbon-neutral fuels (biofuels, synthetic methane, etc.), 

and non-carbon fuels (hydrogen, ammonia, etc.) will therefore be widespread 

soon. When evaluating alternative fuels and increasing the energy efficiency of 

fishing vessels, it is important to consider a range of technical, financial, and 

environmental factors related to fuel consumption. Particular attention should be 

paid to the engine, fuel system, maintenance costs, and any retrofit investments 

required to modify the ships' energy systems. It is also important to assess the risk 

of long-term financial losses, despite possible price increases of the alternative 

fuel. In addition, technical measures, such as the installation of scrubbers, and 

management strategies, including control of vessel speed and distance 

management from fishing areas, can help reduce the environmental impact of 

fishing vessels.  
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Introduction 

Energy, serving as the primary component for the survival of life forms, plays 

a crucial role in various aspects, ranging from fulfilling basic life needs to shaping 

the economic development structures of nations [1]. Fossil fuels, which are the 

main resources used to obtain energy, have limited reserves in the world. Due to 

the scarcity of fossil fuels, a sustainable method should be followed, especially 

in the field of energy, when the issues of the danger of depletion of these fuels, 

the import of these energy resources by countries, and the destruction of nature 

are considered (Karaca & Bingul, 2019). Energy sources are basically divided 

into fossil fuels, known as non-renewable energy, and renewable energy sources. 

Non-renewable energy sources have general characteristics such as being fossil-

based, not needing to be stored, not being able to be produced in any quantity, 

and not being sustainable (Konyali, 2019). Non-renewable energy sources are 

divided into two groups: nuclear and fossil. Nuclear sources are uranium and 

thorium, which are used to produce nuclear energy. Fossil sources are oil, natural 

gas and coal (Demirbas, 2022). Renewable energy sources are obtained from 

sources such as solar, wind, biomass, geothermal, wave energy. These energy 

sources are called renewable energy because they do not run out and exist 

continuously. Renewable energy sources are energies used in the form of direct 

or indirect conversion of the sun, air and water into electrical energy or heat 

energy.   

Renewable energies are obtained from sources that exist in nature such as 

water power, solar, wind, biomass, geothermal, wave energy. They are energies 

in the form of converting air, water, sun directly or indirectly into electricity or 

heat, and are called renewable because they are inexhaustible and continuous. As 

an alternative to non-renewable fossil-based energies, it has started to be 

developed and widespread in parallel with the increase in technological 

possibilities. Solar energy, which is the first alternative energy source among 

renewable energy sources, is an energy that is intensively utilized worldwide due 

to its suitability in terms of capacity and efficiency, its applicability as a 

renewable resource, its simple technology in this field, and most importantly, its 

sustainability and environmental friendliness (Habibullah, 2016; Ozkoca, 2019). 

Solar energy is the radiant energy generated by fusion reactions in which 

hydrogen is continuously converted into helium, and the mass change that takes 

place is transformed into heat energy and dissipated into the vacuum of space. 

The radiation intensity of solar energy is approximately 1370 W/m², but the 

amount that reaches the earth can vary between 0-1100 W/m2 due to losses in the 

atmosphere. Even a small portion of solar energy that can reach the earth is much 
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more than the current energy consumption of humanity. Solar energy is used by 

converting it into electrical energy through photovoltaic (PV) panels called 

photovoltaic systems (Akcna, Kuncan, & Minaz, 2020).  

The distribution of Turkey's installed capacity by resources as of the end of August 2024 

is as follows: 28.3% hydraulic energy, 21.7% natural gas, 19.2% coal, 10.8% 

wind, 16.2% solar, 1.5% geothermal and 2.4% other resources (T.C. Enerji ve 

Tabii Kaynaklar Bakanlığı, 2024).  On the other hand, Figure 1 shows the solar 

energy potential map of Turkey (GEPA, 2024).  According to this map, the av-

erage annual amount of solar radiation per 1m2 of surface area increases as you 

go south. 

 

 

 
Figure 1. Solar radiation map of Turkey  (GEPA, 2024) 
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Turkey's installed solar electricity capacity is 8,479 MW by the end of June 

2022. The share of solar energy in total installed capacity is 8.35% and the change 

in installed capacity over the years is shown in Figure 2. Photovoltaic (PV) 

systems used in electricity generation from solar energy are basically divided into 

two. These systems are grid-connected (on grid) and off grid (off grid). Off-grid 

systems are used to meet the electricity demand in places where grid electricity 

is not available or not suitable for use. Batteries are charged with direct current 

obtained from solar energy through panels. The stored energy is converted into 

alternative energy through an inverter (Brian, 2023). Power systems using solar 

and wind energy can be simulated in computer simulation environment. At this 

point, PVsyst and HOMER software can be shown as example platforms. 

 

 

 

Figure 2. Total installed capacity of PV  (T.C. Enerji ve Tabii Kaynaklar 

Bakanlığı, 2022). 
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HOMER software was developed by the US National Renewable Energy 

Laboratory. It helps in the design and implementation of small-scale grids and 

distributed power systems. The software can calculate technology costs, 

electricity load and energy resource utilization for systems built in different ways. 

Simulation, optimization and sensitivity analysis of energy systems are 

performed with HOMER software (HOMER, 2021). PVSyst software is a 

simulation software developed by the University of Geneva, Switzerland, which 

is used to design and analyze the results of photovoltaic systems such as grid-

connected or off-grid PV systems, PV irrigation systems and DC grids (PVsyst, 

2024). In another study using PVSyst software, an ideal region for solar power 

generation and utilization was first identified and the feasibility and design 

considerations of a 500 KWp grid-tidal micro solar photovoltaic plant were 

discussed (Nallamothu, Janga, & Pendem, 2024). 

The technical and economic analysis of a stand-alone hybrid solar-wind 

energy system with battery storage for an island campus has been carried out 

using HOMER software (Ma, Yang, & Lu, 2014). In another study, a lkWp 

photovoltaic system was designed for Hamirpur, Himachal Pradesh, India using 

PVsyst software and a system simulation study was performed (Yadav, Kumar, 

& Chandel, 2015). Feasibility and sensitivity analysis of renewable energy-based 

off-grid and grid-connected microgrids by investigating wind and solar energy 

potentials were conducted using HOMER software (Nurunnabi, Roy, Hossain, & 

Pota, 2019). HOMER software was used in the study on the techno-economic 

feasibility and optimum design of a hybrid micro-hydro-photovoltaic-diesel-

battery-wind power system designed to electrify a typical remote village located 

in the southern part of Nigeria (Oladigbolu, Ramli, & Al-Turki, 2020). In another 

study on meeting the power needs of an autonomous desalination system in the 

Canary Islands from renewable energy systems, the hybrid energy system models 

created were analyzed technically and economically through HOMER software 

(Padrón, Avila, Marichal, & Rodríguez, 2019). In another study using HOMER 

software, an optimal hybrid microgrid design was proposed for a district in 

Lahore, Pakistan, which provides continuous and cost-effective energy supply by 

utilizing reliable energy sources (Khaled, Zahid, Zahid, & Ilahi, 2024). 

Solar energy has emerged as a promising solution with advancements 

in technology and the development of various solar-powered devices. For 

these systems, which can be installed either grid-connected or off-grid, 

sizing and cost analyses are essential. The cost of the generated energy 

also depends on the location of the system. Therefore, the energy demand 
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of the load should be determined, and the system should be modeled to 

complete performance and cost analyses. In this study, sizing and cost 

analyses for a photovoltaic system with a 3 kWh/d load in Bozcada were 

completed using computer software such as PVsyst and HOMER. Through 

these analyses, the energy generated by both grid-connected and off-grid 

systems was calculated, and an economic evaluation was conducted. 

Analysis and Simulation  

The simulation software HOMER (Homerenergy, 2024) and PVSYST 

(PVsyst, 2024) were used to evaluate the techno-economic feasibility and sizing 

of remote homes in Bozcada, Turkey. HOMER was developed by the National 

Renewable Energy Laboratory (NREL) as a potential simulation and 

optimization tool for renewable energy systems. Optimal economic designs for 

PV can be achieved with energy storage in batteries. Typically, the optimal design 

is realized by minimizing the Net Present Cost (NPC), where NPC represents the 

sum of investment costs plus the discounted present value of all future operational 

costs over the system's lifetime. 

Economic Analysis 

In HOMER software, cost of energy (COE) is minimized using a cost 

optimization approach, which also determines the sizing of system 

components accordingly. In renewable energy investments, the levelized 

economic analysis (LEC) method enables comparison across multiple 

renewable energy systems. Rather than merely comparing initial capital or 

operating costs, this analysis aims to calculate the cost of delivering a 

service over the project's lifespan (Ding, Fu, & Lisa Hsieh, 2024). This 

approach considers the total net present cost over the system’s operational 

lifetime, including projected expenses such as capital cost (CC), operation 

and maintenance costs (OMC), and repair and replacement costs (RRC). 

By evaluating the financial impacts over time, it effectively incorporates 

the temporal aspect of costs (Kashefi Kaviani, Riahy, & Kouhsari, 2009; 

Yang, Zhou, Lu, & Fang, 2008). 

 

𝐴𝐶𝑆($) = ∑ 𝑁𝑖

𝑛

𝑖=1

𝑥[(𝐶𝐶𝑖 + 𝑅𝐶𝑖𝑥𝐹𝑖(𝑖𝑟, 𝐿𝑖 , 𝑦𝑖))𝑥𝐶𝑅𝐹(ir, 𝑅) + 𝑂𝑀𝐶𝑖] 
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Here, “n” represents the number of hybrid system components, such as PV 

panels and wind turbines, while “N” denotes the unit count for each "i" system 

component. The capital cost ($/kW) refers to the difference between the total 

renewal costs of component "i" over the system's lifetime and the residual 

component cost at the end of that lifetime, which is calculated as the present 

single-payment value. Additionally, “i" represents the annual operation and 

maintenance cost of the component. The real interest rate (ir), denoted as the real 

discount rate (RDR), is a function of the nominal interest (discount) rate 

(irnominal) and the annual inflation rate (fr) (Gül & Akyüz, 2023).  

𝑖𝑟 =
𝑖𝑟𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − fr

1 + fr
 

The capital recovery factor (CRF) is the ratio of a fixed annuity over a specific 

period to the present value of that annuity. Here, CRF is calculated using the 

interest rate as follows (Gül & Akyüz, 2023).  

𝐶𝑅𝐹 =
(1 + 𝑅)𝑁 ⋅ 𝑅

(1 + 𝑅)𝑁 − 1
 

Here, “R” represents the given discount rate, and “N” is the useful system 

lifetime (in years). 

System Description 

The design of a solar energy system is site-specific and depends on available 

resources and the load profile. The simulation location, Çanakkale/Bozcaada, is 

shown in Figure 3. 

 
Figure 3. Bozcaada location 
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The schematic of the planned system in HOMER software is shown in Figure 

4. Accordingly, the system consists of AC load, AC/DC converter, battery, and 

PV panel components. The size of each system element has been optimized 

according to the load determined by HOMER. 

 

 
Figure 4. System schematic (HOMER) 

 
The load profile for the designated farmhouse, with an annual average load of 

12.6 kWh/day, an average of 0.53 kW, and a peak load value of 2.68 kW, is 

shown in Figure 5. The same load values were selected in the PVsyst software. 

In PVsyst, the configuration includes 10 LED lamps, 1 PC, 1 TV (5 hours/day), 

1 dishwasher and washing machine (2 hours/day), 1 air conditioner, and 1 fan, 

totaling 12.642 Wh/day and averaging 379.3 kWh/month. 

 
Figure 5. Peak load values 
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Figure 6 shows that solar radiation levels are higher during the summer 

months.Between January and December, the monthly solar global radiation 

values range from 1.65 to 6.792 kWh/m²/day. The annual average daily solar 

global radiation level is found to be 4.01 kWh/m²/day. Ambient temperatures 

vary between 7.82 and 25.8 ℃. 

 
Figure 6. Solar daily radiation (kWh/m2/day) 

 

The Global Horizontal Irradiation graph used by the PVsyst software is shown 

in Figure 7. Accordingly, the annual horizontal irradiation value produced is 

1,753 kWh/m², reaching its highest level in June and its lowest level in December. 

 
Figure 7. Global horizontal irradiation 

 

The monthly temperature variation provided in the HOMER software is 

shown in Figure 8. According to this graph, the highest average daily 

temperatures are 25.08°C in July and August, while the lowest temperature is 

7.8°C in January. 
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Figure 8. Daily temperature graph 

 

Results and Discussions 

The size of each system component corresponding to the specified load in the 

analysis conducted with HOMER is shown in Figure 9. For this load, the 

HOMER software calculated 6.36 kW for the PV, 33 kWh for the battery, and 

2.51 kW for the converter. Based on these values, the levelized cost of energy 

was calculated as $0.0736 per kWh in the economic analysis. 

 

 
Figure 9. HOMER size optimization results 

 

The sizing analysis results conducted with PVsyst software for approximately 

the same load are presented in Figure 10. Accordingly, for this load, the PVsyst 

software calculated 6.05 kW for the PV, 44.2 kWh for the battery, and 1 kW for 

the converter. Based on these values, the levelized cost of energy was calculated 

as $0.0104 per kWh in the economic analysis. 

 

 
Figure 10. PVSyst size optimization results 
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According to the analysis results conducted with both software, the HOMER 

software calculated the PV panel size as 5% larger, while the PVsyst software did 

not calculate the battery size as 33% larger. 

In the comparison graphs of software results shown in Figure 11, the annual 

energy production in the PVsyst simulation was 12,526 kWh/year under standard 

test conditions, while the energy produced in the operating environment was 

10,043 kWh/year. According to the HOMER simulation results, the annual 

energy production was 10,200 kWh/year, with the highest energy production 

occurring in June and July, and the lowest in November. 

 
Figure 11. Pvsyst software vs Homer software 

 
Both graphs shown in Figure 11 contain values approximately 20% higher 

because they are provided under standard test conditions in the PVsyst software. 

Under operating conditions, this value approaches the results obtained from the 

HOMER software. According to Table 1, the excess energy amount in the PVsyst 
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software is 6122 kWh/year, while in the HOMER software, this value is 5255 

kWh/year. 

 

Table 1. Simulation eletrical results 

 PVsyst – 

6.05kW/1kW 

HOMER – 

6.36kW/1kW 

Annual Energy 

Prod. (kWh/yr) 

10043/1660 10200/1612 

Excess Energy 6122/1012 5255/944 

 

Conclusion 

In this study, PVsyst and HOMER software were compared to conduct sizing 

and techno-economic analysis of a photovoltaic (PV) system designed to meet a 

specific load profile in Bozcada, Turkey. Both software tools effectively 

demonstrated their capability to simulate and optimize PV-based energy systems. 

However, distinct differences emerged in the sizing and cost analysis results due 

to each software’s internal calculation methods. The results indicated that 

HOMER suggested a slightly larger PV system size (6.36 kW) compared to 

PVsyst, while PVsyst calculated a battery capacity (44.2 kWh) that was 33% 

larger than that proposed by HOMER. Consequently, HOMER estimated the 

levelized cost of energy as $0.0736 per kWh, whereas PVsyst provided an 

estimate of $0.0104 per kWh. These differences highlight the importance of 

accounting for cost discrepancies in project feasibility assessments. 

The energy production simulations showed that PVsyst projected an annual 

energy output of 12,526 kWh under Standard Test Conditions (STC); however, 

this output decreased to 10,043 kWh/year in practical operational conditions. In 

contrast, HOMER provided an output closer to real-world conditions, with an 

annual production of 10,200 kWh. This suggests that while PVsyst is useful for 

performance estimates under standard conditions, it may predict higher outputs 

under ideal conditions compared to HOMER. Additionally, the excess energy 

estimate in PVsyst (6,122 kWh/year) was higher than in HOMER (5,255 

kWh/year), reflecting different assumptions in energy usage and system 

efficiency calculations. The PVsyst model aligns with standard output data but 

may overestimate excess energy, potentially impacting decisions on energy 

storage and overall system design. 

In conclusion, while both PVsyst and HOMER provide valuable insights for 

designing grid-connected and off-grid systems, the choice between them should 
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be made based on the specific requirements of the project. For systems that 

demand precise operational performance in local conditions, HOMER may better 

reflect real-world scenarios. For performance predictions under standard 

conditions, PVsyst’s features are advantageous. Ultimately, using both tools 

together offers a balanced approach, combining PVsyst’s design parameters and 

HOMER’s practical optimization capabilities to maximize the efficiency and 

economic feasibility of renewable energy projects. 
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1.  Introduction 

There is a growing demand for dynamic electrical contact materials, which is 

expected to continue increasing as the electronics, aerospace, and electric vehicle 

industries expand. Electrical contact materials are substances utilized in switches 

and connections to establish electrical circuits [1][2]. An ideal contact material 

should possess relatively good mechanical qualities such as high bending 

strength, hardness, and beneficial resistance to corrosion, along with favorable 

electrical, thermal, and tribological characteristics [2]. These requirements ensure 

that the material will not corrode in an environment with high levels of oxygen 

or at high temperatures. Due to their exceptional electrical and thermal properties, 

copper, gold, and silver have been the primary materials selected for these 

applications [2][3]. However, it is widely acknowledged that the limited 

tribological and mechanical qualities of these materials restrict their range of 

applications [4][5]. Copper (Cu) is widely utilized in various electrical and 

electronic devices, such as electric brushes, pantograph sliders, and overhead 

current collection systems in trains, due to its exceptional electrical and thermal 

conductivity as well as its ductility [6][7].  

Copper and its alloys are anticipated to persist in utilization and exploration 

in the field of study. However, Cu's relatively poor mechanical properties limit 

its wide potential applications [1]. The substance Cu is expected to have enhanced 

mechanical properties as research on it progresses. Introducing a further process 

can enhance the mechanical and machinability characteristics of Cu [6][7]. 

Extensive efforts have been made to enhance the mechanical qualities of copper 

(Cu), often resulting in a compromise on its physical attributes. Zirconium 

dioxide (ZrO2), silicon carbide (SiC), molybdenum disulfide (MoS2), and 

graphite are types of solid lubricants that have demonstrated favorable outcomes 

in enhancing the tribological characteristics of copper matrix composites [6][7]. 

By establishing a friction pair surface, the occurrence of direct contact 

between the material interface is significantly reduced, resulting in a substantial 

decrease in both friction and wear. [8][9]. Solid lubricating films with improved 

friction-reduction and anti-wear performance have recently been developed and 

widely used in a variety of sectors [8][9]. Composites benefit from such 

lubricating films' excellent strength, tribological behavior, and thermal stability 

[8][9]. Upon evaluating the literature studies, it becomes evident that the subject 

in question is now a topic of controversy, and there is a growing body of research 

on it [8][9]. 
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In order to enhance the mechanical and tribological characteristics of the 

composite while preserving its ductile nature, nano-sized ceramic particles are 

employed as a means of reinforcement [10].  

Alumina (Al2O3) is a highly beneficial alternative for improving the properties 

of metal matrix composites. Both alumina and metal components are easily 

obtainable and affordable, making them economically competitive and suitable 

for potential industrial applications. Al2O3 offers several additional advantages, 

such as its remarkable hardness and high melting point, as well as its strong 

thermal stability and coefficient of thermal expansion. Additionally, it 

demonstrates exceptional chemical inertness and notable wear resistance, 

rendering it very compatible with metal matrices [11][12]. It is also a commonly 

employed ceramic reinforcement that remains unreactive with the matrix at 

elevated temperatures and does not produce unwanted phases.  

In this study, hybrid powders produced using powder metallurgy production 

parameters are used to test samples by hot pressing and then prepared for testing 

using metallography. The microstructures of the samples were investigated using 

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), 

scanning electron microscope (SEM), and energy dispersive X-ray spectroscopy 

(EDX). The mechanical and tribological parameters of the samples were 

evaluated by hardness and wear tests. 

2. MATERIALS and METHOD 

2.1. Preparation of Hybrid Composites 

Table 1 shows the particle sizes, names, and contents of the powders used in 

the study, and the amount of samples used by weight. In order to obtain a 

homogeneous distribution, the particle size of the reinforcement elements was 

chosen to be smaller than the matrix material. The powders were mixed in a ball 

mixer at 350 rpm for 3 hours with the addition of ethyl alcohol and citric acid. 

The resulting solution was then dried in an oven at 80 °C in a controlled 

atmosphere for 18 hours. The dried mixture was lubricated with zinc stearate 

(Zn(C18H35O2)2) and placed in a graphite mold preloaded with 10 MPa in one 

direction using a hydraulic press. The samples were preloaded in a cold press 

before being pressed in a hot press at 700 °C in an argon (99.9% purity) 

environment for 90 minutes under a pressure of 350 MPa. Figure 1 shows the 

sample preparation scheme. After the hot pressing process in a fluid Argon 

atmosphere, the samples were allowed to cool in the oven. The samples were 

heat-pressed and cooled, then sintered, and then examined for microstructure, 

mechanical properties, and tribology. The Bakelite combination was made with 
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Fiber Polyester Resin and hardener and the samples were placed in molds. Then 

the combination was poured onto the prepared mixture and left to harden for 24 

hours. Finally, sanding and polishing were done and then cleaned with alcohol. 

Table 1. Particle sizes of powders and nomenclature of powders and amount 

of additives by wt. % 

Sample Name Cu Al2O3 

Particle size 44µm 5µm 

Nomenclature Cu (%) Al2O3 (%) 

Cu 100 - 

Cu-1Al2O3 99 1 

Cu-5Al2O3 95 5 

 

 

Figure 1. Sample preparation scheme 
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2.2. Characterization of Hybrid Composites 

The hybrid composites were characterized using X-ray diffraction (XRD) on 

a Rigaku RINT-2000 X apparatus. The scan range was 2θ = 20 to 80° and the 

voltage was 40 kV/40 mA. The functional groups of pure and Al2O3 doped 

Copper samples generated via powder metallurgy were characterized using FT-

IR measurements. The Thermo Scientific Nicolet IS5 FT-IR spectrometer with a 

scan range of 3000-500 cm-1 was utilized for the analysis. SEM and EDX 

analyses were done on the samples' structure using a Zeiss EVO MA10 SEM 

equipment in the Cu matrix structure, as well as to investigate the wear surfaces. 

2.3. Hardness and Tribology 

The hardness values were determined by averaging the values obtained from 

3 various locations at HV30 for a duration of 15 seconds under a load of 100 

grams. Upon examination of the literature studies, it was found that the crucial 

test criteria for wear tests conducted in dry conditions are the quantity of 

reinforcement, applied load, sliding speed, and sliding distance [13][14]. The 

abrasion tests conducted in this study utilized a pin-disc abrasion tester to 

examine the effects of dry abrasion. Steel wear pins were subjected to a load of 

15 N, a sliding speed of 50 mm/sec, and a sliding distance of 1000 meters. The 

weight loss of the specimens was measured at intervals of 100 meters across a 

total sliding distance of 1000 meters. A weight laboratory instrument balance 

with a precision value of 10-4 was used to assess the weight loss. The observed 

values were recorded and weight loss graphs were created for each specimen 

based on the distance [15][16][17]. 

3. RESULTS and DISCUSSION 

3.1. Characterization 

3.3.1. XRD 

XRD analysis spectra of the produced hybrid composites are shown in Figure 

2. The hybrid composites' diffraction patterns show distinct peaks that are 

associated with the face-centered cubic phase of copper. Diffraction peaks at 

43.2, 50.3, and 74.1° were observed, corresponding to the (111), (200), and (220) 

reflections of Cu, respectively. Following a duration of five hours of ball milling, 

the diffraction patterns revealed that the α-Al2O3, β- Al2O3, and δ-Al2O3 phases 

exhibited remarkable stability and did not undergo any phase transformation. The 

most stable phase of alumina is α-Al2O3, and milled powders show an increase in 

lattice tension and a decrease in crystallite size through line broadening [18][19].  
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Figure 2. XRD diffraction patterns 

 

3.3.3. SEM 

The qualitative information regarding the particle size distribution and 

morphology of the hybrid composite samples following ball milling and hot 

pressing processes was obtained using SEM analysis. SEM images and EDX 

analysis results of Cu/Al2O3 hybrid composite samples are shown in Figure 4 

and Figure 5. By subjecting the material to a grinding process for 5 hours, the 

size of the particles is decreased, leading to a significantly more even dispersion 

of the strengthening elements and reducing the formation of clumps [20][21]. By 

introducing hard alumina particles, the weldability of the copper powder particles 

was reduced, resulting in the formation of small irregular particles instead of large 

flake-shaped particles [22][23]. Crushing and cold welding of the powder 

particles occurs as a result of contact between the grinding balls and the walls of 

the grinding flasks during the grinding operation [22][24]. The effect of the 

amount of alumina reinforcement on the microstructure is shown in Figure 4 b-c. 

The microstructure exhibited finer particles as the amount of reinforcement 

increased.   
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a) 

 

 

b) 
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c) 

Figure 4. SEM images of the produced hybrid composite groups: a) Cu, b) Cu-

1Al2O3,  

c) Cu-5Al2O3  
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a) 

 

b) 

 

c) 

Figure 5. EDS analysis results of the produced hybrid composite groups: a) Cu,  

b) Cu-1Al2O3, c) Cu-5Al2O3  

 

3.3. Hardness and Tribology 

Figure 7 displays the mean hardness measurements acquired from 3 different 

regions on the specimens. Compared to the pure Cu sample, all reinforcements 

exhibited a significant enhancement in hardness values. The incorporation of 

high-strength into a copper matrix, together with the addition of hard ceramic 

Al2O3, significantly enhanced the hardness of the material.  The hardness of the 
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Cu-5Al2O3 hybrid composite was measured to be 213 HV, which was the highest 

value observed.  The maximum level of hardness emerged when these 

enhancements were evenly distributed within the Cu matrix, resulting in a 

homogeneous increase in hardness throughout the composite. Due to the 

relationship between finer grain structures and higher hardness values, both 

regular hard Al2O3 can prevent grain growth in the copper matrix by adhering to 

the grain boundaries. As a result, they contribute to the formation of a superior 

grain structure compared to pure copper [12]. The presence of Al2O3 particles in 

the matrix alloy acts as a shield for the softer Cu matrix, preventing deformation 

and providing protection against cutting and penetration of the slides on the 

surface of the composites.   

 

Figure 7. Variation in Hardness values of the produced composites 

 

The wear weight loss graphs of Al2O3 reinforced composites under a single 

load are shown in Figure 8-a. The wear tests revealed that Al2O3 reinforcements 

reduced weight loss after wear. In comparison to the pure Cu sample, the Cu-

5Al2O3 sample with the lowest weight loss was 9 times lower. The addition of 

reinforcement is thought of to improve composite strength by reducing 

agglomeration and filling pores and gaps in the matrix structure. This method 

creates a thin lubricating layer between the matte surfaces, significantly reducing 
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mass loss [25]. The use of Al2O3 as a reinforcing element in Cu matrix composites 

leads to a rise in hardness that can be attributed to the Orowan process [16]. 

 

 

a) 

 

b) 

Figure 8. a) Weight losses after wear tests and b) variation of Friction coefficients 

for the produced hybrid composites 
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Figure 9-b depicts the decrease in the coefficient of friction in hybrid 

composites during 1000-meter sliding distance wear testing. Al2O3-reinforced 

hybrid composites showed a considerable drop in coefficient of friction values. 

SEM images shown in Figure 9 confirm that the wear scar surfaces during the 

wear process depend on the material type, microstructure, hardness, and 

manufacturing parameters. The significant depression caused by the steel 

abrasive pin in the Cu sample without reinforcement is mostly attributed to the 

extensive plastic deformation caused by the comparatively lower hardness of 

copper. This resulted in more severe wear than the newly manufactured 

reinforced hybrid composites.  In contrast, the greater hardness of the hybrid 

composites permitted only micro-inclusions and scratches to produce shallow 

grooves on the specimen surfaces, as shown in the images of the wear scars [26].  

 

a) 

 

b) 
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c) 

Figure 9. SEM images after wear tests for different composite groups: a) Cu, b) Cu-

1Al2O3, c) Cu-5Al2O3  

Cracks were visible in pure Cu samples, but not on the wear surfaces of Al2O3 

reinforced samples, which had less distortion and a lower wear depth.  An 

increase in the weight % of Al2O3 results in a decrease in the rate at which wear 

occurs (an increase in wear resistance). This is due to the formation of bonds at 

the interfaces between the reinforcing particles and Cu particles, which in turn 

causes thermal stresses at these interfaces [27][28]. Reduced friction leads to the 

formation of parallel grooves and scratches in the direction of sliding, with a 

lower number of scratches on the composite surface. The oxide layer on the 

surface acts as a protective barrier for the composite and generates strong 

cohesion forces on the contact surfaces, resulting in adhesion wear when there 

are higher sliding speeds and shorter sliding distances. The presence of robust 

adhesive forces on the worn contact surfaces is the cause of the oxide layer that 

safeguards the composite material [26][29]. 

4. CONCLUSIONS 

The matrix material Cu was combined with reinforcements of Al2O3. The 

powders, which were thoroughly mixed to achieve homogeneity, underwent a 

cold pressing process followed by a hot pressing process in an environment filled 

with argon gas. The following outcomes were acquired as a consequence of the 

experiments: 

The scanning electron microscope (SEM) pictures and energy-dispersive X-

ray (EDX) analysis revealed a uniform distribution of the reinforcing powders 

throughout the copper (Cu) matrix structure. XRD analysis results showed the 

formation of characteristic peaks of Al and C on the Cu matrix structure, albeit at 

low intensity. 



124 

• The density values of the hybrid composites decreased with Al2O3 

reinforcement.  

• The measured hardness values demonstrated that the incorporation of 

Al2O3 additions led to a significant enhancement in hardness. Moreover, the 

hardness values exhibited a direct correlation with the quantity of Al2O3 

reinforcement. The hybrid composite comprising 5wt% Al2O3 yielded the highest 

hardness result. 

• As a result of 1000 m sliding distance wear tests, a 295% lower 

coefficient of friction result was obtained for the hybrid composite with  

 5wt% Al2O3 doping compared to the pure Cu sample.  

• The wear tests showed comparable findings, however the addition of 

Al2O3 reinforcements significantly improved the wear resistance of Cu matrix 

composites. The incorporation of Al2O3 reinforcement minimized the emergence 

of significant cracks and voids in the wear scars depicted in the post-wear (SEM) 

images. 

•  The findings of this study are expected to enable the use of more 

durable machine parts in high-wear areas, resulting in reduced 

maintenance costs in industries such as electronics, aerospace, and electric 

vehicles. 
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1. Introduction 

Precipitation data is essential to monitor climate change on both regional and 

global scales, as well as to manage water resources, and sustainable agricultural 

activities. The historic precipitation time series plays a critical role in trend 

analysis, climate modelling, crop yield estimation and hydrological modeling 

studies (Sarker et al., 2012; Ding et al., 2023). The accurate precipitation time 

series are essential in arid and semi-arid regions because high agricultural 

productivity depends on the limited surface water and groundwater (Kartal and 

Nones 2024). In the past years, several studies reported that meteorological 

droughts and extreme weather events occurred in Konya (Yilmaz 2017; Koycegiz 

and Buyukyildiz 2019; Saris and Gedik 2021). Therefore, accurate and consistent 

precipitation datasets are essential for sustainable water resource management 

and agricultural planning, especially considering climate variability.  

In-situ precipitation measurements are conducted by various public agencies, 

such as Türkiye’s General Directorate of Meteorology (MGM). However, in-situ 

measurements are often not cost-effective, especially across large provinces. In 

addition, it is difficult to conduct spatial analysis because the small number of 

meteorological stations does not extensively represent the study area. Even if the 

data interpolation methods can expand the spatial coverage in specific study 

areas, they cannot expand the temporal resolution. Advancements in remote 

sensing and computational capabilities have led to the development of several 

global meteorological datasets. Datasets such as CHIRPS (Climate Hazards 

Group InfraRed Precipitation with Station data), ERA5-Land (European Centre 

for Medium-Range Weather Forecasts), GPM (Global Precipitation 

Measurement mission), PERSIANN-CDR (Precipitation Estimation from 

Remotely Sensed Information using Artificial Neural Networks-Climate Data 

Record), and TerraClimate provide global precipitation data with varying spatial 

and temporal resolutions. 

Despite the advantages of global open-access precipitation datasets, their 

consistency can vary worldwide because of differing data acquisition and 

computational methods (Wu et al., 2023). Several studies have been conducted 

on the analysis of global and regional consistencies of global datasets (Sun et al., 

2018; Pradhan et al., 2022). However, they still need to be locally validated in 

climate analysis of smaller regions. Thus, the objective of this study is to assess 

the accuracy and consistency of global precipitation datasets in Konya Province, 

Türkiye. The flow of this chapter is as follows: First, the global datasets and study 

area are introduced, along with the statistical methods used for consistency 
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analysis. Next, the results are presented and discussed, and finally, conclusions 

are drawn.  

2. Data and methods 

Konya Province is a metropolitan region in Türkiye, with a population 

of over 2 million as of 2024. Known as Türkiye’s primary grain-producing 

area, Konya has extensive plains and a predominantly arid and continental 

climate. The average annual temperature is approximately 12 °C and 

average annual total precipitation is 325 mm. The meteorological station 

at Konya Public Airport was selected as the reference point for consistency 

analysis. The geographical location of Konya and the in-situ measurement 

test point are shown in Figure 1.  

 
Figure 1. Konya province and test point 

Global precipitation datasets are produced in several ways such as gauge-

based, satellite-based or reanalysis of measurements based on precipitation 

process modelling (Sun et al. 2018). In this study, CHIRPS, ERA5-Land, GPM, 

and PERSIAN-CDR datasets were investigated. The details of the global and 

reference datasets are given in Table 1. The global precipitation data were 

retrieved from Climate Engine platform which is a cloud-based climate and 

remote sensing data processing platform (Huntington et. al., 2017). 
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First daily data were aggregated to monthly scale since the reference data was 

on monthly basis. After matching the data spans, temporal alignment was 

performed.  

Table 1. Details of global and reference datasets 

Dataset 

Name 

Spatial 

Resolution 

Temporal 

Resolution 

Start 

time 
Reference 

CHIRPS 0.05°  Daily 1981 Funk et. al., 2014 

ERA5-Land 0.125° Daily 1950 
Muñoz Sabater, 

2019 

GPM 0.1° Daily 2000 
Skofronick-Jack-

son et. al., 2018 

PERSIAN-

CDR 
0.25° Daily 1981 

Ashouri et. al., 

2015 

TerraClimate ~0.04° Monthly 1958 
Abatzoglou et. al, 

2018 

MGM N/A Monthly 1926 

General Directory 

of Meteorology, 

2024 

The Root Mean Square Error (RMSE), Mean Bias Error (MBE), Correlation 

Coefficient (CC), and Coefficient of Determination (R2) metrics were selected to 

analyze long-term consistency and their effectiveness in comparison of 

precipitation datasets. The formulas of selected statistical metrics are given in 

Equations 1-4. 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑(𝑃𝑖

𝑔𝑙𝑜𝑏𝑎𝑙
− 𝑃𝑖

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
)

2
𝑛

𝑖

                                 (1) 

𝑀𝐵𝐸 =  
1

𝑛
∑ 𝑃𝑖

𝑔𝑙𝑜𝑏𝑎𝑙
− 𝑃𝑖

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑛

𝑖

                                            (2) 

𝐶𝐶 =
𝐶𝑜𝑣(𝑃𝑔𝑙𝑜𝑏𝑎𝑙 , 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)

𝜎𝑔𝑙𝑜𝑏𝑎𝑙 𝑥 𝜎𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
                                                    (3) 

𝑅2  = 𝐶𝐶2                                                                                           (4) 

𝑃𝑔𝑙𝑜𝑏𝑎𝑙 and 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 indicate monthly aggregated precipitations, 𝜎𝑔𝑙𝑜𝑏𝑎𝑙 

and 𝜎𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 show their variances, respectively. The overall and seasonal 

statistics were computed using the above metrics. While RMSE shows accuracy, 
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MBE shows the average bias or tendency.  CC and R2 metrics indicate how well 

global precipitation data agrees with reference. 

3. Results 

Annual total precipitations from different datasets are illustrated in Figure 2 

to understand general variations.  

 
Figure 2. Annual total precipitations 

As seen in Figure 2, ERA5-Land and CHIRPS datasets show a similar and 

more consistent variations compared to in-situ measurements. TerraClimate time 

series slightly overestimates the precipitation, but GPM and PERSIAN-CDR 

clearly not inline with reference. The summary of overall statistics using monthly 

aggregated precipitation measurements is shown in Table 2. According to Table 

2, CHIRPS was found to be best in terms of accuracy with an RMSE of 13.4 mm, 

followed by ERA5-Land, TerraClimate and GPM. PERSIAN-CDR is found to 

be not adequate in representing actual measurements. In terms of consistency, 

CHIRPS has the highest correlation with 0.84, followed by GPM and 

TerraClimate. While this level of correlation can be accepted as very strong, other 

data sources can be classified as strong. From R2 values, none of the global 

datasets has a strong linear fit to reference data, but moderate fit. To summarize, 

it can be said that CHIRPS is the most accurate dataset overall, while 

PERSIANN-CDR has the least reliability. ERA5-Land performs moderately well 

with minimal bias. GPM and TerraClimate show good correlation but notable 

overestimation. 
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Table 2. Summary of overall statistics 

Dataset 
RMSE 

(mm) 

MBE 

(mm) 
CC R2 

CHIRPS 13.4 -1.8 0.84 0.70 

ERA5-Land 15.4 0.4 0.77 0.60 

GPM 23.8 13.0 0.83 0.69 

PERSIAN-CDR 39.4 25.9 0.71 0.51 

TerraClimate 20.4 11.1 0.83 0.68 

The overall statistics do not consider seasonal variabilities. Table 3 provides 

insight into seasonal variations, capturing how each dataset performs across 

winter, spring, summer, and fall. Seasonal performance reveals that datasets often 

vary significantly in their accuracy and biases depending on the time of year. 

CHIRPS performs consistently well across all seasons, with minimal bias and 

strong correlation, making it the most reliable dataset overall. TerraClimate 

shows good performance in summer and fall, with low errors and minimal biases, 

though it tends to overestimate in winter. ERA5-Land also performs well in 

summer and fall but has moderate biases in other seasons. GPM shows acceptable 

accuracy in summer but has high RMSE and overestimation in winter, making it 

less reliable in the colder months. PERSIANN-CDR consistently shows high 

RMSE and strong overestimation across all seasons, making it the least reliable 

dataset for capturing precipitation patterns in Konya Province. 
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Table 3. Summary of seasonal statistics 

Season Dataset 
RMSE 

(mm) 

MBE 

(mm) 
CC R2 

Winter 

CHIRPS 15.4 -3.7 0.85 0.73 

ERA5-Land 16.5 3.1 0.75 0.56 

GPM 32.2 23.2 0.85 0.72 

PERSIAN-CDR 63.5 51.7 0.64 0.41 

TerraClimate 30.9 26.7 0.88 0.77 

Spring 

CHIRPS 13.3 -1.4 0.76 0.57 

ERA5-Land 16.9 5.7 0.69 0.47 

GPM 25.8 11.4 0.67 0.45 

PERSIAN-CDR 31.2 23.8 0.64 0.41 

TerraClimate 21.0 14.4 0.75 0.56 

Summer 

CHIRPS 9.6 -1.8 0.86 0.75 

ERA5-Land 11.0 -2.3 0.79 0.62 

GPM 12.7 5.0 0.86 0.74 

PERSIAN-CDR 20.3 9.8 0.70 0.49 

TerraClimate 9.4 -1.3 0.84 0.71 

Fall 

CHIRPS 14.8 -0.4 0.81 0.65 

ERA5-Land 16.3 -5.0 0.75 0.56 

GPM 20.4 12.6 0.83 0.69 

PERSIAN-CDR 28.2 18.1 0.81 0.66 

TerraClimate 13.6 4.5 0.85 0.72 

In addition to seasonal statistics, annual change of RMSE is illustrated in Figure 

3. As seen in Figure 3, CHIRPS is the most accurate and stable dataset, with low 

RMSE values, suggesting it is well-suited for long-term precipitation analysis in 

this region. ERA5-Land and TerraClimate show moderate accuracy with occa-

sional fluctuations, making them reasonable alternatives. GPM has higher vari-

ability, indicating potential reliability issues in certain years while PERSIAN-CDR 

is less reliable. 

The accuracy and consistency of various precipitation datasets can vary at dif-

ferent time periods. Above analysis were conducted between all available pre-

cipitation products and in-situ measurements. 
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Figure 3. Annual variation of RMSE 

Therefore, the data spans were aligned to between 2001-2023. The overall 

statistics considering only data between 2001-2023 is presented in Table 4.  

Table 4. Summary of overall statistics between 2001-2023 

Dataset 
RMSE 

(mm) 

MBE 

(mm) 
CC R2 

CHIRPS 13.7 -2.4 0.84 0.71 

ERA5-Land 15.6 -0.5 0.78 0.61 

GPM 24.0 13.1 0.83 0.69 

PERSIAN-CDR 39.1 26.5 0.74 0.55 

TerraClimate 21.2 11.8 0.83 0.69 

Table 4 suggests that CHIRPS is still the most accurate and consistent. The 

statistics for all global datasets did not significantly change. 

Figure 4 shows scatter plots comparing precipitation values from global 

datasets with in-situ data (MGM). Each plot includes a regression line with the 

regression equation and a 1:1 line, which represents perfect agreement between 

dataset and in-situ values. TerraClimate has a slope closest to 1, suggesting that 

it aligns reasonably well with in-situ data, although it still shows slight 

overestimation. GPM and PERSIANN-CDR have slopes greater than 1, 

indicating that they tend to overestimate precipitation, especially at higher values. 

CHIRPS and ERA5-Land have slopes less than 1, with CHIRPS showing the 

most significant underestimation. 
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Figure 4. Scatter plots and regression lines 

4. Conclusion 

This study assessed the long-term consistency and reliability of five open-

access precipitation datasets (CHIRPS, ERA5-Land, GPM, PERSIANN-CDR, 

and TerraClimate) in representing precipitation patterns in Konya Province, 

Turkey. By comparing each dataset against in-situ measurements from the 

Turkish General Directorate of Meteorology, we evaluated accuracy, systematic 
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bias, and seasonal variability using key statistical metrics: RMSE, MBE, CC, and 

R². 

In conclusion, CHIRPS emerged as the preferred dataset for accurate 

precipitation analysis in Konya Province, followed by ERA5-Land for its stable 

long-term performance. GPM, PERSIANN-CDR, and TerraClimate may be 

useful for broader trend analysis but require caution due to their tendency to 

overestimate precipitation. Seasonal analysis revealed that each dataset’s 

performance varies by season, TerraClimate generally performing well in 

summer, showed greater variability in other seasons. This study underscores the 

importance of ongoing evaluation of open-access precipitation datasets to ensure 

data quality and reliability, especially in regions with variable climates. 

Future research should investigate the impact of these datasets on hydrological 

and agricultural models specific to Konya, to develop sustainable policies that 

enhance climate resilience and support water resource management in the region. 
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1. Introduction 

Semiconductor thin films have become central to advancements in a wide 

range of technological fields, including photovoltaics, optoelectronics, and 

environmental remediation. Their unique properties, such as tunable energy band 

gaps, high surface area-to-volume ratios, and efficient charge transport, make 

them ideal for these applications. Among semiconductor materials, cadmium 

sulfide (CdS) thin films have garnered significant interest due to their favorable 

optical and electronic characteristics, including a direct band gap (~2.42 eV) that 

facilitates visible light absorption [1, 2]. 

However, pure CdS thin films are often limited in performance for 

applications requiring higher photocatalytic efficiency or specific electronic 

properties. To overcome these limitations, doping CdS with various elements has 

been widely studied as a strategy to tune the material's physical properties. 

Among the possible dopants, lead (Pb) has shown potential to significantly 

enhance the structural and functional performance of CdS, resulting in the 

formation of CdPbS thin films with modified grain size, band gap, and 

photocatalytic activity [3, 4]. Pb doping introduces additional energy levels 

within the band structure, which can reduce the energy band gap and improve the 

material’s ability to absorb a broader spectrum of light, making it more suitable 

for applications like photocatalysis and solar cells [5]. 

The chemical bath deposition (CBD) technique has been a favored method for 

growing CdPbS thin films due to its simplicity, cost-effectiveness, and ability to 

produce uniform and adherent films at relatively low temperatures. CBD allows 

for fine control over film thickness and composition, making it ideal for the 

deposition of doped thin films where precise control over doping concentration 

is critical [6, 7]. Previous studies have demonstrated that increasing Pb 

concentration in CdPbS thin films can result in enhanced photocatalytic 

efficiency by promoting electron-hole separation and improving light absorption 

[8]. However, beyond a certain concentration, Pb doping can negatively affect 

the crystal structure, leading to defects that reduce material performance [9]. 

In this context, the present study focuses on investigating the effects of 

varying Pb concentrations (%0, %5, %10, %15, and %20) on the structural, 

optical, and photocatalytic properties of CdPbS thin films synthesized via CBD. 

The grain size, which plays a crucial role in the surface area and defect density 

of thin films, is expected to increase with moderate Pb doping, leading to 

improved charge transport properties. Simultaneously, we hypothesize that Pb 
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doping will reduce the energy band gap, allowing for more efficient utilization of 

visible light in photocatalytic reactions. 

The photocatalytic activity of semiconductors is closely linked to their ability 

to generate and sustain electron-hole pairs under light irradiation. Pb doping in 

CdS has been shown to facilitate this process by lowering the recombination rate 

of electron-hole pairs, thus enhancing photocatalytic efficiency. By 

systematically varying the Pb concentration in this study, we aim to identify the 

optimal doping level that maximizes photocatalytic performance while 

maintaining desirable structural and optical properties. The broader goal of this 

research is to contribute to the development of advanced semiconductor materials 

for environmental applications, such as wastewater treatment and air purification, 

where efficient photocatalysis is essential. 

This work seeks to establish the relationship between Pb doping concentration 

and the key material properties of CdPbS thin films, including grain size, energy 

band gap, and photocatalytic efficiency. The insights gained from this study are 

expected to provide a pathway for the development of more efficient and cost-

effective photocatalysts, with potential applications extending to clean energy 

production and environmental remediation technologies. 

2. Experimental Part 

In this study, CdPbS thin films with varying Pb concentrations (%0, %5, %10, 

%15, and %20) were synthesized using the chemical bath deposition (CBD) 

technique. This method was chosen due to its simplicity, cost-effectiveness, and 

ability to produce high-quality thin films with controlled thickness and 

composition. 

2.1. Materials and Reagents 

The precursor solutions for the CBD process were prepared using cadmium 

acetate dihydrate (Cd(CH₃CO₂)₂·2H₂O), lead acetate trihydrate 

(Pb(CH₃CO₂)₂·3H₂O), and thiourea (CH₄N₂S) as the sulfur source. Ammonium 

hydroxide (NH₄OH) was used to adjust the pH of the solution to a desired level 

for optimal film growth. Deionized water was used as the solvent. Glass 

substrates were cleaned ultrasonically in acetone, ethanol, and deionized water 

for 15 minutes each, followed by drying in a nitrogen stream before deposition. 

  



144 

2.2. Chemical Bath Deposition (CBD) Process 

The CBD process was carried out in a thermostated water bath maintained at 

80°C. The cleaned glass substrates were vertically immersed in the precursor 

solution containing cadmium acetate (0.1 M), thiourea (0.1 M), and varying 

concentrations of lead acetate (0 M, 0.05 M, 0.1 M, 0.15 M, and 0.2 M to achieve 

Pb concentrations of %0, %5, %10, %15, and %20, respectively). The pH of the 

solution was adjusted to 10 using ammonium hydroxide to ensure the formation 

of a stable CdPbS film. The deposition process was carried out for 60 minutes to 

allow for the uniform growth of the thin films. 

After deposition, the films were removed from the solution, thoroughly rinsed 

with deionized water, and dried in air at room temperature. The as-deposited films 

were further annealed at 200°C for 1 hour in a vacuum furnace to improve 

crystallinity and ensure homogeneity of Pb distribution. 

3. Results and Discussion 

In this section, the effects of varying Pb concentrations (%0, %5, %10, %15, 

and %20) on the structural, optical, and photocatalytic properties of CdPbS thin 

films are discussed. The films were characterized using XRD, UV-Vis 

spectroscopy, and photocatalytic degradation tests. The results obtained from 

these techniques provide insights into how Pb doping influences the behavior of 

CdPbS films. 

3.1. Structural Analysis: Grain Size 

X-ray diffraction (XRD) patterns revealed that all synthesized CdPbS thin 

films exhibited a polycrystalline nature with a cubic crystal structure. The grain 

size was calculated using the Scherrer equation from the broadening of the XRD 

peaks. As shown in Figure 1, the grain size increased with increasing Pb 

concentration, reaching a maximum of approximately 50 nm at %15 Pb. This 

increase in grain size can be scientifically explained by the substitution of Pb²⁺ 

ions for Cd²⁺ ions in the CdS lattice. Pb²⁺ has a larger ionic radius (1.19 Å) 

compared to Cd²⁺ (0.97 Å), and its incorporation into the CdS structure leads to 

lattice expansion. The larger ions reduce the lattice strain by occupying 

substitutional sites, which decreases the overall defect density and allows grains 

to grow more freely without significant internal stress. 

Furthermore, Pb doping introduces additional energy levels in the material's 

electronic structure, which can facilitate the migration of grain boundaries. This, 
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in turn, promotes coalescence of smaller grains into larger grains. As the grains 

grow, the film achieves a more energetically favorable state with fewer grain 

boundaries, leading to enhanced crystallinity and a reduction in boundary-related 

scattering . Additionally, Pb doping is known to act as a catalyst for grain growth 

by reducing activation energy barriers for atom migration during the film 

deposition process, which further explains the observed increase in grain size 

with moderate Pb concentrations. 

However, beyond %15 Pb, the grain size decreased slightly, dropping to 

around 45 nm at %20 Pb. This reduction can be attributed to excessive Pb doping, 

which introduces lattice distortions and defects due to the oversaturation of Pb 

atoms in the crystal structure. When the dopant concentration exceeds the 

solubility limit in the CdS lattice, Pb atoms no longer substitute for Cd but instead 

occupy interstitial sites or form secondary phases (such as PbS) that are not well 

integrated into the host lattice. These secondary phases can act as scattering 

centers and impede the growth of well-ordered grains. 

The introduction of such defects causes local strain in the crystal lattice, which 

can disrupt the movement of grain boundaries, leading to grain size reduction. 

Moreover, excessive doping tends to increase the formation of dislocations and 

other crystallographic defects that prevent atoms from migrating across grain 

boundaries efficiently, thus inhibiting further grain growth . These defects can 

also limit the mobility of adatoms during the thin film deposition process, further 

restricting the coalescence of grains. The presence of amorphous regions or 

secondary phases at higher doping concentrations can also act as barriers to grain 

boundary movement, thereby resulting in smaller grains. 

While moderate Pb doping facilitates grain growth by reducing lattice strain 

and promoting crystal cohesion, excessive Pb incorporation leads to lattice 

distortions and defect formation that hinder further growth, thus causing a 

decrease in grain size. The optimal Pb concentration for maximizing grain size 

without inducing detrimental structural effects is %15. 
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Figure 1. The grain sizes for CdPbS thin films. 

3.2. Optical Properties: Energy Band Gap 

The optical absorption spectra of the CdPbS thin films were measured using 

UV-Vis spectroscopy, and the energy band gaps were calculated from Tauc plots. 

As illustrated in Figure 2, the band gap decreased consistently with increasing Pb 

concentration up to %15, where the minimum band gap value of 2.00 eV was 

recorded. This reduction in band gap is primarily due to the introduction of 

additional electronic states within the band structure, a phenomenon commonly 

observed in heavily doped semiconductors. When Pb²⁺ ions substitute for Cd²⁺ 

ions in the CdS lattice, they introduce impurity levels within the forbidden energy 

gap, effectively narrowing the band gap by enabling electronic transitions at 

lower energy levels. 

This band gap narrowing can be attributed to two main factors: first, the 

perturbation of the crystal potential due to the presence of larger Pb²⁺ ions alters 

the electronic band structure, reducing the energy required for valence band 

electrons to transition to the conduction band. Second, the doped Pb atoms 

introduce localized states near the conduction and valence band edges, which act 

as intermediate energy levels. These localized states facilitate sub-band gap 

absorption processes, where lower energy photons can excite electrons into the 

conduction band through these intermediate states, effectively reducing the 

optical band gap. 

At Pb concentrations beyond %15, the band gap increased slightly, reaching 

approximately 2.10 eV at %20 Pb. This reversal in the band gap trend suggests 
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that excessive Pb doping introduces defects or impurity states that not only 

disrupt the crystal structure but also counteract the beneficial effects of moderate 

doping. When the concentration of Pb exceeds the solubility limit in the CdS 

lattice, it can lead to the formation of secondary phases, such as PbS or 

amorphous regions, which do not contribute to band gap narrowing but instead 

introduce additional scattering centers and defects. 

These defect states, often located near grain boundaries or within disordered 

regions, can trap charge carriers and act as recombination centers, reducing the 

effective number of free carriers available for photocatalytic processes. 

Moreover, these defects increase the potential for non-radiative recombination, 

where electron-hole pairs are annihilated before contributing to photocatalytic 

activity or light absorption, leading to a reduction in the material's overall 

efficiency. This increased recombination rate at high doping levels effectively 

reduces the optical absorption efficiency and results in an observed increase in 

the band gap. 

Furthermore, it is possible that excessive Pb doping induces a Burstein-Moss 

shift, where the Fermi level moves into the conduction band due to an increase in 

carrier concentration. As the conduction band becomes populated with free 

carriers, the energy required to excite additional electrons from the valence band 

increases, causing an apparent widening of the band gap. This mechanism is 

commonly observed in degenerate semiconductors with high carrier 

concentrations and can explain the slight increase in the band gap observed at 

%20 Pb doping. 

In conclusion, while moderate Pb doping introduces beneficial electronic 

states that reduce the band gap and enhance optical absorption, excessive doping 

introduces structural defects and impurity states that disrupt the crystal lattice and 

increase recombination rates, resulting in a slight widening of the band gap. 

Optimizing the Pb concentration is thus critical for maximizing the optical 

performance of CdPbS thin films. 
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Figure 2. The energy band gaps for CdPbS thin films. 

3.3. Photocatalytic Activity 

The photocatalytic activity of the CdPbS thin films was evaluated by 

monitoring the degradation of methylene blue under visible light irradiation, a 

well-established method for assessing the performance of semiconductor 

photocatalysts. As depicted in Figure 3, the photocatalytic efficiency increased 

with Pb concentration, reaching a maximum degradation efficiency of 85% at 

%15 Pb. This enhancement in photocatalytic performance can be explained by 

the synergistic effects of both structural and optical improvements in the material 

as a result of Pb doping. 

One of the key contributors to this enhanced performance is the increase in 

grain size observed with moderate Pb doping. Larger grains typically present 

fewer grain boundaries, which are known to act as recombination sites for 

photogenerated electron-hole pairs. By reducing the density of grain boundaries, 

the probability of non-radiative recombination decreases, allowing for a longer 

lifetime of charge carriers and thereby improving the overall photocatalytic 

efficiency. Larger grains also provide a more favorable surface for catalytic 

reactions, as they tend to reduce surface defects that might otherwise trap charge 

carriers. 

Additionally, the reduction in the energy band gap with increasing Pb 

concentration up to %15 further enhances photocatalytic activity. A narrower 

band gap allows the material to absorb a broader spectrum of visible light, 

increasing the number of photons that can generate electron-hole pairs under 
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illumination. This increased light absorption improves the overall photocatalytic 

performance by ensuring more efficient utilization of the available light energy 

for initiating photocatalytic reactions. Furthermore, a reduced band gap facilitates 

charge carrier excitation at lower energy levels, which is crucial for generating 

the reactive species (such as hydroxyl radicals) responsible for the degradation of 

methylene blue. 

However, similar to the trends observed in grain size and band gap, the 

photocatalytic activity decreased slightly at %20 Pb, with efficiency dropping to 

80%. This decrease is primarily attributed to the higher defect density introduced 

by excessive Pb doping. When the Pb concentration exceeds the solubility limit 

within the CdS lattice, the formation of defects such as vacancies, dislocations, 

and interstitials becomes more pronounced. These defects act as recombination 

centers for the photogenerated electron-hole pairs, thereby reducing their 

lifetime. As a result, fewer charge carriers remain available for participation in 

the photocatalytic reaction, leading to a decrease in degradation efficiency. 

Moreover, the excessive Pb doping at %20 may also lead to the formation of 

secondary phases, such as PbS, or the introduction of amorphous regions, both of 

which can interfere with the crystalline structure of the CdPbS thin films. These 

secondary phases are often less active or completely inactive in photocatalytic 

processes, and their presence reduces the effective surface area available for 

catalytic reactions. This reduction in active surface area limits the number of 

adsorption sites for methylene blue molecules and impedes the reaction kinetics, 

further contributing to the observed decrease in photocatalytic efficiency. 

In addition, at higher doping levels, the excessive Pb content can lead to 

increased carrier recombination rates due to enhanced scattering effects caused 

by structural imperfections. These imperfections act as traps for charge carriers, 

which reduces the probability of their participation in redox reactions at the 

surface of the material. Consequently, while moderate Pb doping enhances 

photocatalytic efficiency by optimizing charge carrier generation and migration, 

excessive doping introduces detrimental effects that reduce the overall 

effectiveness of the material. 

While moderate Pb doping (up to %15) significantly improves the 

photocatalytic activity of CdPbS thin films by increasing grain size, reducing the 

band gap, and enhancing light absorption, excessive Pb doping results in defect 

formation and surface area reduction, which negatively affect the photocatalytic 

performance. These findings underscore the importance of optimizing dopant 
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concentrations to maximize the efficiency of semiconductor photocatalysts for 

practical applications in environmental remediation and energy conversion. 

 

Figure 3. The photocatalytic activity of CdPbS thin films. 

3.4. Discussion and Mechanism 

The observed trends in structural, optical, and photocatalytic properties 

indicate that Pb doping plays a critical role in determining the performance of 

CdPbS thin films. At lower doping levels, Pb²⁺ ions effectively substitute Cd²⁺ in 

the CdS lattice, enhancing grain growth and reducing the band gap, which in turn 

leads to improved photocatalytic activity. This enhancement can be attributed to 

the increased generation of electron-hole pairs, as well as the lower energy 

required to initiate photocatalytic reactions. 

However, beyond a critical Pb concentration (%15), the benefits of Pb doping 

are outweighed by the negative effects of excessive doping, such as defect 

formation and grain boundary distortion. These effects not only hinder crystal 

growth but also introduce recombination centers that reduce photocatalytic 

efficiency. The slight increase in band gap at higher doping levels further 

corroborates the presence of defect states, which disrupt the crystal structure and 

limit the material's performance. 

In conclusion, Pb doping at moderate concentrations (up to %15) significantly 

improves the structural, optical, and photocatalytic properties of CdPbS thin 

films. However, excessive doping leads to detrimental effects that reduce the 

material's overall efficiency. These findings suggest that optimizing the Pb 
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concentration is crucial for achieving high-performance CdPbS thin films for 

photocatalytic applications. 

4. Conclusions 

This study systematically explored the influence of varying Pb concentrations 

(%0, %5, %10, %15, and %20) on the structural, optical, and photocatalytic 

properties of CdPbS thin films synthesized via the chemical bath deposition 

(CBD) method. The results reveal several key findings that contribute to a deeper 

understanding of how Pb doping affects the performance of CdPbS thin films. 

4.1. Grain Size and Structural Properties: Pb doping up to %15 led to an 

increase in grain size, with the maximum grain size of approximately 50 

nm observed at %15 Pb. This growth is attributed to the substitution of 

larger Pb²⁺ ions in the CdS lattice, which reduces lattice strain and pro-

motes the coalescence of grains. However, at concentrations beyond %15 

Pb, the grain size decreased slightly due to the formation of lattice dis-

tortions and secondary phases, which hinder further grain growth. These 

findings suggest that %15 Pb is the optimal doping concentration for 

maximizing grain size without inducing detrimental structural effects. 

4.2. Optical Properties and Band Gap Tuning: The energy band gap of the 

CdPbS thin films decreased with increasing Pb concentration, reaching a 

minimum value of 2.00 eV at %15 Pb. This band gap narrowing is attri-

buted to the introduction of additional electronic states by Pb doping, fa-

cilitating lower energy transitions. Beyond %15 Pb, the band gap increa-

sed slightly to 2.10 eV at %20 Pb, likely due to the introduction of defects 

and secondary phases that disrupt the crystal structure. The results high-

light that Pb doping can be effectively used to tailor the band gap of 

CdPbS thin films for applications requiring specific optical properties, 

but excessive doping introduces defects that reverse the beneficial ef-

fects. 

4.3. Photocatalytic Activity: Pb doping significantly enhanced the photoca-

talytic performance of CdPbS thin films. The highest photocatalytic effi-

ciency, measured by the degradation of methylene blue, was observed at 

%15 Pb, where the combination of larger grain size and reduced band 

gap resulted in 85% degradation efficiency. However, at %20 Pb, photo-

catalytic efficiency decreased to 80%, primarily due to the formation of 

defects that acted as recombination centers, reducing the lifetime of pho-

togenerated charge carriers. This decrease also suggests that excessive 
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doping reduces the surface area available for photocatalytic reactions by 

introducing secondary phases. 

4.4. Doping Optimization: The overall results of this study indicate that %15 

Pb is the optimal concentration for achieving a balance between grain 

size, band gap narrowing, and photocatalytic efficiency. At this concent-

ration, the films exhibit enhanced structural and functional properties, 

making them promising candidates for applications in photocatalysis. 

However, exceeding this threshold introduces defects and structural dis-

tortions that limit the material's performance. 

In conclusion, Pb doping plays a critical role in determining the structural, 

optical, and photocatalytic behavior of CdPbS thin films. The findings from this 

study suggest that moderate Pb doping enhances the material’s performance, 

while excessive doping can introduce defects that counteract these benefits. 

Future research should focus on fine-tuning the doping levels and further 

exploring the underlying mechanisms of defect formation to optimize the material 

for specific applications such as environmental remediation and clean energy 

production. 
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Introduction 

Nanotechnology, one of the most significant scientific and technological 

advancements of the 21st century, is leading to groundbreaking innovations in 

fields such as materials science, biotechnology, environmental sciences, and 

electronics. Nanomaterials, produced and studied at the nanometer scale, exhibit 

unique mechanical, electrical, magnetic, and optical behaviors due to high surface 

area-to-volume ratios, high surface energies, and quantum confinement effects, 

which differ from conventional materials. Thanks to these unique properties, 

nanomaterials have found applications in energy storage, conversion, catalysis, 

biosensors, and optoelectronic devices (Abdelkareem, Sayed, Alawadhi, & 

Alami, 2020; Amuthameena, Dhayalini, Balraj, Siva, & Senthilkumar, 2021; Cui 

et al., 2023; Kolahalam et al., 2019; Singh, Rathee, Nagpure, Singh, & Singh, 

2022). Semiconductor nanomaterials, as a vital branch of nanotechnology, 

possess extensive potential for applications in optoelectronics, photovoltaics, and 

energy fields (Rebecchi, Petrini, Maqueira Albo, Curreli, & Rubino, 2023; 

Tomar, Abdala, Chaudhary, & Singh, 2020). These materials enable high 

efficiency in energy conversion processes by interacting with energy carriers 

through photons. For example, devices such as solar cells, LEDs (Zhao et al., 

2023), photodetectors (Tabrizi, Jamali-Sheini, Ebrahimiasl, & Cheraghizade, 

2023) and lasers (Wang, Lai, Yu, & Xu, 2024)are based on the light absorption 

and emission properties of semiconductor nanomaterials. Precisely controlling 

the electrical and optical properties of semiconductor nanomaterials is essential 

for improving the performance of these devices. In this context, doping 

semiconductor nanomaterials with various elements holds significant importance 

(Pathak, Coetsee-Hugo, Swart, Swart, & Kroon, 2020). Doping modifies the band 

structure and surface energy of the material, enabling desired adjustments in 

electrical conductivity, bandgap, and optical properties. Transition metal dopants, 

in particular, can regulate the energy levels and surface states of semiconductor 

materials, enhancing light absorption capacity and photoluminescence emission 

efficiency (Du, Lin, Ren, Li, & Zhang, 2023). Integrating transition metals like 

molybdenum (Mo) into semiconductor structures can further improve their 

performance. Metals like Mo can increase carrier densities and provide rapid 

charge transport properties by affecting electron density in the structure (Ren et 

al., 2023). Consequently, semiconductor materials become more efficient for 

applications such as solar cells, photodetectors, and other optoelectronic devices 

(Kaur, Kaur, Rao, & Prakash, 2024). 

Lead zinc sulfide (PbZnS) is a semiconductor nanomaterial that attracts 

attention due to its wide bandgap, high carrier mobility, and light absorption 
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capacity. PbZnS-based nanoparticles hold significant potential for use in 

optoelectronic applications. Improving the optical properties of this material, 

particularly by increasing its solar light absorption capacity and optimizing 

energy levels, is crucial for achieving high efficiency in photovoltaic 

applications. In this context, doping Mo into the PbZnS structure has the potential 

to improve light absorption, enhance carrier mobility, and optimize optical 

emission properties by modifying the band structure of the material. Mo-doped 

PbZnS nanoparticles, with their high surface area and optimized energy levels, 

offer advantages in energy storage and conversion technologies (Dinh et al., 

2019; Naz, Ali, Zhu, & Xiang, 2018; Tigwere et al., 2023). 

This study provides a detailed analysis of the structural and optical properties 

of Mo-doped PbZnS nanoparticles. The aim is to understand the effects of Mo 

doping on the crystal structure and optical properties of PbZnS. For this purpose, 

the crystal structure of chemically synthesized nanoparticles was evaluated using 

X-ray diffraction (XRD) analysis, and their elemental composition was 

determined by energy-dispersive spectroscopy (EDS). For optical properties, 

UV-Vis absorption and photoluminescence (PL) measurements were conducted. 

The UV-Vis absorption spectrum reveals the light absorption capacity and 

bandgap of the material, while the PL spectrum evaluates the effects of Mo 

doping on energy levels and emission efficiency. This study aims to provide 

valuable insights for optoelectronic and energy applications by demonstrating the 

effects of Mo doping on the structural and optical performance of PbZnS 

nanoparticles. 

Materials and Methods 

Preparation of Materials 

In this study, the synthesis of Mo-doped PbZnS nanoparticles was carried out 

using a chemical precipitation method. The starting materials used included high-

purity (≥ 99.9%) lead nitrate (Pb(NO₃)₂), zinc acetate (Zn(Ac)₂), sodium sulfide 

(Na₂S), and molybdenum oxide (MoO₃) as the molybdenum source. Distilled 

water was used to prepare the solutions, and all chemicals were dissolved in 

solvents at room temperature. 

Synthesis of Mo-Doped PbZnS Nanoparticles 

The synthesis process began with the mixing of solutions containing 

Pb(NO₃)₂, Zn(Ac)₂, and MoO₃ in a specific molar ratio to achieve a 5% Mo 

doping concentration. Maintaining a constant Mo doping ratio, the solution 

mixture was stirred for a set duration (~30 minutes) until homogenization was 
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achieved. Subsequently, Na₂S solution was added dropwise to initiate the 

reaction. During the formation of the precipitate, the mixture was continuously 

stirred using a magnetic stirrer while the temperature was held constant at ~60°C. 

After precipitation, the nanoparticles were separated by centrifugation, washed 

several times with distilled water and ethanol, and finally dried in a vacuum dryer 

to purify the product. 

Structural Analysis 

Structural analyses were performed using X-ray diffraction (XRD) to 

determine the effects of 5% Mo doping on the crystal structure of PbZnS 

nanoparticles. XRD measurements were taken within the 2θ range of 10° to 80°. 

The XRD patterns obtained were used to identify the crystal phases and to 

calculate the average crystal size of the nanoparticles using the Scherrer equation. 

Elemental Distribution Analysis 

The elemental composition of the nanoparticles was analyzed using energy-

dispersive spectroscopy (EDS). This analysis aimed to verify the homogeneity of 

the 5% Mo doping and the accuracy of the doping concentration. EDS results 

were used to confirm the expected proportions of elements within the 

nanoparticles. 

Optical Properties Analysis 

To determine the optical properties, UV-Vis absorption spectroscopy was 

employed to analyze the bandgap. The bandgaps of the nanoparticles were 

calculated by evaluating the absorption spectra using the Tauc method. 

Additionally, photoluminescence (PL) spectroscopy was conducted to examine 

the optical emission properties of the nanoparticles. In the PL analysis, an 

excitation wavelength of 325 nm was chosen, and emission spectra were recorded 

within the 400-700 nm range to assess the effects of 5% Mo doping on emission 

intensity and energy levels. 

Result and Discussion 

This study analyzed the crystal structure of Mo-doped PbZnS nanoparticles 

using X-ray diffraction (XRD) analysis. The results, as shown in Figure 1, 

revealed four main peaks within the 2θ range of 10° to 80°. These peaks were 

observed approximately at 30°, 45°, 55°, and 70°, each corresponding to 

diffraction indices of specific crystal planes. The peak around 30°, identified as 

the (111) plane of the PbZnS crystal structure (Vasudeva Reddy, Mohan Kumar, 

Shekharam, & Nagabhushanam, 2018) showed a notable increase in intensity 

with Mo doping. This suggests that Mo atoms were incorporated into the crystal 
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structure, reinforcing the formation of an orderly (111) plane structure. The peak 

observed around 45° corresponds to the (220) plane. The increased intensity in 

this plane due to Mo doping indicates that the crystal structure has become more 

orderly. This enhancement in intensity within the (220) plane suggests that Mo 

atoms are homogeneously distributed throughout the crystal lattice, contributing 

to structural stability. The peak near 55° is associated with the (311) plane, where 

Mo doping appears to impact the atomic structure, resulting in an increase in peak 

intensity. These changes indicate that the dopant achieves a uniform distribution 

within the PbZnS structure, potentially supporting the formation of new phases. 

Finally, the peak observed around 70° corresponds to the (400) plane, 

highlighting the significant effect of Mo doping on the crystalline structure and 

showing that the crystal structure has become more organized. The increase in 

intensity within this plane may be linked to an enlargement in crystal size or the 

presentation of a more stable crystalline structure. Crystal size calculations based 

on the Scherrer equation reveal that the average size of Mo-doped PbZnS 

nanoparticles is within the range of 20-30 nm. This nanoscale particle size is 

highly suitable for semiconductor and optoelectronic applications, likely 

enhancing the material's performance. These findings demonstrate that Mo 

doping strengthens the structural properties of PbZnS nanoparticles and promotes 

the stable formation of crystal phases. The prominent peaks observed in the (111), 

(220), (311), and (400) planes indicate that Mo doping achieves a homogeneous 

distribution within the crystal structure and supports the formation of stable 

crystal phases. This orderly structure suggests that Mo-doped PbZnS 

nanoparticles can be considered a robust, high-performance material suitable for 

semiconductor applications. 
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Figure 1. Crystal structure of Mo-doped PbZnS nanoparticles 

According to the EDS analysis (Figure 2), the elemental composition of Mo-

doped PbZnS nanoparticles consists of Zn, Pb, Mo, and S. The atomic percentage 

distribution was determined as 23.9% for Zn, 42.4% for Pb, 3.7% for Mo, and 

30% for S. These values indicate the contribution ratio of each element within the 

material and show that the Mo content, at 3.7%, is lower than the targeted 5% 

doping concentration. The EDS results reveal that Zn and Pb are present in high 

percentages (23.9% and 42.4%, respectively) within the material. The high 

percentage of Pb suggests that, as a primary component, it forms a dominant 

phase within the PbZnS structure. Meanwhile, Zn’s presence displays a more 

balanced distribution, contributing to the structure. 

Another notable finding is that the nominal 5% doping level of Mo was 

measured at 3.7% in the EDS analysis. This discrepancy implies that Mo atoms 

may not have been uniformly integrated within the material or that the target 

concentration was not fully achieved during the synthesis process. The lower-

than-expected Mo concentration suggests that the synthesis conditions or mixing 

method may have limited the effective incorporation of Mo into the structure, 

indicating the need for optimization of synthesis parameters. The atomic 

percentage of S was measured at 30%, which is consistent with expected levels 

for a sulfur-based structure. The sufficient amount of S within the material plays 

a supportive role in the formation of the crystal structure. This homogeneous 
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distribution is essential for maintaining structural stability in sulfur-based 

semiconductors. 

 

Figure 2. Bar graph showing the atomic percentages of Mo-doped PbZnS nanoparticles 

by element. 

Figure 3 shows the UV-Vis absorption spectrum of Mo-doped PbZnS 

nanoparticles in the wavelength range 300-800 nm. A sharp absorption peak 

around 500 nm is observed in the spectrum. This absorption peak reflects the 

effect of Mo doping on the energy levels of the nanoparticles and reveals the light 

absorption capacity of the nanoparticles. This sharp absorption around 500 nm 

indicates a band gap suitable for the semiconductor structure of the material. 

Furthermore, this absorption property suggests that nanoparticles can improve the 

efficiency of light harvesting in optoelectronic devices. 
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Figure 3. UV-Vis absorption spectrum of Mo-doped PbZnS nanoparticles in the wave-

length range 300-800 nm 

Figure 4 is a graph prepared by the Tauc method for the determination of the 

band gap of nanoparticles. In this graph, the relationship between the photon 

energy (in eV) and the square of the absorption coefficient is shown. In the Tauc 

plot, the band gap value can be calculated from the point where the (αhv)2 curve 

crosses the zero axis. In the figure, the band gap is found to be around 2.5 eV. 

This value indicates the wide band gap of the PbZnS structure and shows that the 

Mo doping affects the band gap, causing a change in the energy levels. This wide 

band gap reveals the potential of the nanoparticles for photovoltaic and 

photocatalytic applications. 
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Figure 4. Tauc plot for Mo-doped PbZnS nanoparticles. 

Figure 5 shows the photoluminescence (PL) emission spectrum of Mo-doped 

PbZnS nanoparticles in the wavelength range 400-700 nm. In this spectrum, there 

is a distinct emission peak around 550 nm. This peak shows the optical emission 

properties of the nanoparticles and the effect of Mo doping on the energy levels. 

This emission at 550 nm provides light emission in the green color region, 

indicating the potential of these materials for use in optoelectronic devices. This 

intense emission in the PL spectrum suggests that Mo doping affects the emission 

intensity by enhancing the recombination properties in the PbZnS structure. 



164 

 

Figure 5. Photoluminescence (PL) emission spectrum of Mo-doped PbZnS nanopartic-

les in the wavelength range 400-700 nm. 

Conclusions 

In this study, the structural and optical properties of Mo-doped PbZnS 

nanoparticles were examined using various analytical methods. The findings 

demonstrate that Mo doping induces significant changes in the PbZnS structure, 

making the material suitable for optoelectronic applications. The results are 

summarized as follows: Structural analyses, based on X-ray diffraction (XRD) 

results, reveal that Mo doping supports the formation of an orderly crystal phase 

in the PbZnS structure. Intense peaks corresponding to the (111), (220), (311), 

and (400) planes were observed in the XRD pattern. These peaks indicate that 

Mo doping leads to a homogeneous distribution within the crystal structure, 

enhancing the structural regularity of the nanoparticles. Elemental composition 

analysis was conducted using energy-dispersive spectroscopy (EDS). The results 

show that the Mo content, targeted at 5%, was found to be 3.7% by atomic 

percentage within the material. This suggests that Mo may not have achieved a 

completely uniform distribution or that the target doping concentration was not 

fully realized during the synthesis process. The atomic percentages of Zn, Pb, and 

S confirm that the fundamental composition of the PbZnS structure was 

preserved. Optical properties were evaluated using UV-Vis absorption and 

photoluminescence (PL) spectroscopy, revealing the optical performance of Mo-

doped PbZnS nanoparticles. The UV-Vis absorption spectrum exhibits a sharp 
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absorption peak around 500 nm, indicating a wide bandgap and efficient sunlight 

absorption capability. The bandgap, calculated using the Tauc method, was 

approximately 2.5 eV, suggesting potential for photovoltaic and photocatalytic 

applications. The photoluminescence (PL) spectrum displays a pronounced 

emission peak around 550 nm, showing that Mo doping influences energy levels, 

enhancing emission intensity. The PL results indicate that Mo doping improves 

the optical emission properties of the nanoparticles, making them suitable for use 

in optoelectronic devices. Overall, this study shows that the structural integrity 

and optical properties of Mo-doped PbZnS nanoparticles are enhanced. The 

findings suggest that these nanoparticles could be valuable for optoelectronic 

applications, photovoltaic devices, and photonic technologies. Future studies may 

aim to optimize synthesis conditions to achieve a more uniform distribution of 

Mo, potentially further enhancing material performance. 
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Introduction 

Azo dyes are popular in the textile industry for their desirable features like 

resistance to oxygen, bases, acids, and light which are important properties for 

fabric manufacturers. However, these dyes pose significant environmental health 

risks (Horoz, Orak, & Biçer, n.d.; Orak, 2024). Reactive Black 5 (RB5) is one of 

the azo coloring agents widely used in the textile industry and has high water 

solubility, which can cause toxic effects on both aquatic habitats and human 

health (Al-Tohamy, Sun, Fareed, Kenawy, & Ali, 2020). Due to its chemical 

structure, RB5 is difficult to degrade biological, which increases the 

environmental impact of these pollutants (Santos, Dos Santos, & Andrade, 2021). 

Therefore, the effective removal of RB5 from aquatic environment is critical in 

sustainable wastewater management. Advanced oxidation processes, particularly 

photocatalytic oxidation, stand out because they could be easily applied to various 

wastewater streams at milder conditions and complete mineralization could be 

achieved (Bakır, Orak, & Yüksel, 2024a; Baytar, Sahin, Kilicvuran, & Horoz, 

2018; Bulut, Baytar, Şahin, & Horoz, 2021; Demir, Şahin, Baytar, & Horoz, 

2020; Hansu et al., 2024; ORAK & ERSÖZ, 2024; Orak, Oğuz, & Horoz, 2024). 

In this process, photocatalysts have become prominent as an emerging solution 

for the removal of organic pollutants (Ahmed et al., 2021; Bakır & Orak, 2024; 

Paumo et al., 2021). Perovskite-structured materials such as LaFeO3, BiFeO3 and 

LaTiO3 have been widely used due to their large surface area, high chemical 

stability, and environmentally friendly properties (Bacha et al., 2023; Bakır, 

Orak, & Yüksel, 2024b; Orak, Atalay, & Ersöz, 2016; Orak & Yüksel, 2022a, 

2022c; R.Madkour, Abdel-Azim, Ashmawy, Elnaggar, & Aman, 2023). In 

perovskites such as LaTiO3, the conduction band, located at the upper part of the 

band structure, allows for the movement of excited electrons, while the formation 

of holes in the valence band leads to the production of hydroxyl radicals and the 

effective oxidation of organic pollutants (Orak & Yüksel, 2021a, 2021b, 2022b; 

Palas, Ersöz, & Atalay, 2017a; Pan et al., 2015). LaTiO3 has a band gap of about 

3.46 eV, which enables efficient photocatalytic activity under UV light (Shawky, 

Mohamed, Mkhalid, Youssef, & Awwad, 2020). At the same time, LaTiO3, with 

its crystalline structure, supports electron-hole pair separation and reduces the 

recombination rate (Peña & Fierro, 2001). This feature allows excited electrons 

to remain active for a longer duration, thereby enhancing photocatalytic activity 

(Wang et al., 2021). This process contributes to the faster and more efficient 

degradation of organic pollutants. Due to these properties, various studies in 

recent years have investigated LaTiO3 for the removal of pharmaceutical 
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contaminants such as azo dyes and antibiotics (Rakibuddin, Kim, & Ehtisham 

Khan, 2018; Saravanan, Kumar, Jeevanantham, Anubha, & Jayashree, 2022).  

In this study, it was aimed to focus on the removal of RB5 via photocatalytic 

oxidation using LaTiO3 as a photocatalyst. In this context, the impact of reaction 

parameters (pH, catalyst loading and initial dye concentration) on the degradation 

efficiency of RB5 was investigated. 

Materials and Method 

Preparation of LaTiO₃ Photocatalyst 

LaTiO₃ nanoparticles were synthesized using an ultrasonic-assisted method, 

employing all reagents without additional purification. In a standard preparation, 

0.3 mol of lanthanum acetate was introduced into 16 mol of glacial acetic acid 

under a nitrogen atmosphere, and the solution was stirred at room temperature for 

2 hours. Subsequently, 5 mol of titanium isopropoxide was added to the mixture, 

which was then stirred continuously for an additional 6 hours at ambient 

temperature. Following this, 20 ml of acetone was incorporated, and the resulting 

suspension was exposed to low-frequency ultrasound for 1 hour using an 

ultrasonic bath. The synthesized material was then dried at 100 °C for 24 hours 

and subsequently calcined in air at 550 °C for 5 hours to yield the final LaTiO₃ 

nanoparticles. 

Characterization of LaTiO₃ 

The synthesized LaTiO₃ nanoparticles were characterized by Scanning 

Electron Microscopy (SEM) to observe the surface morphology and by Fourier 

Transform Infrared Spectroscopy (FTIR) to confirm the formation of the 

perovskite structure.  

Photocatalytic Degradation Experiments 

Photocatalytic degradation experiments were conducted in a batch reactor 

under UV light to assess the efficiency of LaTiO₃ in degrading RB5 dye. The 

effects of key parameters, including pH (3, 6, and 9), catalyst loading (0, 0.2, 0.5, 

and 1 g/L), and initial RB5 concentration (10, 20, and 30 ppm), were investigated. 

For each experiment, a 100 mL solution of RB5 at the desired concentration was 

prepared, and the pH was adjusted using HCl or NaOH solutions as necessary. 

The prepared LaTiO₃ catalyst was added to the solution, and the suspension was 

irradiated with UV light under continuous stirring. Samples were taken at specific 

intervals and analyzed by UV-Vis spectrophotometry to monitor the degradation 

efficiency of RB5. 
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Results and Discussion 

Chaarcterization Study 

The SEM analysis revealed that the synthesized LaTiO₃ nanoparticles possess 

a highly porous structure with uniformly distributed microparticles, as shown in 

Figure 1. This porous morphology, comprising clusters with dimensions smaller 

than 1 µm, provides an increased surface area that is advantageous for 

photocatalytic activity, similar to previously reported LaTiO₃ studies (Rezania et 

al., 2022). BET surface area analysis demonstrated that the LaTiO₃ nanoparticles 

have a specific surface area of 9.2 m²/g, aligning with values reported in the 

literature for similar perovskite materials, indicating consistency in particle 

synthesis and the expected catalytic efficiency (Palas, Ersöz, & Atalay, 2017b; 

Rezania et al., 2022; Shukla et al., 2010). 

 

Figure 1. SEM diagram of LaTiO3 

The FTIR spectrum of the synthesized LaTiO₃ catalyst is shown in Figure 2, 

covering the range of 400–4000 cm⁻¹. A characteristic Ti-O stretching vibration 

peak is observed around 558 cm⁻¹, which confirms the formation of the 

perovskite-type structure (Mosleh et al., 2022; Rajakani & Vedhi, 2015). This 

peak aligns with the expected metal-oxygen bonds found in perovskite structures, 

as reported in the literature, further validating the successful synthesis of LaTiO₃ 

(Chen et al., 2021; Fung, Wu, & Jiang, 2018). LaTiO₃ exhibited sustained 

catalytic activity over multiple cycles, demonstrating stability and minimal 

performance loss, a property that enhances its suitability for practical wastewater 

applications. This stability is attributed to the strong structural integrity of the 
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LaTiO₃ lattice, which supports electron-hole separation and reduces 

recombination rates, as observed in the UV-visible region (Rakibuddin et al., 

2018; Shawky et al., 2020). 

 

Figure 2. FTIR spectrum of LaTiO3 

Photocatalytic Degradation of RB5 

In Figure 3, the impact of pH on RB5 dye degradation is displayed. The results 

indicate that pH significantly influences the degradation efficiency. At an acidic 

pH of 3, the RB5 degradation reaches its highest level, around 70%. When the 

pH is increased to 6, the degradation percentage decreases to approximately 50%, 

and it further drops below 30% at a basic pH of 9. This trend suggests that an 

acidic environment is more favorable for RB5 degradation, possibly due to 

enhanced catalyst activity or dye-catalyst interactions at lower pH levels. Such 

findings highlight the importance of pH control in optimizing degradation 

efficiency. 
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Figure 3. pH effect (reaction conditions: [RB5]0= 30 ppm, 0.2 g/L catalyst loading) 

In Figure 4, the effect of catalyst loading on RB5 dye degradation is 

illustrated. It shows a significant increase in the degradation percentage of RB5 

as the catalyst loading (g/L) increases. Specifically, when the catalyst loading 

reaches 0.2 g/L, the RB5 degradation percentage rises to around 80%. At higher 

loadings of 0.5 and 1 g/L, the degradation remains above 80%, indicating a 

saturation trend. This suggests that after a certain catalyst loading is achieved, 

further increases in catalyst concentration do not significantly enhance the 

degradation rate (Bacha et al., 2023; Orak, Atalay, & Ersöz, 2017). 

In Figure 5, the effect of initial RB5 concentration on dye degradation 

efficiency is presented. The graph demonstrates that as the initial concentration 

of RB5 increases, the degradation percentage decreases. At an initial 

concentration of 10 ppm, RB5 degradation reaches nearly 100%, indicating 

highly effective degradation under these conditions. When the concentration is 

increased to 20 ppm, the degradation efficiency drops to around 85%, and further 

decreases to about 70% at an initial concentration of 30 ppm. This trend suggests 

that higher initial dye concentrations may hinder the degradation efficiency, 

potentially due to limited active sites on the catalyst surface or increased 

competition among dye molecules for the catalyst's reactive sites. 
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Figure 4. Catalyst loading effect (reaction conditions: [RB5]0= 30 ppm, pH=3) 

 

Figure 5. Initial dye concentration effect reaction conditions: (pH=3, 0.2 g/L catalyst 

loading) 

Conclusion 

The degradation of RB5 using LaTiO₃ as a photocatalyst was demonstrated to 

be highly effective, especially under acidic conditions and with optimal catalyst 

loading. This study highlights the suitability of LaTiO₃ for the degradation of 

RB5 dye, showing that the photocatalytic efficiency decreases with increasing 
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dye concentration. The optimized parameters achieved in this study provide 

valuable insights into the application of LaTiO₃ in advanced oxidation processes 

for wastewater treatment. Further studies focusing on the reusability and stability 

of the catalyst, as well as its performance under visible light, could enhance the 

practical applicability of this method in industrial-scale applications. 
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1. NANOTECHNOLOGY 

Nanotechnology is a branch of science that deals with the processing of 

materials at the atomic and molecular level and deals with structures with 

dimensions ranging from 1 to 100 nanometers (Fig 1). This concept, which was 

introduced in 1959 with Richard Feynman's speech "There's Plenty of Room 

Below", was further developed in the 1980s with the work of C. Eric Drexler. 

The main purpose of nanotechnology is to provide innovative solutions in areas 

such as health, environment, energy and information technologies by controlling 

the properties of materials and devices. Nanotechnology development has made 

significant progress especially in the 1990s and 2000s. The discovery of carbon 

nanotubes and graphene helped us understand the mechanical, electrical and 

thermal properties of nanomaterials. During this period, the development of tools 

such as nanolithography and atomic force microscopy allowed for more precise 

research and production of nanostructures. Scientists have developed various 

applications such as nanorobots, nanosensors and nanocomposites using these 

technologies. Today, nanotechnology is leading to revolutionary innovations in 

many areas, from medicine to electronics, from materials science to the energy 

sector. Targeted drug delivery systems and nanomaterials, especially used in 

cancer treatment, hold great promise in medical applications. Faster and more 

efficient processors and memory devices are being developed in the field of 

electronics. Nanotechnology also plays an important role in sustainable 

development projects such as clean energy solutions and water treatment 

technologies. 

 

Figure 1. Comparative representation of the nanometer unit with other materials 
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2.  NANOMATERIAL 

Nanomaterials are defined as materials with dimensions in the nanometer 

scale (1 nanometer = 1 meter in 1 billion meters). Nanoparticles can be 

synthesized by various methods and the relevant methods are shown in Figure 2. 

These materials have unique physical, chemical and biological properties and 

exhibit different properties from traditional materials. These materials, which can 

be controlled at the atomic level, have advantages such as large surface area, 

increased reactivity and stability in certain environments. The main types of 

nanomaterials include nanoparticles, nanofibers, nanosheets and nanotubes.  

 

Figure 2. Nanoparticle synthesis methods 

Nanomaterials have a wide range of applications in various fields such as 

medicine, electronics, energy, environment and materials science. In medicine, 

targeted drug delivery systems and nanomaterials used in cancer treatment are 

revolutionizing the diagnosis and treatment of diseases. The electronics sector is 

developing faster and more efficient processors and storage devices. 

Nanomaterials also play an important role in energy and environmental 

technologies such as solar panels, batteries and water purification systems. The 

development of nanomaterials continues rapidly in parallel with the 

developments in nanotechnology. Scientists are developing new methods and 

technologies to process materials at the atomic and molecular level. Considering 

the potential risks of nanomaterials, research is being conducted to ensure safe 

and sustainable use. In this way, the innovative solutions offered by 

nanotechnology guide the technologies of the future while trying to minimize the 

negative effects on the environment and human health. 
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2.1. Metal Oxide Based Nanomaterials 

Metal oxides are crystalline solids containing metal cations and oxide anions. 

They usually react with water to form bases or with acids to form salts. Most 

oxides occur in soil, and these oxide minerals typically consist of oxides, 

hydroxides, oxyhydroxides, and hydrated oxides. Metal oxides are a widely used 

class of compounds with properties that span various aspects of materials science, 

physics, and chemistry.  

Metals can form a wide variety of oxide compounds. These elements can be 

synthesized with a variety of structural geometries and a different electronic 

structure that can exhibit metallic, semiconductor, or insulator properties. Metal 

oxides have important applications in the electronics, biomedical, and energy 

sectors due to their physical, chemical, and optical properties. Metal oxides have 

high adsorption capacities due to their high adsorption capacities and large 

surface areas. They also have significant advantages in adsorption processes due 

to their low solubility and small grain diameters. 

3. DYESTUFFS AND DYESTUFFS REMOVAL METHODS 

Substances that provide a colorful image by chemically bonding to the 

material to which they are applied are called dyes. There are many different dyes 

that can be naturally found in nature and synthesized artificially. Dyes that have 

been used by mankind for many years have come to the present day by being 

synthesized into more insoluble and complex structures under the influence of 

the Industrial Revolution. Although they were used specifically in the past in the 

status or commercial sector, today dyes are used according to people's wishes 

without any meaning. The use and production of dyes has progressed until today 

with a focus on consumption and aesthetics, and has been produced using a wide 

variety of natural and inorganic materials and various synthesis methods until 

today.  

With the Industrial Revolution, dyes obtained from natural materials gave way 

to special dyes of synthetic origin, and while the variety of colors increased, more 

durable dyes began to be produced. As this process progressed, the types of dyes 

produced increased day by day as textiles and other industries developed. 

However, depending on the development of consumption and dyes, substances 

that are difficult to process and less decomposable in nature began to be produced. 

When the use of dyes and the presence of dye waters are evaluated today, it is 

seen that production and process waters that can disrupt the ecosystem are 

formed, and that there is a consumption far from the philosophy of sustainability 

due to consumption. Due to these negativities noticed by consumers and 
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manufacturers, research on less toxic and biodegradable dyes continues, and the 

dye sector and the sectors using the sector's products are trying to continue more 

environmentally friendly activities.  

The use of dyes is widespread in various industrial activities such as leather, 

cosmetics, food, pharmaceutical, paper and textile industries. Since dyes vary 

from process to process and their usage patterns differ even in facilities 

performing the same job, laboratory studies should be conducted according to 

source and process changes in the event of dye wastewater formation and 

treatment methods should be tested in detail. Dyestuff sources, percentages and 

types formed according to industrial activities are given in Figure 3. 

 

Figure 3. Dyestuff sources, percentages and types by industry 

Wastewater containing dyes contains toxic components, color, high organic 

load and undesirable ions and can cause an ugly appearance and odor in the water 

environment if released directly to the receiving environment. This wastewater 

damages water ecosystems, reduces light and oxygen transmission and can lead 

to the death of living things (Fig 4). For this reason, the discharge of dye-

containing wastewater into the receiving environment without treatment is 

controlled in accordance with legal regulations.  
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Figure 4. Harmful effects of dyes on living things 

Wastewater containing dyes can be treated using physical, chemical and 

biological methods. Although biological methods are used in the treatment of 

industrial wastewater, they are not always preferred due to the variability, toxicity 

and high organic load caused by production. In addition, the need for qualified 

personnel and energy consumption are disadvantages of biological processes. 

While pure quality effluent is obtained with filtration techniques, chemical 

oxidation processes are used to remove colorants. One of the physical-chemical 

treatment methods, the coagulation-flocculation and sedimentation method, is 

widely used in industrial water treatment and is effective in the treatment of 

wastewater containing dyes. In addition, more than one treatment method can be 

used to produce suitable wastewater depending on the composition of industrial 

water and discharge standards. 

In the treatment of wastewater containing dyes, various advantages and 

disadvantages of each method vary depending on the process and composition of 

the wastewater. Research on the treatment of wastewater containing dyes using 

alternative methods or materials is still ongoing. 

 

4. NANO ADSORBENTS IN DYE REMOVAL 

 

There are more than 100 metals in the periodic table. Metal oxides are formed 

as a result of the reaction of the relevant metals with oxides. When the literature 

is examined on dye removal, there are various studies that are widely synthesized 
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with nickel (Ni), manganese (Mn), copper (Cu), iron (Fe) and zinc (Zn) metals. 

It has been seen that nano adsorbent synthesis can be carried out by researchers 

only with metal salts, as well as organic-based materials and cellulose etc. 

Ngoc et al. (2022) studied the removal of Congo red dye with Cobalt chromate 

(CoCr2O4) adsorbent, which they synthesized by solvothermal method, and the 

retention capacity of the adsorbent was determined as 59.4 mg.g-1. Mustafa et al. 

(2016) studied the removal of Erythrosine with Copper oxide (CuO) adsorbent, 

which they synthesized by sonoche-mical method, and a removal value of 

93.68% was determined. Yogesz Kumar et al. (2017) studied the removal of 

Methyl orange with Copper oxide (CuO), which they synthesized by 

hydrothermal method, and the researchers obtained 93.2% dye removal. Ullah et 

al. (2017) synthesized nanoadsorbent using Copper oxide (CuO) and caulif-lower 

waste, potato and peas peels waste materials by the precipitation method. 

Researchers who studied the removal of methyl blue obtained 93.20%, 96.23% 

and 79.11% removal efficiency with the adsorbents they synthesized separately 

with cauliflower waste, potato and peas peels waste, respectively. 

Yakar et al. (2020) studied the removal of Maxilon Blue GRL dye with Iron 

oxide (Fe3O4) particles synthesized by the precipitation method and determined 

the adsorption capacity of the synthesized material as 0.23 mg.g-1. Khosravi et al. 

(2014) studied the removal of reactive yellow dye with Iron oxide (Fe3O4) 

adsorbent synthesized by the hydrothermal method and reached the adsorbent 

capacity value of 32.5 mg.g-1. Ding et al. (2021) studied the removal of Methyl 

blue by synthesizing cellulose-added Iron oxide (Fe3O4) material by the 

precipitation method. The researchers determined the adsorption capacity of the 

synthesized material as 285.71 mg.g-1. AAoh et al. (2018) studied the removal of 

Bromophenol Blue with Nickel oxide (NiO) nanomaterial by microwave method 

and reported that the retention capacity of the material was 93.46 mg.g-1. 

Cheng et al. (2012) investigated the removal of Congo red dye with Nickel 

oxide (NiO) material synthesized by precipitation method. As a result of the 

study, the researchers determined the adsorption capacity of the material they 

synthesized as 39.7 mg.g-1. Chakrabati et al. (2009) studied the removal of Congo 

Red with Manganese (III) oxide (Mn2O3) nanomaterial synthesized by 

hydrothermal method and reported that the retention capacity of the material was 

38.6 mg.g-1. Qin et al. (2017) studied the removal of Methylene Blue dye with 

Manganese dioxide (MnO2) nanomaterial. They determined the adsorbent 

capacity of the material they synthesized by precipitation method as 627.1 mg.g-

1. Noreen et al. (2021) studied the removal of golden yellow with the 

nanoadsorbent they synthesized by treating Cassia fistula leaf material with Zinc 
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oxide (ZnO) and the researchers reported the retention capacity of the synthesized 

material as 57.11 mg.g-1. Badawi et al., 2022 synthesized Zinc oxide (ZnO) 

nanoparticles by the precipitation method and investigated the removal of azo 

dyes. Data from relevant studies are given in Table 1. 

Table 1. Studies and details investigating dye removal with nano adsorbents 

Material SM* Dyesuff AC or RR* Reference 

Cobalt chro-

mate (CoCr2O4) 
Solvothermal Congo red 59.4 mg.g-1 Ngoc et al., 2022 

Copper oxide 
(CuO) 

Sonochemical Erythrosine 93.68% 
Mustafa et al., 

2016 

Copper oxide 

(CuO) 
Hydrothermal Methyl orange 93.20% 

Yogesz Kumar et 

al., 2017 

Copper oxide 
(CuO) + caulif-

lower waste 

Precipitation Methyl blue 96.23% Ullah et al., 2017 

Copper oxide 
(CuO) + pata-

toes 

Precipitation Methyl blue 87.37% Ullah et al., 2017 

Copper oxide 

(CuO) + peas 
peels waste 

Precipitation Methyl blue 79.11% Ullah et al., 2017 

Iron oxide 

(Fe3O4) 
Precipitation 

Maxilon Blue 

GRL 
0.23 mg.g-1 

Yakar et al., 

2020 

Iron oxide 
(Fe3O4) 

Hydrothermal Reactive Yellow 32.5 mg.g-1 
Khosravi et al., 

2014 

Iron oxide 

(Fe3O4) + cellu-
lose beads 

Precipitation Methyl blue 
285.71 

mg.g-1 
Ding et al., 2021 

Nickel oxide 

(NiO) 
Microwave 

Bromophenol 

Blue 
93.46 mg.g-1 

AAoh et al., 

2018 

Nickel oxide 
(NiO) 

Precipitation Congo Red 39.7 mg.g-1 
Cheng et al., 

2012 

Manganese (III) 

oxide (Mn2O3) 
Hydrothermal Congo Red 38.6 mg.g-1 

Chakrabati et al., 

2009 

Manganese 
dioxide (MnO2) 

Precipitation Methylene Blue 627.1 mg.g-1 Qin et al., 2017 

Zinc oxide 

(ZnO) 
Cassia fistula leaf Golden Yellow 57.11 mg.g-1 

Noreen et al., 

2021 

Zinc oxide 

(ZnO) 
Precipitation Azo dyes - 

Badawi et al., 

2022 

* SM: Synthesis Method, AC: Adsorption Capacity, RR:Removal Ratio 

When Table 1 is examined, it is understood that removal is investigated using 

metal oxides from various dye solutions. In addition, it is seen that precipitation-

based methods are more commonly preferred in case of metal oxide synthesis. In 

addition to the mentioned method, it is observed that microwave-assisted 

production, hydrothermal and sonochemical methods are also used and synthesis 

can be carried out with organic-based materials. In addition, when the synthesized 

materials are evaluated in terms of retention capacities, it is understood that 

Methylene Blue removal is quite high compared to other studies when 
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Manganese dioxide (MnO2) is used with the precipitation method and retention 

capacities are lower than 100 mg.g-1 in the table.  

5. RESULTS 

Metal oxides are among the widely used adsorbents in recent years. Due to the 

magnetic properties they contain, they can be separated from the solution by 

magnets after the removal processes, thus creating a significant usage advantage 

among active carbon and other used adsorbents. In addition to the related 

processes, they are important in terms of sustainability due to their usability in 

adsorbent synthesis together with organic materials and their re-evaluation in 

waste materials. In the case of evaluating metal oxides in terms of dye removal, 

there have been various studies carried out in recent years and it has been reported 

by researchers that removal results with high efficiency have been obtained. 

It is thought that in the future, within the scope of green production 

applications, only materials with inorganic content will not be synthesized and 

new and improved materials that also include waste materials will be produced. 

At this stage, while the toxic and environmentally harmful metals in the 

nanomaterials are replaced by organic-based compounds, the amount of metal to 

be used in the synthesis of the nanomaterial will also decrease. When evaluated 

in this context, it is thought that more sustainable and innovative approaches will 

be realized in this field over time. 
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Introduction 

In recent years, there has been a growing global awareness regarding 

environmental pollution and conservation. Societies’ efforts to protect natural 

resources and leave future generations with a better environment have led to the 

questioning of existing economic and social structures and the development of 

new environmental protection policies. In this context, the creation of new 

policies to ensure sustainable and balanced economic and social development has 

become a necessity, especially in developing countries. As the world population 

grows, urbanization accelerates, and technological advancements progress, the 

consumption of electrical and electronic equipment has also rapidly increased. 

This, in turn, has led to a rise in the volume of waste electrical and electronic 

equipment (WEEE). 

Electronic waste (e-waste) refers to a type of waste that has reached the end 

of its useful life. E-waste includes discarded devices with electronic systems from 

a wide range of fields, such as computers, mobile phones, DVDs, industrial 

electronics, automobiles, lighting, medical devices, and household appliances 

used in daily life (Marra et al. 2018). 

The recyclable resources embedded in e-waste hold an immense economic 

value of 57 billion USD, surpassing the gross domestic product of numerous 

countries (Buechler et al. 2020). 

In 2019, the global generation of e-waste reached approximately 53.6 million 

tons (MT), reflecting a 21% rise compared to five years earlier. However, only 

17.4% of this e-waste by weight was collected and recycled, leaving valuable 

metals and high-value recyclable materials unprocessed and discarded (Chancerel 

& Rotter 2009; Cucchiella et al. 2015; Kiddee et al. 2013). 

Over the past few decades, the increased production and usage of electronic 

devices, especially consumer electronics, have paralleled a rise in e-waste. 

Recycling e-waste to recover valuable metals and repurpose the waste holds 

tremendous potential for protecting the environment and fostering economic 

development by mitigating its harmful effects on nature. 
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Contracts and Regulations Regarding Electronic Waste 

Table 1 provides a comparative view of e-waste laws in different countries. 

Table 1. Different laws covering e-waste 

Co-

untry/Re-

gion 

Law Names 

Year of 

Publica-

tion/ 

Implemen-

tation 

Scope 

Japan 

Law for the Promotion 

of Resource Reutiliza-

tion 

1991/2001 

Personal computers (including CRT or LCD screens, 

liquid crystal display), small secondary batteries (se-

aled nickel-cadmium batteries, sealed nickel-hydro-

gen batteries, lithium secondary batteries, and small 
sealed lead-acid batteries) 

Japan 
Home Appliance 

Recycling Law 
1998/2001 

Televisions (CRT or LCD), air conditioners, refrige-

rators and freezers, washing machines and dryers 

Japan 

Law for Recycling of 
Small Electrical and 

Electronic Products 

2013 
Wired and wireless communication devices, radio 
and television receivers, photo and audio devices, 

etc. Total of 28 categories 

Republic 

of Korea 

Act on the Promotion of 

Resources Saving and 

Recycling 

1992/2003 

Batteries (mercury, silver oxide, potassium, nickel-

cadmium, manganese, and nickel rechargeable batte-

ries), fluorescent lamps 

Republic 

of Korea 

Act on the Recycling of 
Electrical and Electro-

nic Products and Auto-

mobiles 

2007 

TV, refrigerator, washing machine (household), air 
conditioners (except car air conditioners), personal 

computers (including monitors and keyboards), etc. 

Total of 27 categories 

European 

Union 

Waste Electrical and 
Electronic Equipment 

(WEEE) Directive 

2003/2004 

Large and small household appliances, IT and tele-
communications equipment, consumer equipment, 

lighting equipment, electronic and electrical tools, 

toys, leisure and sports equipment, medical devices, 
monitoring and control instruments, vending machi-

nes 
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Co-

untry/Re-

gion 

Law Names 

Year of 

Publica-

tion/ 

Implemen-

tation 

Scope 

European 

Union 

Restriction of Hazar-
dous Substances 

(RoHS) Directive 

2006 

Large and small household appliances, IT and com-
munication equipment, consumer products, lighting 

equipment, electrical and electronic tools, toys, lei-

sure and sports equipment, medical equipment, test 
and control instruments, vending machines. Total of 

11 categories 

European 

Union 

Eco-Design Directive 

(EuP) 
2005/2007 

Heating and hot water equipment, electric motor sys-

tems, lighting equipment for households and services 
sector, household appliances, office equipment for 

homes and services sector, fans, and air conditioners, 

etc. 

European 

Union 

Waste Electrical and 

Electronic Equipment 

(New WEEE) 

2008/2012 All electrical and electronic products 

European 

Union 

WEEELABEX Stan-

dard 
2011 

Formulated ten types of e-waste such as CRT scre-
ens, tablet screens, temperature-changing equipment 

(compressors), and lamps 

United 

States 
R2 Certification 2009 

Cathode ray tube and stripping, circuit board (batte-

ries, mercury-containing parts, and lead must be re-
moved in advance), batteries, mercury-containing 

materials, and PCB-containing materials 

United 

States 
e-Stewards Certification 2010 

On-site disposal security for hazardous waste, electri-

cal and electronic products, and other problematic 

parts and materials (such as mercury crushing) 

China 

Administrative Measu-

res on the Prevention 
and Control of Environ-

mental Pollution from 

E-Waste 

2007 
Lead-acid batteries, cadmium-nickel batteries, mer-
cury switches, cathode ray tubes, and PCB capaci-

tors, etc. 

China 

Regulation on the 

Recycling and Disposal 
of Waste Electrical and 

Electronic Products 

2009/2016 

TVs, refrigerators, air conditioners, washing machi-

nes, vacuum cleaners, computers, printers, fax mac-

hines, photocopiers, and telephones 
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Co-

untry/Re-

gion 

Law Names 

Year of 

Publica-

tion/ 

Implemen-

tation 

Scope 

Turkey 

Regulation on the Cont-

rol of Waste Electrical 
and Electronic 

Equipment 

26-Dec-22 

Covers electrical and electronic equipment designed 

specifically and assembled to form part of a product 
that is not within the scope of this Regulation, and 

which can only function as part of that product. Exc-

ludes equipment, weapons, ammunition, and war ma-
terials used for national security purposes, except for 

non-military products 

Turkey 

Regulation on the Rest-

riction of the Use of 

Certain Hazardous 
Substances in Electrical 

and Electronic 

Equipment 

26-Dec-22 

Covers all electrical and electronic equipment except 

for military, special-purpose medical, renewable 
energy R&D, and large industrial electrical and elect-

ronic equipment 

 

Recovery and Recycling of Electronic Waste 

The current WEEE (Waste Electrical and Electronic Equipment) recycling 

chain consists of three main steps: (i) collection, (ii) pre-treatment, and (iii) 

recovery. The collection of WEEE is the initial stage of the recycling process and 

determines the amount of material entering the recovery chain. The successful 

implementation of a collection strategy requires a high level of consumer 

awareness (Marra et al. 2018). 

WEEE undergoes pre-treatment, where larger valuable and hazardous 

materials are selectively separated, and its components, as well as material 

fragments, are processed before being directed to final refining stages. During 

pre-treatment, reusable parts and hazardous components are removed, which 

involves disassembly and manual separation. Following this, different material 

fractions, such as plastics and metals, are separated (Chancerel & Rotter 2009; 

Cucchiella et al. 2015; Kiddee et al. 2013). 

Methods for Recovering Valuable Metals from Electronic Waste 

Recovering metals and useful materials from electrical and electronic 

equipment generally involves chemical processes. Techniques such as ion 

exchange, solvent extraction, electrochemical methods, and leaching are 

employed to separate and extract valuable metals from leached solutions. 
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Hydrometallurgical Recovery Methods 

Hydrometallurgical recovery has gained greater usage in recent years 

compared to pyrometallurgical methods due to its controllability, reliability of 

results, and predictability. In the hydrometallurgical process, valuable metals 

from e-waste are selectively separated using acid or caustic leaching. This process 

generally requires small particle sizes to increase metal yield (Akcil et al. 2015; 

Hageluken 2006). Certain reactive materials that alter pH are added during the 

process. Additionally, metals are recovered from their solutions through solvent 

extraction, which involves the use of organic diluents (Cui & Zhang 2008). 

Compared to pyrometallurgical methods, hydrometallurgical techniques have 

lower initial investment costs, reduced environmental impact, higher metal 

recovery rates, and are more suitable for small-scale operations. Furthermore, 

metal losses during physical processes in hydrometallurgical systems are kept at 

low levels (around 10% to 35%). For these reasons, hydrometallurgical methods 

have significant potential for metal recovery from WEEE (Gulliani et al. 2023). 

Ion Exchange 

Ion exchange is a process in which ions from a solution are exchanged with 

ions of the same polarity on the inner surface of a solid. This occurs as a 

specialized form of sorption. The mechanism of ion exchange is based on 

replacing ions in the solution with those originally present in the solid. 

Ion exchange shares many characteristics with adsorption and is often viewed 

as a specific type of sorption since it involves interactions between a solution and 

a solid surface. Similar models are used to analyze both processes. However, 

unlike adsorption, which typically involves a unidirectional transfer, ion 

exchange requires a bidirectional exchange of materials to maintain 

electroneutrality, making it distinct from adsorption (Raji et al. 2023; Nikonenko 

et al. 2020). 

Electrochemical Methods 

Electrochemical processes play a crucial role in refining metals to achieve 

high purity. Techniques such as electrorefining and electrowinning are commonly 

employed to separate and recover metals from wastewater. These methods are 

utilized not only for the primary extraction of metals from ores (electrowinning) 

but also for refining metals to achieve exceptional purity (electrorefining). Many 

metals are extracted from wastewater through electrochemical methods that rely 

on fundamental chemical and electrochemical principles, such as the cathodic 
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reduction of metal ions on the cathode of an electrolytic cell. Electrorefining is 

typically conducted using aqueous electrolytes or molten salts (Rai et al. 2021). 

Leaching Method 

Leaching solvents mainly include substances like H₂SO₄ and H₂O₂, HNO₃, 

NaOH, and HCl (Chancerel et al. 2009; Cucchiella et al. 2015; Kiddee et al. 

2013). Leaching involves the extraction of a soluble component from a solid 

using a solvent, often referred to as a lixiviant. The material to be leached must 

be finely ground to release the component. Additionally, a fine particle size 

increases the reaction rate during leaching. Some of the key factors to consider in 

the leaching process include: 

1. The chemical and physical characteristics of the material to be 

leached. 

2. The corrosive effects of the reagent on the construction materials of 

the leaching vessels. 

3. The selectivity of the leaching for the desired component. 

4. The feasibility of recycling the leaching reagent, which is crucial both 

economically and environmentally. 

The selectivity of a leaching agent for a specific component in the waste 

material depends on several factors, such as the concentration of the leaching 

agent, temperature, and contact time (Koizhanova et al. 2023). 

The Positive Environmental Impacts of Recovering Valuable Metals from 

Electronic Waste 

One of the most prominent environmental impacts of mining activities is the 

alteration of natural landscapes. Mining operations require the removal of large 

areas of topsoil, leaving these lands barren for extended periods. Additionally, 

the storage of extracted soil and mining waste (often referred to as overburden) 

can lead to the formation of massive and unstable structures. These structures not 

only transform the natural landscape but also impose significant stress on the rock 

formations beneath, presenting various risks (Blanche et al. 2024). 

Acid mine drainage (AMD) is another major environmental concern, as it 

contains high acidity and heavy metal concentrations. Once AMD begins, it is 

difficult to stop and control. The result is contamination of surface and 

groundwater, and the remediation of polluted water is highly costly (Acharya & 

Kharel 2020; U.S. EPA 2023; Rodríguez-Galán et al. 2019). 
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Mining, by its nature, is a process with inherent negative environmental 

impacts. Accidents at mining sites can result in significant disasters, affecting 

both the environment and human health. However, if efforts are focused on 

recovering valuable metals from e-waste and investments are directed toward this 

area, the negative effects of mining on the environment and human health can be 

substantially reduced. Recycling e-waste facilitates the sustainable recovery of 

valuable metals, contributing to the conservation of natural resources. This 

method helps mitigate environmental damages associated with mining, such as 

habitat destruction, water, and soil pollution, while also promoting energy 

savings. Extracting metals from e-waste requires significantly less energy 

compared to traditional mining operations. 

In addition to environmental benefits, recycling e-waste also contributes to the 

economy. The recovery of valuable metals helps reduce mining costs and ensures 

that these metals originate from more sustainable and ethical sources. This 

approach not only addresses waste management challenges but also encourages 

the use of renewable resources. 

In this context, it is essential for governments and the private sector to invest 

in e-waste recycling projects, support innovative technologies in this field, and 

raise public awareness. By doing so, the environmental impact of valuable metal 

recovery can be minimized, and the economic benefits maximized. 

Conclusions 

In conclusion, the effective management and recycling of e-waste represents 

a critical opportunity to advance both environmental sustainability and economic 

development. By leveraging advanced hydrometallurgical processes, the 

recovery of valuable metals from e-waste can be achieved with greater efficiency, 

thereby mitigating the environmental and ecological consequences associated 

with traditional mining methods. Conventional mining often leads to significant 

habitat destruction, pollution, and excessive energy consumption, highlighting 

the urgency of transitioning to e-waste recycling as a sustainable alternative. This 

shift not only conserves finite natural resources but also addresses broader 

concerns related to environmental degradation and energy inefficiency inherent 

in mining operations. 

Furthermore, the promotion of e-waste recycling has the potential to stimulate 

economic growth by generating employment opportunities and fostering the 

development of industries focused on renewable and sustainable resource 

utilization. Realizing this significant transformation necessitates a collaborative 

effort involving governments, private enterprises, and academic institutions to 
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invest in cutting-edge recycling technologies, develop robust infrastructure, and 

enhance public understanding of the importance of e-waste management. A 

systemic approach that incorporates financial incentives, policy support, and 

public education is essential to drive widespread adoption. 

By embracing sustainable practices in e-waste recycling, societies can reduce 

the environmental footprint of metal recovery processes while maximizing 

economic benefits. This transformative approach not only aligns with global 

sustainability goals but also ensures a resilient and resource-efficient future for 

subsequent generations. Such initiatives enable the harmonization of 

environmental responsibility and economic progress, laying the groundwork for 

a circular economy that emphasizes the sustainable use of resources and the 

preservation of ecological balance. 
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Introduction 

The advancements in biomedical engineering have significantly highlighted 

the necessity for innovative materials and manufacturing techniques that enhance 

human health and quality of life. Among these materials, bioresorbable polymers, 

particularly polylactic acid (PLA), have gained prominence due to their 

environmentally friendly and biocompatible nature. PLA is widely utilized in 

various biomedical applications, including orthopedic implants and surgical 

sutures, owing to its favorable degradation properties in biological environments 

[1, 2]. However, the mechanical strength and thermal stability of PLA are often 

inadequate for certain applications, which can limit its performance [3]. 

To overcome these limitations, the development of metal-reinforced PLA 

composites has emerged as a promising solution. The incorporation of metal 

reinforcements into PLA significantly enhances its mechanical and thermal 

properties, thereby expanding its applicability in biomedical fields. Studies have 

shown that metal reinforcements can improve tensile and compressive strength, 

elastic modulus, and impact resistance, leading to composites that exhibit 

superior structural and functional performance  [4, 5]. Furthermore, the 

biocompatibility and biodegradation behavior of these composites are critical 

factors that warrant thorough investigation. The interactions between metal 

particles and biological systems, as well as the effects of degradation products on 

biocompatibility, are essential for ensuring the safety and efficacy of these 

materials in medical applications [1, 6].  

The production techniques for metal-reinforced PLA composites are varied 

and play a crucial role in determining the final properties of the material. 

Techniques such as extrusion and injection molding are commonly employed, 

and optimizing production parameters is vital for achieving desired mechanical 

and thermal characteristics [7, 8]. Additionally, microstructural characterization 

and mechanical performance analyses are integral to understanding how metal 

reinforcements can enhance the resilience and functionality of PLA composites. 

For instance, the incorporation of metal nanoparticles has been shown to improve 

the thermal stability of PLA composites, which is essential for maintaining 

performance under physiological conditions [5, 9]. 

A significant aspect of this study involves evaluating the biocompatibility of 

metal-reinforced PLA composites. Biocompatibility is defined by the material's 

acceptability by the human body and its non-toxicity to biological systems. 

Theoretical biocompatibility tests, cell culture experiments, and biodegradation 

analyses are essential to assess how these composites interact with biological 
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environments [1, 6]. The degradation of PLA and its composites can influence 

the pH of the surrounding medium, potentially affecting cell viability and 

function [7, 10]. Therefore, understanding the degradation mechanisms and the 

resultant biological interactions is crucial for the safe application of metal-

reinforced PLA composites in clinical settings.  

In conclusion, the exploration of metal-reinforced PLA composites presents a 

significant opportunity for advancements in biomedical applications. The 

theoretical foundations of production techniques, mechanical performance 

analyses, and biocompatibility evaluations provide a comprehensive framework 

for understanding the potential of these materials. Future research directions 

should focus on optimizing composite formulations and production methods to 

further enhance the properties of PLA composites, ensuring their viability in 

various biomedical applications such as orthopedic implants, dental materials, 

and tissue engineering [1, 3]. 

Chapter 1: Production Methods of Metal-Reinforced PLA Composites: 

Theoretical Approaches 

1.1 Introduction and Overview 

The exploration of metal-reinforced polylactic acid (PLA) composites has 

gained significant traction in biomedical applications due to their enhanced 

mechanical properties, which are crucial for the development of effective 

biomedical implants, tissue engineering scaffolds, and surgical sutures. The 

production methods for these composites are pivotal, as they directly influence 

the microstructure, mechanical properties, and biocompatibility of the final 

products.  

Various production techniques are employed to fabricate metal-reinforced 

PLA composites, including melt blending, 3D printing, and extrusion methods. 

For instance, the incorporation of metal particles, such as stainless steel fibers, 

has been shown to significantly enhance the tensile strength and modulus of PLA 

composites, making them suitable for demanding biomedical applications [11]. 

The optimization of these production processes is essential to achieve the desired 

mechanical properties and ensure uniform distribution of metal reinforcements 

within the PLA matrix [12]. Additionally, the processing parameters, such as 

temperature and mixing time, play a crucial role in determining the interfacial 

bonding between the metal particles and the PLA matrix, which can affect the 

overall performance of the composite [13].  
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The theoretical foundations of these production methods involve 

understanding the interactions between the PLA matrix and the metal 

reinforcements at the molecular level. For example, studies have indicated that 

the mechanical properties of PLA composites can be significantly improved 

through the use of compatibilizers that enhance the interfacial adhesion between 

the PLA and metal particles [14]. Furthermore, the microstructural 

characterization of these composites, using techniques such as scanning electron 

microscopy (SEM) and X-ray diffraction (XRD), provides insights into the 

dispersion of metal particles and the crystallinity of the PLA matrix, which are 

critical for optimizing the mechanical performance [15].  

Biocompatibility is another crucial aspect that must be addressed when 

developing metal-reinforced PLA composites for biomedical applications. The 

presence of metal particles can influence the degradation behavior of PLA, which 

in turn affects its biocompatibility. Theoretical studies suggest that the 

degradation products from PLA and the metal reinforcements can have varying 

effects on cell viability and proliferation, necessitating thorough biocompatibility 

assessments [16]. Moreover, the incorporation of biocompatible metal particles, 

such as hydroxyapatite, has been shown to enhance the interaction between the 

composite and biological tissues, promoting better integration and functionality 

in medical applications [17]. 

 In conclusion, the production methods and theoretical foundations of metal-

reinforced PLA composites are critical for enhancing their mechanical properties 

and biocompatibility, thereby expanding their potential applications in the 

biomedical field. Future research should focus on refining these production 

techniques and exploring new metal reinforcements to further improve the 

performance of PLA composites in various medical applications. 

1.2 Materials Used in the Production of Metal-Reinforced PLA 

Composites 

1.2.1 Polylactic Acid (PLA) 

PLA is a biodegradable, biocompatible, and environmentally friendly polymer 

obtained from renewable sources such as corn starch, sugarcane, or potatoes. Its 

chemical structure and biodegradability make it widely applicable in biomedical 

fields. However, PLA's mechanical strength and thermal stability may be 

insufficient for certain applications, thereby necessitating reinforcement with 

metals [18]. 

1.2.2 Metal Reinforcements 
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Metal reinforcements are used to enhance the mechanical and thermal strength 

of PLA. Commonly used metals include biocompatible options such as gold, 

silver, titanium, and iron. The particle size, shape, and surface properties of these 

metals play a crucial role in determining the final properties of the composite 

[19]. Table 1, where the metals used in metal-reinforced PLA composites are 

provided. 

Table 1. Metals Used in Metal-Reinforced PLA Composites [12]. 

Metal Type Particle Size Shape 
Surface Pro-

perties 

Biocompati-

bility 

Gold Nano Spherical 
Surface Func-

tionalized 
High 

Silver Micro Irregular 
Surface Func-

tionalized 
Medium 

Titanium Nano Spherical 
Surface Func-

tionalized 
High 

Iron Micro Irregular 
Surface Func-

tionalized 
Medium 

 

1.3 Production Methods 

1.3.1 Extrusion Method 

The extrusion method is widely used for producing metal-reinforced PLA 

composites. In this technique, PLA and metal particles are mixed in specific ratios 

and melted through an extruder at high temperatures, followed by a molding 

process. Theoretically, the homogeneous distribution of metal particles enhances 

the mechanical strength and thermal properties of the composite. Additionally, 

parameters such as the temperature and speed of the extruder affect the 

microstructure and physical properties of the final material [20]. Fig. 1 presents 

a schematic representation of metal-reinforced PLA composites produced by the 

extrusion method. 
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Fig.1. Schematic Representation of Metal-Reinforced PLA Composites Produced by 

Extrusion Method [20]. 

1.3.2 Solution Casting Method 

The solution casting method is another important technique for producing 

metal-reinforced PLA composites. Here, PLA and metal particles are dissolved 

in a solvent, and thin films, fibers, or other shapes are obtained from this solution. 

Upon evaporation of the solvent, metal particles are homogeneously distributed 

within the PLA matrix. Theoretically, this method allows control over particle 

surface properties and distribution, improving the mechanical and 

biocompatibility attributes of the composite [21]. Fig. 2 illustrates the solvent 

casting method scheme. 

 

Fig.2. Solvent casting method scheme [22]. 
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1.3.3 Electrospinning Method 

The electrospinning method is used to produce nanofiber-based metal-

reinforced PLA composites. In this process, the PLA and metal particle solution 

is drawn into thin nanofibers under high voltage. Electrospinning offers a 

significant advantage in controlling the structure and surface properties of PLA 

nanofibers. Theoretically, the uniform distribution of metal particles and the high 

surface area of nanofibers can enhance cell interactions and biocompatibility of 

the composite [23]. Fig. 3 shows an SEM image of nanofibers produced by the 

electrospinning method. 

 

Fig.3. SEM Image of Nanofibers Produced by Electrospinning Method [23]. 

 

1.3.4 Compression Molding Method 

Compression molding is another important method for producing metal-

reinforced PLA composites. In this method, metal particles are mixed with PLA 

powder and then molded under high pressure and temperature. Theoretically, 

high-density composites obtained through compression molding exhibit superior 

mechanical strength and structural integrity [24].  Table 2 shows a comparison of 

production methods. 

 

  



212 

Table 2. Comparison of Production Methods [25]. 

Production 

Method 

Mechanical 

Strength 

Thermal Sta-

bility 

Homogene-

ous Distribu-

tion 

Production 

Method 

Extrusion High Medium Good Extrusion 

Solution Cas-

ting 
Medium High Very Good 

Solution Cas-

ting 

Electrospin-

ning 
Very High Medium Excellent Electrospinning 

Compression 

Molding 
High High Good 

Compression 

Molding 

 

1.4 Distribution of Metal Reinforcements at Micro and Nano Scales 

The homogeneous distribution of metal particles within the PLA matrix 

directly affects the final properties of the composite. A uniform distribution 

ensures superior performance in terms of mechanical strength, thermal stability, 

and biocompatibility. Theoretically, critical parameters such as particle size, 

particle-matrix interface, and mixing techniques must be carefully controlled to 

achieve this goal [26, 27]. 

 

  

Particle Size and 
Shape

•The size and 
shape of the 
metal particles 
play a key role in 
determining the 
properties of the 
composite. Nano-
scale metal 
particles offer a 
larger surface 
area, enabling 
more effective 
interaction with 
the PLA matrix.

Particle-Matrix 
Interface

•The quality of the 
particle-matrix 
interface affects 
the mechanical 
integrity of the 
composite. 
Theoretically, 
improving the 
surface properties 
of metal particles 
is crucial for 
strengthening 
interfacial bonds

Mixing 
Techniques

•Effective mixing 
techniques are 
essential for 
achieving a 
uniform 
distribution of 
metal particles. 
Advanced mixing 
techniques, such 
as ultrasonic 
mixing and high-
shear mixing, 
ensure the even 
distribution of 
particles and 
high-performance 
of the composite
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1.5 Optimization of Production Parameters 

In the production of metal-reinforced PLA composites, parameters like 

temperature, pressure, solution concentration, and mixing speeds are of great 

importance. Theoretically, optimizing these parameters can lead to significant 

improvements in the microstructural and mechanical properties of the composite 

[28]. 

 Temperature and Pressure 

 Temperature and pressure are critical parameters concerning the melting 

of PLA and the distribution of metal particles. 

  Appropriate temperature and pressure values ensure the homogeneous 

microstructure and mechanical strength of the composite. 

 Solution Concentration and Mixing Speed 

 Solution concentration and mixing speed are important for ensuring even 

particle distribution and good bonding with the PLA matrix.  

 Optimum mixing speed and solution concentration result in high-perfor-

mance metal-reinforced PLA composites. 

 

Chapter 2: Theoretical Mechanical and Thermal Properties of Metal-

Reinforced PLA Composites 

2.1 Introduction 

Metal-reinforced PLA (Polylactic Acid) composites play a significant role in 

biomedical engineering to provide robustness and durability. In this chapter, we 

will delve into the theoretical mechanical and thermal properties of these 

composites. The distribution of metal particles within the PLA matrix 

significantly impacts the final properties of these composites. 

2.2 Mechanical Properties 

Reinforcing PLA with metal particles is essential to enhance its brittleness and 

increase its durability, thereby making it more suitable for demanding biomedical 

applications. This reinforcement not only improves the mechanical properties of 

PLA, such as tensile strength and impact resistance, but also enhances its thermal 

stability and biocompatibility. By incorporating metal particles, the composite 

material can better withstand the mechanical stresses and environmental 
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conditions encountered in medical settings, ultimately extending the lifespan and 

performance of biomedical devices and implants [29]. 

2.2.1 Tensile Strength 

Theoretically, homogeneous distribution of metal particles within the PLA 

matrix increases tensile strength. This results in higher values in stress and strain 

curves obtained from tensile tests. The binding strength of metal particles and 

interfacial forces are the main factors determining this tensile strength [29]. Fig. 

4 illustrates the setup for tensile testing of metal-reinforced PLA composites and 

Table 3 details how different metal particle distributions affect the tensile 

strength in a PLA matrix. 

 

 

Fig.4.Schematic Representation of Tensile Testing of Metal-Reinforced PLA Composites 

 

Table 3. Effect of Metal Particle Distribution on Tensile Strength in PLA Matrix[29] 

Particle Size Tensile Strength (MPa) 

Nano 55 

Micro 45 
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2.2.2 Impact Resistance 

Metal-reinforced PLA composites also show significant improvements in 

impact resistance. Theoretically, metal particles absorb the impact energy, 

preventing the material from breaking. The increased energy distribution during 

impact provided by metal particles ensures the composite's structural integrity 

[30]. 

2.2.3 Hardness 

The hardness values of metal-reinforced PLA composites are higher than that 

of pure PLA. Theoretically, integrating metal particles into the matrix enhances 

the elastic modulus of the material, thereby improving hardness performance 

[30]. 

2.2.4 Fatigue Resistance 

Under repeated loading, the fatigue resistance of metal-reinforced PLA 

composites demonstrates superior properties compared to pure PLA. 

Theoretically, metal particles prevent the formation of fatigue cracks, thereby 

extending the composite's lifespan [31]. 

Table 4. Mechanical Properties of Metal-Reinforced PLA Composites [31]. 

Metal Type 

Tensile 

Strength 

(MPa) 

Impact Resis-

tance (kJ/m²) 

Hardness 

(HV) 

Fatigue Resis-

tance (S-N 

Curve) 

Gold 50 15 60 High 

Silver 45 12 55 Medium 

Titanium 55 18 65 High 

Iron 48 14 58 Medium 

 

2.3 Thermal Properties 

The thermal properties of metal-reinforced PLA composites provide 

significant advantages over pure PLA. These composites exhibit high thermal 

conductivity, wide temperature resistance, and excellent thermal stability [32]. 
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2.4 Theoretical Modeling and Simulation 

Theoretical models and simulations play a pivotal role in understanding and 

predicting the properties of metal-reinforced PLA composites.Table 5 shows this 

propoerties 

  

Thermal 
Conductivity

• Metal particles significantly increase thermal conductivity within the PLA 
matrix. 

• Theoretically, metal particles rapidly distribute heat, improving the material's 
heating and cooling processes.

Coefficient of 
Thermal 

Expansion

• Theoretically, metal reinforcement lowers the coefficient of thermal 
expansion of PLA, enhancing its dimensional stability. 

• This makes the material resistant to temperature variations

Thermal 
Resistance

• Metal particles improve the thermal resistance of PLA. Theoretically, the 
high melting points of metal particles allow the composite to maintain its 
structural integrity at elevated temperatures. 

• This extends the application range of PLA composites in environments where 
temperature stability is crucial.

Glass 
Transition 

Temperature

• The incorporation of metal particles affects the glass transition temperature 
(Tg) of PLA. Theoretically, the presence of metal particles can either increase 
or decrease Tg, depending on the nature of the interaction between the metal 
particles and the PLA matrix. Typically, metal particles that restrict PLA 
chain mobility increase Tg, whereas those that disrupt the matrix might lower 
it.



217 

Table 5. the properties of metal-reinforced PLA composites 

Factor Description Key References 

Particle Size and Distri-

bution 

Smaller particles provide a 

larger surface area, impro-

ving bonding at the inter-

face, thereby enhancing 

tensile strength and impact 

resistance. Uniform distri-

bution ensures stress is 

evenly distributed, preven-

ting localized failures and 

enhancing fatigue resis-

tance. 

[33, 34] 

Interfacial Bonding 

A strong interface between 

metal particles and the PLA 

matrix is crucial for effec-

tive load transfer during 

mechanical stress. Compa-

tibilizers can enhance this 

bonding, improving overall 

composite performance. 

[35, 36] 

Thermal Conductivity 

Metal particles increase the 

thermal conductivity of the 

composite, aiding in more 

effective heat dissipation, 

crucial for temperature-

sensitive applications. 

[37] 

Crystallinity 

Metal reinforcements can 

act as nucleating agents, af-

fecting PLA’s crystalliza-

tion, enhancing thermal sta-

bility and mechanical 

strength. 

[38, 39] 

Table 6. Analytical Methods for PLA Analysis[40-42] 
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Chapter 4: Clinical Applications and Future Outlook: A Theoretical 

Perspective 

Metal-reinforced PLA (Polylactic Acid) composites are promising materials 

in the biomedical engineering domain, offering a wide range of clinical 

applications. Their unique mechanical and biocompatibility properties make 

them ideal for use in medical devices, implants, and tissue engineering. In this 

chapter, we will explore the clinical applications of metal-reinforced PLA 

composites and future research directions from a theoretical perspective. 

4.2 Clinical Applications 

The clinical applications of metal-reinforced polylactic acid (PLA) 

composites are indeed diverse, owing to their mechanical durability, 

biocompatibility, and customizable properties. Theoretical analyses have 

evaluated the potential of these materials in various medical applications, 

highlighting their suitability for use in biodegradable surgical sutures, bone 

fixation devices, and stents. One significant application of metal-reinforced PLA 

composites is in the development of biodegradable surgical sutures. PLA is 

recognized for its favorable mechanical properties, including an elastic modulus 

of 3,000–4,000 MPa and tensile strength of 50–70 MPa, making it an excellent 

candidate for sutures that require both strength and biocompatibility [43]. The 

incorporation of metal particles can further enhance these properties, providing 

Finite Element Analysis 
(FEA)

FEA is used to 
simulate the 

mechanical response 
of composites under 

various loading 
conditions. 

This method allows 
for the assessment of 

stress distribution, 
deformation patterns, 
and potential failure 

modes in a theoretical 
framework.

Molecular Dynamics (MD) 
Simulations

MD simulations 
provide insights into 
the interactions at the 

molecular level 
between metal 

particles and PLA 
chains. 

These simulations help 
predict thermal and 

mechanical behavior 
by analyzing atomic 

scale interactions and 
dynamics

Computational Fluid 
Dynamics (CFD)

Understanding the 
flow dynamics aids in 

optimizing 
manufacturing 
processes and 

ensuring uniform 
particle dispersion.
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additional strength and durability, which are critical for maintaining the integrity 

of sutures during the healing process. In the context of bone fixation devices, 

metal-reinforced PLA composites have shown promise due to their ability to 

support mechanical loads while being biocompatible and biodegradable. The 

addition of metal reinforcements can improve the mechanical strength of PLA, 

making it suitable for applications such as screws, plates, and pins used in 

orthopedic surgery [44]. The theoretical analyses suggest that these composites 

can effectively promote bone healing while gradually degrading in the body, thus 

eliminating the need for a second surgery to remove the implants. 

Table 7. Clinical Applications of Metal-Reinforced PLA Composites [45] 

Application 

Area 
Metal Used 

Mechanical 

Properties 

Biocompati-

bility 

Clinical Ad-

vantages 

Orthopedic 

Implants 
Titanium High High 

Bone-Like 

Properties 

Tissue Engine-

ering 
Gold Medium High 

Cell Prolifera-

tion 

Dental Imp-

lants 
Silver Medium Medium 

Gingival Com-

patibility 

Cardiovascular 

Stents 
Iron High Medium 

Blood Circula-

tion 

 

 

Fig.5. Success Rates of Metal-Reinforced PLA Composites in Different Clinical App-

lications [45]. 
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4.2.1 Orthopedic Implants 

Metal-reinforced PLA composites are used in orthopedic implants due to their 

bone-like mechanical properties and compatibility with bone tissue. Theoretical 

models analyze the load-bearing capacities of these implants and their 

interactions with surrounding tissues [46]. 

Table 8. Theoretical Models and Case Studies for Metal-Reinforced PLA Composite 

Orthopedic Implants [46]. 

Category Description 

Theoretical Model 

Finite Element Analysis (FEA) can be 

used to analyze the load-bearing capacity 

and mechanical durability of orthopedic 

implants. This model simulates the stress 

and deformation behavior of the implant 

under various loads. 

Parameters 

Material properties of the implant (elastic 

modulus, Poisson's ratio), loading condi-

tions (static and dynamic loads), and imp-

lant-bone interface properties are consi-

dered. 

Example 

Metal-reinforced PLA composites can be 

used in orthopedic implants such as knee 

prostheses, hip prostheses, and spinal 

fixation devices. For instance, in knee 

prostheses, metal-reinforced PLA com-

posites enhance load-bearing capacity 

and extend the lifespan of the implant due 

to their bone-like mechanical properties. 

Case Study 

In a knee prosthesis surgery using metal-

reinforced PLA composites, the post-ope-

rative recovery process and implant per-

formance can be examined. This case 

study could evaluate the biocompatibility 

and mechanical durability between the 

patient's bone tissue and the implant. 

 

4.2.2 Tissue Engineering 

In tissue engineering applications, metal-reinforced PLA composites serve as 

scaffolding and biodegradable materials. Theoretical studies are used to evaluate 

the performance of these composites in cell proliferation and tissue regeneration 

processes [47]. 
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Table 9. Theoretical Models and Case Studies for Metal-Reinforced PLA Composite 

Scaffolds in Tissue Engineering 

Category Description 

Theoretical Model 

Biomechanical models can be used to 

analyze cell proliferation and tissue rege-

neration processes in tissue engineering 

applications. These models simulate the 

behavior of cells on the scaffold and tis-

sue formation. 

Parameters 

Biodegradation rate of the scaffold mate-

rial, cell adhesion and proliferation rates, 

and biochemical factors necessary for tis-

sue formation are considered. 

Example 

Metal-reinforced PLA composites can 

serve as scaffold materials in bone and 

cartilage tissue engineering. These scaf-

folds provide a suitable environment for 

cell adhesion, proliferation, and differen-

tiation. 

Case Study 

In the treatment of a bone fracture using a 

metal-reinforced PLA composite scaf-

fold, the processes of cell proliferation 

and tissue regeneration can be studied. 

This case study could assess the biodeg-

radation rate of the scaffold material and 

the formation of new bone tissue. 

 

4.2.3 Dental Implants 

For dental implants, metal-reinforced PLA composites stand out due to their 

compatibility with gingival tissue and jawbone. Theoretical analyses assess their 

durability and biocompatibility, ensuring reliability in dental implants [48]. 
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Fig.6. Use of Metal-Reinforced PLA Composites as Dental Implants 

 

Table 10. Theoretical Models and Case Studies for Metal-Reinforced PLA Composite 

Dental Implants 

Category Description 

Theoretical Model 

Biomechanical and biomaterial models 

can be used to analyze the integration and 

biocompatibility of dental implants with 

the jawbone. These models simulate the 

interaction between the implant and bone 

tissue and biological responses. 

Parameters 

Material properties of the implant, pro-

perties of the jawbone, depth and angle of 

implant placement, and biological respon-

ses (inflammation, osseointegration) are 

considered. 

Example 

Metal-reinforced PLA composites can be 

used in dental applications such as dental 

root implants and dental prostheses. 

These composites are compatible with 

gingival tissue and jawbone, providing 

durable and long-lasting implants. 
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Case Study 

In a dental root implant surgery using me-

tal-reinforced PLA composites, the dura-

bility and biocompatibility of the implant 

can be evaluated. This case study could 

assess the integration of the implant with 

the jawbone and its compatibility with 

gingival tissue. 

 

4.2.4 Cardiovascular Stents 

Metal-reinforced PLA composite stents are used to reopen and maintain the 

patency of blood vessels. Theoretical models examine the biomechanical 

behavior of these stents and their biocompatibility, evaluating their impact on 

blood circulation [49]. 

Table 11. Theoretical Models and Case Studies for Metal-Reinforced PLA Composite 

Cardiovascular Stents 

Category Description 

Theoretical Model 

Biomechanical models can be used to 

analyze the behavior and biocompatibi-

lity of cardiovascular stents. These mo-

dels simulate the mechanical support pro-

vided by the stents to the vessel walls and 

their impact on blood flow. 

Parameters 

Material properties of the stent, blood 

flow dynamics, interaction with vascular 

tissues, and biocompatibility factors are 

considered. 

Example 

Metal-reinforced PLA composite stents 

are used to reopen and maintain the pa-

tency of blood vessels. These stents pro-

vide mechanical support to the vessel 

walls and ensure proper blood flow. 
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Case Study 

In a cardiovascular procedure using me-

tal-reinforced PLA composite stents, the 

biomechanical behavior and biocompati-

bility of the stents can be examined. This 

case study could evaluate the impact of 

the stents on blood circulation and their 

interaction with vascular tissues. 

 

4.3 Future Perspectives 

Future research will focus on optimizing the clinical applications of metal-

reinforced PLA composites and exploring new potential usage areas through both 

theoretical and experimental studies. 

4.3.1 Smart Materials and Implants 

Theoretical approaches can explore the design of smart metal-reinforced PLA 

composites with sensing and responsive capabilities. Such smart materials could 

create implants that react to environmental changes and optimize medical 

treatments. 

Table 12. Future Research Directions for Smart Metal-Reinforced PLA Composites 

Category Description 

Specific Features 

Future research could focus on developing 

smart metal-reinforced PLA composites 

with features such as self-healing, shape 

memory, and real-time monitoring capabi-

lities. These features could enhance the 

functionality and longevity of medical 

implants. 

Technologies 

Advanced technologies such as 3D prin-

ting, sensor integration, and responsive 

polymers could be employed to create 

these smart materials. For example, incor-

porating piezoelectric sensors into the 

composite matrix could enable real-time 
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monitoring of stress and strain in orthope-

dic implants. 

 

4.3.2 Nanotechnology Integration 

Nanotechnology can be used to further enhance the properties of metal-reinforced PLA 

composites. Theoretical studies could investigate the integration of nanomaterials into the 

composite matrix and its impact on biocompatibility and mechanical properties. 

Table 13. Integration of Nanotechnology into Metal-Reinforced PLA Composites 

Category Description 

Technical Details 

The integration of nanotechnology into 

metal-reinforced PLA composites can 

significantly enhance their mechanical, 

thermal, and biocompatibility properties. 

Techniques such as electrospinning, na-

noparticle dispersion, and surface functi-

onalization can be utilized to achieve this 

integration. 

Specific Examples  

Electrospinning 

This technique can be used to produce na-

nofiber-based composites with a high sur-

face area, improving cell interactions and 

biocompatibility. For instance, incorpora-

ting silver nanoparticles into PLA nanofi-

bers via electrospinning can enhance the 

antibacterial properties of wound healing 

materials. 

Nanoparticle Dispersion 

Uniform dispersion of nanoparticles such 

as gold, titanium, or iron within the PLA 

matrix can improve the composite's mec-

hanical strength and thermal conductivity. 

For example, gold nanoparticles can be 

used to enhance the electrical conducti-

vity and biocompatibility of cardiovascu-

lar stents. 

Surface Functionalization 

Functionalizing the surface of nanopartic-

les with biocompatible molecules can 

improve their interaction with the PLA 

matrix and biological tissues. For ins-

tance, coating titanium nanoparticles with 

hydroxyapatite can enhance the osteoin-

tegration of orthopedic implants. 
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4.3.3 Personalized Medical Solutions 

he potential of metal-reinforced polylactic acid (PLA) composites in 

personalized medical device and implant designs is significant, as these materials 

can be tailored to meet the individual anatomical and physiological characteristics 

of patients. Theoretical models play a crucial role in exploring how these 

composites can be effectively utilized in such applications.  

One of the key advantages of metal-reinforced PLA composites is their 

mechanical durability, which is essential for medical devices that must withstand 

various stresses during use. The incorporation of metal particles can enhance the 

mechanical properties of PLA, making it suitable for load-bearing applications 

such as orthopedic implants and surgical devices. However, specific studies 

directly linking metal reinforcement to improved mechanical properties in PLA 

composites were not identified in the references provided.  

The advancements in additive manufacturing (AM) technology further expand 

the possibilities for personalized medical devices. AM allows for the precise 

fabrication of complex geometries that can conform to the specific anatomical 

features of a patient. This capability is particularly beneficial in surgical planning 

and pre-operative procedures, where customized implants can be created based 

on detailed imaging data. The reference provided Sudin et al. [50] discusses 

thermomechanical properties of PLA composites but does not specifically 

address AM technology or its applications in surgical planning.  

Moreover, the biocompatibility of metal-reinforced PLA composites is a 

critical factor in their application in medical devices. While theoretical studies 

suggest that the incorporation of biocompatible materials can enhance the 

interaction between the implant and surrounding biological tissues, the reference 

Chen et al.[51] cited does not support this claim as it focuses on poly(ε-

caprolactone) composites rather than PLA. 

 The customization of these composites can also extend to their degradation 

properties. Theoretical models can be employed to predict the degradation rates 

of metal-reinforced PLA composites, allowing for the design of implants that 

degrade at a controlled rate, matching the healing process of the patient. However, 

the reference Jiang et al. [52] discusses properties of L-lactide-grafted sisal fiber-

reinforced PLA composites and does not specifically address degradation rates 

or controlled degradation in metal-reinforced PLA composites. 

 In conclusion, while the theoretical exploration of metal-reinforced PLA 

composites highlights their potential in the development of personalized medical 
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devices and implants, the claims made in this response require more specific 

supporting evidence from relevant studies. Further research is needed to 

substantiate the mechanical durability, biocompatibility, and degradation 

properties of these composites in medical applications. 

5. Conclusion and Future Research Directions 

The potential of metal-reinforced PLA composites in clinical applications is 

rapidly expanding due to their mechanical durability, biocompatibility, and 

customizable properties. Theoretical analyses provide critical insights for 

evaluating and optimizing their effectiveness in various medical fields. 

Future research should focus on integrating theoretical approaches with 

experimental studies to further enhance the performance of metal-reinforced PLA 

composites in clinical applications. The discovery of new materials, integration 

of nanotechnology, development of personalized medical solutions, and creation 

of smart materials will mark significant advancements in biomedical engineering. 

This theoretical perspective offers a foundational understanding of the clinical 

applications and future research directions of metal-reinforced PLA composites, 

aiming to broaden their potential usage in biomedical engineering. The following 

table presents a detailed overview of the theoretical models and case studies 

concerning metal-reinforced PLA composite orthopedic implants: 

Table 14. Theoretical Models and Case Studies for Metal-Reinforced PLA Composite 

Orthopedic Implants 

Theoetical Importance of Metal-Reinforced PLA Composites 

- Potential in Biome-

dical Field 

Metal-reinforced PLA composites hold significant potential in 

biomedical engineering due to their enhanced mechanical 

strength, biocompatibility, and customizable properties. 

- Clinical Applicati-

ons 

These composites can be utilized in various critical clinical 

applications such as orthopedic implants, tissue engineering, 

dental implants, cardiovascular stents, and wound healing ma-

terials. 

Limitations of Current Theoretical Studies 

- Limited Data and 

Real-World Applica-

tions 

Current theoretical studies often rely on limited datasets and 

may not fully predict challenges encountered in real-world 

applications. 
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- Customization and 

Performance Optimi-

zation 

Theoretical research on optimizing the performance of perso-

nalized medical devices and implants is relatively limited. 

- Nanotechnology 

and Smart Materials 

More theoretical studies are needed on the integration of na-

notechnology and the development of smart materials. 

Future Research Needs 

- Integration of Theo-

retical and Experi-

mental Approaches 

The integration of theoretical models and experimental studies 

will accelerate the material development process and enhance 

performance in clinical applications. 

- Discovery of New 

Components 

The discovery of new nanomaterials and components can furt-

her improve the biological functions of metal-reinforced PLA 

composites. 

- Personalized Soluti-

ons 

In-depth theoretical research is required to develop personali-

zed medical devices and implant designs. 

- Industrial Applicati-

ons 

Theoretical studies on the industrial-scale production and app-

lications of metal-reinforced PLA composites will expedite 

their market introduction. 

- Clinical Perfor-

mance and Safety 

Advanced theoretical analyses are essential to evaluate the cli-

nical safety and performance of these materials, ensuring their 

impact on human health. 
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1. INTRODUCTION 

Food and Agricultural Organization (FAO) reports that the world's population 

will increase by 34% by 2050, with developing countries accounting for a 

significant share of this increase. It has also been reported that there may be a 

43% growth in urbanization and that feeding a larger population in the coming 

years will be possible by increasing current food production, especially annual 

meat (135%) and cereal (43%) production by more than 70% (FAO, 2009). For 

this reason, in recent years, there has been an increase in food diversity globally, 

both in order to prevent humanity from experiencing a shortage of access to food 

and due to the food consumption habits and demands of people due to population 

growth and developing technology. This situation makes controls increasingly 

difficult to ensure food safety. In various sectors of the food production chain, 

production facilities and agricultural environments, the presence of resistant 

bacteria has been observed, which can produce toxins and form biofilms during 

the production and processing of food, making it pathogenic to humans. For 

example, Listeria monocytogenes and Staphylococcus aureus (Gram-positive 

bacilli and cocci) are microorganisms that can contaminate a variety of foods 

even in refrigerated and freezing conditions, and are resistant to all adverse 

conditions and harmful due to their biofilm-forming capacity (Bland et al., 2022; 

Rodrigues et. al., 2024).  

In this sense, global food loss due to microbial spoilage has been increasing 

year by year in recent years (Saka & Gülel, 2015). In addition, outbreaks of 

foodborne diseases associated with Escherichia coli O157:H7, Salmonella spp., 

Listeria monocytogenes, and the like indicate the need to pay attention to 

microbiological food safety, especially during food processing and storage 

(Kumar et al., 2020). Some antimicrobial agents are used to prevent and inhibit 

the growth of microorganisms in foods. They are usually used in combination 

with other preservation techniques to extend the shelf life of foods. The main 

preservatives frequently used in the food industry today are chemically 

synthesized ones (Nile et al., 2020). As a result, there is increasing consumer 

awareness and concern about the potential carcinogenic and mutagenic risks of 

chemical preservatives such as nitrites and parabens. The demand for "more 

natural", "fresher" and "minimally processed" food is increasing. In this sense, 

the development of alternative natural and low-toxic antimicrobial agents to 

replace traditional synthetic antimicrobial agents has attracted increasing 

attention (Taylor et al., 2008). 

Natural bioactive compounds, although safe, sometimes present an unpleasant 

taste or odor and instability. These compounds are often difficult to incorporate 
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directly into foods, so nanocapsulation provides an alternative to solve this 

problem. The use of nano- or microcapsules in foods is a trend used in the cereal, 

bakery, dairy and beverage industries, (Martins et al., 2022). The idea of bioactive 

encapsulation using natural nanocarriers stems from the consideration of the 

nature-derived functionalities of these nanoparticles. As an example, casein 

micelles can naturally encapsulate and transport vital nutrients through milk; 

amylose chains can bind various flavor compounds developed during bread 

making and released during subsequent heating, and starch derivatives can form 

inclusion complexes with many nutraceuticals. Caseins are important proteins in 

cow's milk, accounting for 80% of the total protein content (Hoofman & Valvo, 

2004). They also occur naturally in the form of spherical micelles whose 

nanoparticles are typically between 50 and 200 nm. Caseins have physical 

chemical properties similar to copolymers with well-balanced hydrophobic and 

hydrophilic regions and can self-assemble to form nano-sized carriers with 

excellent thermal stability, offering enormous potential for use as a natural carrier 

for bioactive food ingredients with hydrophobic or delicate properties. 

Cyclodextrins are hollow molecular nanocarriers with specific dimensions to 

encapsulate many different components by inserting the appropriate "guest" 

structure into their cavities. In amylose nanocarriers, different bioactive 

components, such as ligands, can be nanoencapsulated within amylose 

nanostructures. The presence of ligands can lead to a conformational change in 

amylose, i.e., to a unit strand (V-shaped amylose) with dense double helices and 

a central hydrophobic cavity, which can bind lipophilic molecules such as fatty 

acids through hydrophobic interactions (Assadpour & Jafari, 2019; Desmukh et 

al., 2022). Lactoferrin (Lf) is a recognized antibacterial agent found in fresh 

human milk (Sawale et al., 2022). 

 At the same time, nanocapsules are much easier to penetrate cells and 

membranes than microcapsules. Nanoscale food additives can be used to 

influence the flavor, texture, nutrient composition or shelf life of the food product 

and even offer functions such as detecting microbial pathogens and food quality 

indicators. In the case of food packaging, nanotechnologies are thought to greatly 

improve food quality and shelf life (Singh et al., 2017). Both the scientific 

communities of the developed and developing world concur that nanotechnology 

will be the subsequent advancement in technology (Malik et al., 2023). 
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2. ENCAPSULATION TECHNIQUES 

The encapsulation technique, which incorporates a preferred substance (core) 

into another compound(s) as a wall material, helps us to protect bioactive 

components against harmful factors such as light, oxygen, heat, pH, water, shear 

or other degrading effects to improve the properties of bioactive components such 

as functionality, solubility, bioavailability and nutritional value, to mask bad 

odors/tastes and control their release, and ultimately to improve their 

functionality, solubility, bioavailability and nutritional value (Esfanjani et al., 

2018; Akhavan et al., 2018).  to enhance the properties of bioactive ingredients 

such as functionality, solubility, bioavailability and nutritional value, to mask 

unpleasant odors/tastes and control their release, and ultimately to maintain and 

enhance the unique capabilities of bioactive ingredients (Ray et al., 2016). 

Finding the appropriate wall material and determining the encapsulation 

procedure are the main issues to be addressed before starting the encapsulation 

process (Shishir et al., 2018). The choice of wall material has a significant impact 

on how the enclosed component is delivered. It should be selected based on 

various factors such as material cost, purpose of encapsulation, type of process, 

efficiency, release mechanism, and minimum chemical reactivity with the core. 

The selection of wall materials must also adhere to regulations set by official 

bodies like the European Food Safety Authority (EFSA) or USFDA (Wandrey et 

al., 2010). Since the molecular weight, polarity, solubility and other 

physicochemical properties of bioactive ingredients are variable, the best 

encapsulation yield and efficiency can be achieved with different procedures. 

This reveals the lack of a general procedure for encapsulation of bioactive 

substances (Ray et al., 2016). Proteins as wall material are the best choice due to 

the following advantages:  

(1) Their amphipathic nature, which makes them good emulsifiers that link 

both the core and the surrounding environment,  

(2) They are environmentally friendly and biodegradable in the environment;  

(3) Naturally occurring in food and  

(4) Accessible from many renewable sources (El-Salam et al., 2016; 

Mohammadi et al., 2016).  

Several proteins, including phosphoproteins (such as caseins from milk), 

globular proteins (e.g. ovalbumin, whey proteins, soy proteins, and pea proteins), 

and prolamins (e.g. storage proteins from cereals), are suitable carriers that 

encapsulate bioactive compounds (Hosseini & Jafari, 2020). On the other hand, 
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the distinctive molecular structure and self-organization properties of 

polysaccharides, the second most used carriers of bioactive substances, are 

considered to be their most important benefits. The most common 

polysaccharides surrounding bioactive components can be divided into three 

groups depending on their surface charge, including neutral (e.g. guar gum and 

dextran), anionic (such as carrageenans, gum arabic, alginates, pectins and 

xanthan) and cationic (e.g. chitosan) (Abd El-Salam et al., 2016). Interestingly, it 

has been confirmed that a combination of different wall materials such as proteins 

& polysaccharides leads to better results compared to single cases (Aceituno-

Medina et al., 2013; Belščak-Cvitanović et al., 2015). The techniques often used 

for encapsulation of bioactive compounds can be categorized as:  

a) Chemical procedures (e.g. molecular inclusion complexes, interfacial 

polymerization),              

b) Physicochemical approaches (e.g. complex coacervation, liposomal 

entrapment and ionic gelation),  

c) Physical systems (e.g. co-extrusion, freeze drying, spray drying, fluidized 

bed coating, spray bed drying, spray-freeze drying and systems based on 

supercritical fluids) and         

d) Emerging encapsulation procedures such as 

electrospinning/electrospraying (as electrohydrodynamic processes) (Table 

1)(Zabot et al., 2022).  

 

Table 1. Food Nanoencapsulation Methods 

 

FOOD 
NANOENCAP

SULATION 
METHODS

LİPİD BASE 
NANOCARRIE

RS

Nanoemulsio
n

Nanostructur
e 

phospholipid 
carriers

Nano -lipid 
carriers

BIOPOLYMER 
BASED 

NANOCARRIE
RS

Single 
Biopolymer 

Nanocarriers

Complex 
Biopolymer 

Nanocarrıers

Nanogel

Nanotube

NATURE 
INSPIRED 

NANOCARRIE
RS

Casaine 

Amylose

Cyclodextrins

MISCELLANE
OUS 

NANOCARRIE
RS

Nanocrystals

Nano -
structure 

surfactants

Inorganic 

nanocarriers

Chemical 
polymer 

nanoparticles

SPECIAL 
EQUIPMENT 

BASED 
NANOCARRIE

RS

Electrospinni
ng

Electrosprayi
ng

Nano-spray 
dryer

Micro/Nano 
fluodics
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The antioxidant, anti-esterification and antimicrobial activities of bioactive 

components from plants and spices are attributed to the presence of essential 

bioactive components such as flavonoids, lignans, terpenoids, polyphenolics, 

carotenoids, sulfides, curcumin, saponins, coumarins, plant sterols, phthalides. 

Different bioactive compounds (e.g. Essential oils (EOs), Plant extracts, 

Polyphenolic compounds (Quercetin, Anthocyanins, Catechins, Vitamin E or α-

tocopherol, Ascorbic acid, Carotenoids, Natural anti-browning agents) (Murcia 

et al; 2004; Hosseini & Jafari, 2020).  

Nanoencapsulation is a technology that packages substances in miniature 

using techniques such as nanocomposites, nanoemulsification and nanostructures 

that provide final product functionality including controlled release (Paredes et 

al., 2016). Nanocapsules can be incorporated into food to provide any nutrient. 

Encapsulated compounds in foods include vitamins, essential fatty acids, 

minerals, flavors, antimicrobial agents, colorants, antioxidants and polyphenols 

(Martins et al., 2022). The absorption of these nutrients can be increased by 

adding nanoparticles to the food to be produced. Nanoparticle additives can be 

easily absorbed by the body and extend the shelf life of the product. Apart from 

all these, it is also aimed to bring different food and nutrition approaches such as 

improving the taste, reducing the amount of salt, sugar, fat and preservatives in 

the treatment of some diseases or in some food-related diseases (eg. obesity and 

diabetes) (Wandrey et al., 2010). 

Nano-sized dispersions, emulsions and filled micelles do not precipitate, 

which gives the product a longer shelf life. Since the size of nano additives is 

much smaller than the wavelength of light, they do not cause color problems, so 

they can be added even to clear and transparent foods. Substances that are 

difficult to be dissolved by the body can be absorbed more easily at the nanoscale 

size due to their larger surface area. If any active substance needs to be protected 

during storage or during its passage through the intestines, nanotechnology can 

provide excellent protective layers. They can also protect against environmental 

factors, making the use of food flavors and antioxidants advantageous. The main 

objective is to improve the functionality of such ingredients while keeping their 

concentration to a minimum (Hosseini & Jafari, 2020). The types of 

nanoadditives available on the market are antioxidants, colorants, flavorings, 

vitamins, antioxidants, antimicrobials and preservatives. Silver, titanium dioxide, 

magnesium, iron, silica, calcium and selenium are used for these purposes in the 

food industry in nanoscale sizes (Alfadul an& Elneshwy, 2010; Palza, 2015). 

Nanosalt, nanopolysilicin, nanominerals, nanoparticles, nanofibers, nanosheets, 

etc. are examples of the types of nanoadditives used today to increase yield. 
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aluminosilicate materials are widely used as anti-solidifying agents in granulated 

or powdered processed foods, while titanium dioxide is a common food 

whitening and brightening additive used in confectionery, some cheeses and 

sauces nosalt is a nanoadditive in the form of salt, which has a great effect even 

when used in small quantities and is used to give better and more intense flavor 

to food. Nanopolysilicin is a nanoaditive added to oil that protects it from 

oxidation by closing the gap between phytoglycogen octenyl succinate 

nanoparticles. Nanominerals are nanoadditives with faster and higher absorption 

in the stomach, used as an alternative to large-sized minerals that are not easily 

digestible in the stomach. Nutraceuticals, on the other hand, are nanoadditives 

that are used to increase the nutritional value of food, such as bioactive proteins, 

and increase absorption in the GI tract (Shabnam et al., 2020).  

The antimicrobial properties of nanomaterials are of great interest due to their 

ability to inhibit the growth of spoilage-causing microorganisms and their 

mechanical density, indicating their use in packaging films to inhibit the growth 

of microbes and antibiotic carriers (Suvarna et al., 2022). Through the technology 

used in nanocomposites, microbial control can be achieved by encapsulating 

essential oils and products of natural origin. It is also thought that this 

nanoencapsulation technique can provide an effect in the prevention and control 

of microorganisms with high antimicrobial resistance factor in the food industry. 

In addition, the use of common metals and transition metals, one of the new 

approaches applied in nanoencapsulation for the denaturation of pathogenic 

biofilms, is also discussed (Rodrigues et al., 2024). 

In studies, various natural antimicrobial substances can be added to food 

packaging films as nanomaterials. For example, Pediocin from the Pediococcus 

strain of Lactic acid bacteria combines with polylactic acid biopolymers showing 

activity against L. monocytogenes when used in raw ham (Woraprayote et al., 

2013). Nisin is a "generally recognized as safe" antimicrobial agent added to 

various food products. Nisin is combined with pectin and polylactic acid and is 

often incorporated into composite packaging film, where it reduces the 

proliferation of L. monocytogenes and Alicyclobacillusacidoterrestris in food 

products (Wu et al., 2018). The application of microencapsulation technique in 

maintaining the stability of food will also support increased bioavailability and 

help to ensure oxidation and hydrolysis under processing conditions. Active food 

packaging processes inhibit microbial growth and protect sensitive ingredients 

from adverse conditions such as oxygen, humidity and temperature in the external 

environment (Rodrigues et al., 2024). 
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Ghasami and Abbasi (2014), have demonstrated that an investigation was 

conducted to study the impact of alkaline pH and ultrasound treatment on the 

production, structure, encapsulation efficiency (EE), and protective qualities of 

natural casein micelles. By increasing the pH, the turbidity of skim milk 

decreased. Simultaneously, the size of casein micelle particles increased, along 

with their physical stability and ability to encapsulate substances.  

Li et al., (2014) revealed that stabilized nanoemulsions with cheese juice 

protein isolation show good stability and potential for use as a water-insoluble 

curcumin distribution system, without requiring a second layer of polysaccharide. 

Although some in vivo studies have been conducted on the bioavailability of 

encapsulated ingredients, there is a paucity of information on the utilisation of 

these ingredients to extend the shelf life of diverse food systems (Hosseini & 

Jafari, 2020). In general, chemical changes caused by light, along with microbial 

degradation and certain chemical reactions such as oxidation of proteins and 

lipids, biochemical and physical disorders such as enzymatic or non-enzimatic 

acidification, and mechanical damage and fluid transition, The transfer of 

moisture (both absorption and loss) within the food matrix (fluid) or between the 

matrix and the environment, gelatinisation and retrogradation in the molecule, 

freezing damage, increased crystallisation, and the formation of phases in the 

emulsion structures, affect the structure, appearance, aromatic properties and 

bioactive components of the food (Kong & Singh, 2016). In this context, the most 

significant factors influencing the quality and reliability of food are microbial 

contamination, lipid oxidation and acidification reactions. (Hosseini & Jafari, 

2020). 

Plant-based bioactive ingredients with antimicrobial, antioxidant, and anti-

emulsion activities are among the best choices for blocking degradation factors 

in foodstuffs. However, their industrial applications also face some challenges, 

such as low water solubility, poor chemical stability, bad smell, dose-dependent 

activity, inactivation when complex with food components, etc. Capsulation, 

especially nanocapsulation, is a technology that protects against these barriers. 

(Hosseini & Jafari, 2020). The nanocapsulation of food ingredients and additives 

is thought to provide protective barriers, flavor and flavor masking, controlled 

release and better dispersibility for water-insoluble food components and 

ingredients. The production of nanoparticles is important in relation to the 

inclusion of a lipophilic component such as EOs in liquid products such as 

alcoholic beverages, which provides better dissemination and therefore a higher 

antimicrobial effect than other methods. Thus, nanocapsulation may also be 

useful in the prevention of diseases harmful to human health (Hosseini and Jafari, 
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2020; Rodrigues et al., 2024). Furthermore, a combination of proteins and 

polysaccharides as a wall material is used to better results from separate forms. 

Therefore, the encapsulation method and the type of encapsulants greatly 

influence the release mechanism of bioactive components and their 

physicochemical properties. These factors, along with the optimization of the 

encapsulation process conditions, lead to a cost-effective, well-encapsulated 

component that has higher efficiency than the free form to extend the shelf life of 

the food, as many studies have confirmed. Despite some in vivo studies on the 

bioavailability of encapsulated ingredients, there is limited information on the use 

of these ingredients to increase the shelf life of different food systems (Hosseini 

& Jafari, 2020). 

3. RESULT 

In conclusion, nanoencapsulation can be defined as the utilisation of film, 

layer, coating, or microdispersion at the nanometre scale for the purpose of 

encapsulation. It is evident that the encapsulation layer is on a nanometre scale 

and serves to provide protection for food or flavour molecules/contents. The 

active component is predominantly present in a molecular or nanoscale state. The 

most significant advantage is that it ensures homogeneity and superior microbial, 

physical, and chemical characteristics, while simultaneously enhancing the 

efficiency of encapsulation. The principal advantages of nanotechnology in food 

component micro/nanocapsulation are as follows (Khare & Vasisht, 2014). An 

increase in surface area may result in enhanced bioavailability of flavours and 

food components. This is particularly significant in the context of low-resolution 

and/or flavour components. This is particularly relevant for individuals with 

reduced taste and smell perception thresholds. To illustrate, consider the 

dissolution of omega-3 fish oil using a mixture-based system.  

• Transparent to light (important in beverage applications): Nanoemulsions 

comprising oil droplets of less than 100 nm in diameter and microemulsions are 

optically transparent. Furthermore, spray drying allows for a higher content 

retention capacity during the drying process, which in turn reduces the amount of 

volatile organic carbon released.  

• The solution is more closely aligned with the actual molecular structure 

(homogeneity in system properties such as density).  

• The encapsulated compound exhibits heightened activity, as exemplified by 

antimicrobial agents in nanoemulsion/microemulsion forms (Paredes et al., 

2016). 
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Nanoencapsulation with bioactive compounds from plant sources improves 

the organoleptic properties of foods such as structure, color, taste, prolongs shelf 

life by increasing nutrient bioavailability, and may be sustainable and 

economically innovative for a circular economy. 

Despite some in vivo studies on the bioavailability of encapsulated 

ingredients, there is very limited information on the application of these 

substances to increase shelf-life in different foods. Nanoencapsulation techniques 

with natural antimicrobial, which some food and food product as one of the 

innovative technology alternatives in foods, will be more preferred globally in 

the future due to its advantageous features such as industry, sustainability, public 

health aspects and most importantly, appealing to the public's understanding of 

more natural food. 
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1. Introduction 

Plastic has become a central material for various fields of industry, and it has 

replaced various materials like metal, glass, paper, and wood due to limited raw 

materials. It has become a fundamental part of the packaging, shipping, food, 

construction, healthcare, automotive, electronics, and textile industries because 

its great properties including being low weight, practicality, good stiffness, long-

lasting nature, resistance to wear, ease of manufacturing, design versatility, 

effective insulation, resistance to corrosion, poor conductivity of electricity and 

heat and cost-effectiveness (Nayanathara Thathsarani Pilapitiya & Ratnayake, 

2024; Tamizhdurai et al., 2024; Zhang et al., 2021). Especially, synthetic semi-

aromatic plastics, such as polyethylene terephthalate and polybutylene 

terephthalate, exhibit outstanding physio-chemical properties, including high 

heat distortion temperatures, strong mechanical strength, great chemical 

resistance, and effective electrical insulation. These characteristics have 

positioned plastic products as an essential part of daily life for humans (Ali et al., 

2021; Nayanathara Thathsarani Pilapitiya & Ratnayake, 2024). In 2018, the 

amount of plastic produced was 360 million metric tons and is anticipated to reach 

500 million tons by 2025 and 670 million tons by 2040 (He et al., 2024; Zhang 

et al., 2021). Figure 1 displays global plastic production over the years. 

 

Figure 1: Worldwide plastic production through the years (Our World in Data, n.d.; 

Zhang et al., 2021). 
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Plastics are used across a wide range of sectors. For example, 85% of medical 

devices are made from plastics (Nayanathara Thathsarani Pilapitiya & Ratnayake, 

2024). The utilization of plastics offers many advantages, as listed below: 

 Environmental advantages: The use of polyethylene terephthalate 

for beverage containers, compared to metal and glass, reduces 

greenhouse gas emissions, as the production of metal and glass 

generates higher emissions. Additionally, utilization of plastic 

composites in aircraft and automobiles leads to lower fuel 

consumption since they are lighter than metals (Nayanathara 

Thathsarani Pilapitiya & Ratnayake, 2024).  

 Economic advantages: Plastics are cheaper than metals and other 

composites, making them a more cost-effective alternative for 

replacing parts in automobiles, buses, and airplanes. It is a natural 

electrical insulator that adresses the essential needs of the quickly 

expanding electrical and electronic systems. It is also heat-resistant 

(Evode, Qamar, Bilal, Barceló, & Iqbal, 2021). 

 Social advantages: Plastic tanks allow for storage of drinking water, 

and plastic food packaging stores and keeps food products fresh by 

regulating temperature and pressure (Nayanathara Thathsarani 

Pilapitiya & Ratnayake, 2024). Plastics has a key role in explaining a 

sustainable, effective, hygienic, cost-efficient, and environmentally-

friendly packaging system (Evode et al., 2021) . Furthermore, they 

allow the production of affordable goods and are used in protective 

equipment such as helmets and medical gear, contributing to public 

safety and health.  

Packaging is the primary industry for plastics, representing more than 40% of 

the total global plastic production. Globally, over 400 million metric tons of 

plastic waste are generated per year (Tamizhdurai et al., 2024). Single-use 

plastics such as cups, straws, and plates, accounts for approximately 70% of the 

total global plastic production (Hossain, Tajvidi, Bousfield, & Gardner, 2021). 

Furthermore, low-density plastics such as flexible films, plastic bags, and 

Styrofoam are commonly used due to their unique features, including versatility, 

lightweight, and durability(M. Cengiz, 2022). 

On the other hand, the extensive use of various plastic products has led to a 

substantial accumulation of plastic waste (Evode et al., 2021). Almost 60% of 

plastic produced ends up in the natural environment as waste (Zhang et al., 2021). 

Around 6,300 million metric tons of plastic waste were made between 1950 and 
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2015 and it is predicted to be 12,000 million metric tons by 2050 (Hossain et al., 

2021). The amount of plastic collected is 14% of total plastic waste, but only 2% 

of this waste is recycled into products of the same or similar value. This low 

recycling rate is primarily due to the requirement for high purity, the difficulties 

associated with collection and sorting, and the simple structure of the plastic 

(Mulakkal et al., 2021). Plastics decompose extremely slowly in the environment 

because of their stable chemical structure (Tamizhdurai et al., 2024). Therefore, 

plastic pollution threaten the ecosystem and earth will encounter a substantial and 

potentially insurmountable issue unless there is a significant reduction in 

consumption and an increase in recycling efforts (Hossain et al., 2021; 

Tamizhdurai et al., 2024).  

Especially, low density plastics pose significant threats to the environment 

because they are difficult to recycle due to accumulation issues and their tendency 

to obstruct machinery in recycling facilities. As a result, they are often sent 

directly to landfills or incinerated. Improper landfilling of plastics leads to soil, 

water and air pollution, contributing to climate change, and it can take up to 

thousands of years for plastic to decompose in soil (M. Cengiz, 2022). 

Furthermore, plastic pollution physically, chemically, and economically affects 

the marine environment (Kibria, Masuk, Safayet, Nguyen, & Mourshed, 2023). 

It is estimated that approximately 10-20 million tons of plastic waste are disposed 

of into the oceans (Chang, 2023). Plastic waste released into the ocean per capita 

by countries is demonstrated in Figure 2. Moreover, plastic waste breaks down 

into smaller fragments, even microplastics when exposed to ultraviolet light. 

Microplastics is nearly impossible to recover and disrupt food chains while 

damaging ecosystem (Evode et al., 2021; Liang, Tan, Song, & Li, 2021). 

Additionally, marine species can consume ingested plastic, often leading to injury 

or even death (LI, TSE, & FOK, 2016). Microplastics have been found in sea salt, 

tap water, canned fish, bottled water, honey, and sugar, raising concerns about 

the possible effects of plastic waste on the environment, and human health (Evode 

et al., 2021).   
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Figure 2. Plastic waste released into the ocean per capita by countries (Our World in 

Data, n.d.). 

Reducing plastic consumption, recycling and reusing, and the adaptation of 

biodegradable or compostable plastics manufactured from sustainable materials 

and renewable biomass, such as corn starch, sugarcane, or potato starch, appear 

to be a feasible solution to address the demand for plastics while also minimizing 

the environmental impact of plastic materials made from fossil-based resources 

(Mazlum Cengiz & Gazal, 2023). Figure 3 shows plastic waste management 

approaches to reduce plastic waste.  
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Figure 3. Schematic illustration of plastic waste management. 

2. Disposal Methods for Plastic Waste 

Synthetic plastics comprise of hydrocarbons derived from fossil fuels, and 

their natural degradation takes hundreds of years. They accumulate in aquatic and 

soil habitats and break down in small pieces over time, becoming microplastics 

and attaching the aquatic and terrestrial plants and animals, potentially 

transferring these particles to humans through the food web. The long-term 

ingestion of plastics by humans has been linked to obesity, and even 

chromosomal alterations and cancer. Consequently, the buildup of plastic waste 

poses a serious threat to both the natural ecosystem and human health (He et al., 

2024). 

Therefore, it is important to use suitable disposal methods; otherwise, plastic 

waste will threaten the ecosystem as one of the most significant contributors to 

global environmental pollution (Nayanathara Thathsarani Pilapitiya & 

Ratnayake, 2024). The disposal methods are landfilling, incineration, recycling, 

and biological degradation (Naderi Kalali et al., 2023).  

2.1. Landfilling  

Low-density plastics can easily contaminate the open environment through air 

and water. To avoid further contamination, a large quantity of plastic waste is 

primarily sent to landfills for disposal. Nevertheless, plastics degrade extremely 

slowly in soil and pollute the soil and groundwater with their chemical 

composition, including additives, flame retardants, plasticizers, and pigments 

(Lim & Thian, 2022; Nayanathara Thathsarani Pilapitiya & Ratnayake, 2024; 

Zhang et al., 2021). Furthermore, microplastics in soil can enter the aquatic 

environments.  
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2.2. Incineration  

Plastic waste can be incinerated for energy recovery such as power generation 

and heat production, which can be preferable over landfilling (Nayanathara 

Thathsarani Pilapitiya & Ratnayake, 2024). Besides, incineration lowers the 

volume of plastic waste (Tiwari, Azad, Dutta, Yadav, & Kumar, 2023). 

Conversely, incineration of plastics demands a significant amount of energy and 

releases toxic gases, ash, and compounds, including greenhouse gases, furans, 

dioxins, polychlorinated biphenyls, and heavy metals like mercury  (Evode et al., 

2021; Lim & Thian, 2022). These can cause serious health issues such as 

respiratory problems, impaired lung function, and an increased risk of cancer 

(Tiwari et al., 2023; Zhang et al., 2021). 

2.3. Recycling  

Recycling plastic waste creates secondary materials that can be used to 

produce original products or new products with similar or improved functionality. 

The purpose of recycling is to reduce waste and recover raw materials, thus 

mitigating the harmful impacts of waste on the natural environment and society 

(Evode et al., 2021).  

In these recycling methods, separation process is essential in the processing 

cycle. Separation processes include manual sorting (visual recognition according 

to shape, color, and plastic brand markings), automated dry sorting (X-ray 

sorting, infrared sorting, electrostatic sorting, air sorting, mechanical sorting), and 

automated wet sorting (sink float, hydrocyclone, selective dissolution, 

hydroglycolysis) (Nayanathara Thathsarani Pilapitiya & Ratnayake, 2024).  

The diverse mix of material components in plastics, including plasticizers, 

additives, and colorants, makes recycling plastics challenging (Lim & Thian, 

2022). Recycling methods for plastic waste can be categorized into three types: 

mechanical, chemical and thermal recycling. Plastic waste disposal techniques, 

along with plastic waste recycling methods are displayed in Figure 4. 
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Figure 4. Plastic waste management approaches. 

2.3.1. Mechanical Recycling 

In mechanical recycling, physical steps, including cutting or shredding, 

contaminant removal, flotation, milling, washing and drying, agglomeration, 

extrusion, and quenching are employed to form pellets or flakes (Tejaswini, 

Pathak, Ramkrishna, & Ganesh, 2022). Mechanical recycling preserves the 

chemical structure of the materials without significant alteration and is a cost-

effective technique. However, it is not suitable for multi-layer plastics or material 

containing different materials. The quality of recycled plastic often falls short of 

that of original plastic, which can restrict the range of applications for 

mechanically recycled plastics (Nayanathara Thathsarani Pilapitiya & 

Ratnayake, 2024).  

2.3.2. Chemical Recycling  

Chemical recycling converts plastic waste into smaller molecules by breaking 

down polymer bonds, producing raw materials for the manufacturing of plastics 

and petrochemicals. Also, chemical recycling generates different fuel fractions 

from plastic waste (Nayanathara Thathsarani Pilapitiya & Ratnayake, 2024; 

Thiounn & Smith, 2020). 
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Thermolysis is the primary method used in chemical recycling. Pyrolysis, 

gasification and hydrogeneration are the main techniques for thermolysis. 

Pyrolysis employs various technologies to convert plastic waste into oils and 

high-calorific clean gas, which is utilized in gas engines to generate electricity 

(Dai et al., 2022). Gasification uses air to transform plastic waste into fuel or 

flammable gases, which are a blend of hydrogen (H₂), methane (CH₄), carbon 

dioxide (CO₂), and carbon monoxide (CO), and are also called syngas (Jiang et 

al., 2022). In addition, gasification produces ammonia (NH₃), hydrogen sulfide 

(H₂S), and nitrogen oxides (NOₓ) along with syngas. Hydrogeneration (also 

known as hydrocracking) is a chemical process involving the reaction of 

hydrogen (H2) with plastic waste. hydrochloric acid (HCl), syncrude, 

hydrogenated solid residue, and off-gas are the primary products (Nayanathara 

Thathsarani Pilapitiya & Ratnayake, 2024; Zhang et al., 2021).  

Additionally, chemolysis (also called as solvolysis or depolymerization) is 

another chemical method used to treat or depolymerize plastic waste into 

monomers. The main chemolysis reaction pathways consist of glycolysis, 

hydrolysis, methanolysis, and alcoholysis. The operating parameters for 

monomer recycling are heavily influenced by the type of plastic, making it 

challenging to efficiently recycle monomers from plastic mixtures containing 

different plastic types. As a result, the application of chemolysis is somewhat 

limited (Zhang et al., 2021). 

2.3.3. Thermal Recycling 

In thermal recycling (energy recovery), plastic waste is burned to generate 

heat, steam, and subsequently electricity. This process can be carried out using 

various technologies, including grate technology (which burns plastic waste to 

generate heat and then electricity), two-stage incineration (which ensures more 

complete combustion and fewer pollutants), and fluidized bed combustion (which 

burns plastic waste more efficiently and cleanly) (Nayanathara Thathsarani 

Pilapitiya & Ratnayake, 2024). 

2.4. Biological Degradation 

Biodegradable plastic waste can be broken down by microorganisms such as 

fungi ,bacteria, and yeasts, which convert the physical and chemical attributes of 

plastic waste into polymer carbon while emitting biogas rich in methane, carbon 

dioxide, water, and heat (Ali et al., 2021; He et al., 2024).  

However, synthetic plastic waste biodegrades extremely slowly due to its 

strong structure, consisting of long polymer chains. Therefore, the oxo-
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biodegradation process, which is oxidization of carbon polymers, is crucial for 

non-biodegradable plastic waste prior to its direct degradation or biodegradation 

by natural organisms (Lim & Thian, 2022). Following the oxo-biodegradation 

process, invertebrates (such as mealworms and lesser waxworms), 

microorganisms, and compost treatment (which involves blending compost with 

a specific amount of plastics and treating it with present microorganisms at a 

controlled temperature, typically ranging from 40 to 60°C) are applied to 

decompose synthetic plastic (Nayanathara Thathsarani Pilapitiya & Ratnayake, 

2024).  

3. Conclusion  

Although plastic usage offers several benefits, its waste poses a serious threat 

to natural habitats, particularly marine life, due to its chemical and physical 

properties. Poor waste management and waste disposal strategies causes soil, 

water and air pollution associated with plastic waste. Therefore, it is crucial to 

implement complete waste management strategies and adopt proper disposal 

methods. Sustainable consumption, recycling, reuse, repurposing of plastic 

materials and products, along with the production and use of biodegradable 

plastics from sustainable feedstocks, are essential to mitigating the environmental 

effects of plastic waste. Additionally, these approaches recover raw materials, 

contribute to the preservation of human and animal well-being, so provide 

economic and social benefits. For instance, plastic waste can be recovered and 

reused in different sectors or converted into fuel, which decreases the quantity of 

plastic waste sent to landfills.  

Some pathways for repurposing plastic waste are as follows:  

 Plastic oil (also known as pyrolysis oil) derived from plastic waste 

can be used for energy generation (Chang, 2023). 

 Plastic waste can be efficiently and cleanly incinerated to generate 

heat and electricity. 

 Plastic waste can be converted into fuel, used in household products, 

utilized as construction material, and repurposed in the textile 

industry (Lamba, Kaur, Raj, & Sorout, 2022). 

 Plastic waste can be recycled and used in the production of new 

products, such as carpets or clothing fibers.  

 Plastic waste contains a high concentration of carbon, so carbon 

materials derived from plastic waste can be used for the 
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manufacturing of energy storage systems such as supercapacitors, 

batteries, and pollutant adsorbents (Chen, Wei, Ni, & Chen, 2022). 

 Certain types of platic waste can be used in hot mixed asphalt for road 

construction (Abdy et al., 2022).  

Conventional disposal methods, incineration and landfilling cause serious 

secondary pollutants, so not preferable to use for disposal of plastic waste. 

Mechanical recycling (physical recycling) is the most convenient method, but it 

has some limitations, such as being unsuitable for composite plastics and 

producing materials that are inferior to the original plastic. Pyrolysis, 

hydrogeneration, and gasification are much better energy recovery methods since 

they recover valuable materials like oil and gas. Additionally, oxo-biodegradation 

is a promising disposal technique since it accelerates plastic biodegradation. 

Thermal recycling allows controlled incineration, improving efficiency and 

reducing harmful emissions. As a result, plastic waste recycling provides several 

benefits over conventional disposal techniques, including raw material 

conservation, energy recovery, and reduced greenhouse gas emissions.  
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INTRODUCTION 

Increasing environmental concerns, limited fossil fuel reserves, and the need 

for sustainable energy sources have led to the exploration of alternative energy 

options. In this context, biofuels hold a significant place among renewable energy 

sources. Biodiesel, a prominent type of biofuel, is produced through the 

transesterification of vegetable oils, waste oils, or animal fats into methyl or ethyl 

esters. This method converts triglycerides into biodiesel and produces glycerin as 

a byproduct, which can be utilized in various industrial applications, such as 

biopolymer production (Lamichhane et al., 2020). The chemical structure of 

biodiesel, characterized by its fatty acid composition, enables its effective use in 

diesel engines, offering comparable properties to conventional diesel fuels 

(Mondal & Jana, 2019). 

The environmental benefits of biodiesel are substantial; its combustion leads 

to lower emissions of harmful pollutants compared to petrodiesel. Studies have 

shown that biodiesel can significantly reduce emissions of carbon dioxide (CO₂), 

hydrocarbons (HC), and particulate matter (PM) (Krishnamurthy et al., 2013; 

Mehta et al., 2010). Notably, biodiesel blends have been reported to reduce CO, 

HC, and particulate emissions in varying degrees, contributing to improved air 

quality (Veillette et al., 2017). Moreover, the use of biodiesel can lead to a 

reduction in greenhouse gas emissions; some estimates suggest up to a 78% 

decrease in CO₂ emissions when biodiesel is used (Mondal & Jana, 2019; Peng, 

2015). 

The compatibility of biodiesel with existing diesel engines enhances its appeal 

as a sustainable alternative to fossil fuels. It can be blended with petrodiesel in 

various ratios, allowing for a smooth transition to renewable energy sources 

without requiring significant changes in current engine technologies (Song et al., 

2013). The increasing use of biodiesel in many countries underscores its potential 

to play a critical role in achieving energy independence and reducing reliance on 

fossil fuels (Yuan et al., 2022).  

Biodiesel holds a significant place among renewable energy sources. Global 

production reached 24 billion liters in 2016, followed by 45.4 billion liters in 

2020 (Edeh, 2020). The International Energy Agency’s (IEA) “Renewables 

2023” report projects that global biofuel demand will grow by approximately 

30% between 2023 and 2028, representing an increase of 38 billion liters. This 

growth is particularly supported by countries like Brazil, Indonesia, and India, 

where biofuel policies and rising transportation fuel demand drive increased 

biodiesel and ethanol consumption. By 2028, total global biofuel demand is 



263 

expected to reach 200 billion liters. Estimates indicate that two-thirds of this 

increase will come from renewable diesel and ethanol, with the remainder from 

biodiesel and bio-jet fuel (International Energy Agency, 2023). Additionally, the 

European Union (EU), under the Renewable Energy Directive III (RED III), 

plans to double its share of renewable energy by 2030. While blending rates for 

biodiesel are expected to remain relatively stable, renewable diesel is projected 

to reach a 3.5% level by 2028 (International Energy Agency, 2023). 

The leading biodiesel-producing countries globally include the United States, 

Brazil, and EU member states. These countries are leaders in biodiesel production 

due to easy access to agricultural resources and environmentally friendly policies 

promoting biofuel production. The United States, producing approximately 7.5 

billion liters of biodiesel annually, is considered a world leader, with production 

largely based on oilseed crops like soybeans. Brazil, with policies promoting 

biodiesel production from sugarcane and other vegetable oils and advantages in 

raw material access, holds a strong position with an annual production capacity 

of approximately 5.5 billion liters. The European Union also stands out as a global 

leader with a total production of around 12 billion liters of biodiesel, particularly 

high in countries like Germany, France, and Spain. The EU’s environmental 

targets drive increased biodiesel production, reflecting trends in the biofuel 

economy’s growth based on 2021 data (Mizik, 2021). 

The growing demand for biodiesel is linked to its environmental benefits and 

the need for alternative energy sources amid rising fossil fuel prices (Živković & 

Veljković, 2017). By 2020, the EU implemented policies to promote biodiesel 

production, aiming for 10% of fuel to come from renewable sources (Frkova et 

al., 2020). This legal framework has allowed biodiesel to grow as a viable 

alternative to conventional diesel, particularly in transportation (Elgharbawy et 

al., 2021). Furthermore, using waste cooking oil and other non-food raw materials 

in biodiesel production is gaining interest as it addresses concerns over food 

security and environmental sustainability (Qamar et al., 2020). This trend towards 

biodiesel production reflects a shift in broader energy policies aimed at reducing 

greenhouse gas emissions and promoting a circular economy (Živković & 

Veljković, 2017; Petrescu et al., 2021). 

In summary, the biodiesel sector shows strong growth, with increasing 

production capacities in key regions like the EU, the US, and Brazil. The 

environmental benefits of biodiesel, coupled with supportive policies and the use 

of diverse feedstocks, make it a critical component in the renewable energy field 

(Živković & Veljković, 2017; Kumar et al., 2023). 
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While biodiesel stands out for its environmental advantages, it can have 

adverse effects on certain engine components. Compared to conventional diesel, 

biodiesel has a higher viscosity and a lower calorific value, which can weaken 

fuel atomization and reduce combustion efficiency (Tutak et al., 2023; Nguyen 

et al., 2023). As a result, advanced injection timing and improved combustion 

conditions, which become necessary, lead to higher nitrogen oxide (NOx) 

emissions (Bibin et al., 2022; Siddeg et al., 2022). Additionally, studies show that 

biodiesel’s solvent properties may increase wear on fuel system components and 

injectors, as it can degrade rubber and plastic materials commonly used in these 

systems (Nguyen et al., 2023; Khan et al., 2021). Furthermore, literature indicates 

that the lower energy content of biodiesel can lead to increased fuel consumption, 

thereby accelerating wear and tear on engine parts (Niekerk et al., 2019). 

Policy changes in biodiesel production also significantly impact the industry. 

Stricter emission regulations promote innovations in biodiesel technology, 

driving the development of more efficient production methods and cleaner-

burning fuels (Khan et al., 2021; Ng et al., 2017). However, promoting first-

generation biodiesel derived from food crops could exacerbate food security 

issues, potentially leading to public backlash and reduced subsidies or stricter 

regulations for biodiesel production (Khan et al., 2021; Jiang et al., 2017). In 

contrast, policies supporting a shift to second-generation biofuels that use non-

food feedstocks could mitigate negative impacts associated with food 

competition and environmental degradation (Khan et al., 2021; Valente et al., 

2011). The economic sustainability of the biodiesel industry is also highly 

responsive to policy changes. Renewable energy incentives help stabilize the 

market, whereas removing such incentives may lead to decreased investment and 

reduced R&D activities in biodiesel technologies (Ng et al., 2017; Valente et al., 

2011). 

BIODIESEL PRODUCTION 

Transesterification, the foundation of biodiesel production, is a process in 

which triglyceride molecules react with an alcohol to produce fatty acid methyl 

or ethyl esters (biodiesel) and glycerin. This reaction involves a nucleophilic 

attack by the alcohol on the ester bonds of triglycerides, resulting in the formation 

of fatty acid esters, with glycerin produced as a byproduct. The breakdown of 

triglyceride ester bonds during this process leads to the formation of biodiesel 

(Ulukardeşler, 2023; Saad et al., 2019). The efficiency of the reaction is 

significantly influenced by specific process parameters such as the type of alcohol 

used, catalyst selection, temperature, and molar ratios (Elgharbawy et al., 2021; 

Yadav, 2017; Mohamed et al., 2023). 
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The choice of alcohol is particularly important; methanol and ethanol are the 

most commonly used alcohols in transesterification due to their availability and 

cost-effectiveness (Batan et al., 2010; Nnamani et al., 2020). In biodiesel 

production, methanol is often preferred due to its advantageous properties. 

Methanol’s short-chain structure facilitates a high reaction rate, which is critical 

for an efficient transesterification process. This efficiency is further enhanced 

when the reaction occurs under alkaline conditions, significantly boosting 

biodiesel yield (Sánchez et al., 2015; Chamoumi et al., 2014). Methanol is not 

only cost-effective but also polar, allowing a high conversion rate of triglycerides 

to fatty acid methyl esters (FAME) (Sánchez et al., 2015; Chamoumi et al., 2014). 

While ethanol is also used in biodiesel production, it is less favored due to its 

tendency to absorb water. This property can lead to the formation of undesirable 

byproducts during the transesterification process, reducing biodiesel yield 

(Buasri et al., 2012; Saadon et al., 2015). The presence of water in the reaction 

mixture can complicate the process, especially with oils high in free fatty acids 

(FFA), causing hydrolysis and saponification, which lowers yield (Saadon et al., 

2015; Ferreira et al., 2017). In such cases, the use of acidic catalysts or the 

application of two-stage transesterification processes is often recommended to 

mitigate these issues and enhance biodiesel yield (Zhu et al., 2015; Sahu et al., 

2021). 

The use of ethanol in biodiesel production increases combustion efficiency 

due to its oxygen content (Hashemi-Nejhad, 2023). Furthermore, ethanol can be 

produced through fermentation processes using biomass sources like agricultural 

waste or energy crops, aligning it with sustainability goals (Rahimi et al., 2020; 

Sakdasri et al., 2017). This renewable aspect of ethanol not only provides a lower 

carbon footprint but also supports the circular economy by promoting the use of 

waste materials (Maranduba et al., 2015; Nježić et al., 2018). Despite the 

advantages of ethanol, challenges remain regarding its economic sustainability 

compared to methanol. Ethanol production costs can be higher, especially 

considering the agricultural inputs required for biomass cultivation (Harsono et 

al., 2011). 

The type of catalyst also plays a critical role in the transesterification process. 

While homogeneous catalysts like sodium hydroxide are widely used, there is 

growing interest in heterogeneous catalysts due to their potential to facilitate 

glycerin separation from biodiesel and allow catalyst reuse (Semwal et al., 2011; 

Mohamed et al., 2023). Additionally, reaction conditions such as temperature and 

stirring speeds are important for optimizing biodiesel yield. Studies have shown 

that altering these parameters can significantly impact the conversion efficiency 
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of triglycerides to biodiesel (Gebremariam & Marchetti, 2019; Mishra et al., 

2021; Harmawan et al., 2021; Sadaf et al., 2018). 

The free fatty acid (FFA) content in oils used for biodiesel production is a 

crucial factor affecting reaction yield. Oils with high FFA levels tend to saponify 

when using alkaline catalysts, leading to soap formation, which further reduces 

biodiesel yield (Ferreira et al., 2017; Zhu et al., 2015). Therefore, in cases where 

feedstocks have high FFA content, it is often necessary to use acidic catalysts or 

implement a two-stage process where FFAs are first esterified before 

transesterification is conducted to achieve satisfactory yields (Zhu et al., 2015; 

Sahu et al., 2021). This approach optimizes the production process by effectively 

converting triglycerides and FFAs to biodiesel. 

In the transesterification process, alkaline catalysts such as sodium hydroxide 

(NaOH) and potassium hydroxide (KOH) are commonly used due to their high 

efficiency in facilitating the reaction between triglycerides and alcohol. These 

catalysts significantly accelerate the conversion of triglycerides into FAME (fatty 

acid methyl esters), which are the main components of biodiesel. This efficiency 

is attributed to the catalysts’ ability to promote the reaction under relatively mild 

conditions, making them preferred choices for commercial biodiesel production 

(Kittithammavong et al., 2014; Toldrá‐Reig et al., 2020). However, the 

effectiveness of these catalysts can be influenced by various factors, such as the 

properties of the feedstocks and the water content in the reaction environment. 

High water content leads to soap formation, which complicates the separation of 

biodiesel from glycerin and reduces overall yield (Ferreira et al., 2017). 

In situations where the feedstock has high levels of FFAs or water, acidic or 

enzymatic catalysts are explored as alternatives to mitigate the adverse effects 

associated with soap formation. Acidic catalysts like sulfuric acid effectively 

catalyze transesterification for oils with high FFA content, ensuring more 

complete conversion without the risk of soap production (Sahu et al., 2021). 

Furthermore, enzymatic catalysts hold promise due to their ability to operate 

under milder conditions and minimize byproduct formation, thereby potentially 

enhancing the overall efficiency of the biodiesel production process (Neag et al., 

2023). Research continues to explore these alternative catalytic systems to 

optimize biodiesel yields and address challenges posed by conventional alkaline 

catalysts under specific feedstock conditions (Neag et al., 2023; Faruque et al., 

2020). 

After transesterification, the reaction products separate into two main phases: 

biodiesel and glycerin. In the transesterification process, where triglycerides (oils 
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and vegetable oils) react with alcohol in the presence of a catalyst, biodiesel 

production has been well-established as the primary method, yielding FAME 

(fatty acid methyl esters) as the main product and glycerin as a byproduct (Klaus 

et al., 2013; Ayoub et al., 2023; Elgharbawy et al., 2021). Glycerin, which is 

produced at about 10% of the biodiesel yield, can be separated from the biodiesel 

phase and used in various industrial applications, including pharmaceuticals, 

cosmetics, and food production (Chou & Su, 2019; Chilakamarry et al., 2021). 

On the other hand, biodiesel must undergo several purification steps to meet 

motor fuel standards in terms of viscosity, density, and flammability. These 

purification processes, which directly impact biodiesel quality, have a significant 

effect on combustion characteristics and engine performance (Díaz et al., 2024; 

Ampairojanawong et al., 2020; Singh et al., 2020). Purification typically involves 

removing residual methanol, catalyst residues, and glycerin impurities; if not 

sufficiently removed, these residues can negatively affect engine performance 

(Blinová et al., 2013; Sakkamas et al., 2020). The efficiency of these purification 

steps is crucial to ensure that biodiesel meets strict regulatory standards for use 

as a motor fuel (Postaue et al., 2022; Agustina et al., 2022). 

Moreover, the purity level achieved through these processes has significant 

effects on the combustion characteristics of biodiesel. High-purity biodiesel 

provides better combustion efficiency, improving engine performance and 

reducing emissions (Asdrubali et al., 2015; Nila et al., 2021). Therefore, carefully 

managing both the transesterification process and subsequent purification steps 

is vital to producing effective fuel and ensuring environmental sustainability 

(Dieng et al., 2020; Kittithammavong et al., 2014). 

While biodiesel production is commonly carried out through 

transesterification, other methods are also being explored to support biofuel 

production from various raw materials. These alternative methods are developed 

considering factors such as the properties of the raw material, environmental 

conditions, and the cost of the production process. Although less common than 

transesterification, these methods can offer significant advantages for enhancing 

sustainability in biodiesel production and addressing diverse industrial 

requirements. A summary of the classification of raw materials used in biodiesel 

production is presented in Table 1. 
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Table 1. Classification of biodiesel production feedstocks (Kalita et al., 2022) 

Classification Name Type of Feedstock 

First Generation Edible oils such as rapeseed, sunflower, palm, peanut, soy-

bean, coconut, peanut, corn, and canola 

Second Generation Non-edible oils such as jatropha, karanja, castor oil, mahua, to-

bacco, rubber, polanga, and oleander 

Third Generation Feedstocks such as poultry fat, chicken fat, animal tallow, fish 

oil, algae, and waste cooking oil 

Fourth Generation Feedstocks including photobiological solar, synthetic cells, and 
electro-biofuels 

 

Thermal Cracking (Pyrolysis) 

Thermal cracking, also known as pyrolysis, is a significant process involving 

the thermal decomposition of organic compounds at high temperatures in an 

oxygen-free environment. This method typically operates within the 400-600°C 

range; vegetable oils and animal fats are subjected to heat, causing the long-chain 

triglycerides to break down into shorter-chain hydrocarbons. The products 

obtained through this process exhibit properties similar to biodiesel, positioning 

thermal cracking as an alternative to conventional biodiesel production methods 

such as transesterification. Unlike transesterification, thermal cracking can utilize 

a broader range of feedstocks, enhancing its applicability in biofuel production 

(Kareem & Al.Tameemi, 2022; Beims et al., 2017). 

However, the thermal cracking process requires careful control of product 

quality and byproducts. High temperatures can lead to impurity formation, 

necessitating additional refining steps to ensure the purity and quality of the final 

biofuel product. Research shows that thermal conditions significantly impact the 

composition and quality of pyrolysis products, with higher temperatures 

increasing the yield of gas and liquid products but also raising impurity levels 

(Ronsse et al., 2012; Jiang et al., 2016). For example, as pyrolysis temperature 

rises, the distribution of bio-oil, biogas, and charcoal may vary, affecting the 

overall efficiency and quality of the produced biofuel (Ronsse et al., 2012). 

Additionally, the thermal cracking process can produce various byproducts, 

such as tars and gases, which may complicate the refining process. The presence 

of these byproducts can create the need for further processing to remove 

unwanted components and enhance biofuel quality, potentially introducing 

operational challenges. Managing these byproducts is critical to optimizing the 

economic feasibility of thermal cracking as a biofuel production method (Beims 

et al., 2017). Therefore, while thermal cracking is promising for producing 

biodiesel-like fuels, careful evaluation of operational parameters and product 
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management is essential to mitigate possible disadvantages related to impurity 

levels and byproduct formation. 

Supercritical Alcohol Method 

The supercritical alcohol method is a technique used in biodiesel production 

to reduce the need for catalysts and accelerate the process. In this method, alcohol 

(usually methanol or ethanol) is brought to a supercritical state and then reacted 

with oils. Under supercritical conditions, the alcohol exhibits properties that 

enhance its solvent power, enabling more efficient reactions with oils. This 

method typically requires high temperatures (approximately 240-350°C) and 

high pressures (up to 35 MPa), and because no catalyst is used, side reactions 

such as soap formation are avoided (Deshpande et al., 2017; León et al., 2018; 

Gumba et al., 2016). Additionally, this technique allows biodiesel production 

with feedstocks high in free fatty acid content, a scenario that often poses 

challenges for conventional methods (Deshpande et al., 2017; Gumba et al., 

2016). 

However, the supercritical alcohol process can be costly due to its high energy 

requirements. The energy-intensive nature of maintaining supercritical 

conditions and the necessary infrastructure for high-pressure operations 

contribute to overall production costs (Deshpande et al., 2017; León et al., 2018). 

Despite these challenges, the supercritical alcohol method is seen as a promising 

alternative to conventional transesterification methods that use catalysts, as it 

achieves high conversion rates and purity in biodiesel production (Deshpande et 

al., 2017; Gumba et al., 2016). Furthermore, using waste oils and feedstocks with 

high free fatty acid content can help offset biodiesel production costs, making it 

a viable option for sustainable energy solutions (Deshpande et al., 2017; Gumba 

et al., 2016). 

In conclusion, while the supercritical alcohol method presents certain 

economic challenges, its advantages in terms of efficiency and feedstock 

versatility make it a significant area of research and development in biodiesel 

production. 

Microwave-Assisted Biodiesel Production 

Microwave-assisted biodiesel production is an innovative technique that 

enhances the efficiency and speed of the transesterification process. In this 

method, a mixture of oil and alcohol is rapidly heated with microwave irradiation, 

increasing the frequency of molecular collisions and significantly accelerating the 

reaction rate (Peng et al., 2018; Sherbiny et al., 2010). Applying microwave 
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energy in biodiesel production improves energy efficiency and allows for faster 

biodiesel formation compared to traditional methods (Tiwari et al., 2022; Welter 

et al., 2023). Additionally, this method can be effectively combined with catalysts 

and integrated with supercritical alcohol methods, further optimizing the 

production process (Gumba et al., 2016; Sherbiny et al., 2010). 

One of the primary advantages of microwave-assisted biodiesel production is 

its low energy costs and high yield. Studies have shown that microwave use 

significantly reduces both reaction time and energy consumption, making it a 

cost-effective alternative for biodiesel synthesis (Martinez‐Guerra & Gude, 2017; 

Godwin et al., 2010). Furthermore, the ability to use waste cooking oil as a raw 

material not only reduces production costs but also contributes to sustainability 

by reducing waste (Nayebzadeh, 2017; Mitani, 2018). However, despite these 

benefits, there are technical challenges to address for the method’s feasibility at 

an industrial scale. Issues such as reactor design and the uniform distribution of 

microwave energy can complicate the scalability of this technology (Davies et 

al., 2020; González et al., 2020). 

In conclusion, microwave-assisted biodiesel production offers significant 

advantages in terms of efficiency and sustainability, yet overcoming technical 

challenges related to reactor design and energy distribution will be crucial for 

successful industrial applications (Silviana et al., 2022; Benaskar et al., 2012). 

Continued research and development in this field are necessary to fully realize 

the potential of microwave technology in biodiesel production. 

Ultrasonication in Biodiesel Production 

Ultrasonication is an advanced technique used to increase efficiency and 

accelerate the reaction rate in biodiesel production via transesterification. In this 

process, ultrasonic waves create cavitation effects, leading to the formation and 

collapse of small gas bubbles in the mixture, releasing intense localized energy. 

This energy facilitates the effective mixing of oil and alcohol molecules, resulting 

in higher biodiesel yield and a faster reaction within a shorter timeframe (Martín 

et al., 2015; Stebeleva & Minakov, 2021). The cavitation effect produced by 

ultrasonication increases the frequency of molecular collisions, potentially 

reducing the need for a catalyst and enabling the reaction to occur at lower 

temperatures and pressures (Tiwari et al., 2022; Goh et al., 2020). This method is 

particularly advantageous for achieving high yield levels that are difficult to 

attain with traditional mixing techniques (Silviana et al., 2022). 

For example, when working with low-quality feedstocks or oils with high free 

fatty acid (FFA) content, ultrasonication minimizes the formation of byproducts 
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like soap, allowing for the production of purer biodiesel (Niculescu et al., 2019; 

Jiménez et al., 2023). Studies have shown that ultrasound-assisted 

transesterification can significantly reduce catalyst load, methanol-to-oil molar 

ratio, reaction time, and temperature compared to mechanical mixing processes 

(Onanuga & Coker, 2013; Sungnat & Wongwuttanasatian, 2018). Additionally, 

ultrasonication offers several benefits in biodiesel production, such as shorter 

reaction time, reduced catalyst consumption, increased yield, and lower energy 

requirements (Narwani et al., 2016; Mandal et al., 2022). 

However, the industrial application of ultrasonication involves special 

equipment and cost requirements. The need for continuous high-energy ultrasonic 

waves and proper cooling of the system introduces technical challenges that 

impact scalability (Naveena et al., 2015; Barma et al., 2018). Despite these 

challenges, ultrasonication represents a promising approach for enhancing 

biodiesel production efficiency and reducing costs, and it remains an active area 

of research and development (Timyamprasert, 2015; Aboelazayem et al., 2018). 

In a recent study, the effects of an ultrasonic bath on the characteristics of 

biodiesel derived from hazelnut oil were examined. The results indicated that 

ultrasonic bath application increased the conversion in biodiesel’s chemical 

structure, promoting the formation of shorter-chain fatty acid methyl esters and 

enhancing biodiesel purity. While 1-2 hours of sonication positively affected 

biodiesel yield, extended sonication led to increased reversions and reduced yield. 

Additionally, FTIR analyses showed that shorter sonication times improved 

transesterification efficiency, but three hours of sonication provided values closer 

to biodiesel’s original characteristics. Ultimately, ultrasonic bath application 

reduces the need for chemical additives in biodiesel production, offering 

environmental and economic benefits (Şimşek, 2024). 

Enzymatic Conversion in Biodiesel Production 

Enzymatic conversion is emerging as an environmentally friendly alternative 

in biodiesel production. In this method, enzymes, particularly lipases, are used as 

biocatalysts to facilitate the reaction between oils and alcohols under mild 

conditions. This approach allows enzymatic transesterification to operate at low 

temperatures and neutral pH, significantly reducing energy consumption and 

minimizing side reactions such as soap formation, which are common in 

traditional chemical processes (Amini et al., 2015; Alhanif, 2023). The selectivity 

of enzymes results in high-purity biodiesel, making this method especially 

advantageous compared to conventional base-catalyzed processes, which often 

produce lower-quality products and more waste (Alhanif, 2023). 
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The mechanism of enzyme-catalyzed biodiesel synthesis begins with the 

formation of an enzyme-substrate complex as the oil (substrate) molecule binds 

with the enzyme (Figure 1). The triglyceride structure in the oil interacts with the 

enzyme, leading to the hydrolysis of ester bonds, allowing the enzyme to attach 

to the substrate’s first ester group. This initial enzyme-substrate complex enables 

the fatty acid chain to undergo transesterification with a methyl alcohol molecule 

through the action of the enzyme. In the subsequent stage, the enzyme separates 

from the structure to form biodiesel, a fatty acid alkyl ester, and a diglyceride 

molecule. At this stage, the enzyme becomes reactivated and ready to react with 

another substrate molecule. This cycle continues, completing the biodiesel 

production process (Figure 1). Throughout the mechanism, the enzyme is not 

consumed, serving a catalytic role that enhances reaction efficiency (Kalita et al., 

2022). 

In biodiesel production, enzymes widely used as biocatalysts are primarily 

lipases. In this process, Candida antarctica lipase stands out due to its high 

stability and effective activity in transesterification reactions, while Mucor miehei 

lipase contributes to biodiesel synthesis by esterifying various fatty acids. 

Pseudomonas cepacia lipase provides high yield in biodiesel production, and 

Rhizopus oryzae lipase is preferred for processing feedstocks with high free fatty 

acid content. Additionally, Aspergillus niger lipase is used for biodiesel 

production from waste oils, showing high stability in repeated use. Thermomyces 

lanuginosus lipase is also an efficient biocatalyst for biodiesel synthesis from 

various oils. These enzymes are chosen for their high activity, low byproduct 

formation, and environmentally friendly properties. Moreover, through various 

immobilization methods, these enzymes can be reused, aiming to reduce 

production costs (Kalita et al., 2022). 

 

Figure 1. Mechanism of enzyme-catalyzed biodiesel synthesis (Kalita et al., 2022) 
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However, the economic feasibility of enzymatic biodiesel production is 

influenced by factors such as enzyme cost and reusability. The high cost of 

enzymes can be a barrier to widespread use, necessitating the development of 

various enzyme immobilization techniques to improve reusability and reduce 

overall process costs (Ramos et al., 2016; Escamilla‐Alvarado et al., 2016). For 

example, studies on immobilizing lipases have shown that this approach can 

significantly enhance enzyme stability and activity, making the enzymatic 

process more economical (Ramos et al., 2016). Additionally, innovative 

strategies, such as the use of glycerin extraction columns (as shown in Figure 2), 

have been explored to reduce the inhibitory effects of byproducts, further 

improving the efficiency of the enzymatic process (Ramos et al., 2016). 

 

Figure 2. Schematic representation of the two-column method to reduce inhibitor effects 

(Ramos et al., 2016) 

In summary, while enzymatic conversion offers a sustainable and efficient 

alternative in biodiesel production, addressing economic challenges related to 

enzyme costs and reusability is crucial for broader application of this method 

within the biofuel industry. 

Electrochemical Method in Biodiesel Production 

The electrochemical method offers an innovative approach to enhance the 

transesterification process in biodiesel production, aiming to improve reaction 

efficiency and reduce dependency on catalysts. In this method, a mixture of oil 

and alcohol is exposed to an electric current in an electrochemical cell, 

accelerating the reaction. The core principle of electrochemical transesterification 

is that the energy provided by the electric current can minimize or even eliminate 

the need for conventional chemical catalysts, enabling biodiesel production 

without acidic or basic catalysts. This method offers several advantages, 
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including reduced catalyst usage, shorter reaction times, improved energy 

efficiency, and the production of high-purity biodiesel (Ratanabuntha et al., 

2018). 

Typically, the oil and alcohol solution is brought into contact with electrodes, 

where the electric current activates ions in the solution to facilitate the 

transesterification reaction (Figure 3). The potential difference between the anode 

and cathode electrodes drives the reaction, although efficiency depends on factors 

such as electrode material, current density, and solution conditions. Additionally, 

while higher current densities can increase reaction rates, they may also elevate 

the risk of side reactions (Ratanabuntha et al., 2018). 

 

Figure 3. Equipment providing high voltage (Ratanabuntha et al., 2018) 

Despite its potential, the electrochemical method in biodiesel production faces 

challenges, particularly on larger scales, such as equipment costs, optimization of 

current density, and electrode durability. While this approach promises a catalyst-

free and energy-efficient alternative for biodiesel synthesis, further research is 

necessary to address these technical challenges and ensure its full industrial 

viability. Integrating electrochemical techniques with existing biodiesel 

production methods could provide a more sustainable and economically viable 

process, especially in regions with feedstocks high in free fatty acid levels 

(Ratanabuntha et al., 2018). 

Biodiesel production methods offer various advantages and disadvantages, 

each with its unique strengths and limitations. While transesterification remains 

the most widely used method, newer techniques like supercritical fluid processing 

and ultrasound-assisted synthesis are also gaining attention. Each of these 

methods has its distinct advantages and disadvantages, as summarized in Table 

2. 
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Table 2. Advantages and disadvantages of biodiesel production methods 

Method Advantages Disadvantages 

T
ra

n
se

st
er

if
ic

a
-

ti
o

n
 

- Widely used and well-researched method 

(Şahin & Aydın, 2018; Supriyanto et al., 

2021). 

- High yield conversion of triglycerides to bi-

odiesel (Blinová et al., 2013). 

- Can use various feedstocks, including waste 

oils (Souza et al., 2012; Asri & Sari, 2015). 

- Requires catalyst (typically al-

kaline), leading to soap formation 

that complicates purification 

(Postaue et al., 2022). 

- Produces a significant amount 

of wastewater (Postaue et al., 

2022). 

S
u

p
e
r
c
ri

ti
c
a
l 

F
lu

id
 

P
r
o
c
e
ss

in
g
 

- Does not require a catalyst, simplifying the 

process (León et al., 2018; Gumba et al., 

2016). 

- Higher reaction rates and yields due to high 

temperature and pressure (Gumba et al., 

2016). 

- Can process feedstocks with high FFA con-

tent (Gumba et al., 2016). 

- High operating costs due to ex-

treme conditions (Gumba et al., 

2016). 

- Requires special equipment 

(Gumba et al., 2016). 

U
lt

r
a

so
u

n
d

-A
s-

si
st

e
d

 S
y

n
th

e
si

s 

- Enhances mass transfer and reaction rates 

(Silviana et al., 2022). 

- Can be conducted at lower temperatures 

compared to traditional methods (Silviana et 

al., 2022). 

- Significantly reduces reaction time (Silviana 

et al., 2022). 

- Equipment can be expensive 

(Silviana et al., 2022). 

- Limited scalability for indus-

trial applications (Silviana et al., 

2022). 

M
ic

ro
w

a
v
e
-

A
ss

is
te

d
 S

y
n

-

th
e
si

s 

- Provides shorter reaction times due to rapid 

heating (Silviana et al., 2022). 

- Improves biodiesel yield and quality (Silvi-

ana et al., 2022). 

- Can be more energy-efficient than conven-

tional heating (Silviana et al., 2022). 

- Requires high initial investment 

for microwave reactors (Silviana 

et al., 2022). 

- Parameters need careful optimi-

zation (Silviana et al., 2022). 

P
y

ro
ly

si
s 

(T
h

e
r
-

m
a
l 

C
ra

c
k

in
g

) 

- Can convert a wide range of biomass into 

biodiesel (Daud et al., 2015). 

- Produces biochar byproduct that can be used 

as a soil conditioner (Daud et al., 2015). 

- Complex process with various 

byproducts (Daud et al., 2015). 

- High energy consumption due 

to required high temperatures 

(Daud et al., 2015). 

E
le

c
tr

o
c
h

em
ic

a
l 

M
e
th

o
d

s 

- Can operate under mild conditions (Silviana 

et al., 2022). 

- Offers potential for continuous production 

(Silviana et al., 2022). 

- Reduces use of hazardous chemicals (Silvi-

ana et al., 2022). 

- Still in research phase with lim-

ited commercial applications 

(Silviana et al., 2022). 

- Requires further optimization 

for efficiency (Silviana et al., 

2022). 

 

Table 2 provides a detailed comparison of the advantages and disadvantages 

of different methods used in biodiesel production. Transesterification, a 

traditional method, stands out for its widespread use and high conversion 

efficiency of triglycerides to biodiesel. However, the need for catalysts and the 

formation of soap as a byproduct can limit the process’s efficiency. In contrast, 

alternative methods like supercritical fluid processing simplify the process by 
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eliminating the need for catalysts but increase operational costs due to the high 

temperature and pressure requirements. 

Innovative techniques like ultrasound-assisted and microwave-assisted 

synthesis draw attention for reducing reaction times and enhancing energy 

efficiency. However, the industrial scalability of these methods is limited by the 

costs of specialized equipment and restricted scalability. Pyrolysis (thermal 

cracking) has the potential to convert a wide range of biomass into biofuel, but 

the high-temperature requirements and complex byproducts necessitate 

additional refining steps. 

Electrochemical methods present a sustainable alternative with the advantages 

of operating under mild conditions and reducing the use of hazardous chemicals. 

However, this method is still in the research phase and has not achieved 

widespread commercial use. 

In conclusion, transesterification remains a viable method in biodiesel 

production, supporting environmental sustainability and economic efficiency. 

Biodiesel’s chemical structure, suitable for diesel engines, offers environmental 

benefits due to its low sulfur and nitrogen content. Research on biodiesel 

production continues, focusing on optimizing process parameters to increase its 

usability in a broader range of applications. 

Overall, each method’s contributions to the biodiesel production process have 

been evaluated in terms of environmental sustainability and economic feasibility, 

highlighting the advantages and limitations of various techniques. These 

comparisons will guide efforts to optimize the biodiesel production process and 

develop more efficient and sustainable solutions suited for industrial applications. 

Conclusion 

This study provides a detailed examination of the advantages and 

disadvantages of various alternative methods in biodiesel production, with a 

particular focus on transesterification. In addition to the widely used 

transesterification method, the study evaluates the potential of innovative 

techniques such as supercritical fluid processing, ultrasound-assisted synthesis, 

microwave-assisted synthesis, pyrolysis, and electrochemical methods. Each 

method’s opportunities and challenges are compared in terms of efficiency, 

energy cost, and environmental impacts. Specifically, the compatibility of each 

method with different feedstock characteristics, environmental conditions, and 

cost factors contributes significantly to sustainable biofuel production. This study 

serves as an important resource for the development of more efficient and 

environmentally friendly biodiesel production processes in the biofuel industry. 
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1. INTRODUCTION 

Robotics is one of the branches of modern technology that combines several 

different engineering fields. Robotics is a science-based technology that deals 

with the theory and application of systems (Tzafestas, 2014). When the 

development of the application areas of robotic systems is examined, it is seen 

that their usage and application areas are increasing every day. Robotic systems 

are used primarily in military fields, in the healthcare sector, in rehabilitation 

studies, in industrial and industrial applications, in our homes, etc. It is used 

safely in many areas (Quaglia, Oderio, Bruzzone, & Razzoli, 2013).      Mobile 

robots are robots that can move from one place to another without the help of 

operators. Unlike most industrial robots that can only be moved to a specific work 

area, they have the ability to roam freely to accomplish their desired goals in a 

predefined work area. This mobility enables them to be used in a wide range of 

applications in structured or unstructured environments (Tantawi, Sokolov, & 

Tantawi, 2019). Mobile ground robots are divided into two groups: wheeled 

mobile robots (WMR) and legged mobile robots (LMR). Wheeled robots are 

more widely used than other mobile robots (Sosa-Cervantes, Silva-Ortigoza, 

Marquez-Sanchez, Taud, & Saldana-Gonzalez, 2014). The reason why these 

robots are attractive is that they have advantages such as having lower mechanical 

complexity in application and less energy consumption (Savant, 2018). 

Nowadays, industrial examples of robot and human interaction are quite 

common. In this direction, systems that require human needs have begun to be 

replaced by robots. Developments in the industry have led to the acceleration of 

the Industry 4.0 revolution. With the influence of technological developments, 

the internet of objects and services and cyber-physical system applications have 

begun to be used in production; This situation caused the start of the Industry 4.0 

revolution (Wang, Ramik, Sabourin, & Madani, 2012). In the light of this 

information, the internet of things, the internet of services, and cyber-physical 

systems constitute the main elements of industry 4.0. With the integration of these 

elements, smart factories were born (Schluse, Priggemeyer, & Roßmann, 2020). 

The concept of smart factory, which is also called the factory of objects, multi-

space factory, simultaneous factory and is frequently used by academics as well 

as industrial practitioners, does not actually have a clear definition. However, by 

integrating all existing definitions, the concept of smart factory; With production 

processes that can adapt and reconfigure to technological developments such as 

automation, software combinations, hardware and mechanical infrastructure; It is 

possible to define it as a factory that can solve manufacturing-related problems 
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in a dynamic, flexible and agile way (Leal Filho, Azul, Brandli, Özuyar, & Wall, 

2020). 

As a result of these technological developments, the integration of robotics 

with industry has accelerated. Common types of robots used for industrial 

purposes: 

• Robots used for production,  

• Assistive robotic systems used for maintenance and repair,  

• Robotic systems for packaging purposes,  

• Multi-purpose autonomous assistant robots. 

Autonomous robots, sensors, cameras, artificial intelligence applications, etc. 

Robots are robots that act according to the information they obtain from the 

environment and perform assigned tasks on their own, thanks to systems (Jalled 

& Voronkov, 2016). One type of such robots is autonomous mobile robots 

designed for cargo purposes. Autonomous mobile robots for industrial purposes 

are used in all kinds of industrial facilities and many sectors for logistics purposes 

(Cupek et al., 2020). There are academic and commercial studies in this direction. 

Cargo robots, like tractors and forklifts used for cargo transportation, have 

different designs depending on their lifting and carrying methods. The most 

important parameters in the design of the system intended to be designed for this 

purpose are the weight and dimensions of the load intended to be carried. 

Experimental tests of prototypes in this field provide great convenience for the 

design process, cost and optimization through simulation programs, since the 

errors found can have negative consequences in terms of cost. 

ANSYS; It is a computer-aided engineering program where analysis and 

simulations can be made in computer-aided engineering studies. ANSYS 

program enables effective studies in different disciplines such as mechanics, 

structural analysis, computational fluid dynamics and heat transfer. ANSYS 

program, one of the most used CAE (computer aided engineering) programs in 

the world, uses the finite element method. With the finite element method, objects 

of complex geometry, which are very difficult to analyze as a single piece, are 

analyzed separately by dividing them into small and numerous pieces. The results 

obtained from the analysis of a finite number of elements are combined to obtain 

a single and consistent analysis result (Cao, Li, & Yu, 2009; Özek & Süer, 2023). 

In robots and vehicles, shafts are very important and fundamental components 

of mechanical engineering (Hou et al., 2022). They are used in many areas such 
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as automotive, mining, energy systems and structures and are of great importance 

in these areas (Asiri, 2021; T. Li, Chen, Zhang, Wang, & Huang, 2022; Popenda, 

Lis, Nowak, & Blecharz, 2020).  They have different features in their machine 

structures; For example, in these machine systems, they perform rotary motion, 

transmit power, and help support loads (Hou et al., 2022). The design, 

construction and analysis of shafts is important and requires an in-depth 

understanding of their mechanical behavior, failure mechanisms and appropriate 

support structures (Kondratenko, Sedykh, & Surkova, 2020). In mining 

engineering, shafts play many roles, such as safety transport and underground 

access. Vertical shafts are used in mining engineering. The strength and stability 

of vertical shafts are critical to safety, sustainability and efficiency in mining 

systems and operations (Sun, Ma, Guo, Li, & Feng, 2020). In mechanical 

engineering, shafts are used for many purposes in mechanical systems such as 

engines, turbines and pumps (Özek, Bal, & Demir, 2019). They ensure the correct 

operation of systems by transmitting rotary motion and power between different 

parts. Mechanical properties of shafts, such as bending-torsion resistance and 

vibration properties, are important criteria for the reliability and performance of 

shafts (Xiaozhan Li, Wang, & Liang, 2022; Savaş & Özek, 2005; Serrano, 

Guardiola, Dolz, López, & Bouffaud, 2015). Shafts used in energy systems are 

used in wind turbines and compressed air energy storage systems. Miller converts 

wind energy into electrical energy and transfers the rotating movement in the 

turbines to the generator (Meng, Wang, Olumayegun, Luo, & Liu, 2019). In 

automotive engineering, shafts are found in different types such as crankshafts, 

camshafts and balance shafts. Again, they ensure the correct operation of the 

vehicle by taking the rotary motion of the engine and transferring it to various 

automotive structures (Sonone & Chaudhari, 2015). Additionally, shafts are 

frequently used in different fields and systems such as civil engineering, materials 

science and manufacturing. The importance of shafts lies in their ability to 

provide structural support, rotary motion and power transmission, enhance safety, 

increase efficiency and ensure the correct functioning of various systems and 

processes. Thus, the design, analysis and optimization of the mechanical behavior 

of shafts are vital to improve their performance and efficiency. Topology 

optimizations can be applied to shaft design to increase efficiency and reduce 

weight (Xiaozhan Li et al., 2022). 

Static analysis and topology optimization are crucial in the design and 

improvement of mechanical components. Static analysis evaluates elements such 

as moments, forces and thermal effects, ignoring the dynamic responses of a 

structure. By applying structural static analysis on shafts, stresses, deformations 
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and displacements of shaft models subjected to different loads can be found. 

Thus, as a result of the analysis, it is ensured that the shafts can withstand the 

applied loads without excessive deflection or error. Additionally, as a result of 

these analyses, the structural integrity of the shafts is improved by detecting areas 

with excessive stress or weak points in the model (Chikelu, Nwigbo, Obot, 

Okolie, & Chukwuneke, 2023; Koçak & Bayraklılar, 2023). Topology 

optimization is a design tool that optimizes the material distribution of the design 

while attempting to minimize the weight of the part or maximize stiffness using 

specific parameters (Hu & Vambol, 2020; Lu & Chen, 2012; Pagac et al., 2021). 

Topology optimization creates a structure or model that meets specified criteria 

by removing unnecessary material from the part or model (Chen & Ye, 2021; 

Mesicek et al., 2019). Thus, topology optimization is used to improve the 

efficiency and performance of shafts and other mechanical parts while 

maintaining structural integrity and functionality (Chen & Ye, 2021; Hu, 

Vambol, Sun, & Zeng, 2021). Combining static analysis and topology 

optimization allows engineers to design lighter, stronger parts that are better 

suited to load conditions (Feng, Li, & Wu, 2017; Ji et al., 2020). 

The desired result is to analyze the structural behavior of the specified 

mechanical shaft model and then improve the model using topology optimization. 

In this research, static analysis is performed on the specified shaft model by 

analyzing its mechanical response under applied boundary conditions. After this 

basic analysis, a design model is obtained that is resistant to previously applied 

load conditions with optimum use of weight and materials with reference to static 

analysis. To see the accuracy and effectiveness of the optimization, the optimized 

model is structurally analyzed again to verify the results.  

This comparative analysis aims to check the structural analysis of the 

optimized model and the previous model. This research aims to contribute to 

sustainable engineering practices that enable more efficient resource use. The 

purpose of this research is to set an example for more conscious and optimal 

resource use by recognizing the world's limited resources. Structural durability, 

material usage efficiency and weight optimization requirements were examined 

in this study. The findings of this study allow for more effective use of materials 

in mechanical part design, promoting more environmentally friendly and energy-

efficient systems. 

In a study conducted by (Demir, Sucuoğlu, Böğrekci, & Demircioğlu, 2021), 

it was aimed to reduce the weight of a mobile transport robot by using topology 

optimization and structural analysis. The main goal was to reduce the weight of 

the robot by increasing its payload capacity and minimizing energy consumption. 
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First, the researchers created a CAD model. analysis was performed using CAE 

software. Based on the analysis results, topology optimization was used to reduce 

the weight of the robot. Topology optimization is a technique that reduces weight 

without compromising load capacity. By minimizing the design's material usage, 

this method successfully reduced the robot's weight by 25%. As a result, this led 

to an increase in load capacity and a decrease in energy consumption. In 

conclusion, this study shows that topology optimization can effectively improve 

the efficiency of mobile handling robots. In this research work, Çelebi and Tosun 

(Çelebi & Tosun, 2021) conducted a study to analyze the application of topology 

optimization in manufacturing and processing methods. Topology optimization 

aims to reduce manufacturing costs by making lighter parts by improving part 

performance and reducing material waste. The study compared the performance 

of parts for manufacturing and machining designed using topology optimization 

techniques. As a result of the optimizations made in this study, the desired mass 

reduction was achieved. After the optimization round, the design achieved 

approximately 63% mass reduction compared to the initial state. The piece, which 

initially weighed 300 grams, was successfully reduced to 100 grams while 

maintaining its structural integrity. There was also a decrease in volume. In 

conclusion, this research confirms that topology optimization can improve part 

performance through increased performance while effectively reducing 

manufacturing costs. 

Orhan et al (Gülcan, Sokollu, Temel Yiğitbaşı, & Konukseven, 2022) 

conducted a study examining the electron beam melting method for the 

production of aircraft parts. The aim was to reduce the weight of the parts by 30% 

and obtain designs with geometry. The study used the method allowing design 

and topology optimization, thus optimizing the shapes of the parts and reducing 

their weight. Additionally, deflections of structures made of maraging steel 

material were analyzed. As a result, the weight of aircraft parts produced using 

electron beam melting was successfully reduced by 30%. Additionally, topology 

optimization led to designs with geometry. These findings hold promise for the 

aviation industry to produce more durable aircraft components. 

Yeswanth and Abraham (Andrews, 2018) conducted a study using ANSYS 

Workbench 14.0 to analyze the parametric optimization of conventional steel 

driveshafts used in automobiles. The aim of this study was to replace the drive 

shaft with different composite materials. Different composite materials such as 

high modulus carbon/epoxy or E-glass polyester were selected and the drive shaft 

was modeled using CATIAV5R20. Then an analysis was made on the subject. 

As a result of the study, it was stated that the optimization of composite drive 
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shafts provides high strength and reliability, as well as a reduction in weight. In 

this way, they aim to reduce the weight of vehicles with composite shafts and, as 

a result, increase fuel consumption and the overall performance of the vehicle. 

Shahane and Pawar (Shahane & Pawar, 2017) carried out the optimization of 

the connecting rod design of an internal combustion engine using finite element 

analysis. First, using ANSYS software, finite element analysis was performed to 

optimize the connecting rod shaft in static and dynamic conditions. Later, as a 

result of these analyses, connecting rod shaft optimization was carried out. The 

weight of the optimized connecting rod shaft was reduced by 4.37%. 

Additionally, it was declared that the optimized connecting rod was safe under 

previously applied static and dynamic boundary conditions. Thus, it has been 

stated that weight reduction after optimization can provide a positive increase in 

engine performance and efficiency. Finally, validation of the optimization based 

on different boundary conditions, such as fatigue analysis, is proposed.  

Li Xue et al (Xue-ping Li, Zhao, & Liu, 2017) conducted a study investigating 

the application of topology optimization in determining the shape of crane 

mounting brackets. An analysis of the topology of the bracket was performed 

using ANSYS software. Research findings showed that the optimized design was 

both successful and safe. It was also emphasized that topology optimization plays 

an important role in ensuring strength and durability under specified conditions, 

as well as increasing efficiency and cost effectiveness through weight reduction.  

Lei et al (Lei, Yunan, & Tianmin, 2019) conducted a study in which they used 

topology optimization to improve the mechanical performance of the 

transmission and extend its service life. In the study, a three-dimensional CAD 

model of the transmission was created using CREO 3.0 software. Then, 

optimization simulation of the transmission was carried out using ANSYS 

software. As a result, it was announced that there was a decrease in stress intensity 

as a result of the optimization. Jayanaidu et al (Jayanaidu, 2013) used ANSYS 

software to optimize driveshaft for automobile applications. It was intended to 

use and analyze titanium alloy instead of structural steel material. 

In this study, the results of the design will be observed by performing stress 

and deformation analysis according to different carrying capacities of an 

autonomous load robot without the need for prototype production through the 

ANSYS simulation program, and it is aimed to shed light on the studies to be 

carried out in this field. 
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2. Material and Method 

The sample load robot used in this study was conceived and designed to 

increase load carrying capacity and mobility, similar to modern robotic designs. 

The dimensions and design of the robot were chosen to ensure optimal 

performance under different load conditions. As seen in Figure 1, the sample load 

robot designed for analysis was prepared in a 3D environment via the Solidworks 

software. 

Figure 1. Designed mobile robot platform 

The designed robot platform has dimensions of approximately 1.6 x 1.35 x 

0.40 m and has a structure with 4 wheels. In addition to the weight of the robot, 

which is 330 kg, the diameter of the driving wheels used was determined as 0.21 

m. These wheels are optimized to increase load carrying capacity and ensure 

mobility. Robot movements are provided with 2 motor vehicles used on the 

wheels. ANSYS is a software widely used in solving engineering problems and 

was used in this study to analyze the structural durability and performance of the 

robot. ANSYS solves the equations by approximation using the finite difference 

method (Hou et al., 2022). The use of this method has an important role in 

determining how the robot will behave under various load conditions. 

Newton's second law of motion, one of the equations discussed in the motion 

of the robot, is as given in Equation 1: 

𝐹 = 𝑚. 𝑎 (1) 

Here, F is force (N), m is mass (kg) and a is acceleration (m/s2). It defines the 

relationship between the robot's total mass 𝑚 and the force acting on it 𝐹 and its 

acceleration 𝑎. 
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The set of equations used for torque and rotational motion is given in Equation 

2: 

𝜏 = 𝐼. 𝛼 (2) 

Here, τ is torque (Nm), I is moment of inertia (kg.m2) and α is angular 

acceleration (rad/s2). It defines the torque produced in the wheels and its effect 

on the rotational movement of the robot. 

The kinetic energy of the system is: 

𝐸𝑘 =
1

2
. 𝑚. 𝑣2 (3) 

Here, E_k represents the kinetic energy (J), m represents the mass of the 

system (kg) and m represents the velocity (m/s). 

The power equation of the system is given in Equation 4: 

𝑃 = 𝐹. 𝑣 (4) 

Here, P represents power (W), F represents force (N) and u represents speed 

(m/s).  It defines the power consumed by the robot at a certain force and speed. 

Static structural analysis of the robot is given in Equation 5: 

𝐹𝑦 = 𝑚. 𝑔 (5) 

Here, Fy represents the vertical load force (N) and g represents the 

gravitational acceleration (9.81 m/s2). With this equation, the vertical load force 

is calculated by taking into account the robot's mass and gravitational 

acceleration. 

The acceleration and speed equations of the robot are given in Equation 6 and 

Equation 7, respectively. 

�⃗� =
𝐹

𝑚
 (6) 

𝑣 = 𝑢 + �⃗�. 𝑡 (7) 

Here, a represents acceleration (m/s2), F is force (N), m is mass (kg), v is final 

velocity (m/s), u is initial velocity (m/s) and t is time (s). With these equations, 
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the acceleration of the robot under a certain force and the speed that the robot will 

reach after a certain acceleration and time can be calculated. 

Hooke's law, which defines the relationship between stress (𝜎) and strain (ε) 

for elastic materials, is given in Equation 8. 

𝜎 = 𝐸. 𝜀 (8) 

Here, σ is the stress (Pa), E is the elastic modulus (Pa) and ε is the strain. 

The static equilibrium equations of the system can be written as in Equation 

9. 

∑ 𝐹 = 0 ; ∑ 𝑀 = 0  (9) 

Static equilibrium equations state that the total forces and moments on a 

structure are zero. 

Analyzes were made in the Static Structural module of the ANSYS program. 

ANSYS solves equations by convergence using the finite difference method. The 

network structure and analysis boundary conditions are seen in Figure 2. 

 

Figure 2. 3D model of the designed mobile robot platform a) physical model b) mesh 

structure 

Figure 2a shows the forces acting on the robot. The gravity force (g), vertical 

load force (Fy) and movement of the robot at a certain speed (𝑉=0.5 𝑚/𝑠) are 

specified. These forces and motion conditions were used to simulate situations 

the robot might encounter in a real working environment. The mesh structure of 

the geometry is given in Figure 2b. For the mesh, the number of elements is 

103250, the number of nodes is 198172, and the minimum and maximum element 

Fy

g

V = 0,5 m/s

b) a) 
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quality values are 5.9 x 10-2 and 0.99; The average skewness value was used in 

the solution as 0.23. 

Gravity was defined on the -y axis as well as the own load weight (330 kg) of 

this system prepared for analysis. The applied load was applied to the robot 

parallel to the ground. 7.5 kN, 10 kN, 12.5 kN were determined as load 

parameters. As a result of the applied load, the robot body, the shaft that provides 

connection to the wheels, and the force on the wheels, as well as the analysis of 

the stress and deformations caused by the force, were examined. During the 

analysis, the robot moves at a speed of 0.5 m/s while examining the data caused 

by the force. In the robot model used for analysis, the body was made of stainless 

steel (AISI 304) and the axles and wheels were made of aluminum alloy (7075-

T6). The properties of the materials are given in Table 1. 

Table 1. Materials used and their properties 

 Unit Stainless steel Aluminum Alloy 

Intensity kg/m³ 7750 2770 

Young's Modulus MPa 1,93x105 71000 

Poisson's Ratio  0,31 0,33 

Bulk Module MPa 1,693x105 69608 

Shear Module MPa 73664 26692 

Yield Strength MPa 207 280 

Tensile Strength MPa 586 310 

 

In all analyses, the materials used for axles and wheels are constant. In 

modular robot simulations, the forward speed and gravitational acceleration were 

kept constant. 

3. Results and discussion 

The deformation that occurs on all parts of the robot in the unloaded state, 

caused only by the weight of the robot itself and the movement of the system, is 

shown in Figure 3. 
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(a) (b) (c)  

Figure 3. Total deformation in the time-dependent motion of the robot a) 0.2 s, b) 0.4 s, 

c) 0.7 s 

Here, it can be seen that the most deformation occurs on the wheels when 

moving the load depending on time. As a result of the simulation, it is seen that 

there is an increase in deformation on the wheels from 0.4 seconds to 0.7 seconds. 

It can be understood from the relevant figure that the maximum value is 

approximately 175x10-3 mm in 0.7 seconds. It can be said that the change in 

deformation in the body is negligible. 

As a result of the analysis, the stress and deformation results on the robot 

under three different load effects were calculated. The stress and deformation data 

of the robot for a 7.5 kN load are shown in Figure 4. 

(a) (b)

(c) (d)  

Figure 4. Stress and deformation results in robot parts under 7.5 kN load a) axle and 

wheel stress (MPa) b) body stress (MPa) c) axle and wheel deformation 

(mm) d) body deformation (mm) 

In Figure 4a, the maximum value of the stress on the axle and wheels is seen 

as approximately 0.11 MPa. Since the load effect from the body is transmitted to 

the wheels during the rotation of the axles, greater stress was observed in these 

parts. Figure 4c shows the deformation on the axle and wheels. The maximum 

value of deformation occurred at the part of the wheels away from the ground, 
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approximately 175x10-3 mm. The stress and deformation on the body caused by 

load and movement are given in Figure 4b and Figure 4d, respectively. It has been 

observed that it remains at low levels as a result of the tension occurring in the 

body. It was observed that the stress value in the junction area of the axle and the 

body, which is a single piece with the body, remained in the range of 553 MPa - 

1.3292x10-8 MPa. The reason for this is that the load on the body affects this joint 

area during the movement of the robot. The maximum value of the total 

deformation occurring in the body is approximately 0.2 mm, and this value 

occurred at the side ends of the body. The parameters selected in Figure 4 are also 

valid for Figure 5 and Figure 6 for stress and deformation. 

 

 

(a) (b)

(c) (d)  

Figure 5. Stress and deformation results in robot parts under 10 kN load (a) axle and 

wheel stress (MPa) (b) body stress (MPa) (c) axle and wheel deformation 

(mm) (d) body deformation (mm) 

The results obtained for Fy = 10 kN are shown in Figure 5. There was no 

significant difference in the stress and deformation analysis performed on the axle 

and wheel parts. Apart from this, an increase in the range of 0.29 mm - 0.88 mm 

was observed in the body deformation analysis. 
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(a) (b)

(c) (d)  

 

Figure 6. Stress and deformation results in robot parts under 12.5 kN load a) axle and 

wheel stress (MPa) b) body stress (MPa) c) axle and wheel deformation 

(mm) d) body deformation (mm) 

In Figure 6, the results are observed under Fy = 12.5 kN load. As in Figure 4 

and Figure 5, the stresses and deformations of the body, axle and wheels were 

examined. According to the results obtained, while no change in stress and 

deformation was observed on the axles and wheels, an increase in deformation 

was observed in the stress analysis of the robot body, while a very small increase 

was observed. 

4. Conclusion 

In the study, analysis was carried out for the modeled load robot while 

traveling at a speed of 0.5 m/s under 3 different loads: 7.5kN, 10kN and 12.5kN. 

For the analysis results, stress and deformation analysis results were examined in 

3 different force parameters. 

When the stress and deformation results were examined, it was seen that the 

changes were at such a low level that they could be neglected. In order to improve 

the results obtained, it is thought that the deformation occurring at the edges of 

the body can be reduced to lower levels with the support parts that can be added 

between the wheels and the body. At the same time, it is estimated that different 

material choices can achieve more successful results in stress and deformation 

analysis. 
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1. INTRODUCTION 

The topology optimization method has been recognized as a powerful tool for 

lighter part design in recent years. Topology optimization, whose theoretical 

background was determined by Bendsoe and Kikuchi in 1988, has now come to 

the fore again with the additive manufacturing method (Bendsøe & Kikuchi, 

1988). The topology optimization method allows finding the material distribution 

that provides sufficient stiffness of a specific design space, taking into account 

critical loads and constraints. Material distribution is obtained by separating the 

design space into finite elements and determining the elements containing 

material and space using the optimization method. The biggest difficulty of the 

topology optimization method is that high calculation times occur when finding 

the solution by separating the design space into finite elements. As a result of 

topology optimization, the material distribution in the design space generally 

appears as complex and difficult to manufacture shapes. Additive manufacturing, 

one of the unconventional manufacturing methods, is a suitable method in the 

manufacturing of complex structures with the mechanical development of 

topology optimized parts. Unlike limited topology optimization methods based 

on traditional manufacturing method tolerances, topology optimization according 

to additive manufacturing allows the emergence of the optimal design without 

any compromises. The points to be considered in topology optimization suitable 

for the additive manufacturing method are that the construction direction of the 

design and the support material placements must be well determined (Liu et al., 

2024). Additive manufacturing (AM) is a group of new manufacturing 

technologies that have been developed since the late 1980s. This technology is 

based on the automatic production of physical parts, layer by layer. AM, also 

known as 3D printing or rapid prototyping, is rapidly changing the perspective 

on how medical devices should be designed and what can be manufactured and 

prototyped. With AM technology, the computer aided design (CAD) model 

produces and transforms directly into a 3D object in a relatively short time and at 

low cost, avoiding the long processes of traditional production methods. ASTM 

and ISO standardization organizations divide the AM process into seven different 

categories: Powder Bed Fusion (PBF), Material Extrusion (ME), Intank 

Photopolymerization (IP), material spraying (MJ), Binder Spraying (BJ), 

Laminated Object Manufacturing (LOM) and Directed Energy Deposition 

(DED). Types of PBF processes are selective laser sintering (SLS), Selective 

Laser Melting (SLM), Direct Metal Laser Sintering (DMLS) and Electron Beam 

Melting (EBM). IP includes stereolithography (SLA) and Direct Light Processing 

(DLP) techniques. The most common ME process is melt deposition modeling 
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(MDM). Multi-jet modeling is available in the MJ process; these are multijet 

polyjet 3D printing (Özdemir & Özek, 2006; Sıvacı, Özgüvenç, & Bozkurt, 

2022). 

AM technologies have applications in various medical specialties. AM 

technologies providing comprehensive customization for medical practices based 

on individual patient data and requirements. Individual patient models are 3D 

designs developed with customized software. The new era of AM enables the 

designer to simulate the implant design before manufacturing, designing and 

manufacturing prosthetic implants qualified according to the patient's specific 

requirements such as the shape, size and mechanical properties of the implant, 

reducing the cost and time of implant production (Sıvacı et al., 2022). 

With 3D printing, new product samples can be produced in accordance with 

the desired parameters without the need for new mold designs. Although fast 

mass production is not expected from him, fast production is achieved if he shares 

the design files with the entire production network (Ahangar, Cooke, Weber, & 

Rosenzweig, 2019). 

ASTM F42 Technical Committee defines “Additive Manufacturing” as 

combining materials to manufacture parts layer by layer from 3D CAD design 

data, as opposed to subtractive manufacturing technology. It is also called 

additive manufacturing, direct digital manufacturing, rapid prototyping, rapid 

manufacturing, additive manufacturing and free-form manufacturing. The studies 

carried out so far in the metal parts manufacturing sector have been carried out 

within the constraints of manufacturability, improvement, development and 

innovation. The most important development in this field is the work to eliminate 

the manufacturability constraint. In studies on eliminating the manufacturability 

constraint, the most positive results are obtained in manufacturing studies using 

the additive manufacturing method. Additive manufacturing is one of the modern 

(unconventional) manufacturing methods. The basis of the method is based on 

adding layers of materials on top of each other. The purpose of this method is; It 

is to eliminate the manufacturability limitation by manufacturing parts that cannot 

be manufactured with traditional manufacturing methods due to their geometric 

complexity. It is seen that studies on this subject are given importance in recent 

literature sources (Ahangar et al., 2019).  

Although additive manufacturing methods vary depending on the raw material 

used and the principle of combining layers, the basic manufacturing techniques 

are the same. In this regard, there are many additive manufacturing methods that 

manufacture using different manufacturing technologies. As examples of these; 



310 

Three Dimensional Printing (3DP), Melt Deposition Modeling (MDM), Laser 

Light Curing (LLC), Layer by Layer Object Manufacturing (LLOM), Selective 

Laser Sintering (SLS)/Selective Laser Melting (SLM) can be given. 

In 1989 Nyrhilä invented and patented a new concept for pressure-free 

sintering of powder mixture with very low shrinkage. EOS Gmbh, which was 

founded in 1989 and sold its first commercial machine STEREOS 400 with 

Stereolithography technology in 1990, released the Laser sintering device in 

1994. While it was the biggest rival of 3D Systems in Europe, it later (1997) lost 

the case filed by 3D Systems due to a patent dispute and stopped the production 

of its devices working on the light cure (steryolithography) principle. EOS now 

produces EOSINT devices based on the powder binding principle only by 

heating. In 1990, Selective Laser Melting (SLE-SLM) technology was originally 

developed by the Fraunhofer Institute in Germany and was commercialized by 

Fockele&Schwarze(F&S) GmbH. With an agreement made in June 2002, sales, 

marketing and technical support of all SLE devices started to be provided by 

MCP-HEK GmbH (Sun, Ng, Yang, & Zhang, 2024; Sürmen, 2019). 

SLM, a metal melting-based process, which is a parallel process to the SLS 

process, was patented by Meiners in 1996 as a method of applying heat with a 

laser beam to completely melt metal powder in a protective gas atmosphere (K. 

Çelik & Özkan, 2017; Özer, 2020).  

The first studies on Electron Beam Melting started in 1993 with the patent 

received by Ralf Larson on the melting and fusing of electrically conductive 

powders with electron beam. Later, in 1995, he continued with joint studies at 

Chalmers University of Technology in Gothenburg. Larson then founded Arcam 

AB in 1997 to commercialize this technology. The history of commercial 

enterprises in the field of additive manufacturing so far is also summarized in 

Figure 1. 



311 

 

Figure 1. Commercial organizations in the field of additive manufacturing from past to 

present (Özsoy, Duman, & Gültekin, 2020). 

In IDTechEx's "Additive Manufacturing of Metals 2015-2025" report, the 

market share of installation-based metal additive manufacturing companies is 

shown in Figure 2 (Özsoy et al., 2020). 

 

Figure 2. Market share of assembly-based metal additive manufacturing companies 

(Özsoy et al., 2020). 
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Recent technological developments and the discovery of new materials in 

additive manufacturing have made it an important application in the aerospace 

and defense industry. In general, powders of metals such as steel, aluminum and 

titanium, and various plastics and composites are used in aerospace and defense 

applications because they are materials that must withstand high temperatures. 

Challenging requirements such as lightweight components and precision designs 

of aircraft parts are the major factors driving the growth of the additive 

manufacturing market for the aerospace industry. In the aerospace industry, 

additive manufacturing is mainly used to produce critical parts of aircraft or for 

low-scale production associated with high performance and quality. The unique 

capabilities of additive manufacturing technology to produce complex parts such 

as jet wings, engine parts, space telescope, metal weapons, and rocket parts have 

increased its adoption in the aerospace and defense industry (Karakılınç, Yalçın, 

& Ergene, 2019). 

2. ADDITIONAL MANUFACTURING 

Additive manufacturing is a production process in which three-dimensional 

objects are created in layers using digital design data, and a whole can be obtained 

from parts with inductive logic, unlike traditional manufacturing methods. 

2.1. Differences Between Traditional Production Methods and Additive 

Manufacturing 

Manufacturing Process: Traditional manufacturing methods are based on 

the process of shaping and processing materials. These methods include casting, 

forging, turning, milling, welding and similar processes. Often, excess material 

may need to be cut or processed. Additive manufacturing is a process that creates 

an object by adding material in layers or by sintering. No excess is created when 

adding material and waste is minimal (Akgümüş Gök, Kılıçtek, Gök, & Yakut, 

2023). 

Material Usage: In traditional methods, large blocks or pieces are usually 

used. This can sometimes result in wastage of material, as excess may be cut off 

and thrown away. Additive manufacturing uses only the amount of material 

required. This minimizes waste and encourages economical use (Akgümüş Gök 

et al., 2023). 

Freedom of Design: Traditional methods have some limitations in design, 

especially difficulties in the production of complex geometries. Additive 

manufacturing provides designers with great freedom. Complex structures, 
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hollow objects and greater design flexibility are possible (Akgümüş Gök et al., 

2023). 

Prototyping Speed: Traditional manufacturing methods can make 

prototyping a new product time-consuming. Additive manufacturing is ideal for 

rapid prototyping. Designs can be created digitally and quickly turned into 

physical prototypes (Akgümüş Gök et al., 2023). 

Material Variety: Traditional methods are limited to certain materials and 

combining different materials can be difficult. Additive manufacturing offers the 

flexibility to use a wide range of materials, making it ideal for a variety of 

applications (Akgümüş Gök et al., 2023). 

Customizability: Production of customized products using traditional 

methods is difficult and costly. Additive manufacturing enables the economical 

and efficient production of customized and personalized products (Akgümüş Gök 

et al., 2023). 

2.2. Industries Where Additive Manufacturing is Widely Used 

Additive manufacturing is a versatile manufacturing method used in a wide 

variety of industries and sectors. Here are some of the main sectors where additive 

manufacturing is widely used and application examples in these sectors: 

Aerospace: Aerospace industries widely use Additive manufacturing for the 

production of lightweight and complex parts. For example, aircraft engine parts, 

air intakes and prototypes can be produced with 3D printers (Nichita, 2007). 

Automotive: The automotive industry uses Additive Manufacturing for 

prototyping, production of personalized parts, and rapid production. Vehicle 

prototypes, customized auto parts and weight-saving components are prominent 

in this industry (Nichita, 2007). 

Medicine and Health: In the medical and healthcare field, Additive 

Manufacturing is used to produce customized prosthetics, implants, anatomical 

models, and dental prosthetics for patients. This provides an important tool for 

surgical planning and training (Nichita, 2007). 

Education: The education sector uses 3D printers to provide students with 3D 

design and manufacturing skills. Students can use 3D printing technologies to 

embody concepts and work on design projects (Nichita, 2007). 

Jewelry Design: Jewelry design is a creative application of Additive 

Manufacturing. Designers can use 3D printing to produce complex jewelry 

pieces. This allows the creation of special and unique jewelry (Nichita, 2007). 
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Defense and Military: In the defense and military sectors, it is used for 

Additive manufacturing, rapid prototyping, parts production and vehicle 

maintenance. Rapid production of complex parts supports operations in the field 

(Nichita, 2007). 

Energy and Maritime: Power generation and marine industries use Additive 

Manufacturing to optimize spare parts production and maintenance processes. 

The production of large and complex parts is especially important in these sectors 

(Nichita, 2007). 

Engineering and Research: Engineering and research organizations use 

Additive manufacturing for prototyping, prototype testing, and modeling. It is an 

important tool for developing new products and optimizing designs (Nichita, 

2007). 

Food Industry: In the food industry, 3D printing is used to create creative 

designs, especially in cake decorating and food presentations. Specialty kitchen 

appliances and food items can also be produced (Nichita, 2007). 

Architecture and Construction: Additive manufacturing is used in the 

construction industry, especially in the modeling and prototyping stages. It can 

work with concrete, ceramics and other construction materials. The application 

areas of additive manufacturing in these sectors are increasing and the technology 

is constantly developing. This is leading to more industries adopting Additive 

manufacturing while creating new opportunities (Nichita, 2007). 

2.3. Advantages and Disadvantages of Additive Manufacturing  

Advantages: 

a) Customizability: Additive manufacturing makes it easier to customize the 

design. It is possible for every object to be customized and unique. 

b) Production of Complex Geometries: Additive manufacturing can use 

complex and interlocking geometries to produce shapes that would be difficult or 

impossible with traditional methods. 

c) Rapid Prototyping: Product prototypes can be produced quickly and 

economically, which speeds up the design process and facilitates the development 

of products. 

d) Low Waste Production: Additive manufacturing keeps waste production to 

a minimum as it involves the direct use of material. 
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e) Local Manufacturing: Additive manufacturing offers the ability to produce 

products locally, which can reduce logistics costs and increase sustainability. 

f) Freedom of Design: It provides great freedom to designers, which provides 

creative design opportunities. 

g) Lighter and Efficient Parts: Additive manufacturing enables material 

savings and parts to be lighter and more efficient (Tezel, Topal, & Kovan, 2018). 

Disadvantages: 

a) High Initial Cost: Additive manufacturing systems and materials require 

investment, which increases initial costs. 

b) Slow Production Speed: Some Additive manufacturing processes are 

slower than traditional production methods. Large and complex parts may take 

more time to produce. 

c) Material Limitations: Additive manufacturing is limited to materials that 

are not suitable for some industrial applications. Durability, temperature 

tolerance and other properties of materials may be subject to limitations. 

d) Surface Quality Issues: Additive manufacturing processes can result in 

rough surfaces or other quality issues. This may affect the surface quality of the 

final product and require finishing. 

e) Limited Large Production Capacity: Additive manufacturing is less suitable 

for production in large quantities. It is not suitable for industries requiring mass 

production. 

f) Inspection and Quality Control: Additive manufacturing processes can be 

difficult to monitor and control quality. It is important to ensure consistency of 

materials and processes. 

g) Licensing and Intellectual Property Issues: Intellectual property and 

copyright issues related to 3D printing can be complex. Issues such as 

unauthorized copying and copyright infringement may arise. The advantages and 

disadvantages of additive manufacturing may vary depending on the industry, 

processes and applications used. Therefore, an evaluation must be made based on 

the project's requirements, cost factors and specific conditions  (Tezel et al., 

2018). 

2.4. 3D Printer Concept in Additive Manufacturing 

In the years when additive manufacturing became widespread, they were 

called 3D printers based on the logic of creating objects in layers. Additive 
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Manufacturing; While describing the production method, the concept of 3D 

printer is used more when describing the equipment with which these works are 

carried out (Bozkurt, Gülsoy, & Karayel, 2021). 

2.5. Materials Usable in Additive Manufacturing 

Materials used in additive manufacturing processes can be classified into two 

main categories: polymers (or plastics) and metallic materials. Information about 

the materials used in the industry belonging to these two categories is as follows. 

In addition to these, there are also newly developed alloys and composite 

materials studied at academic level: 

2.5.1. Polymer (plastic) materials 

Polylactic Acid: PLA is a biodegradable material and is commonly used in 3D 

printing. It is usually available in colored, transparent or matte coating. PLA is 

suitable for the production of simple parts, prototypes and models for educational 

purposes. 

Acrylonitrile Butadiene Styrene: ABS is durable and impact resistant. It is 

heat resistant, so it is widely used in automotive parts and industrial applications. 

However, ABS prints tend to yellow over time. 

Polyethylene Terephthalate Glycol: PETG has high strength and chemical 

resistance. It is used in applications such as food storage containers, medical 

devices and mechanical parts. 

Nylon (Polyamide): Nylon offers durability and lubricity properties. It is used 

for the production of dental prosthetics, bearings and parts requiring high 

strength. 

Thermoplastic Elastomer: TPE is an elastic and flexible material. It is widely 

used in engineering and is suitable for the production of soft elastic parts. 

Polycarbonate: Polycarbonate offers high impact resistance and glass-like 

transparency. Therefore, it is used in the production of safety glasses, lenses and 

industrial protective equipment. 

Polymer with a stable structure that maintains its strength at high 

temperatures, similar to PEEK/PEKK/PEI. They are mostly preferred in the 

aviation industry. 
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2.5.2. Metallic materials 

Stainless Steel: Stainless steel is frequently used for the production of kitchen 

equipment, medical devices and industrial parts due to its durability and corrosion 

resistance. (AISI316 etc.) 

Aluminum: Lightweight and durable, aluminum is used in many sectors such 

as aviation, automotive and space industries. (AlSi10Mg, ScalmAlloy etc.) 

Titanium (Tİ-6Al-4V): Titanium has high strength, low density and 

biocompatible properties. It is used for implants in the medical field and for 

engine parts in aviation (Y. H. Çelik, Yildiz, & Özek, 2016). 

Cobalt Chrome: This material is used for medical implants and aerospace 

applications due to its durability and corrosion resistance. 

Nickel Alloys: Nickel-based alloys are widely used in the aerospace, power 

generation and space industries due to their ability to withstand high 

temperatures. 

Iron and Steels: Used in automotive, construction and industrial applications 

due to high strength and durability. In additive manufacturing, it is mostly used 

in mold manufacturing. The most commonly used method is powder bed systems. 

Each type of material has different advantages, disadvantages and application 

areas. Material selection is made based on printing needs, end product 

characteristics and cost factors. Additionally, each material's printing 

temperatures and process requirements may be different. Many different 

materials can be used in additive manufacturing, such as plastic, metal, ceramics, 

wood, food materials and biological tissues(Özek, Hasçalik, Çaydaş, Karaca, & 

Ünal, 2006). 

2.6. Future Potential of Additive Manufacturing  

The future potential of additive manufacturing is enormous and has the 

potential to create transformational impacts across many industries and 

applications. Here are some key points about the future potential of Additive 

Manufacturing: 

Broader Industrial Applications: The use of additive manufacturing will 

spread to more industries. It will become more common in automotive, aerospace, 

energy, construction and many other industries. There will be greater use in large-

scale production and more opportunities to produce customizable products. 
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Sustainability: Additive manufacturing offers the potential to reduce waste 

and use less materials. More sustainable production processes and local 

production opportunities can reduce environmental impact. 

Further Material Developments: Additive manufacturing materials are 

constantly being developed and offer features such as greater durability, strength 

and heat tolerance. New materials allow for a wider range of applications. 

3D Bioprinting: In the field of medicine and healthcare, 3D bioprinting has 

great potential in the production of human tissues and organs. This could enable 

the production of specialized organoids for organ transplants and drug testing. 

Networked Manufacturing: 3D printing technologies enable the concept of 

digital sharing of files and remote production of products. This can increase the 

availability of products worldwide. 

Design and Simulation Collaboration: In the future, designers and engineers 

will use 3D printing technologies to collaborate more effectively. Digital 

prototyping can speed up and perfect the design process. 

Education and Learning Tools: 3D printing offers students and teachers the 

opportunity to better understand and visualize complex concepts. Students can 

use 3D printers to better understand real-world applications. 

Production in Space: The development of 3D printers and raw materials for 

use in long-term missions in space can enable astronauts to produce spare parts 

and supplies locally for their needs. 

Coordinated Production: Large-scale objects and structures can be produced 

more effectively thanks to the collaboration of multiple 3D printers and robots. 

The future potential of additive manufacturing will further increase with 

continuous technological advancements and adoption of this technology by 

different industries. This will offer many advantages such as more original 

designs, rapid prototyping and customizable products (Garcia-Dominguez, 

Claver, Camacho, & Sebastian, 2020). 

2.7. Additive Manufacturing Technologies Terminologies 

ASTM F2792 standard is a standard that defines additive manufacturing 

processes called "Standard Terminology of 3D Printing and Additive 

Manufacturing Processes." The scope of this standard includes terms and 

definitions that classify additive manufacturing technologies in detail. 
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Additive Manufacturing (AM): It is used as the general term of additive 

manufacturing and covers many different processes. 

Layered Manufacturing (LM): It is a synonym for the term layered 

manufacturing and again describes the processes of depositing materials in layers. 

Binder Jetting: It involves combining the powder material in layers using a 

binding agent. 

Directed Energy Deposition (DED): The material is melted by an energy 

source (usually a laser or electron beam) and combined into layers. 

Fused Deposition Modeling (FDM): It involves heating, melting and 

combining plastic filaments into layers. 

Material Jetting: It involves spraying liquid material into various layers in the 

form of droplets. 

Powder Bed Fusion (PBF): It involves combining powder materials in layers 

by melting them with an energy source (usually laser). This term also includes 

SLS and DMLS processes. 

Sheet Lamination: It refers to the processes in which sheets are used to 

combine material layers. 

Vat Photopolymerization: It involves curing the liquid resin in layers with UV 

light or laser. Stereolithography (SLA) and Digital Light Processing (DLP) fall 

into this category. 

Binder Jet Additive Manufacturing (BJAM): It involves combining the 

powder material with a binding agent. 

Direct Write: It refers to writing the material directly on a surface with the 

energy source. 

Material Extrusion: It involves adding material from one layer to another with 

a nozzle or similar tool. FDM falls into this category. The ASTM F2792 standard 

clearly defines additive manufacturing terms and provides standardization of the 

language used in the industry. In this way, additive manufacturing processes and 

technologies are better understood and agreement is achieved between users 

(Garcia-Dominguez et al., 2020). 
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2.8. General Standards Used in Additive Manufacturing 

ISO/ASTM 52900:2015 - Additive manufacturing - General principles - 

Terminology: This standard defines the basic terms and concepts related to 

Additive manufacturing. 

ISO 9001:2015 - Quality Management Systems: It is a general standard that 

regulates the quality management of additive manufacturing processes. 

ISO 17296-1:2014 - Additive manufacturing - General principles - Part 1: 

Terminology: It is another international standard that defines the terms and 

concepts of additive manufacturing. 

ASTM F2792-12(2017) - Standard Terminology for Additive Manufacturing 

Technologies: This ASTM standard provides terms and concepts for Additive 

manufacturing technologies. 

ASTM F2923-14(2019) - Standard Specification for Additive Manufacturing 

Titanium6 Aluminum-4 Vanadium ELI (Extra Low Interstitial) with Powder Bed 

Fusion: This standard defines specific requirements for a particular Additive 

manufacturing process and material type. 

ASTM F3091-14(2019) - Standard Specification for Powder Bed Fusion of 

Plastic Materials: Specifies the requirements for the use of plastic materials in 

Additive Manufacturing. 

ASTM F2924-14(2019) - Standard Specification for Additive Manufacturing 

Titanium6 Aluminum-4 Vanadium with Powder Bed Fusion: Contains specific 

requirements for the use of Titanium alloys in Additive Manufacturing. 

ISO 17296-2:2021 - Additive manufacturing - General principles - Part 2: 

Overview of process categories and feedstock: It is another ISO standard that 

addresses additive manufacturing process categories and material feeding 

methods. 

3. TOPOLOGY OPTIMIZATION 

When the part to be designed is required to fit into a limited space, be light in 

weight and have a long operating life, only a rough idea about the new design 

comes to mind. Parts are often designed by improving upon an existing design or 

concept. In such cases, dimensions or other design inputs are defined with the 

help of parameters. In cases where there is no existing design to work with, one 

or two conceptual designs can be created. These designs can be defined 

parametrically and then standard optimization methods can be applied. As an 

alternative method, optimization studies by starting with a simple material block 
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and allowing the optimization software to determine each design feature, shape 

and size are known as topology optimization (Figure 3). 

 

Figure 3. Topology optimization (Recrosio, 2017) 

Using topology optimization, the best distribution of the material within the 

part is found in the problem given with an optimization target and a constraint 

set. For optimization analysis, a set of constraints such as maximum stress/strain, 

displacement or natural frequency can be defined by the user. By obeying these 

constraints, the software creates voids in the material block in the model to 

minimize or maximize an optimization parameter such as mass, volume, or 

displacement. For example, the natural frequencies of a test platform can be 

optimized to minimize its mass, keeping it out of a designated objectionable 

range. As you can imagine, such optimization efforts can result in very new and 

complex shapes. Although it used to be impractical to manufacture complex 

shapes due to the limitations of traditional manufacturing methods, today, newer 

manufacturing methods allow the mass production of extremely complex designs. 

Another example of topology optimization is a control arm shown in Figure 

4. The mass of this part can be minimized without exceeding the displacement 

limits set by the user. The rough geometry defining the allowable dimensional 

limits of the control arm is as follows. All connection regions are shown on the 

model. In this example, the lower port (A) is loaded with a force of 33,000 N, 

indicated by the red arrows, in both horizontal and vertical directions. The top 

two attachment points (B and C) are fully constrained (built-in bracket) (Figure 

4). 
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Figure 4. Topology optimization loading status (Hale, 2018) 

Topology optimization was run to minimize the mass while limiting the 

maximum horizontal displacement at the point where the force was applied to 

10.7 mm and the maximum vertical displacement to 1.2 mm. In this way, the 

optimized structure shown in Figure 5 was obtained. 

 

Figure 5. Topology optimization design (Hale, 2018) 

Shapes produced with topology optimization software can be exported as STL 

files for use with 3D printer software. As mentioned before, these shapes can be 

so complex that they are very difficult to manufacture. Some topology 

optimization software, such as ANSYS Topology Optimization, also allows 

defining manufacturing constraints such as symmetry regarding a plane, 

extrusion direction, and max/min allowable element size. These constraints help 
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prevent the emergence of optimized shapes that would be too difficult or costly 

to manufacture. Additionally, tools such as ANSYS SpaceClaim can be used to 

reverse engineer from exported STL files. In Figure 5, the control arm was 

manufactured using this process, the final dimension of which is shown in Figure 

6. 

 

Figure 6. Topology optimization dimensioning (Hale, 2018) 

Although there are other optimization tools that perform different tasks, 

topology optimization remains the most general and powerful tool for developing 

new shapes and concept designs (Tezel et al., 2018). 

Advantages: 

Lightweight and production-ready product designs can be prepared. 

Reduces time to market, physical testing and prototype manufacturing time. 

Optimized designs created should be based on FEA simulations including: 

Available design space 

Realistic load scenarios and boundary conditions 

Design and manufacturing limitations (Martínez-García, Monzón, & Paz, 

2021). 
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4. CURRENT STATUS OF ADDITIVE MANUFACTURING 

TECHNOLOGY IN THE AEROSPACE INDUSTRY 

Additive manufacturing technology has great potential in the Aerospace 

industry. General Electric (GE) Aviation, Lockheed Martin, Airbus and BAE 

System, MTU Aero-Engine, Rolls-Royce plc. Pratt & Whitney, GE Avio Aero et 

al. Companies such as are international companies that use this technology 

widely. Boeing, the world's largest civilian and military aircraft and helicopter 

manufacturer, has announced that it plans to replace many of the parts in aircraft 

with those produced by additive manufacturing. Boeing company plans to make 

many parts of the aircraft producible through additive manufacturing in order to 

stock aircraft parts in different centers, deliver the parts to the required places and 

avoid possible delays. Boeing spokesman Nathan Hulings stated that 150 

different parts in the F/A-18 Super Hornet aircraft were manufactured with 

Additive Manufacturing (Bozkurt et al., 2021). GE has spent 1.5 billion dollars 

on R&D studies on additive manufacturing since 2010. By purchasing ARCAM 

and CONCEPT LASER in 2016, the company has become a complement to its 

existing additive technologies. In 2015, GE started test flights of the new 

generation LEAP aircraft engine, which was manufactured with additive 

manufacturing machines for the first time and has 19 fuel injectors. 

FAA (Federal Aviation Administration) manufactured and certified the T25 

engine sensor protection unit used on GE90-94B engines with additive 

manufacturing in 2015. Providing pressure and temperature measurements for 

engine control systems, the T25 has been installed on more than 400 GE90-94B 

engines. It has been noted that the T25 sensor protection unit is just the beginning 

for additive manufacturing at GE aerospace (Figure 7a). Additionally, it is stated 

that the fuel injector produced by GE is 5 times more durable and 25% lighter 

(Figure 7b) (Bamberg, Dusel, & Satzger, 2015). 
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Figure 7. Manufactured by additive manufacturing a) FAA approved T25 pressure 

temperature sensor b) LEAP aircraft engine fuel nozzle for CFM (Bamberg 

et al., 2015). 

Lockheed Martin Space Systems produced titanium shipping tanks in 2009 

with Direct Electron Beam Melting (EBDM), one of the additive manufacturing 

methods initiated by Sciaky company. The EBDM method is preferred by 

aviation companies such as Airbus, General Electric and Lockheed Martin. 

Because Inconel is ideal for producing large-scale parts made of tantalum, 

titanium and other high-value metals. A lightweight "Nacelle hinge bracket" part 

was manufactured for Airbus A320 aircraft using additive manufacturing and 

selective laser melting method. In the study, a total mass saving of 64% was 

achieved with both topology and material selection (Figure 8). 

 

Figure 8. Airbus hinge holder part (Getachew, Shiferaw, & Ayele, 2023). 

a) b) 
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He works on quality assurance and standards in the process chain for the 

production of engine parts with additive manufacturing at MTU Aero Engine, the 

largest subsystem supplier for aircraft engines. 

Borescope eye production was carried out for the PW1100G-JM engine 

powering the Airbus A320neo with the Additive manufacturing device using 

EOS M280 (Figure 9). 

 

Figure 9. Borescope eye and tensile sample manufactured (Bamberg et al., 2015). 

The Rolls-Royce Trent XWB-97 is the largest aerospace/engine part 

manufactured by ARCAM Electron beam melting from the additive 

manufacturing method. As shown in Figure 10, the Titanium front roller bearing, 

which is located on the engine and has 48 aero foils, is approximately 1.5m in 

diameter and 0.5m thick, was produced by the additive manufacturing method. 

Here, with additive manufacturing, manufacturing time was reduced by 30% and 

cost and production speed were optimized during the design process (Bamberg et 

al., 2015). 
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Figure 10. Rolls Royce Trent XWB engine front bearing housing (Bamberg et al., 

2015). 

Approximately twelve parts of the Pratt&Whitney Bombardier aircraft engine 

were fabricated using the additive manufacturing methods electron beam melting 

(EBM) and direct metal laser sintering (DMLS) (Figure 11). These parts are 

nickel and titanium material fasteners, fuel collectors and injection nozzles. 

Pratt&Whitney achieved a 50% reduction in the weight of the parts through 

design optimization. 

 

Figure 11. Stator to be used in Pratt Whitnet jet engine bombardiers manufactured by 

additive manufacturing (Özsoy et al., 2020). 

Additive manufacturing today performs better than traditional manufacturing 

methods in the manufacturing of large parts. Companies that produce additive 



328 

manufacturing machines are conducting research and development to make 

improvements regarding the limitations of device dimensions. In this context, 

Lockheed Martin is working on additive manufacturing technology with large 

manufacturing volumes at Oak Ridge National Laboratory (ORNL). One of the 

problems encountered in the space and aviation industry is the limitation of 

construction volume and product size. The fuselage metal panel reinforced with 

metal wire and arc additive manufacturing was manufactured by Stelia Fusegela 

Aerospace, a company that has improved itself step by step in product size 

limitation (Figure 12) (Bamberg et al., 2015). 

 

Figure 12. Body panel manufactured by additive manufacturing (Özsoy et al., 2020). 

The sector in which additive manufacturing technologies are most widely used 

in the aviation field in Turkey is undoubtedly the defense industry. TEİ, TUSAŞ-

TAİ, Kalegrup, Aselsan, FNSS, ROKETSAN, which are in the aviation and space 

sector, manufacture parts using additive manufacturing technology. Some of the 

devices in these sectors were purchased with the R&D incentives provided by the 

government. For the first time in our country, in 1993, Arçelik company 

purchased 1 SLA-250 and formed the rapid prototype part of the R&D 

department (Bamberg et al., 2015).  
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4.1. Advantages of Additive Manufacturing Technologies for the 

Aerospace Industry 

There are many advantages for the space and aviation industry with the 

additive manufacturing method. These advantages are listed below.  

Additive manufacturing technologies have many advantages, such as labor 

and cost savings from mold design and production activities, since they do not 

require special jigs/mold-like equipment during the production stage. 

With the additive manufacturing method, it is possible to manufacture critical 

space and aviation parts with complex geometry using metal powder materials.  

Within the framework of our country's 2023 vision, the use of additive 

manufacturing technologies in the production of national regional aircraft, 

engines and unique helicopters in the field of civil aviation will perhaps be 

inevitable. 

The most important criterion in the aviation industry is that the parts are light. 

It is difficult to manufacture porous lightweight parts using any method other than 

additive manufacturing. The additive manufacturing method facilitates the 

fabrication of such lightweight porous parts.  

Rapid spare parts manufacturing is possible by using additive manufacturing 

technologies in repair, maintenance and overhaul activities in the Aerospace 

industry. 

The ease of design resulting from biomimetics (imitation of nature) will open 

horizons for very advanced technologies, especially for the aviation and space 

industry. 

It has been calculated that additive manufacturing will provide an annual 

reduction in carbon dioxide released into the atmosphere for commercial aviation 

businesses (Chang & Moser, 2016; Liu et al., 2024; Sıvacı et al., 2022).  

It is expected that additive manufacturing technologies will contribute to the 

reduction of residual materials. Additionally, there will be reductions in fuel 

consumption. Figure 13 shows the percentage benefits of additive manufacturing 

technology until 2026. 
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Figure 13. The key benefits of additive manufacturing over the next 10 years 

(Getachew et al., 2023). 

4.2. Disadvantages of Additive Manufacturing Technologies for the 

Aerospace Industry 

There are disadvantages for the space and aviation industry with the additive 

manufacturing method. These disadvantages are listed below.  

The cost of materials used in additive manufacturing is high. In addition, the 

mechanical properties of the part manufactured by the additive manufacturing 

method may differ from those of the material used.  

It creates a disadvantage due to high consumable (gas, powder material, fuel, 

etc.) expenses.  

Additive manufacturing machines are acquired with high investment costs.  

It is not very suitable for mass production because the process is slow and the 

build volume is low. 

Compared to similar Computerized Numerical Control machines, the 

manufacturing cost (raw material, tools, gas, etc.) is higher.  

In the additive manufacturing process, micropores and hairline cracks occur 

in cases where there is welding. 

There may be a need for post-processing (heat treatment, polishing, etc.) on 

the manufactured parts (Malakizadi, Mallipeddi, Dadbakhsh, M’Saoubi, & 

Krajnik, 2022; Özsoy et al., 2020). In Figure 14, the challenges to the 

development of additive manufacturing technology until 2026 are shown as a 

percentage (Getachew et al., 2023). 
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Figure 14. The key challenges hindering advancement of AM over the next ten years 

(Getachew et al., 2023). 

5. CONCLUSIONS and RECOMMENDATIONS 

It was prepared by examining international studies on additive manufacturing 

methods and materials used. Additive manufacturing methods and terms used in 

the literature are included. Metal materials and application examples commonly 

used in this manufacturing method were examined. Some of the following results 

were reached with this research:  

Additive manufacturing method is a manufacturing method that enables 

flexibility in design and the manufacture of parts consisting of multiple materials. 

Additive manufacturing technologies are mainly used in the production of 

parts for important industrial areas such as aerospace, automotive, biomedical, 

defense industry and energy sector. 

Additive Manufacturing methods differ in terms of accumulating materials 

and forming layers, creating parts, and working principles.  

The properties of the materials used in Additive Manufacturing methods affect 

the properties of the final part.  

Since layers in AM methods are formed by melting the material locally with 

a heat source, the thermo-physical properties of the materials preferred by 

researchers are often important (Malakizadi et al., 2022; Sıvacı et al., 2022). 
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The current status of additive manufacturing technology in the aerospace 

sector is examined. Additionally, the advantages and disadvantages of the AM 

method for the aviation, space and defense sectors are presented. The results 

found in this study are summarized as follows: 

Recent technological developments and the discovery of new materials in 

additive manufacturing have made it an important application in the aerospace 

and defense industry.  

Challenging requirements such as lightweight components and precision 

designs of aircraft parts are the major factors driving the growth of the additive 

manufacturing market for the aerospace industry.  

In the aerospace industry, additive manufacturing is predominantly used to 

produce critical parts of aircraft or for low-scale production associated with high 

performance and quality. 

In studies on eliminating the manufacturability constraint, the most positive 

results are obtained in manufacturing studies with the additive manufacturing 

method.  

Additive manufacturing technology's unique capabilities to produce complex 

parts such as jet wings, engine parts, space telescope, metal weapons, and rocket 

parts have increased its adoption in the aerospace and defense industry. 

The material market used in additive manufacturing technology includes 

polymers and metals. Sectors include space, automotive, consumption, health, 

security, industrial machinery and education and research sectors.  
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1 Introduction 

With the advancement of technology in recent years, the increase in various 

production and energy needs has led to a surge in interventions into nature and 

ecological systems. Consequently, disasters that were already being encountered 

are escalating in severity, resulting in much larger economic, social, and 

ecological damages. In recent years, disasters such as major wildfires, 

earthquakes, floods, hurricanes, and droughts have inflicted harm upon numerous 

structures, living beings, and large-scale urban systems. 

The earlier action is taken to rescue individuals affected by a disaster, the more 

lives can be saved. Therefore, disaster management aims to be as organized as 

possible to mitigate any potential damage, covering the pre-disaster, during-

disaster, and post-disaster processes. The integration of these stages with 

technological advancements and innovations will enhance the outcomes. 

Research conducted on the Internet of Things (IoT) and artificial intelligence (AI) 

is emerging in the field of disaster management, with these technologies being 

utilized in smart city initiatives to enhance urban resilience. However, systems 

based on IoT may be susceptible to issues such as miscalculations or faulty 

sensing, which can adversely affect system operations and even endanger lives 

(Dugdale, Moghaddam, & Muccini, 2021). Additionally, it is crucial for IoT-

based systems to be efficient in performance and energy consumption. Ray et al. 

(2017) categorized IoT-based disaster management applications into four groups: 

(i) service-oriented, (ii) natural, (iii) man-made, and (iv) post-disaster 

management (Ray, Mukherjee, & Shu, 2017). The group referred to as natural 

disaster management encompasses the management of disasters whose severity 

is increasing due to climate change, as mentioned above. 

Prior to engaging in disaster management studies, it would be beneficial to 

examine and define examples of disasters to better understand the subject. Among 

disasters, floods are the first to be addressed. Floods are one of the most 

destructive and dangerous natural disasters. They typically occur as a result of 

heavy rainfall, excessive snowmelt, or sudden flash floods. All these effects are 

intensified due to climate change, resulting in river overflows, dam collapses, or 

the inability of impermeable surfaces to absorb accumulated water due to 

excessive rainfall (Al-Hussein, ve diğerleri, 2023). The sudden flow of water 

caused by floods destroys homes, agricultural lands, and infrastructure. 

Moreover, floods lead to health issues due to contamination and mud in 

floodwaters, rendering living spaces unusable. 
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Throughout history, numerous flood disasters with devastating effects have 

been encountered. Many floods have resulted in the loss of millions of lives and 

left millions of people homeless. As an example, the 2004 Indian Ocean Tsunami, 

accompanied by massive waves, caused the deaths of hundreds of thousands of 

people and widespread destruction. In this natural disaster, initially, a 9.1 

magnitude earthquake occurred, followed by a tsunami with waves reaching 

heights of 20-30 meters. In total, these disasters led to approximately 200.000 

fatalities (Satake, 2014). Additionally, it is estimated that the floods encountered 

in Germany, Belgium, the Netherlands, Austria, and Switzerland in 2021 caused 

30 billion euros in damage in Europe (Guardian, 2022). The severe monsoon rains 

experienced in Nepal and India in 2019 also caused damage to the region's 

population, particularly impoverishing vulnerable communities further and 

resulting in homelessness and damage to agricultural lands (News, 2019). These 

examples demonstrate how destructive and life-threatening floods can be, 

highlighting the need for ongoing efforts to control floods and mitigate their 

impacts. 

On the other hand, earthquakes occur as a result of the released energy caused 

by the movement and compression of tectonic plates on the Earth's surface 

(Survey, What is an earthquake and what causes them to happen? | U.S. 

Geological Survey, 2013). Depending on their magnitude and duration, 

earthquakes can lead to significant damage and loss of life. A destructive 

earthquake can cause buildings to collapse, infrastructure to be damaged, and 

communities to be disrupted. The impact of earthquakes is particularly severe in 

areas with structurally weak buildings. Additionally, earthquakes often trigger 

tsunamis, landslides, and fires. 

There have been many destructive earthquakes throughout history. In 2010, a 

magnitude 7.0 earthquake struck Haiti, resulting in approximately 316.000 deaths 

or missing persons and 300.000 injuries. This disaster left approximately more 

than 1.3 million people homeless and caused critical damage to about 80% to 

90% of the urban housing stock (DesRoches, Comerio, Eberhard, Mooney, & 

Rix, 2011). The earthquake with a magnitude of 9.1 that occurred in the Indian 

Ocean in 2004, followed by the ensuing tsunami, is considered one of the most 

damaging earthquakes by the U.S. National Science Foundation (2005), resulting 

in approximately 228.000 deaths (Foundation, 2005). Countries located on 

various earthquake belts around the world are more frequently exposed to 

earthquakes (Survey, Where do earthquakes occur?, 2012). Turkey, one of these 

countries, has faced earthquakes that have caused significant damage over the 

years. Moreover, earthquakes often leave irreversible material and psychological 
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damage lasts for years. In the earthquakes centered in Kahramanmaraş, Pazarcık, 

and Elbistan in 2023, approximately at least 51,000 people lost their lives in 

Turkey, and 8.500 people lost their lives in Syria, with more than 122.000 people 

injured. The earthquake zone was declared a level 4 alarm zone after these 

earthquakes. According to a report prepared by the Turkish Presidency of 

Strategy and Budget (2023) after the earthquake, this earthquake caused a loss of 

103,6 billion dollars to the Turkish economy (Mussa, 2023) (Başkanlığı, 2023). 

Considering all these damages, it is evident that effective preparation and 

structural measures are vital in regions at risk of earthquakes. 

Wildfires are another natural disaster that spreads rapidly and causes extensive 

damage. They are fatal disasters due to their long-lasting containment efforts and 

the harm they cause to both living beings and systems in the affected area, as well 

as the harmful gases and particles they release into the atmosphere, affecting 

future generations and the world as a whole. In Australia, a large-scale wildfire 

occurred in 2009, known as Black Saturday, which affected not only Australia 

but also the USA, Russia, Canada, and some European and Asian countries. In 

this wildfire, 173 people lost their lives, 414 people were injured, and 

approximately 4.5 billion dollars in damage was incurred (Shhahparvari, Abbasi, 

Chhetri, & Abareshi, 2019). Similarly, during the 2019-2020 bushfire season in 

Australia, wildfires continued for an extended period due to extreme heatwaves, 

resulting in hundreds of people being displaced and endangering the lives of 

around 3 billion animals in the region. This disaster, which caused significant 

social, economic, and ecological damage and nearly destroyed 19 million 

hectares of land, led to a shift in focus for climate action and wildfire management 

systems (Australia, 2020). 

1.1 Disaster Management in Smart Cities 

Considering the continuous exposure to various disasters worldwide and the 

anticipation of future occurrences, planning and finding solutions for disasters 

should not be merely a choice but a necessity to minimize the damage they cause. 

The impacts of floods encountered in urban or rural areas are further 

exacerbated due to climate change or inadequate planning in harmony with 

nature. Additionally, the insufficient presence of permeable surfaces in cities or 

the lack of green infrastructure designs further amplify the damage caused by 

floods. 

Given that regions more prone to earthquakes are situated along seismic belts, 

not being prepared for earthquakes and facing the resulting destruction is often a 
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consequence dependent on policymakers' priorities and choices. However, it is 

essential to reinforce structures to make them earthquake-resistant. 

In summary, proactive planning and implementation of solutions for disasters 

are imperative considering the inevitability of their occurrence and the potential 

magnitude of their impacts. This involves developing strategies to address the 

specific vulnerabilities of different regions, whether urban or rural, and investing 

in resilient infrastructure and preparedness measures to minimize the damage and 

ensure the safety and well-being of communities. 

Wildfires occur due to neglect or drought and can cause severe and 

challenging-to-repair damage in a very short period. Extra care should be taken 

in forested or high-risk fire areas, and various restrictions should be implemented. 

Necessary resources for facilitating disaster response in these areas should be 

consistently maintained in case of potential fire situations. 

In cases where all mentioned practices are lacking, the implementation of 

smart city solutions in urban areas aims to create early warning systems for 

disasters, providing alerts before disasters occur to minimize damage. Early 

warning systems are established for earthquakes, floods, fires, and frost to prevent 

the destructive effects of these disasters. Pre-prepared emergency evacuation 

plans for disasters will prevent wrong actions during disasters due to stress and 

fear. 

Acoustic location detection systems allow for the identification of the 

locations of casualties during disasters. Similarly, post-disaster communication 

systems aim to provide effective infrastructure for communication during 

disasters and emergencies, facilitating information exchange and coordinating 

rescue operations. These systems enable disaster victims to request assistance and 

ensure that rescue teams are in communication with each other and with 

management centers. 

Disaster sensitivity maps and simulations analyze disaster risks in smart cities, 

determining cities' sensitivity to disasters and predicting possible impacts in 

advance. These tools assist local governments in developing disaster response 

and rescue plans, while also encouraging community awareness and preparedness 

for disasters. All the applications discussed in this study contribute significantly 

to strategic decision-making processes in disaster management. 
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1.2 Organization of The Paper/Study 

This study aims to provide a detailed examination of the systems used in smart 

cities for disaster management. The initial stage of the study focuses on analyzing 

disasters that cause loss of life and property. Subsequently, academic research 

related to these disasters is reviewed. Following a literature review, smart systems 

designed to prevent or mitigate the impact of these disasters during emergencies 

are examined. A conceptual framework is developed for the integrated operation 

of these systems. Within the scope of the study, the benefits of integrating these 

applications in a specific-scale settlement area are analyzed. 

The following applications are analyzed in the study, and the resulting 

economic, social, environmental, and health benefits are examined: 

 Frost and Flood Warning Systems 

 Advanced Earthquake Warning 

 Advanced Flood Warning 

 Fire Detection and Alert Systems 

 Acoustic Detection and Location Tracking 

 Emergency Evacuation Plans 

 Post-Disaster Communication Systems 

 Disaster Coordination Centers 

2 Related Work/Studies 

Today's technology is utilized to minimize the impact of all these disasters on 

individuals and systems in any city, appearing in smart city applications. One 

such application is the use of Internet of Things (IoT) technologies for disaster 

management in smart cities. IoT devices work by sending alerts about potential 

hazards of disasters for early detection. For instance, during events like 

earthquakes or tsunamis, sensor systems can detect abnormal vibrations and send 

this information to specialized cloud services. These services analyze the data 

and send instant notifications to users if a threat is detected. These notifications 

can be sent via Short Message Service (SMS), visualizations on websites, or 

through voice notifications (Ashok Kumar, Girish, & Rajesh, 2015). 

IoT devices are used to monitor the situation in disaster areas in real-time. 

This allows continuous monitoring of factors such as water levels, air quality, and 

other environmental factors so that authorities can take necessary measures 
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promptly. Ashok Kumar et al. (2015) evaluated IoT technologies in disaster 

planning with their "Integrated Weather and Flood Alerting System," designed to 

reduce the damage caused by the recurring flood problem in India. By utilizing 

parameters such as rainfall level over the river, water flow, and water level in the 

river detected through sensors, various alerts are issued to alert the public about 

any anomalies (Ray, Mukherjee, & Shu, 2017) (Ashok Kumar, Girish, & Rajesh, 

2015). Similarly, with another system based on Netdunio, the water level in 

rivers, lakes, and similar water bodies can be measured using sensors, enabling 

the detection of critical danger levels before they escalate (Ray, Mukherjee, & 

Shu, 2017) (Hernandez-Nolasco, Ovando, Acosta, & Pancardo, 2016). 

Although satellite imaging and remote camera-based sensors are commonly 

used for wildfire management, these tools have some drawbacks. One of the main 

challenges is the delayed or late detection of fires by these devices and their low 

reliability, which can lead to critical damage in combating rapidly spreading fires 

(Bushnaq, Chaaban, & Al-Naffouri, 2021). In their study, Bushnaq et al. (2021) 

proposed the use of unmanned aerial vehicles (UAVs) based on IoT networks in 

the detection system, suggesting that, given the appropriate system cost, they 

could provide a faster and more accurate wildfire detection method compared to 

various satellite imagery techniques (Bushnaq, Chaaban, & Al-Naffouri, 2021). 

 

Fig. 1. The relationship of IoT, fog and cloud computing in the smart city emergency 

management systems 
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There is no disagreement in collecting necessary information for fire detection 

from sensors, measurement devices, etc., using the Internet of Things (IoT) 

technology. However, there are alternative approaches in monitoring and 

generating alarms based on this data. Srividhya and Sankaranarayanan (2020) 

have noted various challenges regarding energy utilization and data transfer 

durability (Srividhya & Sankaranarayanan, 2020). In the event of any forest fire, 

there will be intense data traffic when the data obtained via WSN (sensors) is 

transmitted to Cloud computing. In the proposed system, the information 

collected from IoT sensors is transferred to a fog layer between the Cloud, 

distributing the load caused by the data, thereby ensuring smoother system 

operation. Similarly, Kaur et al. (2019) have emphasized the importance of fog 

computing for both energy efficiency and early detection of wildfires, asserting 

that fog computing is the most suitable system for processing and analyzing 

critical data with minimum bandwidth, reduced latency, and time-sensitive data 

processing (Kaur, Sood, & Bhatia, Cloud-assisted green IoT-enabled 

comprehensive framework for wildfire monitoring, 2019) (Kaur & Sood, A smart 

disaster management framework for wildfire detection and prediction, 2020). 

With the acceleration of research in artificial intelligence and Internet of 

Things (IoT) technologies today, these technologies have been integrated into 

earthquake management and early warning systems. Systems utilizing machine 

learning technologies for the analysis of earthquake waves enable the detection 

of the onset of primary waves before the seismic and largest waves, the separation 

of waves causing noise from earthquake waves, distinguishing between noise and 

microearthquakes, or discerning earthquakes from quarry explosions 

(Abdalzaher, Elsayed, Fouda, & Salim, 2023). 

Early warning systems for earthquakes primarily involve positioning sensors 

around the settlement area to cover distances of approximately 10 km from each 

other. There is an earthquake alarm center between the sensors and the settlement 

area, where data obtained through sensors is transmitted. The speed of the data 

collected through sensors is greater than the speed of the waves that generate 

earthquakes. Thus, the transfer of vibration data collected during an earthquake 

to the earthquake alarm system and subsequently warning the inhabitants of the 

settlement area is ensured. Even if the earthquake is predicted seconds or a minute 

in advance, it is believed that potential loss of life and property can be prevented 

(Strauss & Allen, 2016). On a larger scale, measures such as evacuating people 

from unsafe buildings, halting the operation of nuclear power plants, shutting 

down gas pipeline transmission, or slowing down or halting transportation lines 
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can be taken to prevent larger losses (Wu, Hsiao, Teng, & Shin, 2002) (Kumar, 

Mittal, Arora, & Sharma, 2022). 

3 Proposed Smart City Model 

In this study, a conceptual framework has been established for systems within 

smart city applications that contribute to preventive or mitigating effects during 

disasters.  

Fig. 2  outlines the general principle of operation for these systems. 
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Fig. 2. Disaster management with smart city applications 

The smart applications involved in this process provide advantages in 

minimizing economic, social, environmental, and health-related losses that may 

occur during or after a disaster. Since there are common gains among these 

applications, examinations have been generally conducted regarding these gains. 

Economic Gains: 

When implementing smart systems in disaster management, there are direct 

or indirect economic gains to be found. When examining the economic aspects 

of smart systems in disaster management, it is generally observed that the 
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following gains can be achieved (MEUCC, Icing and flood warning systems 

application, 2023) (MEUCC, Advanced earthquake warning application, 2023) 

(MEUCC, Advanced Flood Warning, 2023) (MEUCC, Fire Detection and 

Warning Systems, 2023) (MEUCC, Acoustic Detection and Location 

Determination, 2023) (MEUCC, Emergency Evacuation Plans, 2023) (MEUCC, 

Post-disaster communication systems, 2023) (MEUCC, Disaster coordination 

centers, 2023): 

 Enhances coordination in disaster services. 

 Ensures effective intervention in disasters by keeping communication 

channels open. 

 Contributes to the acceleration of crisis management processes. 

 Increases the effectiveness and efficiency of emergency response. 

 Optimizes human resources and resource utilization. 

 Enables the effective and efficient use of public resources. 

 Reduces human and material losses in disaster areas. 

 Reduces potential health expenditures and rehabilitation costs after 

disasters. 

 Helps reduce traffic accidents by increasing road safety. 

 Reduces fuel and time losses due to traffic. 

 Lowers insurance costs. 

 Increases the resilience of cities to disasters and ensures confidence 

in tourism and commercial activities. 

 Minimizes workforce losses. 

 Assists in maintaining the sustainability of businesses and minimizing 

financial losses. 

 Contributes to reducing economic losses by reducing infrastructure 

damages and related public expenditures. 

 Maintains economic stability and positively contributes to the 

national economy. 
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3.1 Governance and Social Gains 

Apart from the economic gains achieved through the use of smart systems in 

disaster management, there are also social benefits for both communities and 

governments. These gains have positive effects on improving the quality of life 

for individuals in disaster-prone areas. It has been observed that smart systems in 

disaster management generally yield the following gains in terms of social and 

governance aspects (MEUCC, Icing and flood warning systems application, 

2023) (MEUCC, Advanced earthquake warning application, 2023) (MEUCC, 

Advanced Flood Warning, 2023) (MEUCC, Fire Detection and Warning 

Systems, 2023) (MEUCC, Acoustic Detection and Location Determination, 

2023) (MEUCC, Emergency Evacuation Plans, 2023) (MEUCC, Post-disaster 

communication systems, 2023) (MEUCC, Disaster coordination centers, 2023): 

 It enhances transparency in disaster management and fosters a sense 

of solidarity within society. 

 The governance capacity of public institutions increases. 

 Collaboration among stakeholder organizations strengthens, leading 

to the development of common policies. 

 t aids in raising awareness and consciousness within society regarding 

disaster management. 

 It improves the efficiency of pre-disaster preparedness drills. 

 It helps society to be better prepared for disasters. 

 t increases the sense of security within the community. 

 It ensures the continuity of communication and information flow. 

 It prevents the formation of adverse psychological effects following 

disasters. 

 It accelerates the return of society to normalcy after a disaster. 

 Service quality improves thanks to information and communication 

technologies. 

 It enables faster dissemination of information to the community 

during and after disasters. 

 Social satisfaction with disaster management increases. 

 Prompt intervention in emergencies minimizes loss of life. 
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 Swift and accurate intervention reduces injuries and property losses 

to a minimum 

3.2 Environmental Gains 

Implementation of smart systems in disaster management can lead to 

environmental gains. Through the utilization of smart systems in disaster 

management, the following environmental benefits can generally be achieved  

(MEUCC, Icing and flood warning systems application, 2023) (MEUCC, 

Advanced earthquake warning application, 2023) (MEUCC, Advanced Flood 

Warning, 2023) (MEUCC, Fire Detection and Warning Systems, 2023) 

(MEUCC, Acoustic Detection and Location Determination, 2023) (MEUCC, 

Emergency Evacuation Plans, 2023) (MEUCC, Post-disaster communication 

systems, 2023) (MEUCC, Disaster coordination centers, 2023) : 

 Prevention of environmental pollution resulting from the collapse of 

structures during disasters. 

 Minimization of environmental damage through effective post-

disaster waste management processes. 

 Preservation of the natural environment through the efficient and 

effective use of resources required after disasters. 

 Reduction of environmental impacts of disasters to preserve natural 

habitats. 

 Contribution to the conservation of biodiversity by implementing 

protective measures for natural habitats and water sources. 

 Preservation of the environment and natural habitats by taking 

necessary precautions in areas at risk of disasters through early 

warning systems. 

 Facilitation of environmental risk monitoring. 

 Minimization of environmental impacts using environmentally 

friendly communication technologies. 

 Promotion of energy efficiency. 

 Reduction of environmental impacts by minimizing energy and 

resource usage. 

 Decrease in emission levels resulting from traffic post-fire or disaster. 
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 Assistance in environmentally friendly planning of areas prone to 

disaster risk. 

 Contribution to the conservation of water sources. 

3.3 Health Gains 

The implementation of smart systems in disaster management also brings 

direct or indirect gains in the health sector. These gains are outlined below 

(MEUCC, Icing and flood warning systems application, 2023) (MEUCC, 

Advanced earthquake warning application, 2023) (MEUCC, Advanced Flood 

Warning, 2023) (MEUCC, Fire Detection and Warning Systems, 2023) 

(MEUCC, Acoustic Detection and Location Determination, 2023) (MEUCC, 

Emergency Evacuation Plans, 2023) (MEUCC, Post-disaster communication 

systems, 2023) (MEUCC, Disaster coordination centers, 2023): 

 Facilitates the rapid and efficient transmission of emergency calls. 

 Enables the coordination of post-disaster health services. 

 Facilitates the collection and analysis of data related to post-disaster 

health conditions. 

 Assists in informing the public about post-disaster health risks. 

 Facilitates the arrival of health teams to the disaster area and the 

provision of emergency medical interventions. 

 Preserves human life by reducing casualties and property loss. 

 Prevents damage to healthcare facilities and ensures uninterrupted 

provision of emergency medical services. 

 Assists in the rapid delivery of drugs and medical supplies to the 

disaster area. 

 Reduces panic and stress levels resulting from disasters, thereby 

positively impacting psychological health. 

 Improves the quality of life for the community. 

 Reduces the risk of spreading infectious diseases following a disaster. 

 Helps mitigate the adverse effects of noise pollution. 

 Assists in reducing the adverse effects of air pollution. 
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 Contributes to the improvement of service quality in the healthcare 

system by reducing healthcare expenditures and treatment costs.  

4 Results/Conclusion 

This study provides a detailed examination of eight smart systems deployed 

within the scope of smart cities and related to disaster management. Financially, 

the direct temporal returns on investments made in these systems are generally 

limited. However, the integration of smart system applications in disaster 

management holds the potential for multifaceted benefits across various domains. 

For instance, economically, these systems enhance coordination and optimize the 

effective and efficient use of resources, thereby reducing losses. From a social 

perspective, they facilitate collaboration among stakeholders by improving 

communication, thus enhancing community resilience to disasters. When 

examined from an environmental standpoint, smart systems contribute to 

pollution prevention, resource conservation, and sustainable urban planning. In 

terms of public health, they enable swift responses to emergencies, streamline 

healthcare services, and minimize health risks associated with disasters. 

Overall, the adoption of smart systems in disaster management not only 

enhances preparedness and response efforts but also contributes to the ge-

neral welfare and safety of communities. This study presents a pioneering 

effort in evaluating various smart systems that can be utilized in disaster 

management. 
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Introduction 

Energy is one of the most important parameters that determines the standard 

of living, directs country policies and ensures progress in the level of 

development of the country when viewed from an economic and social 

perspective. The world population growth, industrial and technological 

developments are the most important reasons for the increase in energy demand. 

According to the report prepared by the International Energy Agency, world 

energy consumption increased by 2.5% in 2023 and reached 620 exajoules (EJ), 

and this demand is expected to increase by 4% in 2025. In addition, this demand 

is expected to increase by 8% in India, 6% in China, 3% in the USA and 1.7% in 

the European Union countries IEA (2024). 

When we look at the energy situation in terms of Turkey, in 2023, electric 

energy consumption increased by 1.2% compared to the previous year and totaled 

335.2 TWh, while electricity generation increased by 0.8% compared to the 

previous year and totaled 331.1 TWh. As of the end of October 2024, the installed 

capacity of our country reached 114,599 MW. In 2023, the distribution of our 

electricity generation by sources is shown in Figure 1. In 2023, 36.2% of our 

electricity generation was obtained from coal, 21.2% from natural gas, 19.3% 

from hydraulic energy, 10.3% from wind energy, 6.7% from solar energy, 3.4% 

from geothermal energy and the rest from other sources(Republic of Turkey 

Ministry of Foreign Affairs, 2024) 

 

Figure 1. Distribution of electricity generation by sources in Turkey in 2023 

The share of biomass energy in electricity production is among other sources 

and is quite low. The installed power potential of biomass and wastewater from 

2011 to 2022 is given in Figure 2 and the potential has been increasing in recent 
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years. However, considering that Turkey is a country rich in agriculture and 

animal husbandry and has an abundant forest structure, it is known that this 

potential has not yet been used (Republic of Turkey Energy Ministry and Natural 

Sciences, 2023) 

 

Figure 2. Biomass installed capacity in turkey by years 

Biomass energy needs to be developed both in the world and in Turkey, and 

it is the focus of attention of researchers and investors because its potential is not 

fully utilized. Some examples of studies conducted on this subject are given. 

Lauri et al. (2014) investigated the potential of wood in the world and some 

regions and stated that biomass obtained from this potential could meet 2-18% of 

the world's primary energy consumption in 2050. Toklu(2017) investigated 

different biomass resources that can be used in Turkey and their biomass energy 

potential. The total biomass energy potential in Turkey was stated as 

approximately 33 million tons of oil equivalent (Mtoe). Avcıoğlu et al. 

(2019)investigated the biomass potential that can be obtained from agricultural 

residues in Turkey and reported an energy potential of 298.955 TJ from field 

crops and 65.491 TJ from horticultural crops. Irfan et al.(2020) investigated the 

use of agricultural waste, animal waste and municipal solid waste as biomass 

energy for Pakistan and stated that the percentage of use of this energy will 

increase in the coming years in line with the country's targets. Jekayinfa et al. 

(2020)emphasized the continuously increasing energy demand in Nigeria, one of 

the developing countries, and stated that the country does not have sufficient 

supply to meet this demand. In order to meet this supply, they found that the 

biomass energy potential that can be obtained from agricultural residues and 

animal residues in the region is 2.33 EJ. Benti et al.(2021) mentioned the 
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difficulty of access to sustainable energy sources in Ethopia and stated that only 

0.58% of the biomass potential in the country is utilized. They investigated the 

utilizable biomass resource potential and utilization methods. Antar et al. 

(2021)carried out a general review of biomass production and utilization in the 

world. They also presented possible approaches to increase biomass production. 

Júnior et al. (2023)calculated the biomass potential that could be obtained from 

forest residues, agricultural residues and residues from urban processes in North-

eastern Brazil and stated that this potential could cover 4% of the energy demand 

of the region. Nehra et al. (2023)investigated the biomass potential from animal 

manure for rural Haryana, India and found that if this potential is utilized, an 

estimated saving of 1707.08 to 3583.73 million kg/year can be achieved. 

In this paper, in order to investigate the biomass potential that Turkey can 

obtain from animal manure, the number of animals has been investigated and the 

amount of fertilizer that can be obtained from them has been found. The biomass 

energy potential to be obtained from these fertilizers and the installed power 

values of the facilities to use this potential have been calculated. The necessary 

economic analyses have been carried out for the establishment of these facilities 

and the positive contributions of the biomass energy to the environment have 

been emphasized. 

Biomass Energy 

The fuel obtained from biological sources is called biogas, and the type of 

renewable energy obtained is called biomass. Biogas which is colourless, 

odourless and lighter than air gas, contains high concentrations of methane 

(CH4), carbon dioxide (C02) and low concentrations of hydrogen, nitrogen, and 

water vapor. When biogas gas is compared to other energy sources, 1 m3 biogas 

is equivalent to 0.60 m3 natural gas, 0.70 litres of gasoline, 0.65 litres of diesel 

fuel and 0.80 kg of coke (Yılmaz et al. 2017).  

Biomass energy is any organic material that stores sunlight in the form of 

chemical energy. Biomass sources vary and can include agricultural waste, 

animal waste, industrial waste, municipal waste and garbage waste. Electricity, 

heat and fuel production can be achieved with biomass resources, and this can be 

achieved through different technological means. The resources selected for 

energy production can be converted into a desired energy form and then into 

electricity through thermo-chemical or bio-chemical conversion methods. The 

different processes used to obtain energy from biomass sources are summarized 

in Figure 3. (Bridgwater, 2006) 
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Figure 3. Different process for obtain biomass energy 

In biomass energy obtained from animals, methane gas in animal manure is 

released during the anaerobic decay of organic matter. The more animal manure, 

the more organic matter it contains, and therefore the more methane emissions, 

and therefore the more biomass that can be obtained.  

The formation stages of biomass obtained from animals are given in Figure 4 

and explained below (Mignogna et al., 2023) 

 

Figure 4. The formation process of biogas 

Anaerobic Digestion and Hydrolysis: Organic wastes such as cellulose, starch, 

oil, protein, etc. are converted into simple organic substances such as sugars, 

amino acids, fatty acids. 

Acidogenesis: Molecules formed as a result of hydrolysis are converted into 

volatile fatty acids such as acetic acid and butyric acid. 

Acetogenesis: Acetonic bacterial groups convert free fatty acids into acetate, 

CO2 and hydrogen. 
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Methanogenesis: Methane-forming bacteria use acetic acid, carbon dioxide, 

and hydrogen to create methane and carbon dioxide. 

Material and Method 

One of the biggest biogas production potentials in the world is animal waste. 

Turkey has a suitable environment and potential for all kinds of animal husbandry 

due to its geographical features. Cattle and sheep breeding has been continued 

from past to present, and there has been a significant increase in the number of 

facilities since the 2000s. The number of animals in Turkey for 2022 is given in 

Table 1 according to different categories (Gülaç, n.d.; TIGEM, 2023) 

Table 1. Number of animals in Turkey for 2022 

Cattle 16852000 

Sheep 44688000 

Goat 11578000 

Laying hens chicken 109806000 

Broiler chicken 251290000 

Goose 1386000 

Turkey 3670000 

Duck 433000 

 

The amount of manure obtained from cattle, sheep, goat and laying hens is 

given in Equation 1. The amount of energy production obtained from laying hens, 

geese, turkeys and ducks can be found from Equations 2-5, respectively(Yağli et 

al., 2019). 

𝑇𝐴𝑊𝑀 (1) =
∑ 𝑞∗365𝑁

𝑖=1

1000
                                                                                  (1) 

𝑇𝐴𝑊𝑀 (2) =
∑ 𝑞∗42𝑁

𝑖=1

1000
                                                                                     (2) 

𝑇𝐴𝑊𝑀 (3) =
∑ 𝑞∗98𝑁

𝑖=1

1000
                                                                                     (3) 

𝑇𝐴𝑊𝑀 (4) =
∑ 𝑞∗110𝑁

𝑖=1

1000
                                                                                (4) 

𝑇𝐴𝑊𝑀 (5) =
∑ 𝑞∗65𝑁

𝑖=1

1000
                                                                                      (5) 
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where N, TAWM and q represent the number of animals, total amount of annual 

wet manure, the average amount of manure per animal, respectively. The amount 

of wet manure varies as the animals stay in the shelter. Accordingly, the amount 

of usable wet manure obtained from the animals is calculated with Equation 6 

(Yağli et al., 2019) 

𝑇𝐴𝑈𝑊𝑀 = 𝑇𝐴𝑊𝑀 ∗ rf                                                                   (6) 

where TAUWM is the total amount of usable wet manure and rf is the rate of usable. 

The solid matter ratio in the usable wet manure and the volatile solid matter ratio 

within this ratio are calculated with Equations 7 and 8, respectively. The amount 

of methane gas that can be obtained from the volatile solid matter ratio is found 

with Equation 9(Yağli et al., 2019) .                                                                                                                                                                                                  

𝑇𝑠𝑚 = 𝑇𝐴𝑈𝑊𝑀 ∗ 𝑟𝑟𝑠𝑚                                                                   (7) 

𝑇𝑣𝑠𝑚 = 𝑇𝑠𝑚 ∗ 𝑟𝑣𝑠𝑚                                                                       (8) 

𝑇𝐶𝐻4
= 𝑇𝑣𝑠𝑚 ∗ 𝜇                                                                           (9)     

The energy value of biogas with 60% methane content is taken as 22.7 

MJ/Nm3 and accordingly the energy value of methane gas is taken as 36 MJ/Nm3, 

and the total annual energy amount of biogas produced from animals can be 

calculated. The energy that can be produced from methane gas can be found with 

the help of Equation 10. The electrical energy to be obtained as a result of burning 

methane gas in an electric motor can be found with the help of Equation 11(Yağli 

et al., 2019). 

𝑄 = 𝑇𝐶𝐻4
∗ ℎ𝐶𝐻4                                                                         (10) 

𝐸𝑔 = 𝑇𝐶𝐻4
∗ 𝑒𝐶𝐻4 ∗ ƞ𝑐                                                                (11) 

where Q is the amount of energy that can be produced from methane, h is the 

value of methane gas. eCH4 is the energy equivalent of 1 m3methane and is equal 

to 10 kWh. ƞc is the electricity conversion coefficient. ƞc value varies between 

25% and 40% depending on the power generation plant. The coefficients used for 

the above equations are given in Table 2(Yağli et al., 2019) 
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Table 2. Coefficients used in calculating energy from animal manure 

Animal type q  

(kg) 

rf  

(%) 
𝑟𝑟𝑠𝑚 

(%) 
𝑟𝑣𝑠𝑚 
(%) 

µ 

(Nm3) 

Cattle  29 100 12.41 84.65 0.33 

Sheep 2.40 13 23.00 83.63 0.30 

Goat 2.05 13 23.17 73.06 0.30 

Laying hens 

chicken 

0.13 99 18.75 75.00 0.35 

Broiler 

chicken 

0.19 66 20 77.278 0.35 

Goose 0.33 68 17.27 61.28 0.35 

Turkey 0.38 68 19.36 75.83 0.35 

Duck 0.33 68 17.27 61.28 0.35 

 

After calculating the amount of biomass energy, the calculation of the installed 

power facility that can be established, the cost value of this facility and the 

payback period required for the investment that can be made can be calculated 

with Equations 12-14, respectively(Masala et al., 2022)             

𝑃𝑖𝑛𝑠 =
𝐸𝑔

𝑡
                                                                                  (12) 

𝑐𝑇 = 𝑃𝑖𝑛𝑠 ∗ 𝑢𝑝                                                                         (13) 

𝑛 =
𝐶𝑇

𝑛𝑒𝑡𝑐𝑎𝑠ℎ
                                                                              (14) 

where  Pins , Eg and t are the installed power of biomass, the amount of biomass 

energy and time, respectively. CT and up represent the total cost of biomass plant 

unit price of biomass plant. n is the payback period and net cash is annual net 

cash inflow. 

Finally, in order to show the positive contribution of the biomass energy 

obtained in the study to the environment, it will be shown how much carbon 

dioxide gas emissions will be reduced by the generated biomass energy. This is 

found with the help of Equation 15(World Bank, 2024)            

𝑇𝑔ℎ𝑔−𝑟 = 𝐸𝑔 ∗ ƞ𝑔ℎ𝑔                                                                 (15)   

where Tghg-r the total amount of greenhouse gas reduction (GHG), Ƞghg is the 

greenhouse gas conversion coefficient.     
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Results and Disccussion                                                                                                               

The methane gas value and the electrical energy that can be produced 

depending on the number of animals in Turkey and the amount of manure 

obtained from them are given in Table 3. In the calculations, the efficiency of the 

power plant engine has been accepted as 0.35. 

Table 3. The amount of CH4, energy generation results for 2022 

Animal type CH4 (km3 ) Eg (GWh) 

Cattle  6183793.8 21643.28 

Sheep 293663.3 1027.8 

Goat 57194.0 200.179 

Laying hens chicken 253879.8 888.58 

Broiler chicken 71593.89 250.58 

Goose 1128.99 3.95 

Turkey 5360.0 18.76 

Duck 234.0 0.819 

 

According to Table 3, the amount of biomass energy that can be obtained from 

animal waste for 2022 is 24033.948 GWh. Considering that Turkey's electricity 

consumption was 335.2 TWh that year, approximately 7% of the energy need can 

be met from animal waste. 

For the biomass energy that can be obtained from animal manure in Turkey, 

considering that the facilities operate for an average of 8000 hours a year, the 

facilities should have an installed capacity of 3GW. The cost value of a 1 kW 

plant is 3600 Euro in current figures, and the Euro-TL exchange rate is taken as 

36 TL in the calculations (Eastern Mediterranean Development Agency, 2020) In 

addition, in 2024, the sales price of 1 kWh biomass energy has been taken as 3.00 

TL considering the night support. Finally, the net greenhouse gas reduction 

amount has been calculated to determine the contribution of the generated energy 

to the environment. In 2024, the greenhouse gas reduction value of 1 MWh 

biomass energy is taken as 0.689 tCO2 (World Bank, 2024)Accordingly, the 

installed power value, cost value, net-cash, payback period and net greenhouse 

gas reduction amount of the system to be installed are given in Table 4. 
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Table 4. The results of economic analysis 

Installed power 3 GW 

Total cost 388800 million TL 

Net cash in a year 72101.844 million TL 

Payback period  5.4 year 

the total amount of greenhouse gas 

reduction 

16 MtonC02 

 

Conclusion 

In this study, the potential of biomass energy that can be obtained from animal 

manure in Turkey has been investigated and its economic and environmental 

evaluation has been made. In the study conducted using the number of animals in 

Turkey in 2022, 24033.948 GWh of electricity can be produced annually. In order 

to achieve this production, facilities with an installed capacity of approximately 

3 GW need to be established and an investment of 388800 million TL is required. 

The annual profit amount of the biomass energy obtained is 72101.844 TL and 

the total investment can amortize itself in 5.4 years. In addition, thanks to the 

biomass energy obtained, a 16 MtonC02 reduction is achieved, making a great 

contribution to the sustainable environment. 
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1. INTRODUCTION 

Growing concerns regarding the depletion of fossil fuels, the acceleration of 

climate change, and the environmental damage caused by conventional energy 

sources have heightened the demand for clean, sustainable, and renewable energy 

solutions. Hybrid Renewable Energy Systems (HRES) offer a promising solution 

to address these concerns faced by developing countries. Research on HRES pri-

marily focuses on overcoming the issues related to optimal sizing of system com-

ponents in line with load demand. To achieve feasibility and minimize capital 

costs, capacity determination must be carried out using effective design methods 

before the system's installation (Moghaddam et al., 2019; Khan, Pal, & Saeed, 

2018; Rajabi-Ghahnavieh & Nowdeh, 2014). Optimum sizing is the process of 

defining the number of system components necessary to meet load requirements 

while minimizing the overall system cost, with optimization techniques playing 

a crucial role in this process (Maleki & Pourfayaz, 2015). 

In recent years, there has been a growing focus on the optimal design of hybrid 

systems utilizing sustainable energy resources, with multiple techniques being 

employed to identify the most efficient system configuration. Koholè, Y. W., 

Fohagui, F. C. V., Ngouleu, C. A. W., and Tchuen, G. (2024) have designed and 

optimized a HRES (Photovoltaic(PV)/Wind/Battery/Diesel) for a household, 

multimedia, and healthcare center in Kaele, Cameroon, using four meta-heuristic 

algorithms: Colliding Bodies Optimization, Charged System Search, Teaching-

Learning-Based Optimization, and Water Evaporation Optimization to determine 

the optimal configuration. Maleki, A., and Askarzadeh, A. (2014) have conducted 

a comparative study on the optimal sizing of a hydrogen-based stand-alone pho-

tovoltaic/wind hybrid system. The study employs four heuristic algorithms: Par-

ticle Swarm Optimization (PSO), Tabu Search (TS), Simulated Annealing (SA), 

and Harmony Search (HS) to minimize total annual cost and ensure continuous 

load demand satisfaction. Rodríguez-Gallegos, C. D., Yang, D., Gandhi, O., Bi-

eri, M., Reindl, T., and Panda, S. K. (2018) have proposed a multi-objective op-

timization approach for the sizing and placement of PV panels and batteries in 

off-grid systems powered by diesel generators. The study aims to minimize the 

levelized cost of electricity (LCOE), emissions and total grid voltage deviations 

using the Non-Dominated Sorting Genetic Algorithm III (NSGA-III). The app-

roach incorporates robust design to account for worst-case weather scenarios, of-

fering a comprehensive solution for sustainable energy system design. Al Afif, 

R., Ayed, Y., and Maaitah, O. N. (2023) have conducted a feasibility and optimal 

sizing analysis of hybrid renewable energy systems for Al-Karak, Jordan. The 
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study evaluates the performance of a hybrid PV/Wind/Battery system using HO-

MER software to minimize cost and ensure energy reliability under varying load 

conditions. Wankouo Ngouleu, C. A., Koholé, Y. W., Fohagui, F. C. V., and 

Tchuen, G. (2023) have performed a techno-economic analysis and optimal si-

zing of a standalone photovoltaic/wind hybrid system for rural electrification in 

Cameroon. The study employs meta-heuristic techniques to compare battery-ba-

sed and hydrogen-based storage systems, aiming to minimize costs and maximize 

system efficiency. Montoya, O. D., Grisales-Noreña, L. F., Gil-González, W., 

Alcalá, G., and Hernandez-Escobedo, Q. (2020) have developed a mixed-integer 

nonlinear programming (MINLP) model to optimize the location and sizing of 

PV sources in DC networks. The study aims to minimize greenhouse gas emissi-

ons from diesel generators, using an artificial neural network (ANN) for solar 

power forecasting and the GAMS package with the CONOPT solver to achieve 

optimal system configuration. Zhang, G., Shi, Y., Maleki, A., and Rosen, M. A. 

(2020) have proposed an efficient heuristic approach to determine the optimal 

location and size of a grid-independent solar/hydrogen system for rural areas. The 

study focuses on minimizing system costs and ensuring energy reliability, utili-

zing a hybrid optimization algorithm to achieve optimal system configuration. 

Konchou, F. A. T., Temene, H. D., Tchinda, R., and Njomo, D. (2021) have de-

signed and optimized a hybrid renewable energy system for a community multi-

media center in Makenene, Cameroon. The study employs a multi-objective Par-

ticle Swarm Optimization (PSO) algorithm to determine the optimal configura-

tion of a PV/Wind/Battery/Diesel system, focusing on minimizing the LPSP, Cost 

of Electricity (COE), NPC, and total greenhouse gas emissions (TGE). Marsa, 

N., Houcine, L., Zaafouri, A., and Chaari, A. (2021) have proposed an optimal 

sizing methodology for a stand-alone PV/wind hybrid system using the BAT al-

gorithm. The study aims to minimize the annualized cost of the system (ACS) 

while ensuring power balance, comparing the BAT algorithm's performance with 

Homer and PSO methods. 

In this study, three distinct hybrid energy system configurations—PV-Battery, 

Wind-Battery, and PV-Wind-Battery—have been developed and the optimal si-

zing of components for each configuration has been determined while conside-

ring the NPS and LPSP constraints To achieve this, the GA optimization appro-

ach has been implemented using MATLAB. The performance and outcomes of 

the three systems have been analyzed and compared based on the obtained results 

 

. 
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1. Modeling of Hybrid Energy System 

The model of the hybrid energy system comprises PV panels, wind turbines, 

and battery banks. The schematic representation of the system is illustrated in 

Figure 1. 

 

Figure 1. Schematic representation of the PV-Wind-Battery Hybrid System 

 

1.1.  Mathematical Models of System Components 

The mathematical modeling of the components in the hybrid system is expla-

ined below. 

1.1.1. Photovoltaic System (PVS) 

PV solar panels utilize the photovoltaic effect to convert solar energy into 

electrical power. The output power of the PV system is expressed by Equation 1 

(Wankouo Ngouleu et al. (2023)). 

𝑃𝑃𝑉𝑆(𝑡) = 𝑁𝑃𝑉𝑆 × 𝑃𝑟𝑡,𝑃𝑉 × 𝜂𝑃𝑉𝑆 × (
𝐺𝑆𝑅(𝑡)

𝐺𝑟𝑒𝑓,𝑆𝑅
) × [1 + 𝛽(𝑇𝑐𝑒𝑙𝑙(𝑡) − 𝑇𝑟𝑒𝑓,𝑡𝑒𝑚𝑝)] (1) 

In Equation 1, PPVS(t) (kW) represents the total power output generated by the 

solar panels at hour t, NPVS denotes the number of solar panels, Prt,PV (kW) refers 

to the rated power of a single solar panel under standard reference conditions, 
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ηPVS indicates the efficiency of the PV panel, GSR(t) (W/m²) represents the solar 

radiation at hour t, Gref,SR is the reference solar radiation (typically Gref,SR=1000 

W/m²), Tref,temp corresponds to the reference temperature (Tref,temp=25℃), β is the 

temperature coefficient of the PV module at maximum power (for polycrystalline 

and monocrystalline silicon panels, β=−3.7×10-3℃), Tcell(t) (°C) denotes the 

temperature of the PV cell at hour t, as described in Equation 2. 

𝑇𝑐𝑒𝑙𝑙(𝑡) = 𝑇𝑎𝑡(𝑡) + (
𝑁𝑂𝐶𝑇−20

1000
) × 𝐺𝑆𝑅(𝑡)                                  (2) 

where Tat(t) represents the ambient tempeature at hour t (℃), NOCT is assumed 

to be 45 ℃ under standard operating conditions. 

1.1.2. Wind Turbine System (WTS) 

The output power of the WTS is determined based on the wind speed relative 

to the turbine's operational limits. If the wind speed is below the cut-in speed or 

above the cut-out speed, the turbine produces no power. For wind speeds between 

the cut-in speed and the rated speed, the power output increases proportionally to 

the cube of the wind speed. Once the wind speed reaches the rated speed and up 

to the cut-out speed, the turbine operates at its maximum rated power. This 

approach ensures safe and efficient turbine operation under varying wind 

conditions. The output power produced by the WTS is described by Equation 3 

(Hermann, D. T., Donatien, N., Armel, T. K. F., & René, T., 2022). 

𝑃𝑊𝑇𝑆(𝑡) = 𝑁𝑊𝑇𝑆 × {

0     𝑖𝑓 𝑉(𝑡) < 𝑉𝑖𝑛  𝑜𝑟 𝑉(𝑡) ≥ 𝑉𝑜𝑢𝑡

𝑉(𝑡)3 × (
𝑃𝑟𝑡,𝑊𝑇𝑆

𝑉𝑟𝑡
3 −𝑉𝑖𝑛

3 ) − 𝑃𝑟𝑡,𝑊𝑆 × (
𝑉𝑖𝑛

3

𝑉𝑟𝑡
3 −𝑉𝑖𝑛

3 )     𝑖𝑓  𝑉𝑖𝑛 ≤ 𝑉(𝑡) < 𝑉𝑟𝑡

𝑃𝑟𝑡,𝑊𝑆              𝑖𝑓   𝑉𝑟𝑡 ≤ 𝑉(𝑡) < 𝑉𝑜𝑢𝑡   

   

(3) 

where, PWTS(t) (kW) represents the output power generated by the WTS at hour 

t, NWTS denotes the number of wind turbines, V(t) (m/s) is the wind speed at hour 

t, the parameters Vin, Vrt, Vout (all in m/s) correspond to the cut-in speed, rated 

speed, and cut-out speed of the wind turbine, respectively, finally, Prt,WS (kW) 

represents the rated power capacity of the wind turbine generator. 

1.1.3. Battery System (BS) 

The battery system functions as an energy reservoir, storing excess energy 

from PVS and WTS and releasing it to meet load demands when renewable ge-

neration is insufficient. The formulation of the BS model is detailed below (Ma-

leki & Pourfayaz (2015); Wankouo Ngouleu et al. (2023)). 
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If the combined output of the PVS and WTS is higher than the load demand 

at hour t, the battery bank stores the surplus energy and enters a charging mode. 

The amount of energy available in the battery at this time is calculated using 

Equation 4. 

EBS(t) = EBS(t - 1)(1 - σ) + (PPVS(t) + PWTS(t) - PLD(t)/ ηinv) × ηchr × Δt                                                                               
(4) 

where EBS(t) and EBS(t-1) indicate the available energy (kWh) in the battery bank 

at hour t and the previous hour step t-1, respectively, the battery's hourly self-

discharge rate is denoted by σ, ηinv and ηchr stand for the inverter efficiency and 

battery charging efficiency, respectively, Δt represents the time interval, PLD(t)  

signifies the load energy (kW) demand at hour t. 

When the total energy supplied by the PVS and WTS does not meet the load 

demand, the battery bank discharges to cover the energy deficit. The available 

energy in the battery bank at hour t is calculated according to Equation 5. 

EBS(t) = EBS(t - 1)(1 - σ) - (PLD(t)/ ηinv -   (PPVS(t) + PWTS(t)) ) × Δt                                                                                 
(5) 

 
The model assumes that the discharging efficiency of the battery is unity and 

excludes the influence of temperature on the battery bank's performance. 

In this study, the initial state of charge for the battery system has been set to 

50%. 

The constraints outlined in Equation 6 regulate the energy level in the battery 

bank to ensure the extended operational life of the batteries. 

𝐸𝐵𝑆
𝑀𝑖𝑛 ≤ 𝐸𝐵𝑆(𝑡) ≤ 𝐸𝐵𝑆

𝑀𝑎𝑥                                                           (6) 

 

where EBS
Min refers to the minimum allowable energy in the battery bank and 

EBS
Max represents its maximum storage capacity.   

EBS
Max  corresponds to the nominal capacity of the battery bank, indicated as 

CNO and it is calculated as shown in Equation 7. 

CNO = (NBT / NBts) × CBt                                                            (7)   
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where NBT defines the total number of batteries, CBt specifies the capacity of each 

battery (kWh), NBts denotes the series connection of batteries to achieve the requ-

ired DC bus voltage and calculated as shown in Equation 8 (Abbes, Martinez, & 

Champenois, 2014). 

𝑁𝐵𝑡𝑠 =
𝑉𝐵𝑢𝑠

𝑉𝐵𝑡
                                                                                (8) 

 

where VBus denotes the nominal DC bus voltage (48 V) and VBt defines the nomi-

nal voltage of each individual battery. 

 

EBS
Min is calculated using the maximum depth of discharge (DOD), as 

described in Equation 9. 

𝐸𝐵𝑆
𝑀𝑖𝑛 = (1 − 𝐷𝑂𝐷) × 𝐶𝑁𝑂                                                        (9) 

1.2.  Objective Function Formulation of the Problem 

The objective function for the optimization problem aims to minimize the 

NPC of the system while ensuring the LPSP remains within acceptable limits. 

The NPC comprises the total capital cost (Ccap), replacement cost (Crpl) and 

maintenance cost (Cmtc). To determine the optimal system configurations, the 

objective function in Equation 10 is solved using an optimization algorithm 

(Wankouo Ngouleu et al. (2023)). 

Minimization of NPC= CCap+CRpl+CMtc                                                   (10) 

CCap is calculated as shown in Equation 11. 

𝐶𝐶𝑎𝑝 = 𝑁𝑃𝑉𝑆 × 𝐶𝐶𝑎𝑝
𝑃𝑉 + 𝑁𝑊𝑇𝑆 × 𝐶𝐶𝑎𝑝

𝑊𝑇 + 𝑁𝐵𝑇 × 𝐶𝐶𝑎𝑝
𝐵𝑇 + 𝐶𝐶𝑎𝑝

𝐼𝑁𝑉                        

                                                                                                 (11) 

In Equation 11, CCap
PV, CCap

WT, CCap
BT and CCap

INV represent the unit costs of 

PV panels, wind turbines, batteries and inverters, while NPVS, NWTS, NBT denote 

their respective numbers. 

In the study, both the inverter and battery storage have an assumed lifespan of 

10 years. To account for the replacement of these components, the single payment 

worth factor is used to determine the associated cost, as presented in Equation 12. 

CRpl = [NBT × 𝐶𝐶𝑎𝑝
𝐵𝑇  + 𝐶𝐶𝑎𝑝

𝐼𝑁𝑉 ] × (1/(1+i)10)                               (12) 

where i denote the inflation rate (The value of i is set to 0.05 in this study.) 
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The overall maintenance cost for the hybrid system during the system's life-

time is formulated in Equation (13). 

𝐶𝑀𝑡𝑐 = 𝑁𝑃𝑉𝑆 × ∑ 𝐶𝑀𝑡𝑐
𝑃𝑉 + 𝑁𝑊𝑇 ×𝑥

𝑡=1 ∑ 𝐶𝑀𝑡𝑐
𝑊𝑇 + 𝑁𝐵𝑇 × (

𝑥

𝐿𝐹𝐵𝑇
) × ∑ 𝐶𝑀𝑡𝑐

𝐵𝑇𝑥
𝑡=1

𝑥
𝑡=1                                                                  

(13) 

where x denotes the project lifetime (The value of x is set to 20 in this study), 

LFBT refers to lifetime of the battery, CMtc
PV, CMtc

WT, CMtc
BT indicate the unit an-

nual maintenance costs associated with PV panels, wind turbine generators, and 

batteries, respectively. In this study, the maintenance cost of the inverter is neg-

lected, and the lifetimes of PVS and WTS are assumed to be equal to the project 

lifetime (x=20). 

The COE represents an important economic factor in hybrid systems and is 

obtained from the NPC through the Equation 14. 

𝐶𝑂𝐸 =
𝑁𝑃𝐶×𝐶𝑅𝐹

∑ 𝑃𝐿𝐷(𝑡)×∆𝑡8760
𝑡=1

                                                              (14)    

where ∑ 𝑃𝐿𝐷(𝑡) × ∆𝑡8760
𝑡=1  defines the total load demand over a year, while 

CRF indicates the capital recovery factor, which is obtained from Equation 15. 

𝐶𝑅𝐹 =
𝑖(1+𝑖)𝑥

(1+𝑖)𝑥−1
                                                                       (15) 

1.3.  Constraints of the Optimization Problem 

In order to achieve an optimal configuration, the hybrid system is subject to 

constraints linked to the objective function. These constraints place upper and 

lower bounds on the number of PV panels, wind turbines and batteries as shown 

in Equation 16 (Wankouo Ngouleu et al. (2023)). 

{

0 ≤ 𝑁𝑃𝑉𝑆 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 ≤ 𝑁𝑃𝑉𝑆
𝑀𝑎𝑥

0 ≤ 𝑁𝑊𝑇𝑆 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 ≤ 𝑁𝑊𝑇𝑆
𝑀𝑎𝑥

0 ≤ 𝑁𝐵𝑇 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 ≤ 𝑁𝐵𝑇
𝑀𝑎𝑥

                                             (16) 

where the maximum allowable number of PV panels, wind turbines, and bat-

teries are represented by NPVS
Max, NWTS

Max and NBT
Max, respectively, which are 

predetermined system constraints. 

In hybrid power generation systems, the LPSP is a critical reliability measure. 

It is defined as the ratio between the loss of power supply (LPS) and the total load 

demand. LPSP ranges from 0 to 1, where 0 signifies complete satisfaction of the 

load, and 1 indicates that no load demand is met. The LPSP is typically calculated 

using Equation 17. 
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𝐿𝑃𝑆𝑃 =
∑ 𝐿𝑃𝑆(𝑡)𝑇

𝑡=1

∑ 𝑃𝐿𝐷(𝑡)𝑇
𝑡=1

                                                                   (17) 

where ∑ 𝑃𝐿𝐷(𝑡)𝑇
𝑡=1  signifies the total power consumed by the load throug-

hout the year, while ∑ 𝐿𝑃𝑆(𝑡)𝑇
𝑡=1  denotes the total energy shortfall over the 

same period. The definition of LPS is provided in Equation 18. 

𝐿𝑃𝑆(𝑡) =
𝑃𝐿𝐷(𝑡)

 η𝐼𝑛𝑣
− (𝑃𝑃𝑉𝑆(𝑡) + 𝑃𝑊𝑇𝑆(𝑡) + (𝐸𝐵𝑆(𝑡 − 1) − 𝐸𝐵𝑆

𝑀𝑖𝑛))                                                                                     

(18) 

Ensuring the reliability of the hybrid system requires the consideration of the 

LPSP as an inequality constraint, which is defined as shown in Equation 19. 

𝐿𝑃𝑆𝑃 ≤ 𝐿𝑃𝑆𝑃𝑀𝐴𝑉                                                                (19) 

where LPSPMAV specifies the maximum allowed value of the LPSP (The va-

lue of LPSPMAV is set to 0.05 in this study.). 

2. GENETIC ALGORITHM (GA) OPTIMIZATION 

The GA is utilized to optimize the sizing of the PV/Wind/Battery hybrid 

energy system with the dual objective of minimizing the Net Present Cost (NPC) 

and maintaining system reliability at an LPSP level of 5%. The optimal sizing 

problem and the energy balance of the hybrid system components are considered 

in the development of the objective function and constraints, which are imple-

mented in a MATLAB m-file. The technical and economic attributes of the hyb-

rid system components are included in these formulations. In this study, The GA 

optimization process utilizes the following parameters: a population size of 50, 

selection, crossover rate (0.80), mutation rate (0.20) and a stopping criterion de-

fined by a maximum of 100 generations. For each generation, the LPSP is evalu-

ated for every population and populations that fail to satisfy the LPSP constraint 

are removed from the subsequent generation. This process continues until the 

maximum number of generations is reached (Das, Hasan, & Rashid, 2021). Furt-

her details about the GA can be found in the literature (Ismail, Moghavvemi, & 

Mahlia, 2014). 

3. SIMULATION STUDIES AND RESULTS 

The proposed methodology, validated through case studies incorporating GA 

optimization, explored various hybrid system configurations, including PV-Bat-

tery, Wind-Battery, and PV/Wind/Battery systems. 
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The GA optimization approach has been developed and executed in MAT-

LAB 2022a. A total of 20 independent runs are carried out and the associated 

results are reported. 

3.1. Input data  

The input data required for modeling the optimization problem has been gat-

hered from various studies in the literature, as no single study containing all the 

necessary information has been available. The data of parameters and values of 

the hybrid system components is given in Table 1 (Wankouo Ngouleu et al. 

(2023); Maleki & Askarzadeh (2014)). 

Table 1. The parameters and values of the components 

Components Parameters Values 

Wind 

Prt,WT 1 kW 

Vin 2.5 m/s 

Vrt 11 m/s 

Vout 13 m/s 

CCap
WT 3200$ 

CMtc
WT (0.03*3200) 

($/yıl) 

PV 

Prt,PV 0.305 kW 

ηPVS 90% 

CCap
PV 270$ 

CMtc
PV (0.01*270) ($/yıl) 

Battery 

ηchr 85% 

σ 0.0002 

DOD 80% 

CNO 1.35 kWh 

VBt 12 V 

CCap
BT

 130$ 

CMtc
BT (0.01*130) ($/yıl) 

Inverter 
ηinv 95% 

CCap
INV 1500$ 

 

The hourly load demand, which represents the energy consumption pattern 

over a 24-hour period, is presented in the Figure 2 (Wankouo Ngouleu et al. 

(2023)). 
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Figure 2. The hourly load demand 

The hourly wind speed, which illustrates the variation in wind velocity 

throughout the day, is shown in Figure 3. (Wankouo Ngouleu et al. (2023)). 

 

Figure 3. The hourly wind speed 
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The hourly solar radiation and ambient temperature, which highlight the 

variations in solar energy and atmospheric temperature throughout the day, are 

shown in Figure 4 (Wankouo Ngouleu et al. (2023); SoltaniNejad Farsangi, 

Hadayeghparast, Mehdinejad, & Shayanfar, 2018)). 

 

Figure 4. The hourly solar radiation and ambient temperature 

3.2.  Simulation Results 

The GA has been executed iteratively and the best-performing solution 

among the 20 trials has been chosen as the optimal solution. 

As a result of the study, for the PV-Battery hybrid system, NPC is found to be 

18650 $ and COE is found to be 0.1216 $/kWh with NPVS=21, NBT=36, for Wind-

Battery hybrid system, NPC is found to be 98332.9 $ and COE is found to be 

0.6412 $/kWh with NWTS=15, NBT=73, for PV-Wind-Battery hybrid system, NPC 

is found to be 22660.6 $ and COE is found to be 0.1478 with NPVS=20, NWTS=1, 

NBT=33. The optimal solutions for the three type of hybrid energy system confi-

guration are presented in the Table 2.  
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Table 2. Optimal solutions for PV-Battery, Wind-Battery, PV-Wind-Battery Hybrid 

Systems 

 NPVS NWTS NBT NPC ($) COE($/kWh) 

PV-Battery 21 - 36 18650 0.1216 

Wind-Battery - 15 73 98332.9 0.6412 

PV-Wind-Battery 20 1 33 22660.6 0.1478 

The analysis of the results reveals that the costs of the PV-Battery and PV-

Wind-Battery hybrid systems are relatively similar, indicating that both 

configurations offer economic advantages. In the Wind-Battery system, a higher 

number of wind turbines are required to meet the load demand solely through 

wind power. This requirement is further exacerbated by the low wind speed, 

which resulted in reduced wind power output. Consequently, additional wind 

turbines are necessary to fulfill the energy demand. Given that wind turbines have 

a higher capital cost compared to other system components, the NPC of the Wind-

Battery system is significantly higher. Therefore, the implementation of a Wind-

Battery system in areas with low wind speeds would not be economically 

feasible. 

Figure 5 illustrates the overall capital, replacement and maintenance costs 

associated with each hybrid energy system configuration. 

 

Figure 5. The overall capital, replacement and maintenance costs for each hybrid system 

Figure 5 compares the costs of PV-Battery, Wind-Battery and PV-Wind-

Battery hybrid systems. The Wind-Battery system has the highest overall costs 

due to expensive wind turbines and high maintenance. The PV/Battery system is 

the most cost-effective, with low capital, replacement and maintenance costs. The 

PV/Wind/Battery system balances cost and performance, offering a viable option 

in areas with both solar and wind resources. 
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The output power generated by the PVS and WTS for the PV-Wind-Battery 

hybrid energy system is illustrated in Figure 6, providing a comparative view of 

their hourly contributions to the hybrid energy system. 

 

Figure 6. The output power of PVS and WTS for PV-Wind-Battery System 

The Figure 6 illustrates the hourly output of the PVS and the WTS across a 

24-hour period. The PVS demonstrates a distinct pattern, producing energy 

primarily during daylight hours, with its output peaking at midday when solar 

radiation is at its highest. Conversely, the WTS shows a more irregular power 

output, with significant production during early morning and evening hours, 

reflecting fluctuations in wind speed. This complementary relationship highlights 

the advantages of combining solar and wind energy systems to ensure a more 

stable and consistent power supply. 

The hourly state of charge (SoC) of the battery throughout a 24-hour period is 

shown in Figure 7. 



379 

 

The Figure 7 illustrates the 24-hour battery SoC (kWh). The battery begins to 

discharge during the early morning hours as energy demand exceeds production, 

reaching its lowest level  around 6-7 AM. As solar energy production increases, 

the battery starts charging from 8 AM, peaking at its maximum level in the 

afternoon. From the evening onward, as energy production declines, the battery 

discharges again. This indicates that the battery is effectively utilized to balance 

energy production and demand throughout the day. 

4. CONCLUSION 

This study demonstrates the feasibility and efficiency of utilizing hybrid 

renewable energy systems consisting of PV, wind turbines, and battery storage to 

meet load demands sustainably. The results indicate that both PV-battery and PV-

wind-battery systems present significant advantages, particularly in scenarios 

with low wind speeds where wind turbine systems alone are insufficient. The PV-

battery configuration proves to be cost-effective due to its relatively lower capital 

costs compared to systems involving wind turbines. 

Furthermore, the NPC associated with wind-battery systems underscores the 

impact of high capital and maintenance costs of wind turbines, especially in 

regions with limited wind resources. This highlights the importance of carefully 

analyzing site-specific conditions, including wind and solar availability, before 

implementing hybrid energy systems. 
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The hourly performance analysis of the components, including PV output, 

wind output, and battery state of charge, provides valuable insights into the 

dynamic interactions between the system components and their ability to balance 

supply and demand efficiently. The findings also emphasize the need for strategic 

sizing of each component to optimize the overall system performance and 

minimize costs. 

In conclusion, this study supports the implementation of hybrid renewable 

energy systems as a sustainable solution for energy generation while highlighting 

the necessity for detailed analysis and optimization tailored to specific 

environmental and economic conditions. Further research is encouraged to 

explore advanced optimization techniques and the integration of additional 

renewable sources to enhance system reliability and efficiency. 
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INTRODUCTION 

High voltage insulators, which are critical components of electrical power 

networks, are subjected to tremendous electrical stress due to their operating 

circumstances and also affect various electrical systems (Cengiz 2022a, 2024; 

Nacar, Öncü, and Kayfeci 2022). These elements, which run at high voltage 

levels under nominal settings, are subjected to greater stress in the event of faults 

caused by the nature of power systems or changes in the working environment 

(Cengiz 2022b). 

There is a margin of error in the calculations because of both unanticipated 

external factors and transient situations that arise during operation, even though 

the continuous operating conditions of the related equipment in the areas where 

high voltage insulators will be used can be determined in general terms. Dust and 

humidity are the two most significant external elements that contaminate the 

insulator outside surface. This contamination eventually creates a permanent 

layer on the insulator surface and leads to the flow of currents known as leakage 

currents, which seriously impair safety and operation. One of the most critical 

factors influencing the working life of high voltage insulators is the surface 

leakage currents that occur during their operation. Surface leakage currents 

increase the size of the so-called dry band, resulting in dry band current hopping 

and deterioration of insulator performance. 

Manufacturers of insulators are attempting to take preventative measures to 

address these and related issues by adding techniques like silicone coating to 

already-existing insulators and diversifying the materials used in insulator 

production (Pernebayeva et al. 2019). To get around the process complexity 

brought on by the high voltage insulators' many characteristics, researchers have 

created a variety of models. The intricacy of the jump mechanism, which 

fluctuates depending on operating conditions, makes mathematical techniques 

used to predict the discharge voltage challenging in this situation. Two theoretical 

model categories—dynamic and static models—have been used to analyze the 

discharge event (Arshad et al. 2019). Sundararajan - Gorur Model, Megriche-

Beroual Model and Equivalent Cylindrical Insulator Model are classified as 

dynamic models while Wilkins Model, Rumeli Model, Circular Strip Model and 

Obenaus Model are classified as static models (El Amine Slama, Beroual, and 

Haddad 2020; Venkataraman and Gorur 2006). Compared to static models, 

dynamic models have certain advantages. For instance, dynamic models evaluate 

by taking into account immediate changes in parameters, whereas static models 

are predicated on steady-state operation(Bhuvir, Bhuvir, and Shah 2020; Salem 

et al. 2022; Slama et al. 2022).  
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Researchers have begun using intelligent system approaches to this problem 

in addition to mathematical methods in recent years because surface leakage 

currents with nonlinear structure have many parameters that are affected 

simultaneously. This is done in order to take advantage of artificial intelligence 

(AI) technologies, which have many benefits when it comes to solving nonlinear 

problems (Florkowski 2020; Nacar 2024; Nacar and Öncü 2019; Wang et al. 

2019). 

METHODOLOGY 

Finding the discharge currents in high voltage insulators is essential for 

evaluating the functionality and condition of electrical systems. AI techniques 

can be used to track and forecast the discharge currents in high voltage insulators. 

Although there are several studies on surface leakage currents in the literature, 

recent advances in artificial intelligence and deep learning methodologies have 

helped researchers working in this field get more effective outcomes using the 

aforementioned models. Machine learning algorithms are one of the AI 

techniques that can be applied here such as done other research areas (Nacar and 

Öncü 2022). To forecast discharge currents based on a variety of input 

characteristics, including voltage, temperature, humidity, and pollution levels, 

regression models from machine learning techniques can be trained on historical 

data (Shaik and Karuppaiyan 2019; Stefenon et al. 2020; Wang et al. 2023; Yang 

et al. 2012). Algorithms include support vector machines, decision trees, and 

linear regression (Cengiz 2019). 

In the context of time series analysis, discharge currents are predicted using 

previous measurements and models using machine learning algorithms and time 

series forecasting techniques as LSTM (Long Short-Term Memory) neural 

networks and ARIMA (AutoRegressive Integrated Moving Average) (Fatima and 

Rahimi 2024; Ozer, Efe, and Ozbay 2021). Analyzing data with artificial neural 

networks (ANN) is an additional technique (Gençoǧlu and Cebeci 2008; Patel, 

Parekh, and Kumar 2019; Schober and Schichler n.d.). In regression tasks, feed-

forward ANNs can be utilized to forecast discharge currents. They are able to 

understand intricate connections between discharge current and input parameters. 

Recurrent neural networks (RNNs) can be used to anticipate discharge currents 

based on historical records since they are appropriate for processing time series 

data. Images can be utilized to monitor insulators and identify discharge events 

using Convolutional Neural Networks (CNN) (Han et al. 2019; Vigneshwaran et 

al. 2021). Areas with discharges can be identified by processing images of the 

insulators. 
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Comparable to this approach is data fusion, which offers a thorough 

understanding of insulating conditions by merging data from several sources, 

including heat sensors, ambient sensors, and visual cameras. This multimodal 

data can be integrated and analyzed using AI techniques like fusion networks and 

ensemble approaches. Unusual or unexpected discharge current patterns that 

point to possible issues with isolators can be found using AI-based anomaly 

detection methods like isolation forests or single-class support vector machines 

(SVM). It is possible to optimize isolator maintenance schedules by using 

Reinforced Learning (RL). RL algorithms can assist in deciding when to do 

maintenance or inspections by simulating the trade-off between maintenance 

expenses and the risk of discharge incidents (Barrios et al. 2019). 

Data from devices and sensors connected to insulators can be analyzed using 

the Internet of Things (IoT) and sensor integration. Real-time temperature, 

humidity, and voltage data from these sensors can be utilized to forecast 

discharge events. In order to estimate discharge currents and make well-informed 

judgments regarding insulator maintenance, AI-driven expert systems integrate 

domain knowledge with expert rules and historical data (Fan, Xiao, and Zhao 

2017; Haq and Ni 2019). If visual inspections are important, deep learning 

models, like CNNs, can be taught to examine insulator photos or videos for 

indications of discharge events, like flashovers or corona discharges. Real-time 

monitoring and discharge current prediction can be made possible by directly 

deploying AI models to end devices or power grid infrastructure, eliminating the 

need for centralized computing resources (Arshad et al. 2020; Valeriy and Iosif 

2022). 

Access to high-quality data for training and validation, as well as a strong 

infrastructure for data collection, preprocessing, and model deployment, are 

essential for the successful application of AI techniques for detecting discharge 

currents in high-voltage insulators (Abdullah et al. 2020). Additionally, for AI to 

be successfully included into the upkeep and monitoring of high voltage 

insulators, cooperation between electrical engineers, data scientists, and domain 

experts is essential. 

Surface leakage current is influenced by several factors, including surface 

conductivity ( s ), applied voltage (V), and the geometry of the insulator. Surface 

conductivity, measured in siemens per meter (S/m), represents the conductance 

per unit area on the insulator's surface. The applied voltage drives the leakage 

current along the surface, while the geometry of the insulator, such as the length 

of the leakage path (L) and the shape of the insulator (e.g., with sheds in high-
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voltage applications), also plays a significant role. The basic relation for surface 

leakage current (Is) is given by  

 

. .s s sI E A    (1) 

 

where s
VE L is the electric field strength along the leakage path (V/m), and A 

is the cross-sectional area for current flow (m²). For practical insulators, the de-

sign parameters such as leakage path length and surface area are critical in deter-

mining the leakage current. 

For theoretical analysis, a range of s values can be assumed or measured to rep-

resent different surface conditions, such as clean, partially polluted, and heavily 

polluted insulator surfaces. Clean surfaces typically have lower s  values due to 

minimal contamination, while partially polluted surfaces have intermediate val-

ues influenced by factors like humidity or light dirt deposits. Heavily polluted 

surfaces, on the other hand, exhibit high s  values as a result of dense contami-

nation or wet conditions that enhance conductivity. Using the relationship 

 

. .s s
VI A
L

    (2) 

 
where V is the applied voltage, L is the leakage path length, and A is the effective 

cross-sectional area for current flow, the surface leakage current Is can be calcu-

lated. By substituting varying s  values into the formula, the corresponding Is 

can be determined for each surface condition (Öztürk and Cebeci 2015). This 

approach allows for the evaluation of the impact of surface conductivity on leak-

age current, providing insights into how different contamination levels affect the 

performance of the insulator under specific voltage and geometric configurations. 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

According to the equations given previous sections, a dataset of surface 

leakage currents was generated as a function of the applied voltage and pollution 

rate under Python environment by using necessary extensions.  Since the fouling 

rate increases the surface conductivity of the insulator, it can be said that this 

dataset also expresses changes due to surface conductivity. The applied voltage 

was started at 5 kV and increased with a resolution of 1 kV step up to 400 kV, 
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and the dataset was created considering 10%, 15%, 25%, 40%, 60%, 75% and 

90% pollution rates. 

Using a dataset contained in an Excel file, this Python application applies a 

machine learning process to forecast leakage current. Assuming that the first 

seven columns represent the features (independent variables) and the eighth 

column represents the target variable (leakage current), it starts by loading the 

dataset using the pandas package. The “train_test_split” function is then used to 

divide the data into training and testing subsets, allocating 70% of the data for 

training and 30% for testing. While testing the model's generalization ability on 

unseen cases, this guarantees that the model is trained on the majority of the data. 

To determine the correlation between the characteristics and the leakage 

current, the training data is fed into a RandomForestRegressor as the block 

diagram is shown in Figure 1, a powerful machine learning model. In order to 

increase accuracy and decrease overfitting, the Random Forest algorithm builds 

several decision trees during training and averages their predictions. Using 

metrics like Mean Squared Error (MSE), Root Mean Squared Error (RMSE), and 

Mean Absolute Error (MAE), the model's performance is assessed after it has 

been trained and applied to the testing set to generate predictions. These 

predictions are then contrasted with the actual values. With RMSE being 

especially helpful because it measures error in the same unit as the target variable, 

these metrics offer insightful information about the quality of the model. 
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Figure 1. RandomForestRegressor block diagram 
 

In order to allow engineers and researchers to analyze individual predictions 

and their deviations, the script additionally records the predictions, actual values, 

and absolute errors into an Excel file for in-depth examination. In order to give a 

clear and understandable comparison, the script also uses matplotlib to build a 

visualization that plots actual versus expected leakage current values on a line 

graph.  

The model's performance is summarized in a text box inside the plot that 

highlights the important metrics. In engineering contexts, this workflow is 

especially useful for assessing and forecasting insulator performance, detecting 

possible insulation failure risks, streamlining maintenance plans, and enhancing 

electrical system dependability. The script makes sure that both technical and 

non-technical stakeholders can understand the results by providing both numeric 

insights and visual analysis. 

Developed algorithm is performed by using the dataset and prediction 

performances for 25%, 60% and 90% pollution rates are given in Figure 2, Figure 

3 and Figure 4 respectively.  

 

 
Figure 2. 25% pollution rate 
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Figure 3. 60% pollution rate 

 

Figure 3. 90% pollution rate 

CONCLUSION 

The developed machine learning algorithm provides an effective approach to 

predict surface leakage currents in high-voltage insulators under varying 

conditions of pollution and applied voltage. By leveraging Random Forest 

regression, the model achieves high accuracy in forecasting leakage currents, 

accounting for factors such as surface conductivity, pollution rate, and applied 

voltage. The ability to simulate and analyze leakage currents under different 

pollution levels (e.g., 25%, 60%, and 90%) highlights the adaptability and 

practical application of the model in real-world scenarios.  

This approach offers significant benefits for the electrical industry, including 

enhanced monitoring of insulator performance, identification of potential risks 

such as insulation failure, and optimization of maintenance schedules. By 
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recording predictions and metrics, and visualizing results in an intuitive manner, 

the algorithm ensures accessibility for both engineers and researchers. 

Additionally, the inclusion of key performance metrics like RMSE enables 

informed evaluation of the model's effectiveness. Overall, the integration of 

machine learning into the study of surface leakage currents represents a major 

step forward in understanding and mitigating the challenges posed by 

contamination and environmental factors, ultimately improving the reliability and 

safety of high-voltage electrical systems. 
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1. INTRODUCTION 

The electrospinning method is an effective method that allows the production 

of fibers with diameters ranging from a few nanometers to a few micrometers 

from polymer solutions under a high electric field (Nadaf et al., 2022). In the 

electrospinning method, a nanofibrous film is formed by the accumulation of 

nanofibers during the process. Nanofibers obtained by this method have been 

used in many different application areas with their low diameter, high surface 

area, porous structure, superior mechanical properties, and low density (Fadil et 

al., 2021). Biomedical applications, tissue engineering (Ince Yardimci, Aypek, et 

al., 2019; Ince Yardimci, Baskan, et al., 2019; Ince Yardimci et al., 2024), sensor 

technologies (Ince Yardimci et al., 2022; Yagmurcukardes et al., 2023), filter 

materials (Fahimirad, Fahimirad, & Sillanpää, 2021; T. Lu et al., 2021), and 

energy storage (Li et al., 2019; Yan, Liu, Yan, Guan, & Wang, 2021) are some 

of these applications (Zaarour, Zhu, & Jin, 2020).  

Determining the performance of nanomaterials is crucial to determine which 

applications the material is suitable for and to optimize its design and 

performance (Saleh & Hassan, 2023). The composition of the material directly 

affects its performance. When determining the usage areas of nanofibers, it is 

necessary to examine their morphology, crystal structure, surface area, porosity, 

and chemical components. These properties of nanofibers affect application 

performance directly.  

In this study, nanofiber synthesis by electrospinning method and 

characterization methods used in nanofiber synthesis in general were examined, 

but XRF and XRD methods used to examine the elemental analysis and crystal 

structure of nanofibers were also evaluated in detail. X-ray fluorescence (XRF) 

is a non-destructive analytical method used to examine the elemental composition 

of the material (Salem, Hammad, Mohamed, & El-Dougdoug, 2022). X-ray 

diffraction (XRD) is used to determine the crystal structure, crystalline phases, 

and density of the material (Kumar et al., 2021). 

2. Synthesis and Characterization of Electrospun Nanofibers 

2.1 Electrospinning Process of Nanofibers 

The electrospinning method was used to synthesize nanofibers.  The 

electrospinning device consists of 3 main components; a high voltage power 

supply up to 40 kV, a syringe pump, and a metal collector. For the electrospinning 

process, the polymer solution is filled into a syringe and the solution is sprayed 
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into the metal collector at a certain speed with the syringe pump.  A piece of Al 

foil is covered on the collector and nanofibers are collected on this foil. 

2.2 Characterization Techniques of Nanofibers 

Imaging the morphology of nanofibers is very important. For this, Scanning 

Electron Microscope (SEM) (Lopez Marquez, Gareis, Dias, Gerhard, & Lezcano, 

2022) and Tunneling Electron Microscope (TEM) are used. The morphology and 

diameter of electrospun nanofibers can be analyzed by SEM. SEM is used for the 

analysis of nanofibers in secondary electron (SE) mode, at 5-7 kV and a spot size 

of 3 (Yardimci, Tanoğlu, Yilmaz, & Selamet, 2020). Depending on the polymer 

used, gold plating may be necessary before analysis. TEM allows to see the 

distribution of different materials added into electrospun nanofibers and to 

examine the crystal structure of the fiber (Zhao et al., 2023). 

Structural properties of nanofibers are examined by Fourier Transform 

Infrared Spectroscopy (FT-IR) . No sample preparation is required for FT-IR 

analysis of electrospun nanofibers. FTIR-ATR mode is suitable for analysis. 

Nanofibers are placed directly on the diamond crystal platform of the 

spectrophotometer and the IR beam is focused on a small area of the nanofibrous 

mat to record FT-IR spectra. The resolution of FT-IR is 4 cm-1, the number of 

scans collected is 32, suitable for analysis. To examine changes in molecular 

orientation, random and oriented nanofibers are analyzed by polarized FT-IR. In 

parallel polarization, the direction of the oscillating electric field of the IR beam 

is parallel to the alignment direction of the nanofibers, and in perpendicular 

polarization, it is perpendicular to the alignment direction of the nanofibers. 

Since nanofibers generally have high surface areas, their thermal resistance 

may vary. Thermogravimetric analysis (TGA) is used to study the thermal 

stability of nanofibers (X. Liu, Wang, Cai, Hu, & Zhu, 2022). By recording the 

changes in the weight of nanofibers as the temperature increases, it allows 

determining in which temperature ranges the material decomposes. TGA shows 

the degradation temperatures of polymer nanofibers as well as the loss of volatile 

components. Additionally, this method can be used to understand how stable 

polymers remain at high temperatures and at what temperature structural 

deterioration occurs. In order to determine thermal properties of electrospun 

nanofibers TGA is generally carried out from 25 to 600 oC with the ramp rate of 

10 oC/min in air atmosphere.  

DSC is another extremely useful technique to study the thermal properties, 

phase changes, crystallization processes and thermal durability of nanofibers. 

DSC provides important information in evaluating the performance, safety and 
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efficiency of polymer nanofibers. Polymer nanofibers show thermal transitions 

in certain temperature ranges. These transitions can directly affect the physical 

and chemical properties of the material. DSC is used to determine the glass 

transition temperature (Tg), melting point (Tm) and crystallization temperatures 

of nanofibers. Nanofibers were heated from 25 to 400 oC with the ramp rate of 10 
oC under N2 atmosphere for DSC analysis (X. Liu et al., 2022). 

Polymeric nanofibers may have characteristic Raman bands. These bands 

detect the polymer's chemical structure and chain structure. Carbon-based 

nanofibers show characteristic features such as the D band representing and the 

G band representing graphite bands in Raman spectroscopy (Pan, Bai, Pan, Liu, 

& Ramakrishna, 2023). The ratio of these bands to each other shows the graphitic 

structure and regularity of carbon structures. Raman spectroscopy was used with 

514 nm Ar laser excitation to characterize the graphitic nature of nanofibers. 

Surface hydrophobicity and hydrophilicity of nanofibers can be examined 

with the Water Contact Angle Test (Korkut & Aydin, 2024). The interaction of 

the surfaces of nanofibers with water determines their hydrophobic or hydrophilic 

properties. Water contact angle measures the angle at which a water droplet 

spreads on the surface of the film composed of nanofibers. This diffusion angle 

is observed as a high water contact angle on hydrophobic surfaces, usually 90° 

and above. On hydrophilic surfaces, a low water contact angle, below 90°, is 

observed. Hydrophilic surfaces tend to attract water, so water droplets spread on 

the surface. When nanofibers exhibit hydrophilic properties, the surface absorbs 

or interacts more with water.  

Determining the flexibility and tensile properties of nanofibers is also very 

important in determining the application area of nanofibers. Tensile testing is 

performed to determine the flexibility of nanofibers. Tensile testing gives the 

stress-strain curves of nanofibers, showing how elastic they are and under what 

conditions they start to break. It is used to calculate Young's Modulus. Young's 

Modulus determines the sensitivity of the material to its deformation in response 

to applied stress. For nanofibers, this value varies depending on the production 

conditions and polymer type, especially for polymer nanofibers. Tensile tests of 

nanofibers were performed by using a texture analyser with a 5 kg load cell and 

0,1 mm/s test speed (Ince Yardimci, 2022).  

3. XRD and XRF Analysis of Electrospun Nanofibers 

X-Ray Diffraction (XRD) is a widely used characterization method to analyze 

the crystal structure of materials (Q. Liu, Ouyang, Zhou, Jin, & Wu, 2021). It 

plays an extremely important role in determining the crystal structure, phases and 
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crystal sizes of nanofibers. Electrospun nanofibers can generally be found in an 

amorphous structure or a crystal structure. The crystal structure of nanofibers 

varies depending on the content of the electrospinning solution and the 

electrospinning parameters. XRD reveals the atomic arrangement of the material 

based on diffraction patterns while determining the crystalline properties of 

nanofibers. Therefore, XRD can determine whether the nanofiber is amorphous, 

microcrystalline or completely crystalline. Schematic representation of XRD is 

given in Fig.1. 

 

 
Figure 1 Schematic representation of XRD. 

 

It is also possible to determine the presence of different phases in a material 

with XRD. Nanofibers can often consist of different crystalline phases. For 

example, the presence of different oxide phases such as Al₂O₃, TiO₂ and ZnO in 

electrospun nanofibers containing metal or metal oxide can be determined by 

XRD. Like the crystal structure of nanofibers, crystal sizes also affect the 

mechanical, optical and electrical properties of the material. The average crystal 

sizes of nanofibers can be calculated using XRD and the Scherrer equation. Used 

to analyze small crystals in nanofibers, this equation serves to calculate crystal 

size using the width of XRD peaks. The crystal size of nanofibers is generally 

nanometer-sized. Crystal orientation within nanofibers can also be determined in 

XRD analysis. Crystal orientations also affect the macroscopic properties of 

nanofibers such as electrical conductivity, mechanical strength and thermal 

conductivity. With XRD, the properties of nanofibers, especially those with 

unidirectional or crystals arranged in a certain direction, can be easily analyzed. 

Electrospun polymeric nanofibers may show amorphous structures. This can 

be observed by the width and intensity of the peaks in XRD. Amorphous 

Structures show a broad diffraction peak in XRD. This shows that nanofibers do 
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not have a regular crystal structure. Structural changes such as the transformation 

of the amorphous structure into a crystal structure during the electrospinning 

process or during the processing of nanofibers can also be observed by XRD. 

XRD analysis was utilized to characterize the crystalline structure of 

electrospun nanofibrous mats and the XRD patterns of the polyacrylonitrile 

(PAN) nanofibers are illustrated in Fig. 2. XRD patterns of PAN indicated typical 

diffraction peaks at 2Ɵ=29o, respectively, corresponding to (110) plane of PAN 

(Y. Lu et al., 2013). Broad diffraction peaks of amorphous carbon were seen at 

around 10−12o, 27−29o, and 45−47o in line with the literature (Pech & Maensiri, 

2019).  

 
In summary, XRD is a very important characterization method for material 

characterization used to examine the crystal structure, phases, crystal sizes, 

texture order, and amorphous structures of nanofibers. Understanding the crystal 

properties of the material obtained during the production of nanofibers is 

necessary to determine the usage areas of these materials. XRD provides a better 

understanding of the structural properties of nanofibers and thus more effective 

applications can be made in fundamental fields such as nanotechnology, materials 

science, engineering and health. 

X-ray fluorescence (XRF) spectroscopy is used to analyze the chemical 

composition of materials (Machado, Fonseca, Teixeira, Catalani, & Rodrigues, 

2023). It is also involved in the characterization study of electrospun nanofibers. 

With XRF, the chemical composition of the elements on the surface of nanofibers 

can be determined. This allows different types of materials and layers to be 

identified. When we examine the working principle if the atom is excited by high-

energy radiation such as X-rays, this high-energy input raises the electrons in 

close orbits to a higher energy level. When the excited electrons return to their 



401 

initial energy levels, they give back the excess energy they gained in the form of 

X-rays with a wavelength of 0.1-50 Å. This secondary emission of X-rays is 

called fluorescence. The wavelength of these radiations given by the elements is 

different and distinctive for each element. Therefore, by determining the 

wavelength of the fluorescence radiation, the type of element and the 

concentration of the element are determined from the intensity of the fluorescence 

beam. One of the key advantages of XRF is that it determines the chemical 

composition of nanofibers without damaging them. 

XRF is generally used to investigate the presence of metallic elements such as 

Fe, Cu, Ti, Al and some heavy elements such as Pb, Hg. XRF can also be used to 

detect the presence of harmful or toxic elements, especially in nanofibers. In this 

way, it can be evaluated whether nanofibers are harmful to the environment and 

health. 

Thin coatings, additives and foreign substances on the nanofiber surface can 

be detected with XRF. Thus, the composition of the coating material applied to 

the nanofiber surface or the impurities used in the production process of the 

nanofiber can be analyzed. Homogeneity and elemental distribution of the 

material can also be tested with XRF. Additionally, if the nanofibrous film 

consists of different layers, XRF can also be used to determine the fundamental 

differences between the layers. XRF is an effective method in cases where a layer 

has a different chemical composition from the other layer. 

In general, XRF is an analysis method that provides information about the 

determination of the chemical composition of nanofibers, surface analysis, 

examination of element distribution and layered structures.  It has an important 

place in nanotechnology and material science. Quality control processes are of 

great importance in the production of nanofibers and their use in different 

applications. 

4. Conclusions 

In this chapter, nanofibers obtained by the electrospinning method are 

discussed and characterization methods of these nanomaterials are introduced. 

The importance of nanofiber characterization in determining nanofiber quality 

and application area has been evaluated. The physical, chemical, electrical, 

optical, magnetic, and mechanical properties of nanomaterials directly depend on 

their elemental content and crystal properties, as well as their size. For this reason, 

XRD and XRF analysis methods are specifically mentioned. 
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Introduction 

Potato 

Potatoes (Solanum tuberosum L), grown in about 160 countries worldwide 

with an annual production of 388 million metric tons, are an important staple food 

for humans and the fourth largest crop grown worldwide after rice, wheat, and 

maize (Singh and Saldaña, 2011; FAO 2024). After harvest, fresh potato tubers 

are composed of about 80% water and 20% dry content, of which is starch (60–

80%) (Coruk and Baltacıoğlu, 2022). In addition to vitamins B1, B3, and B6, 

potatoes are a good source of minerals like potassium, phosphorus, and 

magnesium. They also include pantothenic acid, folate, and riboflavin 

(Ekin 2011; FAO 2008). Furthermore, some potato varieties that are fleshed in 

color contain important bioactives such as anthocyanins (Brown, 2005). The main 

class of visible polyphenols that give potatoes their red, purple, and blue colors 

is called anthocyanins (De Jong et al., 2004; Stushnoff et al., 2008). It has been 

demonstrated that genotypes of potatoes with pigments have far higher amounts 

of anthocyanins and antioxidant activity than cultivars with white and yellow 

tubers, particularly those with purple and red skin and/or flesh (Stushnoff et al., 

2008; Thompson et al., 2009). As a result, a potato with a high anthocyanin 

content may be a novel cultivar with improved health advantages. 

In addition to the nutritional value of potatoes, they can be processed into 

different products as fresh due to their many biofunctional properties, as well as 

reducing the risk of spoilage and increasing the nutritional value of the products, 

they can be dried and added to different products. For this reason, in recent years, 

drying methods that preserve the nutritional properties of potatoes in the best way 

have been developed (Waseem et al., 2022). 

Drying 

In addition to being used directly as a raw material, potatoes can also be dried 

to stop quality degradation and loss during post-harvest storage. The enzyme 

activity slows down and the microbial activity that causes spoiling ends as the 

potato's moisture level drops during the drying process (Sidhu et al., 2019). As a 

result, there is growing interest in various drying methods to reduce the potential 

quality losses in the finished product during drying. 

Traditional drying techniques include hot air, vacuum, and freeze-drying. 

Each drying method has different advantages and disadvantages (Sun et al., 

2019). In contrast to other drying methods, the microwave is a novel technique. 

In order to produce high-quality powders, it is utilized both alone and in 

https://link.springer.com/article/10.1007/s11540-024-09815-z#ref-CR18
https://link.springer.com/article/10.1007/s11540-024-09725-0#ref-CR15
https://link.springer.com/article/10.1007/s11540-024-09725-0#ref-CR16
https://link.springer.com/article/10.1007/s11540-024-09725-0#ref-CR39
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combination with other drying techniques, particularly in fruit, vegetable, and 

grain products (Coruk and Baltacıoğlu, 2024a, Coruk and Baltacıoğlu, 2024b). In 

these studies, physicochemical analysis were performed on potato powder 

samples obtained by different conditions with RSM during hot air and microwave 

drying (Coruk and Baltacıoğlu 2022; Coruk and Baltacıoğlu 2024a; Coruk and 

Baltacıoğlu 2024b), and comparisons of two different potato varieties and two 

different drying methods were made with the help of chemometric analysis and 

FTIR spectroscopy.  

FTIR spectroscopy and chemometric analysis 

FTIR spectroscopy is a vibrational spectroscopy technique that can easily 

determine the specific bands of molecules. In recent years, FTIR spectroscopy 

with chemometric analysis has been used to determine bioactive compounds and 

physicochemical properties of foods. Baltacıoğlu et al. (2024a) examined the 

changes in bioactive content in fried yellow and purple-fleshed potatoes with 

pulsed electric field (PEF) pretreatment by chemometric analysis. Uslu et al. 

(2024) analyzed the effects of different cooking techniques and oils on bioactive 

compounds in potatoes that have different flesh colors and were compared by the 

chemometric analysis method. The red cabbage was examined in terms of 

encapsulation ability and color value with hot air and freeze-drying methods and 

differences between drying methods were revealed with the help of chemometric 

analysis (Baltacıoğlu et al.,2024). In this chapter, the physicochemical properties 

and bioactive compounds of potato powders with different flesh colors obtained 

by optimization in previous studies were investigated using FTIR spectroscopy 

and chemometric analysis. 

Material and Methods 

Hot air and microwave dried potato powders (yellow and purple-fleshed) 

obtained by optimization in previous studies were used (Coruk, 2024). 

Analysis of potato powders 

Solvent extraction of bioactive compounds 

Bioactive substances were extracted from potato powders using methanol 

(80%, Sigma) with 1% HCl (Honeywell, Germany). To extract the phenolic 

compounds, 0.25 g of yellow-fleshed potato powder was mixed with 10 mL of 

extraction solution, and 1 g of purple-fleshed potato powder was combined with 

50 mL of extraction solution, and they were agitated at 40 rpm for 4 hours at 25 

°C. To separate the clear portion, the mixture was centrifuged (Nüve brand NR 

https://journals.sagepub.com/doi/full/10.1177/10820132241238261#con1
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800R model NR 800R, Turkey) at 6000 g at 4°C for 15 minutes (Coruk and 

Baltacıoğlu 2022). 

Determination of Total Phenolic Content (TPC)  

The total amount of phenolic compounds in the extracts was calculated using 

the method suggested by Baltacıoğlu et al. (2021). 

Determination of Antioxidant activity (AA) 

The Horuz et al. (2018) approach was utilized to ascertain the samples' 

antioxidant activity (AA).  

Determination of Total Monomeric Anthocyanin (TMA) content 

The pH differential method was used to assess the total monomeric 

anthocyanin (TMA) content of dried potato powders (Coruk and Baltacıoğlu 

2022).  

Determination of Color 

The Konica-Minolta (CR400, Osaka, Japan) colorimeter was used to measure 

the L*, a*, and b* values (Horuz et al. 2017). In processes where enzymatic 

browning occurs, the browning index (BI) is a crucial quantity, and the brown 

hue indicates the product's degradation. To ascertain the impact of drying on the 

browning of the yellow-fleshed potatoes, BI values were computed using 

equations (1) and (2) (Maskan 2006). To find out how drying affected the purple-

fleshed potatoes, chroma values were also computed using equation (3). 

BI = [100(x – 0,31)] / 0,172                                                       (1)                        

x = (a* + 1,75L*) / (5,645L* + a* - 3,012b*)                                      (2) 

Chroma = C* =[(a*)2 + (b*)2]1/2                                               (3) 

Determination of Starch Ratio 

The approach of Coruk and Baltacıoğlu (2022) was utilized to ascertain the 

samples' starch ratio. To obtain the starch ratio (%), the calculated optical rotation 

degree was entered into equation (4). 

𝛼20
𝐷  = 

𝛼

𝐿𝑥𝐶
                                                                                                        (4) 

% Starch ratio = 
10000 𝑥 𝛼

𝛼20
𝐷  𝑥 𝐿 𝑥 𝑚

 

  

https://link.springer.com/article/10.1007/s11540-024-09725-0#ref-CR13
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α : Degree of rotation read on the polarimeter 

C: Concentration of pure potato starch (g/100mL) 

𝛼20
𝐷 : Specific degree of conversion of potato starch 

L : Polarimetre tube length (dm) 

m: Sample quantity (g) 

Determination of bioactive compounds by HPLC 

The HPLC method was applied to determine the phenolic compounds of 

potato powders (Okur et al., 2019). Before injection, the extracts were passed 

through a 0.45µm Teflon membrane filter. The extracts were then injected into 

HPLC (LC-20A/Prominence, Shimadzu Corporation, Kyoto, Japan) in a volume 

of 20 µl. The HPLC system consists of a pump, degasser, control oven (CTO-

10AS VP, Shimadzu), and a detector (UV-VIS detector, SPD-20A, Shimadzu 

Corporation, Kyoto, Japan). Polyphenols were separated using a C18 column (GL 

Sciences, 250x4.60 mm, 5 micron, Japan). The column temperature is 30 °C. 

Separation for phenolic compounds was carried out by applying a gradient 

program with a binary solvent system. Colorless phenolic compounds were 

detected at 320 nm and colored phenolic compounds (anthocyanins) at 520 nm. 

The mobile phase consists of 5% formic acid (A) and 20% A + 80% acetonitrile 

ACN (B). The flow rate is 1.0 ml/min throughout the run. The gradient program 

for colorless phenolic compounds was applied as given in Table 1. Colored and 

colorless phenolic content retention times were defined by comparison with 

relevant standards. The gradient program for colored phenolic compounds was 

applied as given in Table 2. 
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Table 1. Gradient program for colorless phenolic compounds (Coruk, 2024) 

Time (minute) A (%) B (%) 

0 100 0 

15 90 10 

90 40 60 

90,01 0 100 

93 0 100 

93,01 100 0 

98 100 0 

 

Table 2. Gradient program for colored phenolic compounds (Coruk, 2024) 

Time (minute) A (%) B (%) 

0 90 10 

25 70 30 

25,01 0 100 

28 0 100 

28,01 90 10 

33 90 10 

 

Determination of anthocyanins by LC-MS-MS 

Extraction of anthocyanins 

Twenty milliliters of methanol-water (80:20, v/v) were added to a centrifuge 

tube containing two grams of samples. Using a magnetic stirrer, the extraction 

process lasted for sixty minutes. The mixture was then centrifuged for 15 minutes 

at 4°C and 5500 rpm. Prior to injection, the supernatant was passed through a 

membrane filter with a hole size of 0.45 μm (Kelebek et al., 2020). 

According to Keskin et al. (2021), the LC-DAD-ESI-MS/MS with negative 

and positive ionization modes was used to analyze anthocyanins. ChemStation 

software was utilized in conjunction with an Agilent 1100 HPLC system (Agilent 

Technologies, Palo Alto, CA, USA). A Beckman Ultrasphere ODS column (4.6 

mm × 250 mm; Rossy CDG, France) was used for the analysis. Two solvents, 

Solvent A (water/formic acid, 99:1; v/v) and Solvent B (acetonitrile/solvent A, 
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60:40; v/v), made up the mobile phase. Kelebek and Selli (2011) employed a 0.5 

ml/min flow rate at 25°C to elute the phenolic chemicals in the samples. The UV-

VIS spectra's peaks (200–600 nm) were acquired and analyzed. Phenolic 

compounds were identified using the retention times as UV spectra were 

compared to authentic standards and then confirmed by using LC-MS/MS 

spectrometer (Agilent 6430) with a source of electrospray ionization (ESI) by 

using the following parameters: drying gas of N2 at 12 l/min, capillary 

temperature of 400°C and nebulizer pressure of 45 psi of ESI/MS. For 

quantification, standard phenolic calibration curves were used (Kelebek et al., 

2015). The limit of detection and quantification were calculated using signal-to-

noise ratio (S/N) values of 10 and 3, respectively. 

Fourier Transform Infrared (FTIR) spectroscopy  

The functional bands in the potato powders were determined using Fourier 

transform infrared (FTIR) spectroscopy. For this purpose, the absorption spectra 

of the lyophilized samples were obtained in the 400-4000 cm-1 region by 

performing 128 scans at a resolution of 2 cm-1 using FTIR spectroscopy (Bruker, 

Germany) with an ATR cell in the Central Research Laboratory of Niğde Ömer 

Halisdemir University. Vector normalization was applied to all FTIR spectra 

before chemometric analysis by OPUS program (version 8.1, Bruker Optics, 

Germany). 

Chemometric analysis 

Principal component analysis (PCA) was used to discriminate different drying 

methods and potato varieties, and the results are presented as a score graph.  PCA 

analysis was carried out using Minitab 17. The physicochemical properties and 

bioactive contents of the samples were estimated using FTIR spectral data with 

PLS regression. The FTIR spectral data were used as X variables (predictors), 

and each of the analysis results was used as a Y variable (responses) to generate 

PLS models as described previously (Baltacıoğlu et al., 2024b). 

Statistical Analysis 

One-way ANOVA was employed in the data analysis, and the Minitab 17 

application was used to examine the physicochemical analysis results within a 

95% confidence level. Tukey's multiple comparison test was used to find 

application-specific differences. At least three repetitions of each experiment 

were carried out, and for each repetition, the analysis was done three times.  
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Results and Discussion 

Analysis results of the yellow-fleshed potato dried under optimum conditions 

were given in Table 3, while analysis results of the purple-fleshed potato were 

shown in Table 4. 

Table 3. Results of analysis of yellow-fleshed potato powder obtained by different 

drying methods (Coruk, 2024) 

 Yellow-fleshed potato 

powder dried with hot air 

Yellow-fleshed potato powder 

dried with microwave 

Total phenolic content (mg 

GAE/kg dry weight) 
2290,24 ± 39,37de 4656,19 ± 216,37ab 

Antioxidant activity (%) 34,30 ± 2,39c 45,46 ± 1,16b 

Starch Ratio (%) 
81,97 ± 1,22a 84,06 ± 1,40a 

Browning Index (BI) 32,23 ± 0,34 b 44,21 ± 0,28a 

 

Table 4. Results of analysis of purple-fleshed potato powder obtained by different 

drying methods (Coruk, 2024) 

 Purple-fleshed potato 

powder dried with hot air 

Purple-fleshed potato 

powder dried with mic-

rowave 

Total phenolic content 

(mg GAE/kg dry weight) 
5122,14 ± 343,45a 3527,05 ± 253,71bc 

Antioxidant activity (%) 56,99 ± 0,71a 57,078 ± 0,85a 

Starch Ratio (%) 
85,18 ± 3,86a 86,37 ± 1,56 a 

Chroma 11,58 ± 0,25a 9,61 ± 0,073a 

Total Monomeric Ant-

hocyanin Content 

(mg/kg) 

2623,40 ± 288,90a 2084.47 ± 67,77 a 

 

It was seen that the total phenolic content and antioxidant activity of yellow-

fleshed potato powder obtained by microwave drying was higher (p≤0.05) than 

that obtained by hot air drying. However, the total phenolic content, antioxidant 
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activity, and the total monomeric anthocyanin value of purple-fleshed potato 

powder obtained by hot air drying were higher (p≤0.05) than those obtained by 

microwave drying. It was observed that different drying methods may have 

different effects on different potato varieties. 

Bioactive component results determined by HPLC 

Bioactive components identified and quantified in potato powders were shown 

in Table 5. Phenolic acids were found as chlorogenic acid, caffeic acid, p-

coumaric acid, ferulic acid, rutin in yellow-fleshed potato powders. In addition to 

these phenolic compounds, neochlorogenic acid was found in purple-fleshed 

potato powders (Table 5, Figure 1). It has been reported in the literature that there 

is a wide variation in phenolic acid profile in different potato genotypes (Kim et 

al., 2019). The diverse phenolic acids in different genotypes can be attributed to 

the complex biosynthesis pathway of phenolic acids in potatoes (Shao et al., 

2015). When anthocyanin analysis was performed for purple fleshed potatoes, the 

peaks could not be identified by HPLC and given as cyanidin-derivative, 

therefore anthocyanins were identified more precisely by LC-MS-MS (Table 6). 

 

Figure 1. Identified bioactive components in potato powders (Coruk, 2024) 
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Table 5. Bioactive components identified and quantified in potato powders (Coruk, 2024)  

Sample Phenolic compounds (mg/100g dry weight) 

Neoch-

loroge-

nic acid 

Chloro-

genic 

acid 

Caffeic 

acid 

p-co-

uma-

ric 

acid 

Ferulic 

Acid 
Rutin 

Cyanidin-deri-

vative-1 (cyani-

din-3-glucoside 

equivalent) 

Cyanidin-deri-

vative-2 (cyani-

din-3-glucoside 

equivalent) 

Potato powder 

Yellow-fleshed 

potato powder 

dried with hot 

air  

- 

2.635 

± 

0.017c 

1.452 ± 

0.0009d 

1.200 

± 

0.002c 

0.249 

±0.00006f 

0.914 

±0.005bc 
- - 

Yellow-fleshed 

potato powder 

dried with 

MW 

- 

2.399 

± 

0.023cd 

1.401 ± 

0.008d 

1.200 

± 

0.010c 

0.222 ± 

0.078f 
0.891±0.029bc - - 

Purple-fleshed 

potato powder 

dried with hot 

air 

0.045 

±0.011b 

5.575 

± 

0.365a 

0.973 ± 

0.025f 

1.180 

± 

0.061c 

9.955 ± 

0.737a 
1.099 ±0.067a 3.160 ± 0.30a 6.370 ± 0.663a 

Purple-fleshed 

potato powder 

dried with 

MW 

0.130 

±0.007a 

5.722 

± 

0.256a 

1.798 ± 

0.033b 

1.587 

± 

0.023a 

9.299 ± 

0.056ab 
1.109 ±0.087a 2.062 ± 0.331b 3.957 ± 0.644b 

 

As shown in Table 5, chlorogenic acid was the most abundant phenolic 

compound in potato varieties. In addition, more chlorogenic acid was detected in 

purple-fleshed potatoes than in yellow-fleshed potatoes. The excess of 

chlorogenic acid over other phenolic compounds is consistent with the 

comparisons made in the literature (Ru et al.. 2019; Reddivari et al.. 2007). 

Anthocyanin compounds identified by LC-MS-MS 

Anthocyanin compounds identified and quantified in potato powders obtained 

by hot air and microwave drying of purple-fleshed potatoes were shown in Table 

6. 
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Table 6. Identified and quantified anthocyanin compounds in the samples by LC-MS-MS 

Anthocyanins 

(mg/100g) 

 

Retention time 

(min)  

Purple-fleshed po-

tato powder dried 

with MW 

Purple-fleshed po-

tato powder dried 

with hot air 

Cy 3-(6″′-caffeoyl 

soph)-5-glc 
42.51 0.68±0.02b 0.74±0.01a 

Cy 3-feruloyl soph-

5-glc 
45.29 11.10±0.06b 18.63±0.06a 

Peo 3-feruloyl 

soph-5-glc 
42.01 0.86±0.01b 1.20±0.001a 

Peo 3-caf-fer soph-

5-glc 
46.82 3.15±0.03b 5.29±0.001a 

Cy 3-caf-p-hb 

soph-5-glc 
43.61 1.98±0.04b 3.08±0.01a 

Peo 3-caf-p-hb 

soph-5-glc 
45.55 26.35±0.04b 42.89±0.04a 

Peo 3-fer-p-hb 

soph-5-glc 

 

47.85 0.37±0.001b 0.46±0.001a 

 

As shown in Table 6 six different anthocyanin compounds were identified in 

purple-fleshed potato powders. Among these anthocyanin compounds, Peo 3-caf-

p-hb soph-5-glc and Cy 3-feruloyl soph-5-glc were found the most abundant 

anthocyanins. It was seen that hot air drying preserves the anthocyanin content 

more than microwave drying methods and the quantity of anthocyanins was more 

than the potato powder obtained by the microwave drying method. In the studies 

conducted in the literature, it has been stated that the chemical structure of purple-

fleshed potato has an excellent anthocyanin source consisting of cyanidin, 

peonidin, pelargonidin, and delphinidin derivatives in the form of monoacylation 

and diacetylation, but the most abundant anthocyanins are peonidin derivatives 

(Li et al.. 2019).  

Result of FTIR spectroscopy analysis 

The results of FTIR spectroscopy analysis of potato powders obtained under 

optimum conditions were shown in Figure 2. 
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Figure 2. Results of FTIR spectroscopy analysis of potato powders 

 

According to the FTIR spectra the peaks observed in the 3800 cm-1-3200 cm-

1 region are due to the OH stretching groups and N-H stretching groups (Amide 

A) band of polysaccharides. The broad peak at 3280 cm-1 contains the amide A 

band. The region between 3000-2800 cm-1 includes asymmetric and symmetric 

vibrations of methylene groups of lipids. 1626 cm-1 was due to the amide I band. 

The peaks at 1500-1000 cm-1 were C-H and O-H vibrations of phenolic 

compounds. The bands at 1000 cm-1-800 cm-1 were the stretching vibrations of 

C-O. C-C and C-H polysaccharides. As seen from the peaks, different drying 

methods and potato varieties affected the peaks differently. 

Chemometric analysis 

Potato samples dried with hot air and microwave were differentiated using 

PCA analysis (Figure 3a). PCA showed four groups of yellow-fleshed potatoes 

dried with hot air, yellow-fleshed potatoes dried with microwave, purple-fleshed 

potatoes dried with hot air, purple-fleshed potatoes dried with microwave. The 

score plot for the first two components was shown in Figure 3a and accounted for 

88.0% of the total variance. PC1 explained 56.1% of the total variance whereas 

PC2 explained 31.9% of the total variance. The purple-fleshed potato powders 

were mainly located on the negative axis of the first component (PC1), while the 

yellow-fleshed potato powders were located on the positive axis of PC1. In other 

words, powders obtained from different varieties were separated according to 

PC1. However, the powders obtained by different drying methods were also 
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separated according to PC2. PCA was successfully used to separate fried potato 

samples into groups using FTIR spectra (Baltacıoglu et al., 2024 a).  

 

Figure 3. (a) PCA score plot of the FTIR spectra of potato powders, (b) PLS regression 

plot of actual versus predicted response for total phenolic content (TPC), HA: Hot air, 

MW: Microwave, YFP; Yellow-fleshed potato, PFP; Purple-fleshed potato 

Partial least square (PLS) models were developed to determine the color, TPC, 

antioxidant activity, and TMA content of the samples using FTIR spectral data 

(Table 7), and all models showed a good correlation between the calculated and 
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predicted responses. The PLS response plot for the model of TPC was shown in 

Figure 3b. Moreover, models were statistically significant (p ≤ 0.05), and the 

differences between the RMSE values were detected as small. Based on PLS 

regression analysis for fried potatoes was performed to develop good models by 

Baltacıoğlu et al. (2024a). 

Table 1. PLS regression analysis for the prediction of the physicochemical 

properties and bioactive compounds of potato powders using FTIR spectral data 

Parameters Components rCV rPre RMSEC RMSEP 

TPC 3 0.9744 0.9421 194.346 185.302 

Antioxidant 

activity 
3 0.9848 0.9648 1.286 1.226 

Color 6 0.99999 0.99992 0.058 0.055 

TMA  6 0.9999 0.9991 12.872 12.273 

Factors; set of orthogonal factors that account for most of the variation in the response. 

rCV; correlation coefficient of cross-validation  

rPre; correlation coefficient of prediction  

RMSEC; root mean square error of calibration 

RMSEP; root mean square error of prediction 

 
Conclusion 

In terms of the methods used, microwave drying was found to be more 

effective in the production of yellow-fleshed potato powder in terms of 

preserving the color with short processing conditions. However, hot air drying 

was more effective for the production of purple-fleshed potato powder, especially 

in terms of preserving anthocyanin pigments. In addition, phenolic compounds 

and antioxidant activity were more preserved in purple-fleshed potatoes after hot 

air drying. It is thought that it will contribute to further studies in terms of 

showing that different drying methods may have different effects on different 

types of potatoes. 
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1. Introduction 

Active food packaging represents a significant advancement in food 

preservation technology, moving beyond the traditional role of packaging as a 

mere barrier to external factors. This innovative approach involves dynamic 

interactions between the packaging and the food, which can enhance shelf life, 

maintain freshness, and ensure safety. The increasing consumer demand for 

minimally processed and preservative-free foods has driven the development of 

active packaging solutions that mitigate spoilage, reduce foodborne illnesses, and 

minimize waste while preserving food quality and safety (Onyeaka et al., 2022; 

Bhowmik et al., 2022; Rahmadhia, 2023). 

Biofilms, especially those originating from natural or biopolymer sources, are 

essential to the development of active packaging. These biofilms can be designed 

to include functional agents such as antimicrobials and antioxidants that 

specifically address spoilage factors like microbial growth and oxidative damage 

(Bhowmik et al., 2022; Abdullah et al., 2022; Atarés & Chiralt, 2016). For 

example, biofilms made from gelatin have demonstrated a capacity to effectively 

integrate nanoparticles that boost their antioxidant and antimicrobial 

characteristics, thus enhancing food safety and prolonging shelf life (Abdullah et 

al., 2022). Additionally, using biodegradable polymers for food packaging 

tackles the environmental issues linked to conventional plastics and supports 

sustainability objectives by offering a greener option (Pleva et al., 2021; 

Шершнева, 2022). 

The incorporation of essential oils into biofilms has also garnered attention 

due to their antimicrobial properties. Research indicates that essential oils can be 

integrated into biodegradable films to enhance their functionality, providing a 

natural means of preserving food and preventing spoilage (Atarés & Chiralt, 

2016; Bhowmik et al., 2022). As an illustration, research has shown that 

incorporating ginger oil and anthocyanins from natural origins can produce smart 

packaging that can identify alterations in food pH, thereby acting as a freshness 

indicator (Mahatmanti, 2024). This multifunctionality is essential for modern 

food packaging, as it not only protects the food but also provides real-time 

information about its condition. 

Furthermore, the mechanical properties of biofilms are critical for their 

application in food packaging (Figure 1). The flexibility, barrier properties, and 

water resistance of these films must be optimized to ensure they effectively 

preserve food quality (Wahab, 2023). Research has shown that incorporating 

materials like chitosan and carbon quantum dots into biofilms can enhance their 
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mechanical strength and functional capabilities, making them suitable for various 

food packaging applications (Riahi et al., 2022; Bhowmik et al., 2022). The 

development of such advanced materials is vital for addressing the challenges 

posed by food spoilage and contamination, particularly in environments where 

biofilm formation can lead to significant health risks (Carvalho et al., 2021; Wang 

et al., 2022). 

 

Figure 3.Food packaging applications. 

In conclusion, active food packaging, particularly through the use of biofilms, 

represents a promising direction in food preservation technology. By integrating 

functional agents and focusing on biodegradable materials, this approach not only 

meets consumer demands for safety and quality but also contributes to 

sustainability efforts in the food industry. The ongoing research and development 

in this field are crucial for creating effective, environmentally friendly packaging 

solutions that can significantly reduce food waste and enhance food safety. 

2. Principles of Biofilm Synthesis 

Biofilms are cohesive matrices composed of biological materials, primarily 

polysaccharides, proteins, lipids, and sometimes nucleic acids. They form 

through the self-aggregation of cells or biopolymers, often produced via 

microbial activity or extracted from natural sources such as plants, algae, or 

animal byproducts. This organized structure encapsulates active agents within a 

customizable matrix, allowing for the achievement of desired properties such as 

antimicrobial activity, gas permeability, and mechanical strength, which are 

essential for effective active food packaging (Valdés et al., 2017). The 
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mechanical properties of biofilms are also a critical factor in their application for 

food packaging. The flexibility, tensile strength, and barrier properties of these 

films must be optimized to ensure they effectively preserve food quality while 

being easy to handle and process (Roy & Rhim, 2020; Aïder, 2010). Recent 

studies have demonstrated that the incorporation of nanoparticles or other 

functional additives can significantly enhance the mechanical and barrier 

properties of biofilms, making them suitable for a wider range of food packaging 

applications (Sapalina & Retnaningrum, 2020; Souza et al., 2020). 

Adhesion is the initial stage where cells or biopolymeric components adhere 

to a surface or to each other. This step is crucial as it establishes the foundation 

for biofilm development. Various studies have highlighted that the adhesion 

process can be influenced by surface properties, bacterial motility, and 

environmental conditions (Zheng et al., 2021; Jiang et al., 2021). For instance, 

Zheng et al. emphasize that biofilm development begins with a loose association 

of microorganisms to a surface, which then transitions to strong adhesion as 

extracellular polymeric substances (EPS) are produced (Zheng et al., 2021). This 

initial attachment is often mediated by the production of EPS, which serves as an 

adhesive material (Kolappan & Satheesh, 2011). 

Following adhesion, the maturation phase occurs, characterized by cell 

proliferation and the further cross-linking of biopolymeric components. This 

leads to the formation of a cohesive and stable biofilm structure. The maturation 

process is marked by the development of microcolonies, where cells grow and 

multiply, contributing to the overall density and robustness of the biofilm (Vera 

et al., 2013; Han et al., 2022). Research by Kimani et al. indicates that biofilm 

maturation involves complex signaling pathways that regulate the growth and 

organization of microbial communities (Kimani et al., 2016). 

The next stage, matrix production, involves the secretion of EPS, which fill 

in the matrix and provide protective and adhesive properties to the biofilm. EPS 

are primarily composed of polysaccharides, proteins, and nucleic acids, and they 

play a vital role in maintaining the structural integrity of the biofilm (Taglialegna 

et al., 2016; Guo, 2023). According to Taglialegna et al., the production of EPS 

is essential for forming a stable biofilm matrix that can resist environmental 

stresses and antimicrobial treatments (Taglialegna et al., 2016). This matrix not 

only protects the embedded microorganisms but also facilitates nutrient exchange 

and waste removal. 

Finally, customization of biofilms allows for tailoring their properties for 

specific functions. This can be achieved by incorporating active agents, adjusting 
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cross-linking, or combining various biopolymers to enhance functionality. For 

example, the addition of antimicrobial agents into the biofilm matrix can 

significantly improve its ability to inhibit microbial growth, making it particularly 

useful in food packaging applications (Park et al., 2019). The ability to customize 

biofilms is crucial for developing targeted solutions that meet specific needs in 

various industries, including food safety and preservation (Martínez et al., 2020; 

Borowski et al., 2018). Each stage plays a critical role in the development of 

biofilms, particularly in applications such as active food packaging, where the 

properties of the biofilm can be tailored to enhance food safety and quality. 

 

Figure 4. The biofilm synthesis steps. 

The synthesis of biofilms for food packaging utilizes a variety of materials, 

each contributing unique properties that enhance the functionality and 

effectiveness of the packaging. The primary materials include polysaccharides, 

proteins, lipids, and composite biofilms, which combine these components for 

improved performance. 

Polysaccharides such as alginate, starch, and cellulose are commonly used in 

biofilm synthesis due to their excellent film-forming capabilities and 

biodegradability. These materials provide flexible films with moderate to high 

water and gas barrier properties, making them suitable for preserving food 

quality. For instance, Kannan et al. highlight the role of extracellular 

polysaccharides in biofilm formation, noting that they act as a cement to hold 

cells together, which is crucial for the structural integrity of the biofilm (Kannan 

& Pennathur, 2015). Additionally, polysaccharides significantly contribute to the 

water-binding capacity of biofilms, which is essential for maintaining moisture 

levels in food products (Liu & Wang, 2022). 

Proteins such as gelatin, whey protein, and soy protein are also integral to 

biofilm formation. These proteins provide excellent film-forming capabilities and 

are also suitable for integrating active agents, improving the functionality of the 

biofilm. The mechanical strength provided by proteins is particularly important 

in applications where durability is required. Research indicates that the presence 
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of proteins in biofilms can enhance their resistance to environmental stresses, 

thereby improving the shelf life of packaged foods. For example, Wyrwa and 

Barska discuss how protein-based biofilms can be tailored to provide specific 

barrier properties while maintaining flexibility (Wyrwa & Barska, 2017). 

Lipids, including waxes and oils, are often used as coatings within biofilms to 

improve moisture barrier properties. This is especially beneficial for packaging 

moist or perishable food products, as lipids help to prevent moisture loss and 

maintain product freshness. The incorporation of lipids into biofilms can enhance 

their overall performance by providing additional layers of protection against 

environmental factors (Reichling, 2020). 

Composite biofilms, which combine polysaccharides, proteins, and lipids, 

offer enhanced properties that allow for customization of the film’s strength, 

flexibility, and barrier capabilities. By integrating different materials, researchers 

can create biofilms that meet specific requirements for various food products. For 

instance, the combination of alginate and protein can yield a biofilm with 

improved mechanical strength and moisture resistance, making it suitable for a 

wider range of applications (Wang et al., 2022; González-Machado et al., 2018). 

Studies have shown that such composite materials can effectively inhibit biofilm 

formation by pathogenic bacteria, thereby enhancing food safety (Jiang et al., 

2011). 

3. Biological and Chemical Methods for Biofilm Synthesis 

The development of biofilm-based active packaging for food necessitates that 

the biofilms exhibit specific qualities such as flexibility, durability, barrier 

properties, and the ability to incorporate active agents for food preservation. 

Achieving these qualities can be accomplished through two broad categories of 

methods: biological and chemical synthesis (Figure 3). Each method offers 

unique advantages that enable the tailoring of properties and functionalities in the 

resulting biofilms. 
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Figure 5.  Scheme of biofilm synthesis methods. 

3.1. Biological Methods 

Biological methods for synthesizing biofilms typically involve the use of 

microorganisms or natural biopolymers. These methods capitalize on the inherent 

properties of biological materials, which can be modified to enhance their 

performance in food packaging applications. 

Microbial biofilm formation is a critical process in various applications, 

including food packaging, where biofilms can provide structural integrity and 

protective properties. Microorganisms such as bacteria and fungi naturally 

produce biofilms composed of extracellular polymeric substances (EPS). These 

substances play a vital role in functionality of the biofilm, particularly in 

enhancing barrier properties and incorporating antimicrobial agents. 

3.1.1. Fermentation-based Techniques 

Fermentation-based techniques utilize microorganisms to produce biofilm 

matrices through controlled cultivation processes. These methods leverage the 

natural abilities of various microorganisms, such as lactic acid bacteria, yeasts, 

and certain bacterial strains, to synthesize extracellular matrices during their 

growth cycles. The following references provide insights into the mechanisms, 

properties, and applications of fermentation-based biofilm production for food 

packaging. 

Lactic acid bacteria (LAB) play a significant role in biofilm formation, which 

has critical implications for food safety. This not only helps in food preservation 

but also imparts antimicrobial properties to the biofilm. LAB, such as 
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Lactobacillus rhamnosus and Lactobacillus acidophilus, can enhance biofilm 

formation under stress conditions like nutrient deficiency, as shown by Liu et al. 

(2024). In particular, L. acidophilus has demonstrated the ability to integrate into 

biofilms within cheese whey environments, where it plays a role in inhibiting 

gram-negative bacteria and contributes to the structural integrity of the biofilm 

(Al-Mathkhury et al., 2011). Additionally, environmental factors such as 

temperature and humidity significantly impact biofilm strength and pathogen 

transfer, with higher temperatures resulting in more robust biofilms, which may 

influence the persistence of LAB and other organisms within these communities 

(Nan et al., 2023). Together, these findings underscore the resilience and 

functional adaptability of LAB in biofilm formation, especially under varying 

environmental stresses. 

Yeasts, particularly Saccharomyces cerevisiae, produce polysaccharides that 

possess a high water-binding capacity, a property that makes them highly 

effective for creating moisture-retentive films in various applications. These 

polysaccharides have garnered interest for their potential in enhancing the 

mechanical and functional properties of food packaging materials, as they can 

improve moisture retention and prolong shelf life by forming a protective barrier. 

Huang et al. (2019) emphasize the role of these yeast-derived polysaccharides in 

improving food packaging, noting that their natural origins and biodegradability 

make them an attractive alternative to synthetic materials in eco-friendly 

packaging (Huang et al., 2019). Furthermore, the integration of such 

polysaccharides in packaging not only supports moisture regulation but can also 

contribute to the overall strength and flexibility of the material, creating safer, 

more sustainable packaging solutions for the food industry. 

Certain bacterial strains, such as Bacillus subtilis, are known for their ability 

to produce robust biofilms made up of diverse biopolymers. These biofilms are 

not only resilient but also highly versatile, comprising proteins, polysaccharides, 

and other organic compounds that enhance their structural integrity and 

functionality. B. subtilis biofilms, in particular, exhibit properties that make them 

suitable for potential applications in areas requiring durability and resistance, 

such as food packaging. Kausar (2019) reviews the potential of high-performance 

polymer nanocomposites, including those derived from bacterial sources, for 

advanced packaging applications, highlighting how bacterial biopolymers can 

improve material strength, flexibility, and barrier properties (Kausar, 2019). Such 

biopolymer-based nanocomposites offer a sustainable alternative to synthetic 

materials, providing eco-friendly options that can reduce environmental impact 

while meeting industry demands for durable, protective, and versatile packaging 
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solutions. The use of bacterial biofilms in this context also promotes the 

exploration of biodegradable, renewable sources, aligning with the growing focus 

on sustainable materials in packaging technologies. 

The production of biofilms through fermentation involves a series of carefully 

managed steps to achieve films with specific qualities. First, the selection of the 

microorganism plays a key role in determining the final biofilm properties, with 

strains like Lactobacillus often chosen for their natural antimicrobial and 

preservative benefits. Once selected, the microorganism undergoes cultivation in 

a controlled fermentation environment where factors such as pH, temperature, 

and nutrient availability are optimized to encourage robust matrix production. Li 

et al. (2021) highlight how these environmental conditions directly impact 

biofilm formation and its final properties, underscoring the importance of precise 

control during growth (. Li et al., 2021). Following the cultivation phase, the 

biofilm matrix produced by the microorganisms is carefully harvested and 

purified. Understanding the composition and structure of the microbial 

community within the biofilm, as detailed by Fish et al. (2015), is crucial for 

effective extraction and refinement. Lastly, the purified matrix is transformed into 

films through processes like solvent casting or drying, resulting in a material 

suitable for applications such as edible coatings (Fish et al., 2015). Popescu et al. 

(2022) discuss how these edible films, derived from fermentation processes, are 

beneficial in extending the shelf life and quality of fresh produce, illustrating the 

practical applications of fermentation-based biofilm production (Popescu et al., 

2022). 

3.1.2. Enzymatic Cross-linking 

Enzymatic cross-linking is an effective method for stabilizing and 

strengthening biofilm structures by forming covalent bonds between biopolymer 

chains. This technique enhances the durability, flexibility, and moisture 

resistance of biofilms, making them more suitable for food packaging 

applications. By utilizing different enzymes tailored to specific biopolymers, it is 

possible to produce biofilms with properties that meet a variety of packaging 

needs. 

One commonly used enzyme is transglutaminase, which effectively cross-

links proteins by forming covalent bonds between amino groups, significantly 

enhancing the tensile strength and elasticity of biofilms. This enzyme-induced 

cross-linking not only improves the structural resilience of protein-based films 

but also increases their flexibility, making them ideal for applications requiring 

durable yet adaptable materials. Jiang et al. (2019) highlight the role of 
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transglutaminase in enhancing the mechanical properties of protein-based films, 

emphasizing its utility in the food packaging industry, where robust and safe 

packaging materials are essential (Kandarakis et al., 2022). Transglutaminase 

promotes stronger bonds within the protein matrix, allowing for the formation of 

biofilms that can endure handling and environmental stresses, thus decreasing the 

risk of tearing or degradation. The use of transglutaminase in biofilm production 

also aligns with the shift towards biodegradable, protein-based packaging 

materials, providing an eco-friendly alternative to conventional synthetic options 

while ensuring product integrity and extending shelf life in food applications. 

For biofilms containing phenolic compounds or other bioactive molecules, 

enzymes like laccase and peroxidase are pivotal in enhancing structural integrity 

and functional properties through their cross-linking role. These enzymes 

facilitate covalent bonding among phenolic structures, which not only strengthens 

the biofilm matrix but also imparts valuable antimicrobial properties. Özkul 

(2023) specifically highlight the application of laccase in biofilm production, 

noting its dual benefit of reinforcing the biofilm structure while simultaneously 

providing antimicrobial effects that are advantageous for food preservation 

(Özkul, 2023). This is particularly relevant in extending the shelf life of food 

products by inhibiting microbial growth, thereby reducing spoilage. The 

incorporation of laccase and peroxidase into biofilm production aligns with 

sustainable practices in food packaging. These enzymes offer a natural and eco-

friendly method to enhance biofilm performance, which is becoming more crucial 

in the context of environmental sustainability.   For instance, laccases have been 

recognized for their ability to oxidize a wide range of substrates, including 

phenols and arylamines, which can lead to the formation of bioactive compounds 

with antimicrobial properties (Bassanini et al., 2020). This characteristic is 

particularly beneficial for developing bio-based, functional packaging materials 

that not only protect food but also contribute to food safety by reducing the risk 

of microbial contamination. Moreover, the structural properties of biofilms 

enhanced by laccase and peroxidase make them more resistant to environmental 

stressors and degradation. The biofilm matrix acts as a physical barrier that limits 

the penetration of harmful agents, thereby enhancing the overall durability and 

effectiveness of the packaging. This is crucial in applications where maintaining 

the integrity of the food product is essential. The ability of these enzymes to 

incorporate antimicrobial properties directly into the biofilm structure allows for 

the creation of safer, longer-lasting protective films, which is a significant 

advancement in the field of food technology and packaging (Polak et al., 2020). 
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In biofilms derived from pectin or cellulose, enzymes like pectinase and 

cellulase play a crucial role by enhancing moisture resistance and overall 

cohesiveness. These enzymes catalyze specific reactions within the 

polysaccharide structures, leading to improved integrity and stability of the 

biofilm matrix. The cross-linking action of pectinase and cellulase not only 

increases the biofilm's resistance to moisture but also reduces its susceptibility to 

breaking or tearing, which is essential for applications requiring durability, such 

as food packaging. The role of pectinase in enhancing the properties of biofilms 

is well-documented. For instance, Al-Rousan et al. (2021) demonstrated that 

pectinase, when used in conjunction with cellulase, significantly improves the 

extraction of bioactive compounds from olive oil, indicating its effectiveness in 

breaking down cell walls and facilitating the release of polysaccharides (Al-

Rousan et al. 2021). This enzymatic action is crucial for creating cohesive films 

that can withstand environmental stresses. Similarly, Zouari-Ellouzi et al. (2018) 

explored the use of starch extracted from pasta by-products in biodegradable film 

production, noting that the incorporation of enzymes like pectinase can enhance 

the film's moisture resistance and overall performance (Zouari‐Ellouzi et al., 

2018). Cellulase also plays a vital role in biofilm formation by breaking down 

cellulose into smaller polysaccharides, which can then be cross-linked to improve 

film properties. Jiao et al. highlighted that cellulase treatment can lead to the 

formation of films with enhanced mechanical properties, including increased 

tensile strength and reduced brittleness (Jiao et al., 2020). This is particularly 

beneficial in food packaging applications, where the integrity of the packaging is 

critical for preserving food quality. Furthermore, the combination of cellulase and 

pectinase has been shown to optimize the extraction and clarification of fruit 

juices, which underscores their synergistic effects in enhancing polysaccharide-

based films (Jiao et al., 2020). The moisture resistance provided by these enzyme-

treated biofilms is essential for food preservation. As noted by Yuvaraj et al., 

(2021) biodegradable packaging materials derived from biopolymers can 

significantly minimize moisture loss, thereby extending the shelf life of food 

products (Yuvaraj et al., 2021). The smoother and more uniform surfaces of films 

produced with pectinase and cellulase also contribute to their aesthetic appeal and 

functionality in packaging applications, making them suitable for consumer 

products where appearance is important (Bátori et al., 2019). 

3.2. Chemical Methods 

Chemical synthesis methods are essential for producing biofilms with specific 

barrier properties, durability, and compatibility with active agents. Among these 
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methods, polymerization techniques play a crucial role in forming biofilms with 

controlled thickness, uniformity, and stability. 

3.2.1. Polymerization Techniques 

Polymerization is a foundational technique in biofilm synthesis, involving the 

chemical bonding of monomers to form long-chain polymers that can be 

processed into biofilm layers. Researchers can produce biofilms with exact 

thickness, consistency, and stability by choosing particular monomers and 

managing the polymerization process. These properties are essential for 

applications requiring consistent film strength, flexibility, and resistance to 

environmental factors like moisture or temperature variations. 

Through the process of polymerization, monomers such as lactic acid, 

acrylates, and natural polysaccharides can be converted into biofilms with 

specific characteristics tailored to meet the requirements of various applications. 

This transformation facilitates the production of biofilms exhibiting diverse 

properties, including durability, moisture resistance, and structural integrity, 

which are essential for uses such as food packaging and biodegradable coatings. 

By manipulating the type and arrangement of monomers, as well as incorporating 

cross-linking agents or catalysts, polymerization techniques provide substantial 

versatility in the design and development of biofilms. This adaptability enables 

the creation of materials that not only fulfill functional requirements but also align 

with environmental sustainability objectives. 

The processes of polymerization that contribute to biofilm production 

encompass free radical polymerization, emulsion polymerization, and the 

development of cross-linked polymer networks. 

Free radical polymerization is a widely utilized technique in the synthesis 

of biofilms, particularly noted for its effectiveness in producing materials with 

high durability and superior barrier properties. This method involves the initiation 

of polymerization through free radicals, which facilitates the formation of strong 

covalent bonds between polymer chains. As a result, biofilms generated via free 

radical polymerization exhibit remarkable resistance to physical stresses, 

environmental exposure, and moisture penetration. Such characteristics render 

this technique particularly suitable for applications where biofilms must endure 

handling and provide a robust barrier against contaminants, thereby ensuring the 

integrity and safety of the packaged products (Jähnert et al., 2014). 

Emulsion polymerization is recognized for its ability to produce polymers 

with a high degree of uniformity, which significantly contributes to the even 
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texture and consistent performance of the resulting biofilms. This process 

involves dispersing the monomer within a water-based solution, leading to the 

formation of polymers that exhibit enhanced moisture resistance. Consequently, 

biofilms synthesized through emulsion polymerization are particularly 

advantageous for applications requiring effective water barrier properties. These 

films play a crucial role in maintaining food quality by preventing moisture 

exchange, thereby extending shelf life and preserving the sensory attributes of 

food products (Zhang et al., 2014). 

The incorporation of cross-linking agents in polymer networks is a pivotal 

method for enhancing the structural integrity and thermal stability of biofilms. 

Cross-linked polymer networks create a three-dimensional framework that 

bonds polymer chains together, resulting in increased strength and resilience. 

This method significantly enhances the biofilm's resistance to deformation, heat, 

and physical stress. Cross-linked biofilms are especially valuable in applications 

where packaging must withstand varying temperatures or maintain its shape and 

strength over extended periods. The ability to endure such conditions is critical 

for ensuring the reliability and effectiveness of packaging solutions in diverse 

environments (Panahi et al., 2019).  

Steps in polymerization for biofilm synthesis: 

1. Selection of Monomers and Cross-linkers: The polymerization process 

begins with the careful selection of suitable monomers and, if necessary, cross-

linkers to create a cohesive polymer network. Common monomers include lactic 

acid, acrylates, and natural polysaccharides, each offering distinct properties that 

influence the final characteristics of the biofilm. Cross-linkers are often 

incorporated to strengthen the bonds between polymer chains, resulting in a 

durable film. The choice of monomers and cross-linkers is crucial as it directly 

affects the mechanical properties and functionality of the biofilm (Kapil et al., 

2022) 

2. Initiation of Polymerization: After choosing the monomers and cross-

linkers, the polymerization process begins by adding a catalyst or using heat. This 

step triggers the bonding of monomers into long polymer chains, forming the 

foundation of the biofilm structure. Controlled initiation allows for customization 

of the film’s properties, such as flexibility and toughness, which are essential for 

specific applications (Guo, 2023). 

3. Cross-linking and Film Formation: Cross-linkers are incorporated to 

stabilize and fortify the polymer network, interlinking the polymer chains and 

improving  cohesion and resilience of the biofilm. After the polymer solution is 
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cross-linked, it is cast onto a surface or mold to form a thin, uniform layer. This 

film-forming process determines the thickness and uniformity of the biofilm, 

which are essential for achieving consistent performance in applications such as 

food packaging and coatings  (Sondari et al., 2019). 

4. Curing:  The last step in biofilm synthesis is curing, in which the film 

undergoes controlled conditions, like heat or ultraviolet (UV) light, to solidify 

and complete the polymerization process. This curing stage forms a stable, long-

lasting biofilm that demonstrates the required physical and functional 

characteristics. The produced biofilm is appropriate for numerous packaging 

uses, providing protection, structural strength, and frequently biodegradability, 

which corresponds with sustainable packaging efforts (Liu et al., 2014). 

3.2.2. Solvent Casting and Film-forming Solutions 

Solvent casting is a widely employed technique in biofilm production, 

particularly appreciated for its simplicity and the precise control it offers over the 

properties of the resulting films. The process encompasses several critical steps, 

including the preparation of film-forming solutions, incorporation of active 

agents, casting, drying, and processing of the biofilm. 

Steps in solvent casting method for biofilm synthesis: 

1. Preparation of Film-forming Solution: The initial step involves selecting 

appropriate solvents and polymers to create a homogeneous film-forming 

solution. Various biopolymers such as starch, chitosan, gelatin, and alginate are 

commonly used in solvent casting. The choice of biopolymer is determined by 

the desired properties of the final biofilm. For example, in chitosan-gelatin 

biofilms, chitosan provides antimicrobial properties, while gelatin contributes to 

flexibility and barrier properties (Benbettaïeb et al., 2014).  The choice of solvent 

is crucial for dissolving the selected biopolymer. Choi et al. (2016) examine how 

pH and salts affect the physical and mechanical properties of pea starch films, 

indicating that solvent selection can influence the solubility and integrity of the 

film (Choi et al., 2016). Additionally, the concentration of the biopolymer in the 

solvent determines the viscosity of the film-forming solution and, consequently, 

the thickness and consistency of the final film. Typically, biopolymer 

concentrations range from 1-10% (w/v), though adjustments are made based on 

molecular weight of the polymer and intended application. 

2. Incorporation of Active Agents : Once the film-forming solution is 

prepared, active agents can be incorporated into the film-forming solution to 

impart specific functionalities to the biofilm, such as antimicrobial, antioxidant, 
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or UV-protective properties. Pinto et al. (2012) showed that incorporating 

graphene oxide into poly(lactic acid) films made through solvent casting 

enhanced mechanical properties and gas permeability, highlighting the 

adaptability of this technique in customizing film attributes (Pinto et al., 2012). 

Antimicrobial agents are integral to biofilms used in food packaging, as they 

inhibit the growth of pathogens and spoilage organisms, enhancing the safety and 

shelf life of perishable items. Common antimicrobial agents include natural 

extracts, such as essential oils (EOs) from plants like thyme, oregano, and 

rosemary, which contain bioactive compounds like thymol, carvacrol, and 

eugenol that disrupt microbial cell membranes. These EOs are often encapsulated 

in nanoemulsions or liposomes within the biofilm matrix to control their release 

rates and prevent oxidation (Burt, 2004). Additionally, metal nanoparticles such 

as silver, zinc oxide, and titanium dioxide provide antimicrobial effects by 

releasing ions that damage bacterial cell walls and disrupt cellular functions; 

these nanoparticles are typically embedded in biofilms during synthesis for 

uniform distribution and sustained release (Kalpana and Rajeswari, 2017). 

Organic acids, including citric, lactic, and acetic acid, serve as natural 

preservatives by lowering pH and inhibiting microbial growth, while also 

contributing to flavor profiles, making them suitable for incorporation into edible 

biofilms (Coban, 2020). 

Antioxidant agents play a crucial role in preventing oxidative spoilage in 

foods, particularly those high in fats and oils, such as meats and dairy products. 

Effective antioxidants like Vitamin C (ascorbic acid) and tocopherols (vitamin E) 

are commonly incorporated into biofilms used in food packaging to neutralize 

free radicals and reduce oxidative damage (Chu et al., 2023). These antioxidants 

can be integrated into the biofilm matrix through direct mixing or encapsulation 

techniques, which protect them from premature oxidation and facilitate controlled 

release. Their mechanism of action involves scavenging reactive oxygen species 

(ROS) that contribute to lipid oxidation and discoloration, thereby preserving the 

aesthetic quality of food and extending its shelf life by preventing rancidity. 

Biofilms can be categorized into edible and non-edible variants based on their 

intended applications and regulatory standards concerning direct food contact. 

Edible biofilms are formulated to be safe for consumption, often serving as direct 

coatings on food products. They are made from food-grade biopolymers such as 

starch, gelatin, and chitosan, along with additives that have been approved by 

food safety authorities. The active agents incorporated into these biofilms, 

including natural extracts and organic acids, must originate from safe sources and 

adhere to permissible concentrations to comply with food safety regulations. 
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Conversely, non-edible biofilms function as outer packaging layers and may 

contain more potent antimicrobial agents, such as metal nanoparticles, which are 

not meant for direct contact with food. These biofilms are required to meet 

environmental and safety standards, emphasizing biodegradability and minimal 

environmental impact (Han et al., 2018). 

4. Properties and Characterization of Biofilms for Food Packaging 

In order to confirm that biofilms adhere to the specific requirements for food 

packaging, their properties must undergo strict evaluation in various essential 

categories. This assessment is vital for determining the efficacy of biofilms in 

preserving food quality, resisting degradation, and minimizing environmental 

impact when compared to traditional packaging materials. The primary properties 

of interest include mechanical strength, barrier effectiveness, antimicrobial and 

antioxidant activities, and biodegradability. 

4.1. Mechanical Properties 

The mechanical properties of biofilms are critical in determining their 

effectiveness as food packaging materials, particularly regarding their ability to 

withstand handling, storage, and transport without compromising food safety or 

quality. 

Tensile strength is a key indicator of the maximum stress that a biofilm can 

endure while being stretched. This property is essential for packaging materials, 

as higher tensile strength enables biofilms to resist breaking, tearing, or rupturing 

when handling heavier or awkwardly shaped items. Standardized mechanical 

stress testing, such as ASTM D882, is employed to evaluate this property, 

wherein a sample film is subjected to tensile forces until it breaks. The resulting 

force-displacement data provide insights into tensile strength of the film and its 

resistance to breaking under stress (Powell et al., 2013). 

Flexibility allows biofilms to conform to the shape of the food they package, 

which is particularly beneficial for semi-solid or moisture-rich foods like cheese, 

meat, and baked goods. Elasticity testing is often conducted alongside tensile 

tests, focusing on the biofilm's ability to recover its shape after deformation. A 

high level of elasticity is desirable as it reduces the likelihood of tears and 

maintains the integrity of the packaging during handling (Fabbri and Stoodley, 

2016). 

Puncture resistance is another vital mechanical property for food packaging 

applications. Packaging materials frequently encounter pointed forces, such as 

when stored near hard surfaces or transported with other items. Testing methods 
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for puncture resistance involve pressing a probe against the biofilm until it 

punctures, allowing for quantification of the film's resistance. A higher puncture 

resistance indicates that the biofilm can better protect against potential 

contamination or spoilage (Briassoulis and Giannoulis, 2018). 

4.2. Barrier Properties 

Barrier properties of biofilms are critical in food packaging, particularly in 

regulating moisture and gas transfer, which directly impacts food quality and 

shelf life. Two key metrics for assessing these properties are Water Vapor 

Permeability (WVP) and Oxygen Permeability (OP).  

WVP assesses the efficiency of a biofilm in hindering moisture transfer. Low 

WVP is essential for foods sensitive to moisture fluctuations, such as bread and 

crackers, as it helps maintain texture and prevents spoilage. This can be quantified 

using gravimetric or cup methods, where the biofilm separates two compartments 

with different humidity levels, and the moisture transfer rate is recorded. Studies 

have shown that various biofilm materials, including those derived from chitosan 

and polyvinyl alcohol (PVA), exhibit favorable WVP characteristics. For 

instance, Nazreen et al. (2020) emphasized that bioplastic films serve as effective 

moisture barriers, crucial for preventing moisture loss in food products (Nazreen 

et al., 2020). Furthermore, the incorporation of glycerin-plasticized PVA in 

LDPE blends has been shown to enhance barrier properties, making them suitable 

for food packaging applications (Kim et al., 2015). 

OP is equally important, particularly for foods susceptible to oxidative 

spoilage, such as oils and meats. OP is tested using specialized equipment that 

measure the rate of oxygen passage through the biofilm under controlled 

conditions. Lower OP values correlate with reduced oxygen exposure, which can 

slow down lipid oxidation and microbial growth. Kim et al. demonstrated that the 

addition of PVA to LDPE matrices significantly improved oxygen barrier 

properties, making these materials more effective for food packaging (Kim et al., 

2015). Additionally, studies on chitosan-based films have shown that they 

possess inherent oxygen barrier properties, which can be further enhanced 

through modifications (Quyen et al., 2012). The development of biodegradable 

films, such as those reinforced with essential oils, has also been noted for their 

ability to maintain low OP, thereby extending the shelf life of food products (Liu 

et al., 2024). 

Gas barrier properties are particularly vital for fresh produce, which continues 

to respire after harvest. Biofilms that allow for controlled gas exchange can help 

maintain the freshness of fruits and vegetables by regulating oxygen and carbon 
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dioxide levels. Barrier properties for O₂ and CO₂ are tested using similar methods 

to those for OP, ensuring that the packaging meets the specific respiration 

requirements for the produce. 

4.3. Antimicrobial and Antioxidant Activity 

Biofilms frequently include antimicrobial and antioxidant agents to avoid 

spoilage and prolong shelf life. These active compounds play a significant role in 

inhibiting microbial growth and oxidative reactions, which are common causes 

of food spoilage. 

Antimicrobial efficacy tests are crucial for assessing the effectiveness of 

biofilms in reducing microbial loads on food surfaces. One common method is 

the Disk Diffusion Assay, where biofilm samples containing antimicrobial agents 

are placed on agar plates inoculated with bacteria. The inhibition zone around the 

biofilm disc indicates its effectiveness in preventing bacterial growth. For 

instance, Essential oils, such as those from Thymbra capitata and Thymus 

pallescens, have shown significant inhibition zones (up to 50 mm) against 

pathogens like Staphylococcus aureus (Bouguenoun et al., 2023). Additionally, 

the Direct Contact Method allows for testing biofilms on actual food samples, 

providing insights into their performance under real-world conditions. Studies 

have shown that biofilms enriched with compounds like ethyl lauroyl arginate 

(LAE) can significantly reduce biofilm formation of pathogens such as E. coli 

and Listeria (Sadekuzzaman et al., 2017). 

Antioxidant activity is another critical aspect of biofilms designed to prevent 

oxidative spoilage. The DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical 

scavenging assay is a widely utilized method for evaluating the antioxidant 

capacity of various compounds, including those incorporated into biofilms. This 

assay is particularly significant in the context of food packaging, as it quantifies 

the ability of biofilms to neutralize free radicals, thereby preventing oxidative 

spoilage. The Thiobarbituric Acid Reactive Substances (TBARS) assay is 

commonly used to evaluate the effectiveness of biofilms in reducing lipid 

oxidation, a primary cause of rancidity in high-fat foods. This test measures 

malondialdehyde (MDA), the main byproduct of lipid peroxidation, where 

iofilm-packaged and control food samples are kept under identical conditions and 

MDA levels are evaluated at regular intervals. For example, Glaser et al. utilized 

the TBARS method to assess the oxidative behavior of fresh meat packaged with 

active films containing chitosan nanoparticles, demonstrating a significant 

reduction in lipid oxidation (Glaser et al., 2019).  
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4.4. Biodegradability and Environmental Impact 

The development of biofilms as sustainable packaging solutions necessitates 

a thorough assessment of their biodegradability and environmental impact. This 

evaluation involves standardized tests to measure the decomposition rates of 

biofilms in various environments and a life cycle analysis (LCA) to understand 

their ecological footprint. 

Biodegradability Tests: Several standardized tests are employed to assess the 

biodegradability of biofilms. The Soil Burial Test is one such method, where 

biofilms are buried in soil under controlled conditions, and their weight loss or 

structural changes are periodically measured. This test simulates natural 

environmental conditions, providing insights into how well biofilms can 

decompose. For instance, studies have shown that starch-based biofilms exhibit 

significant biodegradation in soil, indicating their potential as eco-friendly 

packaging materials (Sun et al., 2023). 

Composting tests are also critical, particularly for biofilms designed for 

industrial composting. Samples are placed in compost at specific temperatures, 

and their degradation is monitored. Certifications such as ASTM D6400 indicate 

that a biofilm can decompose fully and safely in industrial composting settings. 

Research has demonstrated that biofilms made from natural polymers, such as 

chitosan and starch, can meet these compostability standards, thus contributing 

to waste reduction. 

Conclusion 

Biofilm-based active packaging represents a significant advancement in the 

field of food preservation, offering a multifaceted solution that addresses critical 

challenges within the food industry. By integrating principles of advanced 

materials science with sustainable practices, biofilm technology not only 

enhances food safety and quality but also aligns with the increasing demand for 

environmentally sustainable packaging alternatives. One of the most notable 

advantages of biofilm-based packaging is its inherent adaptability. Manufacturers 

can tailor the mechanical, barrier, antimicrobial, and antioxidant properties of 

biofilms to create packaging solutions that are optimized for the specific 

requirements of various food categories. Additionally, the incorporation of 

antimicrobial agents can effectively inhibit microbial growth in perishable items, 

including seafood and dairy products. 

The integration of active agents into biofilms—such as natural plant extracts, 

essential oils, and metal nanoparticles—further enhances their functional 
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capabilities. These agents operate synergistically to inhibit spoilage, reduce 

microbial contamination, and preserve the sensory qualities of packaged foods. 

Moreover, biofilm-based packaging significantly contributes to sustainability 

initiatives. By offering a viable alternative to petroleum-based plastics, 

biodegradable biofilms can reduce environmental pollution and provide a lower 

ecological footprint.  

The application of biofilm-based active packaging encompasses a diverse 

range of food products, including dairy, meats, seafood, fresh produce, and baked 

goods. Its capacity to extend shelf life plays a crucial role in reducing food waste, 

which is a pressing concern in global food systems. By prolonging the freshness 

of food items, biofilms facilitate global distribution chains, enabling high-quality 

products to reach consumers in distant markets. 

As the food industry increasingly prioritizes health, safety, and sustainability, 

biofilm-based active packaging is positioned to play a pivotal role in the future 

of food preservation. Ongoing research and development efforts focused on 

biofilm synthesis, the integration of novel active agents, and the enhancement of 

testing protocols are likely to expand the potential applications of this innovative 

technology. By addressing both consumer demands and environmental 

challenges, biofilm-based packaging not only ensures food safety and quality but 

also contributes to a more sustainable future for the food packaging industry. 
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1. INTRODUCTION 

The rising demand for energy and the concerns on climate change related to 

fossil fuel utilization in energy generation sector require immediate transition to 

sustainable energy alternatives. The electricity production in the World has 

increased from 11896 TWh to 29479 TWh in the last three decades (Figure 1, 

Statistica,2024). According to IPCC 4th Assessment (2021) anthropogenic 

greenhouse gas emissions have significant influence on global average 

temperature rise since the mid-20th century. If energy production from fossil 

fuels continues to rise by the same rate, it would not be possible to limit the 

average global temperature rise to 1.5 °C value, and to reach the Paris Agreement 

goals (IEA, World Energy Outlook 2023).  

Renewable energy sources play a key role in mitigating global environmental 

problems and climate change. Given the detrimental impacts of global climate 

change, accelerating the transition from fossil fuels to renewable energy (RE) 

sources has become utmost important. Currently, about 60% of global electricity 

generation is produced from fossil fuels resources (Figure 2). To meet rising 

global energy demands and to reduce the global warming effect, fossil fuel energy 

must be replaced at least by an equal amount of clean fuel substitutes and 

renewable energy.  

 

Figure 1. World electricity generation, (Statistica, 2024). 
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Biomass emerge as a promising option ensuring energy security of nations. 

Biomass is a carbon neutral energy source that accounts for approximately 14% 

of the global energy consumption (Siwal et al., 2022). Diversifying the world 

energy matrix with biomass energy sources not only reduce greenhouse gas 

emissions and climate change impacts, but also provide local energy supply and 

socio-economic growth in rural areas to improve the resilience of the society (IEA 

Bioenergy Report, 2023). Bioenergy has also significant contribution to 

environmental sustainability by protection of natural sources and biodiversity 

(Rial, 2024).   

The most effective promotion of biomass utilization in energy sector can be 

achieved by governmental policies (Saravanan et al., 2020). For instance, in the 

United States, Canada, Brazil, and the European Union Countries, there are many 

policy actions that support motivation for bioenergy production with incentives, 

subsidies, tax exemptions, etc. and establish a stable economic environment to 

investors (Ebedian et al., 2020). 

  

 

Figure 2. The distribution of energy sources for global electricity generation in 2023 

(Statistica, 2024). 
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2. BIOMASS CARBON CAPTURING AND SEQUESTRATION  

Carbon capture and storage (CCS) term describes separation of carbon dioxide 

gas from power generation plants and industry, its transportation and storage in 

the geological layers (IPCC, 2014). CCS methods are generally used for reducing 

carbon dioxide produced from fossil fuel resources. Carbon capturing for 

bioresources is more advantageous in terms of climate change impact. As 

biomass is a carbon neutral source, its energy conversion has zero carbon dioxide 

emission impact. Moreover, it is capturing and storing underground, results in 

carbon negative emissions (Kemper, 2015).  

Biomass energy generation with CCS plays significant role in decarbonization 

strategies of the 2050 Net Zero Emissions (NZE) targets. In the NZE Scenario, 

the electricity sector accounts for almost 20% of the carbon dioxide emissions 

captured from coal fired power plants, bioenergy production plants and gas fired 

power plants in 2050 (IEA, 2021). Figure 3 illustrates the comparison of total 

carbon reduction in 2020 with predictions till 2050. The captured carbon dioxide 

is expected to reach 7600 million tons by 2050.  

 

Figure 3. Energy‐related and process CO2 emission reduction targets 

 

Transition process to bioenergy generation has some challenges, such as high 

investment costs, energy storage problems, etc.  There occur some problems that 

limit biomass utilization in energy production systems related to its 

characteristics. Heterogeneous feature of bioresources, their low bulk density, 

high moisture content, low heating value, etc. harden biomass to energy 
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conversion. In addition, these characteristics increase the cost of their handling, 

transport, and storage.  

Some of the biofuels can be directly utilized in energy systems as a renewable 

solid fuel substitute due to their properties, while some others may require pre-

treatment methods to be used effectively (Akyürek, 2021; Shahbaz et al., 2021; 

Mignogna et al., 2024). Pre-treatment methods are essential for biofuel upgrading 

to increase their calorific value and fuel characteristics to develop sustainable 

energy systems based on biomass feedstocks. 

2.1.  PRE-TREATMENT VIA TORREFACTION METHODS 

Biomass is a renewable and carbon neutral resource, and is recognized as 

clean fossil fuel substitute (Dacres et al. 2019).  Torrefaction is an emerging 

technology for the pretreatment of biomass and upgrading its fuel properties. 

Torrefaction can be carried out under wet and dry torrefaction conditions 

according to the biofuel characteristics.  

Dry torrefaction (DT) refers to biomass upgrading by thermal treatment in the 

absence of oxygen under atmospheric pressure and in a temperature range of 200-

300 degrees Celsius. Wet torrefaction on the other hand refers to hydrothermal 

treatment of biomass carried out in the presence of water medium under 

autogenous pressure within temperature range of 180-300 °C (Akyürek, 2021a). 

The solid products obtained from wet torrefaction and dry torrefaction processes 

are called biochar\bio-coal and hydro-char, respectively.  

Torrefied biomass poses higher energy density and enhanced fuel properties 

(Chen, 2018). The type of torrefaction process (wet\dry) mainly depends on the 

fuel characteristics. Biofuels with high moisture content are more appropriate for 

wet torrefaction pre-treatment process. Torrefaction produces higher carbon 

content solid product which exhibit high carbon capturing and sequestration 

potential.  

In this study, carbon capturing potential of olive residues from olive oil 

production industry in Turkey is estimated by wet and dry torrefaction 

pretreatment methods. Torrefaction process performed in the temperature range 

of 200-250 °C are considered for comparison. 
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3. CARBON CAPTURE POTENTIAL OF TORREFIED OLIVE 

RESIDUES 

Olive production has high economic value in Turkey. In 2023, olive 

production reached nearly 1.5 million tons (Statistica, 2023). Olive residues can 

be converted into carbon rich biofuel via torrefaction process. Biochar and hydro 

char have higher potential for carbon dioxide sequestration. 

The theoretical carbon sequestration potential of olive residues (OR) is 

determined by using the experimental results of previous studies. Wet and dry 

torrefaction processes have carried out at 200 and 250 °C. Characteristics of fuels 

obtained at different temperatures from wet torrefaction (WOR-200, WOR-250) 

and dry torrefaction (DOR-200, DOR-250) processes are presented in Table 1.  

The fuel characteristics of torrefied biomass in wet and dry torrefaction 

processes have shown that dry torrefaction pretreatment of olive residues resulted 

in higher energy density products compared to wet torrefaction process.  

Table 1. Proximate and ultimate analyses of raw and torrefied olive residues (Bena-

vente and Fullana, 2015; Volpe et al., 2016; Missaoui et al., 2017). 

 Raw 

OR 

WOR-

200 

WOR-

250 

DOR-

200 

DOR-

250 

Proximate Analysis (as received basis, wt. %) 

Moisture 4.3 1.6 0.8 2.6 1.2 

Volatile 

Matter 

75 77.1 72.8 78.2 71.8 

Fixed 

Carbon 

16.8 16.5 21.7 16.1 23 

Ash 3.9 4.7 4.7 3.2 3.2 

Elemental Analysis (Dry basis, wt. %) 

C 53.5 60.7 67.8 66.3 68.2 

H 6.8 6.6 6.5 8.9 8 

N 1.1 1.4 1.4 1.7 1.6 

O 38.6 31.2 24.3 16.2 14 

      

HHV, 

MJ\kg 

19.8 20.9 23.3 23.2 27.2 

 

  



457 

From the carbon content and mass yield, the carbon yield % representing the 

amount of carbon remaining in the solid biochar\hydro char was calculated.  

% 𝐶𝑎𝑟𝑏𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 =  
𝐵𝐶𝐶𝑎𝑟𝑏𝑜𝑛

𝐵𝐶𝑎𝑟𝑏𝑜𝑛
× 100       (1) 

BC represents the carbon content in biochar/hydrocahr and B refers to carbon 

content in the biomass feedstock. 

The increase in temperature from 200 to 250 °C has also shown positive 

influence on calorific value. Figure 4 presents carbon yields of the wet and dry 

torrefaction process products. As can be seen from the figure dry torrefaction of 

olive residue has higher carbon yield than wet torrefaction pretreatment products.  

 

Figure 4. Carbon recovery of wet and dry torrefaction products. 

 

Van Krevelen Plot is useful and simple method for predicting the chemical 

structure of biomass and biochar\hydro char by using chemical data. Van 

Krevelen diagram (H/C molar ratio vs O/C molar ratio) of olive residue and 

biochar and hydrochars produced at 200 and 250 °C are presented in Fig. 5. 

Examination of the plot of revealed H/C and O/C molar ratios of biochars\hydro 

chars were lower those of raw olive residue. Lower molar ratios indicate higher 

calorific value and higher stability of the material in soil (Akyürek, 2021b). 
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Figure 5. The Van Krevelen plot of raw olive residue and wet\dry torrefied prod-

ucts at 200 and 250 °C. 

 

Carbon dioxide sequestration potential was determined by;  

                            𝐶𝑂2 𝐸𝑞 = 𝐵𝐶𝐶𝑎𝑟𝑏𝑜𝑛 ×
𝑀𝑊𝐶𝑂2

𝑀𝑊𝐶
                                 (2) 

where MWC and MWCO2 are the molecular weight of carbon and carbon dioxide, 

respectively. 

The carbon dioxide sequestration potential of torrefied olive residue in Turkey 

have illustrated in Figure 6. As can be seen from the figure, dry torrefaction of 

olive residue at 200 °C has shown the highest annual carbon capturing potential 

of 2.04 million tons. Biochar produced at 250 °C has shown 1.74 carbon dioxide 

capturing capacity followed by hydro chars produced at 200 and 250 °C.   



459 

 

Figure 6. Carbon dioxide sequestration potential of wet and dry torrefaction of olive 

residue at 200 and 250 °C. 

 

4. CONCLUDING REMARKS 

The concerns on global climate change have raised the interest on carbon 

dioxide capturing and sequestration (CCS) of biomass in soil or underground. To 

reduce the anthropogenic gaseous emissions, utilization of biochar and hydro 

chars has become simple and effective options. This study provides the 

theoretical carbon dioxide sequestration potential of biochar and hydro chars 

produced from olive residue at two different temperatures (200 °C and 250 °C). 

The results revealed that dry torrefaction pretreatment products have greater 

carbon dioxide sequestration capacity compared to those of wet torrefaction 

pretreatment products. The increase in temperature from 200 to 250 °C has shown 

positive impact on energy density of the solid products however, carbon 

sequestration potential has seen to reduce with temperature in the case for both 

biochar and hydro chars. In conclusion, torrefaction is a useful pretreatment 

method to enhance the fuel properties of biofuels and soil application of biochar 

and hydro chars has high potential for reducing atmospheric carbon dioxide 

emissions and producing a carbon negative environment.  
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INTRODUCTION 

Digital Twin Technology (DTT), is a virtual model that replicates the 

characteristics, behavior, and performance of its physical counterpart in real time 

or over time. Digital twin technology is used in various industries such as 

manufacturing systems, aerospace, energy, healthcare, transportation, etc. This 

technology allows engineers, designers, and operators to simulate, monitor, and 

optimize the performance of a physical system in a virtual environment. The 

concept has found widespread application in the field of mechanical systems, 

where it is used to model the behavior of machines, structures, and components 

under a wide range of conditions. Offering unrivaled insight into system 

performance, the real-time simulation of the operational dynamics of mechanical 

systems by digital twins enables early fault detection, better design 

methodologies, and enhanced maintenance strategies (Hao et al., 2024). 

Using digital twin technology has many benefits, the most important of which 

are discussed in this section: 

Productivity: By creating a DT of a physical system, engineers and operators 

can identify and address potential issues before they occur, optimizing 

performance and reducing downtime and maintenance costs (Rojek et al., 2024). 

Decision-making: DT provide real-time data and analytics, enabling better 

decision-making and more informed actions (Granacher et al., 2022). This can 

lead to improved productivity, reduced costs and increased profitability. 

Safety and sustainability: Digital twins can be used to identify potential 

safety hazards and environmental impacts, allowing operators to take corrective 

action before incidents occur (Agnusdei, 2021). 

Overall, DTT has the potential to revolutionize the way physical systems are 

designed, operated, and maintained, leading to improved efficiency, safety, and 

sustainability, as well as increased profitability and customer satisfaction. 

Digital twin frameworks can take advantage of this technology, and its 

potential is even greater when AI is integrated. Giving AI the capacity to analyze 

large volumes of data, use inference, and make decisions in real time offers a 

whole new level of intelligence in the digital twin space. Machine learning 

models in digital twin systems, in conjunction with deep learning and 

reinforcement learning algorithms, are now used not only to increase the accuracy 

of simulations, but also to predict future system behavior, optimize performance, 
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and provide actionable insights. The collaboration of AI and digital twins is 

already transforming industries such as aerospace, automotive, manufacturing, 

and energy by enabling better operational efficiency, reduced downtime, and 

solidified data-driven decision-making. 

In mechanical system simulation and optimization, AI-driven digital twins 

offer a solution to many long-standing problems. Most traditional simulation 

techniques require huge amounts of time and resources for physical prototyping 

and testing, hence placing a limit on how the product development cycle can be 

accelerated while trying to maintain minimal costs. By unleashing advanced 

artificial intelligence in digital twins, engineers and researchers can create virtual 

models of mechanical systems in real time and study various scenarios with the 

aim of optimizing design parameters rather than taking expensive and time-

consuming physical testing. Also, artificial intelligence allows models to learn 

from real-world data continuously, thereby constantly improving their accuracy 

and predictions (Vijayakumar et al., 2019). 

 

 

 

 

 

Fig. 1. Diagram illustrating the structure of a digital twin integrated with an AI compo-

nent (Kreuzer, 2024). 

Digital twins can be divided into three broad types that represent different 

times in the process for use: 

Digital Twin Pre-production (DTP): Takes place before the physical 

product is created. 

Digital Twin Application (DTI): This digital twin is used when a product is 

manufactured to run tests in different scenarios. 

Digital Twin Aggregation (DTA): Collects previous model information 

(DTI) to determine a product’s capabilities, run prototypes, and test operating 

variables. 
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This breadth and variety of digital twin models can provide professionals with 

a wide range of applications including logistics planning, product development 

and redesign, quality control/management, and systems planning. 

DT with AI and FEM 

Integrating FEM with Digital Twin Technology and AI indeed provides a 

potent means to simulate and optimize mechanical systems in real time. Here, the 

digital twin refers to a virtual replica of a physical system but updated 

continuously with live data. The value added by AI to this process is being able 

to sense the data and predict performance characteristics intelligently, also 

guiding further improvement of the system. On the other hand, FEM is a 

numerical method for solving problems in engineering and physics, which has 

now been integrated into the digital twin for virtually analyzing any complex 

mechanical systems for any kinds of loads by preparing detailed reports on 

stresses, deformations, and thermal behavior (Dos Santos et al., 2022). 

 The interaction of AI and FEM enables iteration toward optimization. The 

results thrown by FEM simulations could be analyzed by the AI system itself in 

order to evidence design flows, optimize materials, or predict performance for 

different variables of operation. This might also involve the AI component 

making recommendations for design changes or operational adjustments that 

would result in higher performance, lower energy consumption, or increased 

component lifetimes. In this way, FEM-based simulations can be updated 

iteratively as new data arrives in the system, allowing real-time optimization and 

refinement. 

By integrating AI with FEM within the digital twin framework, predictive 

maintenance strategies become more effective. AI analyzes data trends and FEM-

based simulation results to identify early signs of wear, fatigue, or potential 

failure. This predictive capability enables timely maintenance interventions, 

preventing unplanned downtime and reducing repair costs (Nouzil et al., 2023). 

Benefits of Integrating AI and FEM with DT 

 Accuracy and Reliability: AI’s ability to learn and adapt enhances the 

precision of FEM simulations, providing more accurate predictions of system 

behavior(Zhang et al., 2022). Real-time data integration ensures that the digital 

twin remains a close reflection of the physical system. 

Cost and Time Efficiency: The application of FEM simulations in the context 

of a digital twin enables engineers to evaluate various scenarios without 

necessitating physical prototypes or testing. Moreover, the integration of AI 
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accelerates the optimization procedure, thereby diminishing the time and 

financial resources required for conventional design iterations. 

Real-Time Decision-making: Real-time data from the physical system, AI-

driven analytics, and FEM-based simulations allow for instantaneous input to 

decision-making. Such is of key importance in cases where the system 

necessitates high performance and instant respond, like those in Aerospace, 

Automotive, or industries (Wang et al., 2021). 

System performance: Continuous tuning using real-time FEM simulations 

guided by AI enhances the improved efficiency, safety, and life of the system, 

allowing it to operate optimally throughout its lifecycle.  

 

 

 

 

 

 
Figure 2. Shematic View of Digital Twin with AI and FEM 

(Baer et al., 2023) 

 

Challenges and Future Directions 

Although the great promise that this technology holds, a number of critical 

challenges remain that need to be overcome to fully harness the functionalities of 

AI-driven digital twin technology for real-time simulation and optimization in 

mechanical systems. These challenges involve data, computation limitations, 

cybersecurity threats, and the need for an advanced technological framework 

(Fuller et al., 2021). Meeting these challenges is critical to ensuring the continued 

growth and widespread adoption of digital twins in the field of mechanical 

engineering and beyond. 

Data Quality and Integration: The effectiveness of a digital twin is 

essentially anchored in the quality, consistency, and accuracy of the data it 

captures. Complex mechanical systems, especially, produce huge amounts of 

sensor data in real time, and the reliability of simulations and optimizations 

depends to a great degree on the level at which this data is integrated into the 

digital twin framework. Inaccurate or incomplete data can lead to biased 
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predictions, incorrect simulations of system behavior, and poor decision-making. 

The problem is further complicated by the diversity of sources since a mechanical 

system usually integrates several sensors, devices, and formats of data, each with 

its unique characteristics. 

Computational Complexity 

Real-time simulation and optimization of the mechanical systems using AI-

enabled digital twins can be very demanding in terms of computational 

requirements. Mechanical systems, at scale, have very complex interactions 

among components, materials, and environmental variables. Modeling and 

simulation of such systems, especially in real-time applications, require 

significant computational resources, especially when AI-based methodologies 

such as deep learning, reinforcement learning, and optimization algorithms are 

used. These algorithms need to process large volumes of data, run iterative 

simulations, and make decisions in real time, all of which put heavy loads on 

today's computational infrastructur (Jafari et al., 2023). As systems grow in size 

and complexity, as with industrial-scale manufacturing lines, aerospace 

applications, or large structural components, the computational resources 

required to carry out real-time simulations and optimization grow exponentially.  

CONCLUSION 

The convergence of AI, FEM, and Digital Twin Technology is bound to a 

solid change in simulation, optimization, and maintenance processes of 

mechanical systems. The development of unprecedented capabilities for studying 

complex dynamics of systems, design optimization, and continual improvement 

of performance were due to the combination of real-time data gathering, 

predictive analytics, and highly complicated numerical simulations into one 

synergetic digital twin empowered by AI. FEM incorporation allows advanced 

simulation of mechanical codations of stress, deformation, and other phenomena 

important to engineers for gaining better insight importance into the dynamic 

aspect of the systems in the virtual design environment without any physical 

prototyping. 

The combination of AI and FEM within a digital twin framework brings as 

much accuracy and reliability to the simulation results as to the possibility of 

continuous optimization and up to predictive maintenance. The real-time 'smart' 

data from integrated analytics feeding on physics will automatically keep 

changing and adapting the digital twin and provide near-instant decisions in favor 

of efficiency and overall system safety. 
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Using sensor data and IoT devices, digital twins can be used to monitor the 

behavior and health of a system in real time. Digital twins also allow companies 

to quickly identify and act on potential problems. For example, a digital twin 

engine might contain information about its performance characteristics, allowing 

engineers to run simulations to test new designs or measure the impact of future 

changes. In other words, many digital twins are connected to physical devices 

that are part of an Internet of Things (IoT) network. 

The challenges of data integration, computational complexity, and threats to 

systems associated with cybersecurity pose several hurdles to AI-driven 

development of digital twins. Continual innovations in computational 

technologies coupled with developments in emerging technologies like the 5G 

and Edge Computing, and Quantum Computing are providing a ray of hope for 

digital twin technologies acquisition in the modeling and optimization of 

mechanical systems, and such collaborations would further scale the growth. (Liu 

et al., 2019). 

  



470 

REFERENCES 

Hao, N., Li, Y., Liu, K., Liu, S., Lu, Y., Xu, B., ... & Zhao, Y. (2024). Artificial Intelli-

gence-Aided Digital Twin Design: A Systematic Review. 

Rojek, I., Marciniak, T., & Mikołajewski, D. (2024). Digital twins in 3D printing pro-

cesses using artificial intelligence. Electronics, 13(17), 3550. 

Granacher, J., Nguyen, T. V., Castro-Amoedo, R., & Maréchal, F. (2022). Overcoming 

decision paralysis—A digital twin for decision making in energy system design. 

Applied Energy, 306, 117954. 

Agnusdei, G. P., Elia, V., & Gnoni, M. G. (2021). Is digital twin technology supporting 

safety management? A bibliometric and systematic review. Applied Sciences, 

11(6), 2767. 

Vijayakumar, K., Dhanasekaran, C., Pugazhenthi, R., & Sivaganesan, S. (2019). Digital 

Twin for factory system simulation. International Journal of Recent Technology 

and Engineering, 8(1), 63-68. 

Kreuzer, T., Papapetrou, P., & Zdravkovic, J. (2024). Artificial intelligence in digital 

twins—A systematic literature review. Data & Knowledge Engineering, 

102304. 

Dos Santos, J. F., Tshoombe, B. K., Santos, L. H., Araújo, R. C., Manito, A. R., Fonseca, 

W. S., & Silva, M. O. (2022). Digital twin-based monitoring system of induc-

tion motors using iot sensors and thermo-magnetic finite element analysis. IEEE 

Access, 11, 1682-1693. 

Nouzil, I., Eltaggaz, A., Deiab, I., & Pervaiz, S. (2023). Numerical CFD-FEM model for 

machining titanium Ti-6Al-4V with nano minimum quantity lubrication: A step 

towards digital twin. Journal of Materials Processing Technology, 312, 117867. 

Zhang, R., Wang, F., Cai, J., Wang, Y., Guo, H., & Zheng, J. (2022). Digital twin and 

its applications: A survey. The International Journal of Advanced Manufactu-

ring Technology, 123(11), 4123-4136. 

Wang, K. J., Lee, Y. H., & Angelica, S. (2021). Digital twin design for real-time moni-

toring–a case study of die cutting machine. International Journal of Production 

Research, 59(21), 6471-6485. 

Baer, O., Giusca, C., Kumme, R., Prato, A., Sander, J., Mirian, D., & Hauschild, F. 

(2023). Digital Twin concept of a force measuring device based on the finite 

element method. Acta IMEKO, 12(1), 1-5. 

Fuller, A., Fan, Z., Day, C., & Barlow, C. (2020). Digital twin: Enabling technologies, 

challenges and open research. IEEE access, 8, 108952-108971. 

Jafari, M., Kavousi-Fard, A., Chen, T., & Karimi, M. (2023). A review on digital twin 

technology in smart grid, transportation system and smart city: Challenges and 

future. IEEE Access, 11, 17471-17484. 

Liu, G. R. (2019). FEA-AI and AI-AI: Two-way deepnets for real-time computations for 

both forward and inverse mechanics problems. International Journal of Compu-

tational Methods, 16(08), 1950045.



471 

 

 

 

 

 
 

 

Developing a Monitoring and Warning 

System for Cold Storage of Hotels for 

Sustainable Tourism 

 
 

 

 

 

 

Ahmet Çoşgun1  

 

  

                                                           
1 Dr.Öğr.Üyesi., Akdeniz Üniversitesi Mühendislik Fakültesi Makine Mühendisliği Bölümü Kampüs/ 

ANTALYA 



472 

1. INTRODUCTİON 

The history of storing products is as old as human history. Mankind has 

attached great importance to the storage, preservation, and storage of products in 

order to consume or commercially utilize the agricultural products obtained in 

the following days, weeks and months. The storage of products was previously 

carried out in simply prepared containers, wells and cellars without temperature 

and humidity control. Today, storage activities have entered a very rapid 

development process with the help of science and technology. Now, long-term 

storage of products is carried out in modern facilities, with the help of machines, 

by controlling the temperature and humidity composition of the cooling 

environment in a way to minimize the deterioration and decay of the product 

(Sargın and Okudum 2014). 

Today, a rapid development has been observed in storage activities thanks to 

the developments in science and technology. In cold storage of vegetables and 

fruits, spoilage and decay can be prevented with the help of modern and long-

term storage machines. In addition, the commercial return of the stored product 

increases, the products can be stored longer, quality losses are reduced, it is 

possible to find fresh fruits and vegetables at affordable prices in all seasons and 

these activities provide employment in many sectors from packaging to transport 

(Katrancı and Kundakcı 2020). 

The supply and continuous storage of food has always been a problem for 

humanity. To access food at the desired time based on needs, it is needed to store 

it. Because some foods are products that are grown once a year, these foods are 

stored by drying, fermenting, or in the form of traditional product such as jams. 

Moreover, while the overabundance of products when they first enter the market 

leads to price drops, their prices increase excessively when they are available 

outside their season, and this issue has paved the way for the emergence of the 

storage of foods in cold storage rooms (Devres et al. 2013). 

Cold storage is a very important ring of the cold chain. In the last decade, the 

rate of energy consumption in cold storage has rised fastly. The coordination of 

technologies on solar electricity generation and demand side management (DSM) 

is very important for energy saving and cost adjusting (Deng et al. 2022). 

The following parameters must be considered regarding cold storage rooms: 

a) Temperature: The temperature of the cold storage room should be 

determined based on the properties of the products that will be stored. In general, 

products are stored at temperatures that are very close to their freezing point. On 
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the other hand, like some tropical fruits, some products may need to be stored at 

higher temperatures. 

b) Thermal Insulation: To preserve energy in the storage of products (foods) 

in cold storage rooms, a homogeneous temperature profile should be provided. In 

this case, the thermal insulation coefficient should be optimized. Accordingly, by 

using insulation materials at a suitable thickness, it should be ensured that the 

temperature difference between the room and its interior surfaces is lower than 

2°C. In general, a cold storage room contains a space heater with a fan, an 

evaporator, thermostatic and digital valves, and interior lighting equipment. 

There is also a control panel outside the room. 

c) Relative Humidity: The relative humidity of the cooling environment is as 

important as the effectiveness of cooling. High relative humidity values inside 

cold storage rooms are inevitable when fresh fruits and vegetables are being 

stored. Evaporators, which are named internal units, can create a high relative 

humidity inside the cold storage room. Although this issue can be minimized 

using an effective design set by air conditioning engineers, it should be kept in 

mind that absolute humidity transfer around an evaporator is inevitable (Erkan 

2011, Devres et al. 2013). 

As in the case of all industrial firms, firms that are involved in cold storage 

room construction and installation also aim at effectiveness and efficiency with 

the minimum investment and operating cost. In commercial cold storage 

operations, food items are kept in fresh or frozen form. The fresh storage of food 

items involves temperatures around ±0°C to +15°C, while their frozen storage 

involves temperatures lower than -30°C to -10°C. The fresh or frozen storage of 

a food item is dependent on the type of the item and its storage duration. For 

example, lean beef to be consumed within 1 week to 3 weeks is stored fresh at 

around ±0°C, while it is stored frozen under -10°C or -30°C depending on its 

storage duration for consumption within 4 weeks to 12 months. Fruits like apples, 

pears, and quinces are stored fresh at around ±1°C, while citrus fruits such as 

oranges, tangerines, and grapefruit are stored fresh at temperatures under +10°C 

to +15°C for consumption times from 6 to 8 months (Gazette 2023). 

Commercial cooling systems include cooled cabins that contain products and 

foods that have commercial value, and portable cold storage rooms up to a 

volume of 60 m3 are also in this class. These cabins are categorized based on 

their storage temperatures as positive products (0°C to 15°C) or negative products 

(-18°C to -5°C). Whether foods are cooled or frozen, the effect of every single 

day spent outside before they are put in cold storage on the reduction in their 
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storage life is substantial. When fruits are collected from a tree and stored at 

20°C-25°C for three or four days, 

their storage life is shortened by 3-4 weeks. If they will be stored fresh, most 

products should be stored at temperatures close to but higher than their freezing 

point. In cold storage, relative humidity and ventilation are also critically 

important. Relative humidity should be high enough to prevent the product from 

losing moisture and low enough to prevent the development of microorganisms 

on the surface of the product (Bulgurcu 2015). 

The Turkish Standards Institute (TSE) published the “ISO 22000:2018 Food 

Safety Management Systems” (GGYS) standard on 02.05.2019. The scope of this 

standard was explained as ensuring that: 

a) A food safety management system that provides goods and services in a 

way suitable for their usage purposes and safe is planned, implemented, operated, 

maintained, and updated, 

b) Its suitability for applicable legal and regulatory food safety requirements 

is demonstrated, 

c) Mutually agreed-upon consumer food safety requirements are examined 

and evaluated, and compliance with these requirements is demonstrated, 

d) Matters associated with food safety are communicated to the relevant 

stakeholders inside the food chain effectively, 

e) The compliance of the firm with the specified food safety policy is 

provided, 

f) The compliance status of operations is demonstrated to the relevant parties, 

g) The food safety management system of the firm is certified or approved by 

an independent institution, or an internal assessment or declaration on the 

compliance of the system with such documents is made (TSE 2019). 

Furthermore, in the “Food Hygiene Directive” of the Turkish Ministry of 

Food, Agriculture and Livestock published in the Official Gazette issue 28145 on 

17.12.2011, Article 2 covers the procedures and principles regarding the 

responsibilities of food businesses about general rules of food hygiene to be 

followed at every stage of production, processing, and delivery, including 

primary production. In the same directive, Article 6 states the following: 

a) The main responsibility of ensuring food safety belongs to the food 

business. 
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b) Food safety must be provided throughout the food chain from primary 

production to the end consumer. 

c) A cold chain must be in place for food items that cannot be stored safely at 

ambient temperature and need to be stored under cooling. 

d) The food business is responsible for the implementation of procedures 

founded on hazard analysis and critical control points (HACCP) principles in the 

context of best hygiene practices. 

e) Guidelines for best practices are an important tool that is helpful to the food 

business for its compliance with food hygiene rules and HACCP principles at 

every stage of the food chain. 

f) Microbiological criteria based on scientific risk assessment and temperature 

control requirements must be determined. 

Article 7 of the same directive makes it compulsory to comply with 

temperature control requirements, protect the cold chain and document the cold 

chain for meeting specific hygiene requirements. 

The document titled Guidelines for Hygiene Principles and Best Practices for 

Facilities Producing Food Contact Substances and Materials particularly states 

the responsibilities of firm managers, and especially traceability, documentation, 

and record-checking are emphasized. These outputs must be provided to 

inspection personnel during an inspection. Especially in cold storage areas, it is a 

legal requirement to provide the appropriate storage conditions including storage 

temperature, humidity, other ambient factors, and substances and materials in 

contact with food (Association 2014). 

The legal requirements in place in Turkey are described above. Moreover, 

highly complicated management systems are being used in the control of 

automated air conditioning and cooling systems in cold storage rooms (Bulgurcu 

2005). 

Additionally, a change was made by the Pharmaceuticals and Medical Devices 

Agency in Turkey in the directive dated 31.12.2018 and numbered 30642 (4 

redundant) about pharmacists and pharmacies, and it was stated as a requirement 

to regularly keep records to ensure the monitoring of temperature and humidity 

data inside pharmacies and refrigerators, have early warning systems that will set 

alarms in critical situations and thermometers with data logging capacity in place, 

and regularly inspect/calibrate all devices that need to be available in a pharmacy 

(Savaş and Bayboz 2022). 
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In the literature, it is seen that various research have been carried out for the 

follow-up and monitoring of cold storages. 

Üçüncü emphasised the importance of humidity control in cold storage. The 

humidity levels are extremely important as well as the storage method and storage 

temperature of the substances to be stored in cold rooms. Therefore, necessary 

measures must be taken to keep the humidity at the desired level as well as the 

temperature in cold rooms. Thus, the quality, appearance and other properties of 

the goods to be stored will be protected (Üçüncü 2003). 

Bugarski et al. describes the implementation of a remote supervisory control 

system for fruit reception in cold stores. One purpose of the software was remote 

supervision and control of the entire plant from a control room. Also, a graphical 

representation of the relevant data is available in the laboratory at the remote 

workstation (technological station) (Bugarski et al. 2008). 

The Lim and Ryoo study describes a remote monitoring system for 

temperature control for cold storage of farm products. When the operator leaves 

the cold storage, the temperature may change for various causes, for instance a 

valve of the cooler is broken down. The temperature change causes a critical 

problem with the quality of farm products. To avoid the problem, the operator 

should look at the present status of the cold store temperature, even when he is 

away. For this reason, it iis necessary to monitorize the system for the operator 

who can move to observe the temperature (Lim and Ryoo 2004). 

Kintner-Meyer and Sandpaper performed a comprehensive analysis of the 

optimal control protocol to minimize the daily operating cost of an air 

conditioning system in a 600 m2 fis building. The system consists of two chillers, 

one designated for cold storage charging and the other for direct cooling, an air 

handling unit, a cooling tower and water pumps. This analysis determines the 

optimal protocol for internal temperature and humidity control as well as 

operating point settings for chiller control, considering two sources of thermal 

storage (Kintner-Meyer and Emery 1995). 

Mohammed et al. aimed to design and evaluate an IoT-BC system to remotely 

control, risk alert and monitor microclimate parameters such as relative humidity, 

temperature, CO2, C2H4, and light, and some operating parameters, i.e., 

temperature of the refrigeration compressor, electric current, and energy 

consumption for a modified CSR (MCSR). Furthermore, the effects of the 

designed IoT-BC system on the quality of dates during cold storage were 

investigated as a case study by comparing it with a conventional CSR (TCSR). 

The results showed that the designed IoT-BC system precisely controls the 
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MCSR, provides reliable data on the internal microclimate atmosphere, applied 

electric current and energy consumption of the MCSR, and sends necessary alerts 

in case of an emergency based on real-time data (Mohammed et al. 2022). 

Guo mentioned the importance of intelligent technology of cold storage 

control system. The application of intelligent technology in the cold storage 

control system is conducive to the optimized operation of the cold storage. It not 

only reduces energy consumption, energy saving and environmental protection, 

but also has networked and humanized management in control management. 

Therefore, cold storage control technology has developed rapidly. This paper 

analyses the application of the current cold storage control system and focuses on 

the application and development of the main intelligent technologies in the cold 

storage control system (Guo 2020). 

A new solar cold storage system for energy efficiency in cold storage is 

proposed in the study of Yang and Jia. The refrigeration cycle is driven by low-

priced electricity at night and electricity generated by PVs. The refrigeration 

capacity is stored in the cold storage and used when needed and thus the 

electricity price is minimized by this control strategy (Deng et al. 2022). 

In this case, similarly to the food sector, it becomes possible to prevent the 

degradation of drugs in the cold chain in cold storage rooms in all pharmacies, 

hospitals, and other facilities in the pharmaceutical sector. Therefore, both control 

systems and programming are crucial for cold storage rooms. 

The main purpose of this study is to remotely control the changing parameters 

such as temperature and humidity of cold storages and to develop an alarm 

system. Thus, businesses, especially the tourism sector, will gain labor, time and 

cost savings. The biggest feature that differs from similar studies is that it can be 

adapted to existing cold storages at very low costs and can operate more stably. 

The studies carried out have obtained results that support the purpose of the 

article. 

In the first section of the study, the introduction, the importance of the study 

and the literature are mentioned. In the second section of the study, material and 

method section, the developed system is explained in detail. Here, the hardware 

and software features of the system are discussed. In the third section of the study, 

the findings of the study are discussed and the features that differ from similar 

ones are mentioned. In the last section of the study, the results of the study are 

discussed and the contributions of the study to the literature are mentioned. 
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2. MATERİAL AND METHOD 

It supports many domains, including digital applications, the private sphere 

and the world of work. In this study, the following components were used as 

hardware: 

• Temperature sensor on an electronic circuit board, 

• ESP-based processor, 

• Wi-Fi adapter,  

• Ethernet adapter,  

• LoRaWAN adapter 

 

Figure 1. Operational model of the temperature log monitoring and warning system 

 

Using these five pieces of hardware, the circuit board given in Figures 2, 3, 

and 4 was produced. 

The software development process and main components were as follows: 

1. Web-based software responsive to mobile screens that can be accessed 

on an internet browser, 

2. Web service software developed using the Node.js programming 

language to connect the device, the web-based software, and the database, 

3. MQTT device network protocol. 

While developing the hardware components, because nested types of cold 

storage rooms were considered, the components were designed in a way to allow 

a minimum of one temperature-humidity sensor and a maximum of three 
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temperature-humidity sensors, as well as door status monitoring sensors, to be 

connected to each device. Open-source libraries were utilized while developing 

the software. All algorithms were specifically developed for this study.  

2.1. Hardware 

The most important property of the hardware components was that they were 

very inexpensive. The most significant aspect of the integrated circuit was that it 

had an adapter-based structure to send data to the network, and it was able to 

transfer 

data over Wi-Fi, ethernet, or LoRaWAN depending on the adapter used. The 

main purpose of using a multi-adapter system here was to create a design suitable 

for any kind of infrastructure in each business. 

2.2. Embedded system 

The algorithm of the system is shown below. 

1. Start 

2. Start DataLogger 

3. Initialise Mqtt; 

1. Connect To Mqtt Server Read Connection Info From EEPROM; 

4. Initialise Setup; 

1. Read Sensor Pin Numbers, Network Config, Serial Info vs From 

EEPROM; 

2. If cannot find config at eeprom, go to CheckConfig; 

5. CheckConfig; 

1. Start at ap mode device for config; 

6. StartLogger; 

1. Start Data Logger, Read Data and share device data with Share-

Data Method; 

7. ShareData; 

1. Share Data using MqttConfig with Server; 

8. ReciveMsg(Get Msg From Servers for manage device from remote); 

1. Close Device; 

2. ReShare Last Read data; 
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3. Restart Device; 

4. Update Configuration From Remote; 

9. Finish Program; 

 

 // Wi-Fi Bağlan  

wifi_server.handleClient(); 

unsigned long simdiki_zaman = millis(); 

  //unsigned long simdiki_zaman1 = millis(); 

  //unsigned long simdiki_zaman2 = millis(); 

 

// Read Sensors 

  reed_status1 = digitalRead(reed_switch1); 

  reed_status2 = digitalRead(reed_switch2); 

  reed_status3 = digitalRead(reed_switch3); 

 

  Temperature1 = dht1.readTemperature(); // Gets the values of the temperature 

  Humidity1 = dht1.readHumidity(); // Gets the values of the humidity 

  Temperature2 = dht2.readTemperature(); // Gets the values of the temperature 

  Humidity2 = dht2.readHumidity(); // Gets the values of the humidity 

  Temperature3 = dht3.readTemperature(); // Gets the values of the temperature 

  Humidity3 = dht3.readHumidity(); // Gets the values of the humidity 

 

//Read Multiple Temp Sensors 

  if (isnan(Temperature1)) { 

    Temperature1 = 500; 

    Humidity1 = 500; 

  } 

  if (isnan(Temperature2)) { 

    Temperature2 = 500; 
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    Humidity2 = 500; 

  } 

  if (isnan(Temperature3)) { 

    Temperature3 = 500; 

    Humidity3 = 500; 

  } 

// Gate Control 

  doorCheck(doorOpened1, Temperature1, Humidity1, reed_status1, 1); 

  doorCheck(doorOpened2,  Temperature2, Humidity2, reed_status2, 2); 

  doorCheck(doorOpened3, Temperature3, Humidity3, reed_status3, 3); 

  if(sendWebService){ 

    webService(Temperature1, Humidity1, reed_status1, 1); 

    webService(Temperature2, Humidity2, reed_status2, 2); 

    webService(Temperature3, Humidity3, reed_status3, 3); 

    sendWebService= false; 

  } 

  if (simdiki_zaman - eskizaman >= unsigned((wifi.sendTime.toInt()) * 60 * 

1000)) { 

    shareDataRead(Temperature1, Humidity1, reed_status1, 1); 

    shareDataRead(Temperature2, Humidity2, reed_status2, 2); 

    shareDataRead(Temperature3, Humidity3, reed_status3, 3); 

    eskizaman = millis(); 

  } 

Additionally, Figure 2 shows the two-layer circuit diagram of the temperature 

logging circuit, and its 2D and 3D outputs. 
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Figure 2. Two-layer circuit diagram of the temperature logging circuit, 2D and 3D out-

puts 

 
Figure 3 shows the electrical circuit schematic of a cold storage room in a 

hotel named Megasaray in the province of Antalya in Turkey. 

 
 

Figure 3. Control circuit of a cold storage room (Bulgurcu et al. 2012) 



483 

Figure 4 shows the electrical circuit schematic of the design that was created 

in this study as a cold storage room control system. 

 
 

Figure 4. Electrical circuit diagram of the system 

 

3. RESULT AND DISCUSSION 

The positions of the temperature logging and monitoring system components 

applied to a cold storage room in the Megasaray Hotel in Antalya in this study 

are shown in Figure 5. 

 

Figure 5. Installation photographs of the system in the cold storage room 

 

The web-based software output screens for the temperature logging and 

monitoring system that was developed in this study for the Megasaray Hotel in 

Antalya are presented in Figures 6, 7, and 8 
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Figure 6. Temperature values on the output screens of the web-based software for the 

temperature logging and monitoring system developed for the Megasaray Hotel. 

 

 
 

Figure 7. Megasaray hotel web-based temperature logging and warning system 

software output (temperature and relative humidity) values 
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Figure 8. Output screens of the web-based software for the temperature logging and 

monitoring system developed for the Megasaray Hotel 

 

As seen in the results on the screens, 1st output report: The report presents 

data on the average temperature, humidity, and door status (open or closed) 

values in the date interval selected on the screen. 2nd output report: The warning 

report presents values showing the number of warnings and warning categories 

in the system depending on preset warning scenarios. 

These output reports could be downloaded in PDF or .xlsx format. The design 

that was made in this study also provided the opportunity to e-mail the outputs to 

different departments of the hotel for them to follow the results over the system. 

In such studies, it is aimed to provide the consumer with quality energy at the 

lowest cost (Tanaka et al. 2015, Aybers and Şahin 1995). 

Accordingly, the optimal design of cold storage rooms is increasingly 

becoming more important day by day. For example, in the design developed in 

this study, in cases where someone forgets to close the door to the cold storage 

room, this information is sent to the relevant technical department in the hotel, 

and thus, it is possible to prevent additional energy costs to be brought about by 

leaving this door open. 

The greatest advantage of the system is its cost compared to current 

temperature logging and warning systems used in cold storage rooms. By 2023, 

under normal conditions, the cost of the system is around 50 TL including the 

required spending items and some electronic components (transistors, resistors, 

capacitors, inductors). Considering the implementation of this system for 40 cold 
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storage rooms, the cost including the programming labor of an expert engineer 

adds up to 16,000 TL. 

On the other hand, the manufacturer firm of these rooms charges 2000 TL for 

such a system for each cold storage room. For 40 rooms, the cost adds up to 

80,000 TL. 

a) Total cost of temperature logging, warning, and monitoring systems for 40 

cold storage rooms in this study: 2000 TL/per unit *40 units = 16,000 TL. 

b) Average cost of similar systems for 40 cold storage rooms provided by cold 

storage room manufacturing companies is 80,000 TL. 

In this case, the saving in costs becomes a-b = 80,000 TL – 16,000 TL = 

64,000 TL. 

As seen here, using the design that was developed in this study, the 

expenditures of five-star hotels on these items would decrease significantly. This 

study will be guiding for similar design studies around the world. 

The design that was developed in this study can also be used in cold storage 

rooms in other sectors, especially pharmacies and hospitals, in addition to the 

food sector. An example of problems that could be prevented by using this design 

at very low installation costs is the potential of chemotherapy drugs worth 

millions of dollars becoming unusable in case of failure to intervene with 

malfunctions in a cold storage room that is used to store drugs for lung cancer 

patients in the cold chain. This design also offers a good warning and monitoring 

system to ensure that cold storage rooms are not operated under unsuitable 

conditions. 

4. CONCLUSIONS 

With the rapid development of technology, developments in the internet of 

things and rapid information technologies will be seen more widely following 

Industry 4.0. In this study, hotel, and accommodation 

Developed for the continuation of sustainability in its facilities, the design 

enables data records of cold storage warehouses to be accessed remotely via a 

web-based platform. Temperature measurements can be reported in real time or 

according to date and time intervals. This system also allows sending 

notifications to the relevant parties according to the warning thresholds created 

in the warning scenarios created on the integrated software. 

For example, the system may send a warning if the temperature in the cold 

storage exceeds -5°C. In this integrated platform, it is ensured that these alerts are 
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sent to the control centers in tourism and accommodation facilities in an instant 

and sustainable manner via instant notifications, e-mail, or SMS. 

The designed device allows the connection of three sensors to log and monitor 

temperature data. With this property, it is possible to collect information on 

nested cold storage room systems. 

The temperature logging and warning system provides the opportunity to 

remotely monitor the parameters measured in the hotel and receive notifications 

(via SMS, e-mail, etc.), offer objectively measured data for inspections, and allow 

faster and more accurate communication among different users registered to the 

system via the software. 

The risk of workers catching life-threatening diseases can be minimized by 

collecting data on temperature, humidity, and other parameters in cold storage 

without the need to involve people in the process. In this case, it will be possible 

for employers in Turkey to protect the health of their employees in five-star hotels 

within the scope of the Occupational Health and Safety Law No. 6331. 

In order to monitor the temperature and humidity values in refrigerators and 

pharmacies, records should be kept regularly, early warning systems should be 

used to set an alarm in critical situations, and thermometers with data recording 

capacity should be available in the field. 

By using this temperature recording and monitoring system, which we 

designed in this study, in sustainable tourism and accommodation facilities, as 

well as in cold storages of all pharmacies and hospitals, it will be possible to 

reduce the number of employees and prevent the deterioration of drugs. In the 

cold chain in the pharmaceutical industry with digital sustainability. 

In this study, it is aimed to establish a basis for similar studies in sustainable 

tourism and accommodation facilities, pharmaceutical industry by developing 

temperature recording and monitoring design. 
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Introduction  

Environmental and energy challenges are getting more severe, and material 

lightweighting is becoming a critical component of green production, resulting in 

increased demand and interest in lightweight, high-strength materials. Titanium 

alloys are commonly utilized in the aerospace sector owing to their high specific 

strength, corrosion resistance, and high temperature performance.  

The aerospace and medical sectors are only two of the many businesses that 

may benefit from titanium alloys' exceptional corrosion resistance and high 

strength-to-weight ratio. To  produce dependable welds with little distortion for 

the production of components in these sectors, a number of methods have been 

examined. Laser welding is one of these methods that may be quite helpful for 

welding titanium alloys because of its accuracy and speed of processing. 

The medical, aerospace, automotive, petrochemical, nuclear, and power 

generation industries have found a wide range of successful applications for 

titanium and titanium alloys due to their low density, good high-temperature 

mechanical properties, and good corrosion resistance. In applications like the 

outer shells of turbines, avionics power units, and landing gear structural 

components on the some commercial jet airliners, titanium alloys can be used in 

place of aluminum-based materials when the perating temperature rises above a 

particular point. This allows for the  achievement of better mechanical properties 

at high temperatures. Alternative uses for titanium in the medical field include 

pacemaker cases, artificial heart pumps, prosthetic devices like heart valve 

components, and load-bearing bones like hip bone replacements because of its 

extremely low corrosion rates in bodily fluids. 

Specifications for Hybrid Laser Welding  

Hybrid laser arc welding (HLAW) is another name for hybrid welding. In 

order to make up for the drawbacks, this welding technique was created to utilize 

the benefits of both arc welding (such as TIG, MAG, or MIG welding) and laser 

welding concurrently. 

More gap control tolerance, deeper penetration, less heat input, less 

deformation and shrinkage, increased weld hardness and strength, more fatigue 

resistance, better welding speed and quality, and reduced costs are all thought to 

be achievable with hybrid welding.  
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Figure 1. Laser Welding on the Left, Hybrid Welding Schematic on the Right. 

Because of the narrow laser beam spot diameter, butt-to-butt welding 

necessitates precise gap control, or groove precision. Countermeasures like 

slower cutting rates are necessary in broader grooves. Generally speaking, laser 

welding works well for joining thin plates, but not for joining thicker ones. On 

the other hand, thick plates can be welded using arc welding; however, high-

speed welding is not advised due to the huge weld spot diameter and shallow 

penetration.  

Laser welding offers the following benefits: minimal distortion, deep 

penetration, and fast welding rates. The drawbacks include impossibility of build-

up and weakness to vacancies. Fast welding rates with little distortion, deep 

penetration, and strong void resistance are the benefits of hybrid welding (keyen-

ce.com/ss/products/measure/welding, 2024).  

 

Figure 2. Hybrid Laser Source Detailed Diagram.  

Arc welding, which is best suited for thick sheets and provides excellent gap 

management with high groove precision, and laser welding, which is best for thin 
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sheets and detailed welding, are both done concurrently in high-speed, high-

quality hybrid welding. Hybrid welding is gaining popularity in applications that 

need high process speeds even in complex situations. Examples of these include 

welding materials with different melting points and welding base material 

thicknesses during the machining of custom blanks in the automotive industry 

(twi-global.com/technical-knowledge, 2024).  

Deep-penetration keyhole laser welding and arc welding are combined in a 

single process zone in hybrid laser arc welding, which was first suggested in the 

1970s but has lately attracted renewed interest. Some of the accompanying 

drawbacks, such the poorer tolerance of laser welding to joint fit or the higher 

heat input of arc welding, which increases distortion and consequent rework 

costs, are solved by the hybrid method, which combines the benefits of different 

procedures. According to estimates, these expenses may make up as much as 15–

30% of the labor costs associated with new building. Hybrid welding is therefore 

being thoroughly researched for a variety of materials and industrial applications, 

and is being used in several industries, such as shipbuilding 

(ionix.fi/en/technologies, 2024).  

Welding Processes of Titanium Materials with Laser Hybrid Welding 

Method  

The majority of commercially pure titanium and titanium alloys can be joined 

using the same welding techniques and tools used for austenitic stainless steels 

and aluminum alloys; however, extra care must be taken to protect the molten 

weld pool because of their increased reactivity with atmospheric elements at high 

temperatures. Nonetheless, laser welding offers a great deal of versatility when it 

comes to connecting titanium alloys automatically or with the use of flux or filler 

wire. Because laser welding can create a keyhole that efficiently concentrates 

energy input into a small area, limiting microstructural changes to the weld zone 

and a narrow heat-affected zone, it has good potential for joining titanium alloys. 

Additionally, it has been experimentally shown to maintain the mechanical 

strength and corrosion resistance of the weld bead. 

During laser welding, gas shielding is crucial to maintaining the mechanical 

qualities of titanium alloys by preventing the weld zone from getting bitter and 

the consequent loss of ductility. Shielding gas is used to protect the weld pool 

from air pollution, which is said to enhance the laser's ability to adhere to the 

material (Wang et al., 2007). 

The behavior of the molten pool was concurrently investigated by Kawakito 

et al. (2007) in order to comprehend the laser welding phenomena of 
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commercially available pure titanium. To minimize spatter or porosity, the 

possibility of adaptive regulation of laser peak power and pulse duration was 

examined, taking into account the link between the welding outcomes and the in-

process monitoring signals. According to reports, when compared to titanium 

alloys, laser welding has the thinnest weld bead and the greatest aspect ratio 

among the three welding processes (TIG, plasma, and laser). 

The pulsed and continuous wave (CW) mode laser can be used to weld 

titanium alloys. In applications involving pulsed lasers, each laser pulse creates a 

little pool of molten material that solidifies again in a matter of milliseconds. A 

shallow and smooth weld pool is created when welding takes place in the 

conduction mode, which is triggered by low peak power or increased spot size. 

Alternatively, a significantly deeper weld pool is produced by increasing the peak 

power or decreasing the spot size; this is said to be known as penetration or 

keyhole mode welding. 

In order to weld 1.5 mm thick commercially pure titanium (CP-Ti), the fiber 

laser-gas metal arc (GMA) hybrid welding technology was experimentally 

demonstrated. In comparison to the fiber laser welded joint, the impact of the 

welding settings on the hybrid weldability was examined in terms of the welded 

joints' microstructure, tensile characteristics, hardness, and bead form. 

Consequently, it was shown that the fiber laser-GMA hybrid welding 

technique can weld CP-Ti sheets that are 1.5 mm thick at up to 9 m/min. 

Additionally, compared to the base metal, the fiber laser-GMA hybrid welding 

yields greater Vickers hardness and tensile strength. It is evident that hybrid 

welded connections offer a superior blend of strength and ductility when 

contrasted with laser welded joints. 

Fiber lasers have outstanding performance, power scalability, dependability, 

efficiency, and operational life. They are also incredibly small and sturdy. In 

comparison to traditional solid-stage lasers, the lasers are more than 20% 

efficient, need less electricity, and provide superior beam quality. The literature 

on fiber laser-laser hybrid welding is somewhat limited because kilowatt-level 

fiber lasers have just been around for a few years (Kancharla V., 2006). 
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Figure 3. Fiber laser-GMAW hybrid welding system. 

In comparison to the fiber laser welded connections, Fig. 4 displays the cross-

section and bead appearance of the laser-GMA hybrid welded junction at a speed 

of 9 m/min. These two welding techniques provide full penetration welds with 

consistent weld patterns at a 9 m/min travel speed. A crucial finding is that the 

weld surfaces are smooth, brilliant silver, and exhibit minimal deformation, all of 

which suggest that the molten pool is adequately shielded. The thin heat affected 

zone (HAZ) and narrow butt joints welded by fiber laser welding have a nearly 

parallel weld pattern and result in little workpiece deformation. The laser welds 

do, however, have a little depression in the weld bead. When using the fiber laser-

GMA hybrid welding method, the welded connection of CP-Ti has a much 

broader HAZ and a slightly projecting top surface.   
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Figure 4. Comparison of joints welded at a m/min welding speed: The top bead appea-

rance in the fiber laser welded junction is shown in (a-1) and the cross-section in the fi-

ber laser welded joint is shown in (a-2). The top bead appearance in the laser-GMA 

hybrid welded joint is shown in (b-1). 

The hybrid welding technique, thus, produced complete penetration welds 

without recesses with the same high travel speeds as the laser welding process, 

but with a wider HAZ. Vickers hardness indentations are seen along two welds 

(from the base metal to the HAZ and the weld centerline). The base metal has a 

hardness of around 150 HV, but the weld metal has a somewhat greater hardness, 

ranging from 160 to 220 HV. Since the HAZ's hardness is comparable to that of 

the base metal, it may be concluded that the HAZ has minimal influence on the 

total hardness. The peak hardness of laser and hybrid welding reaches 190 and 

212 HV, respectively, and the hardness increases sharply as the HAZ gets closer 

to the center of the weld metal.  
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Figure 5. Hardness graph along the welded joint with laser power P = 2 kW and welding 

speed v = 9 m/min: (a) fiber laser source; (b) hybrid source, with defocus distance = 0 

mm, arc-laser distance = 1 mm, arc voltage = 20 V, and welding current = 220 A. 

 

The weld hardness for a particular cooling rate is not only determined by the 

oxygen level of titanium, despite it being the primary component. The ultimate 

hardness outcome is determined by how the cooling rate interacts with the 

composition's nitrogen and oxygen concentrations. Thus, it is evident from these 

results that the microhardness of the welded joints is significantly influenced by 

the interaction between the cooling rate and the composition that contains 

nitrogen and oxygen (X. Li., et al., 2005).  

 

Figure 6. Comparison of the welded joints' oxygen profiles. 
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Tensile characteristics The elongation and tensile strength of two welded 

connections in relation to the base metal are displayed in Figure 7. The fracture 

happens in the weld metal in laser-welded joints, whereas it happens in the base 

metal in laser-GMA hybrid welded junctions. It is evident that the two welded 

connections attain the majority of the base metal's tensile strength, but the finer 

microstructure created in the fusion zone causes a minor loss of ductility. In 

contrast to fiber laser-welded joints, hybrid welded joints exhibit more 

elongation. Consequently, compared to fiber laser-welded joints, hybrid welded 

joints exhibit superior elongation and greater tensile strengths. 

The hybrid welded joints clearly offer a superior mix of strength and ductility 

than the laser-welded ones. The microstructure and chemical makeup of the welds 

have a significant impact on their mechanical qualities, just like they do for any 

other material (S. Lathabai et al. 2001).  

 

Figure 7. Tensile characteristics of welded joints and base metal are compared: (a) 

strength under tension; (b) lengthening. 

The welded joints' microstructure Alpha (HCP) ⇌ beta (BCC) is the allotropic 

phase transition that titanium goes through at 882 °C (Eboo M., et al., 1978). A 

transition to the β phase occurs when the material in the fusion zone is heated to 

882 °C or higher during welding. As the weld cools via the β transus, the resultant 

microstructure in a CP-Ti is controlled by the cooling rate from the β phase area 

(R. I. Jaffee, 1973). Titanium microstructure can therefore differ significantly 

based on processing settings. Thus, by examining the related diffraction patterns, 

XRD analysis of the base metal and the welded joints was carried out to identify 

whether phases (α-Ti or β-Ti) were present. Fig. 8 displays phase measurements 

made with Cu K α radiation at 40 kV and 20 mA in the 2θ window from 20 to 

80°. The existence of α-Ti hcp phase is shown by the base metal's primary 
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diffraction peaks. According to (Cui Li et al., 2009), alpha phases are found for 

the HAZ and weld metal in two welded connections when compared to the base 

metal's diffraction pattern. 

 

Figure 8. Diffraction patterns in base metal and welded joints were calculated. 

Conclusion  

The creation of hybrid structures with significant uses in the automotive and 

aerospace sectors has also been aided by the laser welding of titanium materials 

with other materials, such as various titanium and aluminum alloys. When 

titanium materials are subjected to hybrid welding, excessively high peak power 

increases cause the workpieces' temperature to rise over the material's 

evaporation point, which encourages the creation of craters on the materials' 

surface. The pulse length is increased with constant peak power to enhance the 

penetration depth without craters. The weld pool will expand at the same 

penetration depth as the pulse length increases the diameter of the heat-affected 

zone. The two weld zones have extremely high hardness as a result of the quick 

cooling. The hardness distribution in the fusion zone is greater than that of the 

base metal and the HAZ, according to the microhardness profile along the weld. 

Furthermore, for high peak powers, the hardness values are greater. The cooling 

and hardness values are decreased, though, as the increase in average power raises 

the target's overall heat input. 
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Because new and innovative materials are constantly being created for crucial 

engineering applications, particularly in the automotive and aerospace sectors, 

laser welding titanium alloys presents growing research opportunities and 

chances for creating lightweight parts. 
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Introduction  

The need for resource conservation and energy consumption reduction is 

growing daily in order to satisfy the expectations of sustainable development. In 

order to lower energy and resource consumption, structural lightness is one of the 

key development objectives for global manufacturing.  

The concept of hybrid laser-arc welding dates back to the 1970s. Nevertheless, 

there hasn't been enough research done on this topic in the years thereafter. 

Researchers are now focusing on this topic once again and are attempting to 

combine the benefits of arc and laser welding techniques. In recent years, high-

quality laser systems have become a typical component of production systems, 

despite the fact that challenges with balanced laser production made practice 

difficult in the early days. The process known as laser-arc hybrid welding, which 

blends arc and laser welding, allows both techniques to influence and support one 

another by applying them simultaneously in the same welding region. 

The industrial and academic groups have been paying more and more attention 

to hybrid laser arc welding of aluminum alloys. The literature has shown that 

laser arc welded joints with comparable Al alloys have exceptional mechanical 

and fatigue characteristics. The microstructures and characteristics of laser arc 

welded joints made of various Al alloys have not been extensively studied, 

despite their growing use in contemporary engineering projects. Because of their 

excellent strength-to-weight ratio and corrosion resistance, aluminum alloys are 

utilized extensively in a variety of sectors. These alloys are challenging to weld 

because of their unique thermophysical characteristics and intricate physical 

metallurgy. 

Hybrid Laser Welding Technology  

Hybrid laser welding is a frequently used hybrid technology that combines gas 

metal arc welding (GMAW) with laser beam techniques. This process makes use 

of a head that contains the laser focusing optics and GMAW gun. The laser beam 

creates a keyhole close to the puddle's leading edge. Furthermore, hybrid methods 

that combine laser and gas metal arc welding (GMAW) have been developed for 

usage in permanent places. Additionally, the instruments needed to develop the 

joint design are no longer necessary. Specially designed alloys of filler metal are 

used to create a physically smooth junction. Laser-GMAW hybrid welding 

combines the LBW and GMAW techniques. One potential application for this 

combination is welding lightweight structures, particularly aluminum alloys.   
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The effectiveness, resilience, and versatility of this hybrid welding technique 

are widely recognized. By combining the high fillet feed of GMAW with a deep-

penetrating laser beam, the primary applications of LBW and GMAW may be 

significantly enhanced. This technique's main benefits are excellent gap bridging 

capabilities, deep and consistent weld penetration, minimum deformation, and 

quick filler metal addition. Wider groove tolerances are possible with this hybrid 

process than with LBW of some metals, such aluminum alloys. 

Laser welding is more cost-effective and robotic than electron beam welding 

since it doesn't require a vacuum atmosphere to function and the beam can be 

optically focussed like other light beams. High operating speeds and extremely 

little workpiece deformation are made possible by the focused heat source that is 

the laser beam. Unfortunately, high-power lasers are both costly and huge. 

Additionally, the beam must somehow reach the joint. In contrast to CO2 lasers, 

which require mirrors to transfer their light, Nd:YAG lasers can transport their 

light through thin glass fibers, which makes them appealing for use in robotic 

welding. 

 

Figure 1. Depicts the melt flow characteristics of LAHW in a paraxial arrangement with 

a leading laser beam/trailing arc. 

Laser-Arc Combination Welding The laser beam and the arc are combined in 

the same weld pool using LAHW (Figure 1). This technique, which was created 

and initially published in the 1970s, aimed to lessen the drawbacks of LBW and 
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issues including poor bridgeability, high sample preparation requirements, and 

issues with filler material addition. It is conceivable to combine both heat sources 

to create a hybrid weld because the electric arc and the high-energy-density laser 

beam both function in a gaseous shielding environment at room pressure. Deeper 

penetration is accomplished by the laser beam heat source, while additional 

benefits including increased productivity, process stability, and dependability are 

offered by the arc, which serves as a secondary heat source. This approach is 

known as laser-enhanced or laser-assisted arc welding if the arc serves as the 

main source of heat (Bunaziv I., et al., 2021). 

The practice of combining laser welding with other welding techniques, such 

MAG welding, into a single operation is known as hybrid laser welding. Although 

electric arcs and laser beams are quite distinct welding heat sources, they may 

both function in a gaseous shielding environment at room pressure, allowing for 

the combination of these heat sources in a special welding process known as 

hybrid laser-arc welding. In recent years, hybrid laser-arc processes—particularly 

hybrid laser-MAG welding—have been used more and more in welding 

applications. Many of the autogenous laser welding and arc welding process 

mechanisms are evident in hybrid laser-arc welding. Additionally, the 

combination of the two distinct processes has certain synergistic benefits. 

The combination of arc and laser welding is known as hybrid laser-arc 

welding. Along the weld pass, the procedures produce a shared weld pool. There 

are instances where the arc and laser beam are so far apart that the operations 

produce distinct weld pools. Occasionally, this procedure is referred to as tandem 

laser-arc welding rather than hybrid laser-arc welding. There are intricate 

physical interactions between the two heat sources in the hybrid process, which 

goes beyond just combining the laser beam and the arc. In hybrid laser-arc 

welding processes, the arc acts as a secondary heat source to increase stability 

and dependability, while the laser beam, which has a high energy density, often 

acts as the primary heat source to enable deep penetration mode welding and 

efficiency of the welding process, as well as the weld quality. 

The TIG process is a non-consumable electrode method, while the MAG 

process is a consumable electrode process that may be used as a secondary heat 

source. Consumable electrode processes are recommended if filler material needs 

to be added; non-consumable electrode arcs are the preferable option. Both arc-

like and laser-like properties can be found in the hybrid process, depending on 

the energy ratio of the two heat sources. The weld breadth grows with arc energy, 

whereas the weld penetration increases with laser energy. The ideal ratio of laser 
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beam and arc strengths varies depending on the application 

(www.ionix.fi/en/technologies/laser-processing, 2024). 

Welding Technology Applications on Aluminum Alloys   

It may be used to combine disparate materials and weld thin metal sheets to 

create lightweight structural designs, such as those seen in the automobile sector. 

A laser riveting procedure is proposed to replace existing thermal joining 

processes, where the primary difficulty is the development of intermetallic phases 

from distinct alloying elements (E. Schubert et al. 2001). The concept of laser 

riveting is demonstrated in Figure 2, along with an example of connecting steel 

to aluminum—a task that is sometimes thought to be challenging or impossible 

using conventional thermal techniques. Steel and other nonmetallic materials like 

resin and carbon fiber reinforced plastic (CFRP) can also be joined using this 

laser riveting technique. 

An arc and a laser are the two heat sources used in laser-MIG hybrid welding 

(Yan, S.H et al. 2014, Su, J., et al. 2023, Vorontsov, A., 2022). Aluminum alloys' 

laser energy reflection may be decreased by efficiently lowering the plasma's 

inhibitory impact on the laser through the coupling effect between the arc and the 

laser. To optimize the energy consumption ratio of the two heat sources at the 

same time, the laser also stabilizes, compresses, and increases the energy density 

of the arc.  
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Figure 2. Steel can be joined to CFRP, aluminum, or resin using the laser riveting pro-

cess (laserfocusworld.com, 2024). 

Zhang et al. (Zhang, C., et al., 2017) studied the effect of laser-arc hybrid 

welding parameters on the porosity of 8 mm thick AA6082-T6 aluminum alloy. 

The weld porosity was less than 0.5% under the optimized welding parameters, 

and there was a certain relationship between the properties of the molten pool and 

the weld porosity. When the arc current or laser power was increased or the 

welding speed was reduced, the weld cross-section gradually changed from Y-

shape to V-shape, and the weld porosity decreased. Another study by Huang et 

al. (Huang, L.J., et al. 2018) carried out laser-MIG hybrid welding of 10 mm thick 

5083 aluminum alloy. The order of laser and MIG heat sources was studied on 

the effect of weld forming and joint mechanical properties The effects of laser 

and MIG heat sources on joint mechanical characteristics and weld formation 

were examined. It shown that weld porosity was clearly reduced and weld 

formation was improved when the laser heat source was in the front. Additionally, 

the weld metal's mechanical characteristics improved due to the homogenous 

distribution of second phase particles. (Cai, et al. 2019) welded an aluminum 
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alloy using a laser-MIG hybrid process. The impact of varying volume ratios of 

He and Ar-He mixed gases on the porosity flaws, plasma physical characteristics, 

and weld penetration depth was investigated.  

 

Figure 3. Schematic Diagram of Laser-MIG Hybrid Al Welding Process 

Aluminum alloys with low boiling point components, such magnesium, may 

evaporate and burn when fused by a laser beam. In 6XXX aluminum alloys, the 

constituent element of the strengthening phase Mg2Si is magnesium.  
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Figure 4. SEM Observation and Analysis of L and H1 joints: (a) Weld center morpho-

logy and Al, Mg and Si element distribution of L joint (Zhang, W.,et al. 2024). 

The reduction in the strengthening phase of the joints due to the burning loss 

of magnesium would result in a decline in the mechanical characteristics of the 

joints. The filler wire, which is added to the laser-MIG hybrid welding technique, 

can somewhat enhance the alloying components. The location and composition 

of alloying materials have a significant impact on the welded joints' mechanical 

characteristics. The SEM of FZ of the L and H1 joints displays the distributions 

of the Mg and Si elements for the L and H1 joints, respectively, as seen in Figure 

4. In the weld of two joints, the magnesium element is evenly dispersed without 
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any discernible segregation. In the grain boundary, the Si element is somewhat 

segregated and mostly concentrated in the white particle phase. White particles 

enhance the resistance of dislocation movement when it reaches the grain 

boundary, improving the mechanical characteristics of the welded joint (Kocak, 

M., 2024).  

Conclusion  

Porosity may be reduced by adjusting the process parameters, which is 

especially difficult for laser-arc hybrid welding because there are a lot of 

variables to change. The process of adjusting parameters might be laborious and 

involve interactions. A laser welding strategy may be quickly developed in 

demanding sectors if the influence of process factors is clearly understood. The 

broader process window provided by filler wire and heat input manipulation can 

make laser-arc hybrid welding advantageous. New filler materials must be 

developed in order to improve strength and resistance to corrosion. New 

technologies including grain refiners, electromagnetic support, shorter 

wavelength diode laser sources, laser beam oscillations, and nanoparticles in filler 

wire can be used to further enhance weld quality and attain strength comparable 

to the base metal. Vacuum may be used to solve a lot of processing issues, leading 

to new manufacturing possibilities and notable productivity gains. The process of 

producing a vacuum is complicated and expensive, particularly for small and 

medium-sized businesses. Compared to fusion welding processes, the evolution 

of aluminum alloys towards greater strength occurs significantly more quickly. 

Therefore, in order to be more competitive with friction stir and arc welding, it is 

important to research and evaluate the application of laser welding and laser arc 

hybrid welding capabilities. 
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Introduction 

The aviation industry started with Hazerfen Ahmet Çelebi in 1632, continued 

with the Wright brothers at the beginning of the 20th century, and has come to 

the present day as a result of a long process and efforts (Kanbur and Gökalp, 

2014).  With the developments in the aviation sector from the past to the present, 

the need for aircraft has increased due to the fact that the aircraft have become 

more technological, large, and complex in this field, as well as the desire of states 

to be in a strong position in line with their political and military interests, which 

means an increase in the need for aircraft workers. Increased competition in the 

marketplace has increased the value of human capital, especially in order to 

improve quality and achieve greater customer satisfaction. 

The increase in the number of people working in the aviation sector, together 

with the increasing competition around the world, has increased the points to be 

considered and emphasized in this field. An intensive working process, heavy and 

fast-paced shifts, the necessity to work in a narrow space, and the necessary 

maintenance equipment and environmental impacts during the work process can 

be given as examples. In addition, the working individual also has responsibilities 

in this process. It is necessary to position the body correctly, select appropriate 

hand tools, and take individual precautions against hazards that may come from 

the environment in the workplace. In this regard, especially in aircraft workers, 

aircraft maintenance technicians face injuries and injuries as a result of the 

workloads encountered in the aircraft maintenance process.Since injuries can 

occur, the correct working positions, appropriate equipment, and safety measures 

for people working in this field are important for the continuity of a healthy 

process. 

1. Aircraft Employees 

When aircraft employees are classified according to criteria that require 

technical knowledge and experience, they are divided into general classes as 

pilot, mechanical maintenance technician, and avionics technician. Aircraft 

require maintenance and replacement of necessary parts to ensure safe flight. 

Aircraft mechanical and avionics maintenance technicians carry out planned 

maintenance, repair, and inspections in accordance with the required standards 

and rules in order to keep the aircraft airworthy. From a physical point of view, 

aircraft maintenance technicians also face physical challenges in this process; 

pilots, on the other hand, are not exposed to physical work challenges compared 

to those working in avionics and mechanical maintenance. Pilots are more likely 

to suffer from neck, back, and lower back pain due to incorrect posture. Aircraft 
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maintenance technicians, on the other hand, are exposed to heavy physical work, 

heavy lifting and lowering, pushing-pulling movements, frequent bending and 

turning, repetitive periodic movements, incorrect movements during work, load 

on the muscles during the work process, speed and duration of the work, the force 

and magnitude used during the movement, standing with arms above the 

shoulders during work, etc. (Yeşil, 2013).  The musculoskeletal structure of the 

body gives rise to the disorders that pilots and aircraft maintenance technicians 

encounter. 

2. Musculoskeletal Disorders 

Through the musculoskeletal system, humans fulfill the necessary vital and 

actional functions with the nerve and brain commands that physically direct the 

body. Muscles and the skeletal system play a major role in fulfilling the tasks 

required in the working process. Muscles are the part that uses the chemical 

energy obtained by the body as mechanical energy. There are types of striated, 

smooth, and cardiac muscles. Striated muscles are the structures that can provide 

movement with voluntary control that surround the bone structure in the body. 

Smooth muscles are involuntary structures found in the internal organs of the 

body. Although the heart muscle is similar in structure to the striated muscles, it 

works involuntarily, and unlike other muscles, it fulfills its function not with 

signals from the brain but with the signals it generates. It only receives its 

operating frequency from the brain (Serbest and Eldoğan, 2014). Muscles 

surround the joints and provide a smooth appearance and defense against impacts. 

The muscles surrounding the joints are connected to the bones with tendons as 

shown in Figure 1. 
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Figure 6.Combination of muscles and bones(URL-1) 

The musculoskeletal and skeletal workings of the living body operate on the 

principle of mechanics as found in physics.Mechanics is one of the five classical 

fields of physics and studies motion, work, and energy (Karakoç, 2020). 

Biomechanics also involves the analysis of the principle of mechanics in physics 

on living organisms. Having different aspects of biomechanics helps to 

understand different areas of mechanics. For example, while static principles can 

be used to study force effects in the musculoskeletal system, dynamic principles 

are used in gait and movement analysis, especially in sports mechanics (Karakoç, 

2020). During work, a mechanical action occurs in the striated muscle tissue and 

skeletal structure as a result of the individual performing actions that require 

labor. Here the correct body position should be ensured. As shown in Figure 2, 

an incorrect body position and behavior will cause excessive load on the skeletal 

structure and cause musculoskeletal disorders. 

 

Figure 7.Wrong posture positions(Stephen,2003) 
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Musculoskeletal disorders are referred to as work-related musculoskeletal 

disorders in the International Commission on Occupational Health and Safety. 

The term work-related is used by WHO (World Health Organization) to 

investigate disorders that may occur due to work performance and the working 

environment. Musculoskeletal and tendon disorders in working life are caused by 

holding, compressing, bending, applying torque, reaching somewhere, and 

repeating this. The negative effects of these actions, which are normally harmless, 

are caused by repetition and repetition in less time than the time required for the 

body. At this point, possible risk factors emerge. Although they do not pose a 

serious risk on their own, the combination of risks at the same time increases the 

extent of the discomfort. Risks can be listed as body posture, repetition of 

movement, continuous work, applied force, working speed, ambient temperature, 

vibration, and working standards. 

Fixed shoulders and necks cause discomfort in that area. Because in order to 

achieve the desired balance in that area, it is necessary to work continuously, and 

this causes the vessels in that area to be compressed and causes discomfort. In 

repetitive movements, discomfort occurs due to constant repetition and force 

application, especially in the moving points of the body, such as the shoulder, 

wrist, and elbow joints. Working continuously without a break, no matter how 

light the work is, keeping the muscles constantly working and not taking enough 

breaks causes injuries. For example, in short-term work (less than 1 hour) in 

lifting action, a rest period of 1.2 times the working time is given as a rest period. 

As can be seen in Table 1, studies have been carried out on the periods to be 

rested for light, medium, and heavy analysis of the work done. 
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Table 2: Rest time depending on the working interval (sec)( Reinhold,1986) 

Operation Time 

(sec) 
Light Operation Medium Operation Hard Operation 

1 0 1 1 

2 1 2 3 

3 1 2 4 

4 1 3 5 

5 1 3 9 

6 1 4 14 

7 1 5 18 

8 1 8 27 

9 1 11 35 

10 2 14 49 

11 2 17 57 

12 3 20 62 

13 3 24 74 

14 3 28 97 

15 3 32 111 

16 3 36 135 

17 3 43 149 

18 4 48 158 

19 4 53 167 

20 5 57 186 

21 5 62 220 

22 5 67  

23 5 73  

24 5 79  

25 5 86  

30 11   

35 13   

40 15   

45 17   

50 20   

55 25   

60 40   
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For long-term work, a morning break, lunch, and afternoon break are also 

indicated. Lifting, carrying, and applying excessive force will cause too much 

effort. In this process, overloading the body and continuing uninterruptedly 

causes the discomfort to occur more quickly. The speed of work will invite 

musculoskeletal disorders when the individual wants to go above his/her body 

capacity in order to finish the work on time and wants to do it without a break. 

Apart from employee-related risks, ambient temperature and humidity are also 

risk factors in the emergence of disorders. High temperature and humidity tire the 

worker more, while low humidity causes discomfort during work due to 

decreased flexibility of the muscles. The minimum temperature values required 

for working are given below (Table 2). 

Table 3: Operating Temperatures(Can, 2013) 

Type of Work Performed Temperature oC 

Seated work 19 

Standing work 17 

Heavy physical labor 12 

Offices 20 

Indoor sales outlets 19 

 

The use of vibrating tools and instruments will also cause damage to the hand 

and nerves, leading to numbness of the fingertips and senses. For example, using 

a heavy hand tool, such as a hammer, will cause vibration, leading to the common 

Raynaud's Syndrome. As a result of the aforementioned risk factors, the main 

musculoskeletal disorders resulting from work are back pain, muscle strain, stiff 

neck, cervical disc herniation, lumbar disc herniation, carpal tunnel syndrome, 

stiff neck syndrome, and muscle strength imbalances(Esen and Fığlalı, 2013).The 

most obvious sign of musculoskeletal disorders is pain. In some cases, symptoms 

such as swelling, edema, redness, stiffness, and numbness also occur in the 

relevant area. 

Bursitis: It occurs in the soft tissues between bone-tendon or skin-bone. 

Swelling and pain symptoms occur in the relevant area. Repeated shoulder 

movements and mechanical pressure on the elbow cause this condition. 

Carpal Tunnel Syndrome: It is caused by compression of the nerves passing 

through the wrist. It shows symptoms in the form of tingling and numbness in the 

fingers at night. Working with a bent wrist and using vibrating hand tools cause 

this condition. 
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Cellulitis: It occurs as a result of repeated injuries to the palm. Pain and 

swelling in the palm are the most common symptoms. Using impact-causing tools 

such as hammers, etc., can cause this condition. 

Epicondylitis: It occurs as inflammation occurring at the bone-tendon 

junction. It shows symptoms as pain and swelling in the relevant place. Repetitive 

movements in jobs requiring force cause this discomfort. 

Ganglion: It occurs as a result of cyst structures that occur in the sheath of 

joints or tendons. It shows a painless symptom in a small area. Discomfort occurs 

as a result of repetitive hand movements. 

Osteoarthritis: Inflammation of the joint and bone surfaces. It shows 

symptoms in the form of stiffness and pain in the spine, neck, and other joint 

areas. Prolonged loading of the spine and related joints causes this condition. 

Tendonitis: It occurs as tendon inflammation. It is manifested by symptoms 

such as redness, pain, swelling, and tenderness in the upper arm, wrist, or hand, 

as well as an inability to get full efficiency when using the hand. Repetitive 

working movements cause this discomfort. 

Tenosynovitis: It is a discomfort due to inflammation in tendons and their 

sheaths. It shows symptoms such as pain, swelling, extremely severe pain, and 

difficulty in using the hand. Sudden increases in workload cause this condition. 

Pressure on the Neck and Shoulder: It is a condition that occurs with 

inflammation in the neck and shoulder muscles and tendons. It manifests as local 

pain in the neck and shoulder area. Constantly working in the same position 

causes this discomfort. 

Trigger Finger: Inflammation of the tendons and sheaths of the fingers. It 

shows symptoms such as inability to move the fingers comfortably, locking when 

the finger is curled, and pain when moving it. Squeezing and grasping a tool for 

a long time with repetitive movements causes this discomfort. 

White Finger Vibration: It is stated as neural changes and vascular 

contractions in the finger and forearm. It usually shows symptoms as numbness 

and tingling in cold weather. Using vibrating hand tools causes this discomfort. 

Back and Waist Disorders: They are tensions and strains that occur in the 

structure of the spine. It usually shows symptoms with pain in the strained part 

and forcing movement. Behaviors such as lifting more than necessary, standing 

in an incorrect body position, and straining cause this discomfort. 
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Lumbar Hernia: It occurs when the anatomical integrity of the layer outside 

the elastic cartilage structure between the vertebrae in the lumbar region is 

disrupted due to the compression of the vertebrae, and the soft part inside 

protrudes outward (Çevikcan and Kara, 2007). Behaviors such as working in the 

wrong position, lifting heavy loads, and working from a seated position cause this 

discomfort. 

For this reason, the movement management of the musculoskeletal system 

should be provided with the correct position and force to avoid permanent 

damage to the body or damage that affects the quality of life. Another situation 

to be considered is that the equipment used during work should be suitable for 

the working individual. At this point, we come across anthropometry. The fact 

that the equipment is suitable for the working individual will also increase the 

efficiency at work. Because the physical comfort of working people and their 

ability to use their physical abilities at the maximum level depend on the 

suitability of the materials, work surfaces, and volumes they use with their own 

dimensions (Bulut and Kıran, 2015). 

3. Anthropometry 

Anthropometry is a term that comes from the Greek words anthropos and 

metrikos. It can be called human measurement. Anthropometry measures the 

body according to some standards and analyzes it statistically (Figure 3). It is 

based on determining the measurement of all kinds of independent equipment, 

hand tools, and clothes, especially in business areas, and designing them in 

accordance with human beings. 
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Figure 8: Dimensions used in static anthropometry studies(Kaya,2008) 

 

Today, with the rapidly developing technology, business life is also 

undergoing changes. Employees who take an active role in the front field are 

physically and psychologically burdened due to the intense and heavy work pace. 

One of the reasons for this is that the equipment and hardware used are not 

suitable for the working individual. As a result, the working individual will have 

to bend, reach, or apply more force than they should, and problems due to strain 

will appear. It should not be forgotten that the musculoskeletal system of the 

working person has a certain limit strength. Therefore, compatibility between 

human and work should be ensured. Expecting people to do more than the work 
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they can do will have negative consequences and will reduce the quality of the 

employee and the work. 

It is accepted that approximately 80% of occupational accidents are related to 

people, 18% to physical and mechanical environmental conditions, and 2% to 

unexpected events (Camkurt,2007). This shows that unwanted mishaps can be 

avoided to a great extent. What needs to be done here is to achieve compatibility 

between work and people. However, the key point here is to make the work 

suitable for people, not people for work. During the inspection, there are many 

different criteria ranging from the work area, the equipment used, to the physical 

condition of the environment. The use of appropriate equipment and tools during 

work is one of these criteria. Therefore, it can be said that the goal of 

anthropometry is to ensure that the right equipment is suitable for the individual 

during the work and that the working individual can devote himself to his work 

with full efficiency and health. 

3.1. Anthropometric Design Approach To Equipment 

Equipment is expected to perform the task for which it is designed well, to 

meet the needs of the maximum possible number of users, and to be inexpensive. 

This means that a piece of equipment is designed for potentially all users. It is 

also expected to provide good comfort and reduce biomechanical demands. The 

use of hand tools, in particular, covers a wide range of industries, and it is mostly 

the upper musculoskeletal region where accidents and injuries occur (Aptel at 

al.,2002). A study has shown that 24% of musculoskeletal accidents are related 

to hand tools (Myers and Trent, 1988) When designing a hand tool, it should not 

be overlooked that the user, the tool, and the working environment are an 

inseparable whole. Each of them is in a relationship with the other two, and the 

design of the hand tool is realized with an ergonomic approach. In general, three 

basic processes emerge in the design of hand tools (Aptel at al.,2002): 

 Determining the needs and requirements of the employee according 

to anthropometric measurement criteria after observing the work 

process and work context 

 After the initial process, testing of new prototypes according to tool 

specifications and laboratory simulations and examination of their 

biomechanical demands 

 After the second stage, the new prototypes are tested in the real 

business sector over a long period of time.When satisfactory results 

are obtained, the prototype is accepted and approved.  
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The important point here is that users carefully test these new tools for a long 

time before making a final decision. 

4. Biomechanics 

Biomechanics studies the physical structure of the musculoskeletal and 

biological movement systems. Therefore, biomechanics can be considered as a 

part of mechanics. Because the working principle of some parts of the human 

body is similar to the working principle of a machine (Çalışkan and Fındık, 2012). 

Today, biomechanics covers the force-motion relationship of organs, load lifting, 

the operation and modeling of joints, diagnosis, and treatment studies in the field 

of sports and health. Research on biomechanics is basically divided into three 

separate sections: experimental research, applied research, and model analysis 

research. Experimental research includes studies on organs such as muscles and 

bones. Applied and model analysis research includes studies that are carried out 

by modeling existing research and studies without the need for experiments. 

Applied research includes useful research obtained by putting existing knowledge 

into practice. Biomechanical research can be in the field of occupational health 

and sports. Biomechanical research in the field of sports is carried out to ensure 

the highest efficiency and success of the athlete. Biomechanical research in the 

field of health includes injuries, musculoskeletal movements, and treatments of 

the human body. Occupational biomechanical research is carried out to reduce 

occupational accidents and physical difficulties while working in a healthier and 

more comfortable work environment (Karakoç,2020). 

4.1 Musculoskeletal Biomechanics 

The realization of movement in the human body is the result of the joint work 

of the muscular, skeletal, and nervous systems. The skeletal system protects the 

internal organs, acts as a place to attach to the muscles through tendons, shapes 

the body and provides uprightness, and has an important role in the movement of 

the body. The bones that make up the building blocks of the skeletal system are 

resistant to compression and can regenerate themselves after damage. Cartilage 

tissues, another element of the skeletal system, are three in number. Hyaline 

cartilage is found at the ends of long bones, elastic cartilage is found in places 

that do not ossify, such as the ear, and fibrous cartilage is found in the discs 

between the vertebrae and at the points where tendons and bones meet. In the 

muscular system, they are the structures that provide movement with the skeletal 

system. There are striated, smooth, and cardiac muscle types, and the striated 

cardiac muscle accounts for approximately 40-45% of body weight. Striated 
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muscles provide a regular distribution of the load on the body and protect the 

skeleton during movement (Karakoç,2020). 

Conclusion 

Aircraft maintenance technicians perform actions such as transportation, 

maintenance, repair, etc., and as a result, the risk of musculoskeletal injuries is 

quite high. Approximately 35.4% of the cases reported in this field are 

musculoskeletal disorders, and the neck, back, head, and lower parts are the most 

affected parts (Asadi, 2019) 
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1. Introduction  

Fiber-reinforced composites are important building blocks of modern 

engineering and materials science, capable of providing strong and lightweight 

materials for various industries. These composites usually consist of a matrix 

material (polymer, metal or ceramic) and fibers that reinforce this matrix [1]. The 

fibers optimize the performance of the matrix material by increasing the 

mechanical properties of the composites [2]. The manufacturing methods of fiber 

reinforced composites are critical factors that determine the final properties and 

performance of the material [3]. Figure 1 shows a fiber reinforced composite. 

 

Figure 1. Fiber Reinforced Composites [4] 

One of the basic methods used in the production of fiber-reinforced 

composites involves the process of combining fibers with a matrix material. This 

process is usually divided into two main categories: wet and dry methods [5]. Wet 

methods are those in which the fibers are saturated with liquid resins and then 

cured. These methods ensure complete coverage of the fibers with the matrix 

material, thus achieving high bonding and durability [6]. In dry methods, the 

fibers are combined with the matrix material in a drier environment and then 

cured by process temperature and pressure. These methods generally offer faster 

production cycles and lower costs, but can have limitations on resin penetration 

and thus bond quality [7]. 

Another important production method is the production of elastomeric fiber 

reinforced composites. This method is particularly suitable for applications where 

high flexibility and impact resistance are required [8]. Elastomeric composites 

are produced using fibers reinforced with elastomeric matrices. Such composites 

provide high impact resistance and flexibility by utilizing flexible materials such 
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as rubber. The manufacturing process of these composites usually involves 

molding and vulcanization [9]. For example, a rubber-based elastomeric 

composite requires a vulcanization process at 160°C for 30-60 minutes. This 

process allows the elastomeric matrix to harden and the fibers to fully bond, 

which improves the durability and performance of the composite [10]. 

Vacuum infusion is the preferred technique for the production of fiber-

reinforced composites, especially for large and complex shapes. In this method, 

the fibers are placed in a mold and covered with a vacuum bag. The resin is then 

infused into the cavities under vacuum [11]. The vacuum infusion method 

produces high quality and homogeneous composites and minimizes air bubbles 

[12]. For example, a vacuum infusion system can infuse epoxy resins onto the 

fibers at a temperature of 60-80°C under a vacuum of 50-70 bar [13]. This method 

has a wide range of applications in the production of high performance and low 

cost composites and is often used in the marine and aerospace industries [14]. 

Pultrusion is another important method used in continuous profile production 

of fiber reinforced composites. This method involves the process of dipping 

reinforcing elements (usually glass or carbon fibers) into a resin pool and then 

drawing them through a die [15]. Pultrusion is suitable for the production of high-

strength and long profiles and is often used in construction and industrial 

applications [16].  

Injection molding is the preferred technique for the production of small, 

complex and high-volume parts. In this method, polymer-based matrix materials 

are melted and injected into a mold under high pressure. Widely used in the 

production of thermoplastic composites, injection molding offers precision and 

speed [17].  

Molding and pressing methods are other important techniques used in the 

production of fiber-reinforced composites. These methods are usually based on 

placing the fibers and matrix materials in a mold and then curing them under heat 

and pressure. This method provides a homogeneous product and high mechanical 

performance [18]. Molding and pressing methods are generally used in high 

performance applications such as automotive, aerospace and sports equipment 

[19]. 

Sol-gel methods are a preferred technique, especially in the production of 

ceramic and polymer-based composites. This method involves the process of 

gelation of a solution and subsequent curing by thermal treatment [20]. The sol-

gel process produces detailed and high-performance composites [21]. For 

example, silica solutions are gelled at 25-50°C and cured by drying at 100-150°C 
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[22]. The sol-gel method has wide application in applications such as 

nanotechnology and thin coatings, providing high uniformity and detailed 

structures [23]. 

The production methods of fiber-reinforced composites determine the 

advantages and limitations of each technique [24]. Methods such as injection 

molding and extrusion provide high speed and precision production, while 

methods such as vacuum infusion and pultrusion are used to produce large and 

high performance composites [25]. Sol-gel methods are preferred in applications 

requiring high detail and performance [26]. 

2. Elastomeric Fiber Reinforced Composite 

Elastomeric fiber reinforced composites are a very special type of composites 

that offer a combination of flexibility and durability in materials engineering [27]. 

These composites are usually produced by reinforcing rubber-based elastomers 

with high-strength fibers. Elastomeric materials are particularly known for their 

high resilience and impact resistance properties. These properties make 

elastomeric composites ideal for applications requiring shock absorption and 

vibration isolation. The manufacturing process and material properties of these 

composites are critical factors affecting their technical properties and application 

areas [28]. 

The manufacturing process of elastomeric fiber reinforced composites usually 

includes molding and vulcanization steps. The molding process involves placing 

the elastomer into a specific mold and processing it at high temperature. This 

process allows the elastomer to take shape and bond with the fibers [29]. 

Vulcanization is a process that chemically hardens the elastomer and usually 

takes place at high temperature (150-200°C) and over a period of time. During 

this process, the sulfur atoms present in the elastomer form cross-linked structures 

between the polymer chains. These cross-links increase the elasticity and 

durability of the elastomer, so that the end product of the composite is both 

flexible and durable [30]. 

The properties of elastomeric fiber reinforced composites vary greatly 

depending on the type of elastomer used and the properties of the fiber [31]. 

Rubber-based elastomers can be natural rubber (NR) or synthetic rubbers (SBR, 

BR). Each type of elastomer offers different properties and performance. Natural 

rubber offers excellent elasticity and impact resistance, but may be limited in 

chemical resistance [32]. Synthetic rubbers, on the other hand, offer higher 
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resistance to various chemicals and can better withstand various environmental 

conditions [33]. 

The mechanical properties of composites vary according to the type, 

orientation and proportion of fibers [34]. Glass fiber composites offer good 

mechanical resistance and low cost, so they are widely used in the automotive 

and construction industries [35]. Carbon fiber composites, on the other hand, 

provide higher strength and lightweight properties, making them a preferred 

choice in aerospace and high-performance automotive applications. The 

proportion of carbon fibers in the composite greatly influences the mechanical 

properties of elastomeric composites and can typically range from 30-50% [36]. 

The orientation of the fibers is also important; longitudinally oriented fibers 

increase the tensile strength of the composite, while transversely oriented fibers 

increase the shear strength of the composite [37]. 

The advantages of elastomeric composites are related to their flexibility and 

impact resistance, as well as their vibration isolation and noise reduction 

properties [38]. These composites are used in applications such as vehicle 

suspension systems, tires and sports equipment. Elastomeric composites used in 

tire production are specially formulated to increase ride comfort and improve 

handling [39]. In sports equipment, elastomeric composites provide shock 

absorption and flexibility, which improves athletes' performance and reduces the 

risk of injury [40]. 

The production methods of elastomeric fiber reinforced composites require 

customized processes and materials for each application [3]. Molding, 

vulcanization, and material selection are important factors that determine the final 

properties of composites [41].  

3. Vacuum Infusion 

Vacuum infusion is a precise and efficient method commonly used in the 

production of composite materials. This manufacturing technique is particularly 

effective in the production of large-scale parts with complex geometries. The 

basic principle of vacuum infusion is that the resin is injected between the fibers 

under vacuum to ensure a homogeneous distribution. This process allows the 

production of high quality composites and significantly improves the mechanical 

properties of the material [42]. Figure 2 shows a schematic representation of the 

vacuum infusion process. 
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Figure 2. Schematic representation of the vacuum infusion process [43] 

The basic stages of vacuum infusion include preparation, vacuum application, 

resin infusion and curing [44]. First, the appropriate mold for composite 

production is prepared. The mold usually consists of two parts: a support mold 

and a cover mold. The support mold determines the shape of the composite part, 

while the cap mold allows the vacuum and resin to be controlled. The mold is 

usually made of fiberglass, carbon fiber or other composite materials and must 

have high temperature and chemical resistance properties [45]. 

In the fiber placement stage, high-strength fibers are carefully placed in the 

mold [46]. The fibers can be of various types such as glass fibers, carbon fibers 

or aramid fibers [47]. Glass fibers are widely used due to their generally low cost 

and good mechanical properties, while carbon fibers offer high strength and 

lightweight properties [48]. The placement of the fibers in the mold must be done 

carefully because the proper placement of the fibers directly affects the final 

performance of the composite. The fibers are placed in the mold according to the 

desired directions and layers. Each layer of fibers determines the mechanical 

properties of the composite and therefore must be carefully placed [49]. 

The next step in the vacuum infusion process is vacuum application. The mold 

is covered with a special vacuum bag or pouch and negative pressure is applied 

inside using vacuum pumps. At this stage, the application of vacuum ensures that 

air and moisture inside the mold are completely removed. Under vacuum, air 

bubbles and other impurities are removed, allowing better penetration of the resin 

into the fibers [50].  

In the resin infusion stage, the resin is injected into the mold under vacuum. 

The resin can be of various types, usually epoxy, polyester or vinyl ester. Each 

type of resin offers different mechanical and chemical properties and should be 
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selected according to the intended use [11]. The resin is injected into the mold 

under vacuum and completely penetrates between the fibers. During the resin 

infusion process, it must be carefully controlled so that the resin is 

homogeneously dispersed. The movement of the resin in the mold is usually 

controlled by vacuum systems, which ensure that the resin is evenly distributed 

over all fiber layers [51]. 

In the curing phase, the infused resin cures under temperature and pressure 

over a period of time. Curing usually takes place at high temperature and for a 

certain period of time, and this process allows the resin to harden chemically. 

This process improves the mechanical properties of the composite and increases 

the durability of the final product. During the curing process, the resin is fully 

cured and the composite part is left for a sufficient time before it is demolded 

[52]. 

The vacuum infusion method offers many advantages. In particular, this 

method keeps air bubbles and voids inside the composites to a minimum, which 

significantly improves the mechanical performance of the composites. 

Furthermore, the vacuum infusion method is effective in the production of large 

and complex parts, resulting in high quality composites. However, this method 

also has some limitations [53]. Vacuum infusion can require costly equipment 

and can be time-consuming in large-scale production processes. Also, the mold 

preparation and resin infusion process must be carefully controlled, otherwise it 

may affect the quality of the composites [54].  

4. Pultrusion 

Pultrusion is a method used in the production of continuous profiles and long 

composite parts. This technique enables the economical and efficient production 

of composite materials with high strength and light weight properties. The 

pultrusion process is based on the principle of coating fibers with resins and 

passing them through a mold to form a specific profile [15].  

The pultrusion process usually consists of three main stages: coating the fibers 

with resin, passing through the die and curing. In the first stage, the fibers are 

immersed in a resin pool. Various types of resins can be used in this pool. Each 

type of resin provides different mechanical and chemical properties and is 

selected according to the intended use [55]. Figure 3 shows the pultrusion 

process. 
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Figure 3. Pultrusion process [56] 

After coating the fibers with resin, these coated fibers are fed into a pultrusion 

machine [57]. The pultrusion machine guides the fibers through a series of stages. 

First, the coated fibers are directed to a heating zone. In the heating zone, the 

viscosity of the resin is reduced, allowing better penetration of the fibers. This 

zone, usually at a temperature of 80-120°C, increases the fluidity of the resin and 

facilitates its passage through the mold. After heating, the fibers are passed 

through a mold. The mold is usually made of metal or aluminum and gives the 

desired profile shape. The mold allows the fibers to be formed into a specific 

shape and this stage determines the final shape of the composite [58]. 

The die passage stage is one of the most critical stages of pultrusion. The fibers 

in the mold, coated with resin, take on a specific profile and are pulled through 

the mold. This process creates the longitudinal profile of the composite material 

[59]. In the curing stage, the demolded composite material is cooled and cured 

for a certain period of time. This stage usually takes place in a cooling zone and 

allows the composite to fully cure [60]. The advantages of pultrusion include high 

production speed, low cost and high strength. This method allows large and long 

profiles to be produced quickly, and the mechanical properties of these profiles 

can be optimized depending on the ratio of fibers and resin [15].  

5. Injection Molding 

Injection molding is a sophisticated manufacturing method that is one of the 

cornerstones of industrial production and is used to produce many of the products 

that surround us every day. This process is carried out by liquefying plastics and 

injecting them into special molds under high pressure and then curing them in 

these molds [61]. Offering high precision, fast production and excellent 

repeatability, injection molding is an indispensable part of modern manufacturing 

technologies [62]. Figure 4 shows the injection molding process. 
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Figure 4. Injection molding process [63] 

The first step in injection molding is the preparation of the material to be used. 

At this stage, plastic granules or powders are fed into an injection molding 

machine. Plastic materials can usually be polyethylene, polypropylene, 

polystyrene or various other thermoplastics. Granules are usually selected in 

accordance with precise quality control standards, as these standards directly 

influence the success of the production process [64]. Once the granules are placed 

in the feed hopper of the injection molding machine, they are transferred to the 

heating cylinder. The heating cylinder is used to melt the plastic granules. During 

the heating process, the granules are mixed and melted by a screw system. The 

heating process reduces the viscosity of the material and increases its fluidity so 

that the material can pass through the mold homogeneously [65]. The heated and 

liquidized plastic is injected into the mold by the injection machine. This stage 

involves injecting the material into the mold under high pressure [64].  

The injection molding machine usually consists of two main parts: a fixed half 

mold and a movable half mold. The plastic material is injected between these two 

mold parts. The mold design is determined by the shape and characteristics of the 

product and is usually made with high precision. The plastic material inside the 

mold contains various inlets and channels to ensure its homogeneous distribution 

while in liquid form. These channels allow the plastic material to spread evenly 

inside the mold and prevent the formation of air bubbles [66]. After the injection 

process is complete, the plastic material is cooled and cured before being ejected 

from the mold [67]. The cooling process usually ranges from 10-60 seconds, 

which allows the plastic material to harden completely. During the cooling 
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process, the temperature in the mold and the cooling rate are carefully controlled. 

The demolded parts are usually cooled in the mold for a certain period of time 

and then removed from the mold. The cooling process determines the mechanical 

properties of the plastic material and affects the quality of the final product [68]. 

After cooling and hardening, the mold is opened and the final part is ejected. 

Part ejection is usually performed by automated systems or robots. This stage 

ensures that the product is produced quickly and efficiently. The demolded parts 

are usually cleaned of overflow and excess materials. The produced parts are 

subjected to quality control processes, which include the accuracy of the part's 

measurements, surface quality and mechanical properties [68]. Injection molding 

has many advantages. First of all, this method provides high production speeds 

and makes it possible to produce large quantities of parts in a short period of time. 

Injection molding also offers high precision and repeatability, which ensures 

consistent production of products. Furthermore, complex shapes and fine details 

can be created with injection molding, which provides design flexibility [64]. 

However, injection molding also has some limitations. First, mold costs can 

be high and mold design is often time-consuming and complex. Furthermore, the 

injection molding process requires careful design and maintenance of the mold 

for each production part [17]. The environmental impacts of injection molding 

must also be considered. The production and processing of plastic materials can 

increase energy consumption and requires waste management. However, modern 

injection molding machines and technologies can reduce these impacts by 

improving energy efficiency. Furthermore, the use of recycled plastics can help 

minimize environmental impacts [69].  

6. Molding and Pressing 

Molding and pressing are two fundamental technologies that play a critical 

role in modern industrial manufacturing processes. These methods are commonly 

used to mold various materials such as metals, plastics and composite materials 

into specific shapes and sizes. The molding and pressing processes provide high 

precision, repeatability and production efficiency [70]. Mold technology involves 

the process of passing material through a mold to produce a specific shape and 

size. Mold design requires great precision and engineering knowledge depending 

on the complexity of the part to be produced. The mold usually consists of two 

main parts: a fixed half mold and a movable half mold. Molds used in various 

production methods such as plastic injection molding, casting and stamping are 

usually made of durable materials such as steel, aluminum or hardened alloys 

[71]. Figure 5 shows the schematic setup of the compression molding process. 
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Figure 5. Schematic setup of compression molding process [72] 

During the mold design process, part shape, dimensions and tolerances are 

taken into account. To ensure the precision of the parts coming out of the mold, 

the internal surfaces of the molds must usually have very high surface roughness 

standards. This ensures the smoothness of the part surface and clarity of detail. 

The temperature distribution inside the mold is also a critical factor, as an even 

temperature distribution ensures that the plastic or metal material flows smoothly 

through the mold [73]. 

Pressing is a method used to bring the material into a specific form under high 

pressure. The pressing process can be applied in a wide range of applications for 

the forming of metal sheets, plastics and composite materials. The most 

commonly used types of pressing include cold pressing, hot pressing and 

hydrogen pressing [74]. Cold stamping is the process of processing material at 

room temperature. This method allows metal sheets to be shaped under high 

pressure and is commonly used in the production of automotive parts, electronic 

components and packaging materials. The cold stamping process can increase the 

strength of the material and improve the deformation property of the metal [75]. 

Hot stamping is the process of processing the material at high temperature. This 

method is used to shape metal and ceramic materials and increases the fluidity of 

the material, allowing more complex shapes to be formed. During the hot pressing 

process, metal sheets are usually heated to temperatures of 800-1200°C and then 

extruded under high pressure [76]. 

Hydrogen pressing is a method used especially in the forming of composite 

materials. In this process, the material is exposed to high-pressure hydrogen in 
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the mold, which allows the material to be shaped [77]. Hydrogen pressing is used 

in the production of composite materials known for their high strength and 

lightweight properties [78]. The performance of the mold and pressing processes 

varies depending on many factors. These factors include material properties, 

mold design, pressing parameters and cooling/hardening process. In mold design, 

the fluidity and temperature distribution of the material are taken into account to 

ensure a uniform production quality. In the pressing process, parameters such as 

material pressure, temperature and time are carefully controlled [79]. 

Molding and pressing technologies have many advantages. They offer 

economical solutions for high-volume production and enable the production of 

parts with complex geometries. They also improve production quality by 

providing high precision and repeatability. In economic terms, molding and 

pressing technologies provide cost advantages in large-scale production. 

However, costs can be high at low production volumes and this can affect 

economic efficiency in small-scale production [80]. Therefore, molding and 

pressing methods perform best in large-scale production and provide cost 

advantages [81].  

7. Sol-Gel Method 

The sol-gel method is a process that enables the synthesis of various materials, 

especially ceramics and thin films, at low temperatures [82]. This method consists 

in the controlled transformation of the initially liquid mixture “sol” into a solid, 

network-like structure “gel”. The process usually starts with hydrolysis and 

polycondensation of metal alkoxides [83]. Figure 6 shows the steps of the sol-gel 

method. 

 

Figure 6. The steps of the sol–gel method [84] 
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Gelation is a critical stage where the particles in the sol come together to form 

a three-dimensional network structure. At this stage, the viscosity of the sol 

increases and a solid-like structure is obtained. This process is controlled by 

various factors such as temperature, pH and sol concentration [85]. The formed 

gel is dried by evaporation of the solvent. During the drying process it needs to 

be carefully controlled to avoid the formation of cracks in the gel. Then, the dried 

gel is subjected to sintering at high temperatures to give it a more robust and 

durable structure. This is a critical step that determines the final properties of the 

material [86]. The sol-gel method is used in a wide range of applications, from 

optical materials to biomedical applications. In addition, ceramics and glasses 

produced by this method exhibit superior mechanical and chemical resistance 

properties [26]. The sol-gel method offers advantages such as low temperature 

production and high purity materials. However, it also brings some challenges 

such as crack formation during drying and sintering processes. Furthermore, the 

implementation of the sol-gel process on industrial scales can present challenges 

in terms of process control [87].  

8. Filament Winding 

Filament winding is an advanced method used in the production of high-

strength, lightweight and durable composite materials. This method involves 

winding fibers (filaments) onto a mandrel in a controlled manner. This process 

ensures proper alignment of the fibers and optimizes the mechanical properties 

of the final product [88]. Filament winding is widely used in various industries 

such as aerospace, automotive, energy and sports equipment [89]. Figure 7 shows 

the filament winding process. 

 

Figure 7. The process of filament winding [90] 

The fibers used in filament winding are usually carbon, glass or aramid fibers. 

These fibers are prepared in spools and coated with resin before the winding 
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process begins. The resin ensures that the fibers stick together and the structure 

is strong [91]. The resin can be chosen from different materials such as polyester, 

epoxy or vinylester, and the type of resin chosen significantly affects the 

properties of the end product [92]. The mandrel is a shaping mold in which the 

filaments are wound. The size and shape of the mandrel determines the final form 

of the composite material to be produced [93]. The filaments are wound on the 

mandrel at a certain angle and tension. The winding angle is adjusted so that the 

fibers determine the strength, stiffness and flexibility of the final product. The 

smooth and tight winding of the fibers during the winding process affects the 

quality and durability of the end product [94]. 

After the winding process is completed, the resin is cured (hardened). The 

curing process can be done at room temperature or at elevated temperatures, 

depending on the properties of the resin. This process allows the resin to form a 

strong bond between the fibers and helps the composite to gain its final 

mechanical properties [95]. After the curing process is complete, the composite 

structure is carefully removed from the mandrel. This should be done carefully 

to avoid damage to the composite. The composite removed from the mandrel is 

ready for use as a final product [96]. 

9. Band Method 

The tape method is a high-tech and highly precise process used in the 

production of composite materials. It is carried out by automatically or manually 

placing continuous bands of fibers pre-impregnated with resin on a mold [97].  

The materials used in the production by the tape method consist of high-strength 

fibers such as carbon, glass or aramid combined with resin [98]. The tapes, which 

are pre-impregnated with resin, are placed on the mold at a certain angle and 

tension. The process of placing the tapes on the mold, when performed by 

automated machines, ensures that each layer has exactly the same thickness and 

pattern, making repeatable and high-quality production possible [99]. Once the 

placement of the tapes is complete, the composite structure is subjected to a 

curing process [49]. Curing allows the resin of the composite to harden, allowing 

the structures to gain their final form and strength. During this process, 

temperature and pressure are usually applied [100].  

After the curing process is complete, the composite structure is removed from 

the mold and subjected to finishing. This process is important for finalizing the 

composite and improving the surface quality [101]. The tape method ensures high 

quality and consistency due to full control of the layers and automatic placement 

[102]. 
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10. Conclusions 

In this book chapter, we discuss the production methods of fiber-reinforced 

composites in detail and examine the advantages and limitations of each method. 

These various methods used in the production of composite materials are critical 

in determining the properties of parts used in different application areas. The 

methods chosen vary depending on the end-use of the composite, the desired 

properties and economic factors. 

 New materials and technologies are constantly being developed in the 

production of composite materials. For example, fiber-reinforced 

composites developed with the use of nanomaterials can offer higher 

mechanical and thermal properties compared to conventional 

materials. Furthermore, the use of 3D printing technologies in 

composite material production facilitates the production of parts with 

complex shapes and geometries. Such developments provide 

innovative solutions in the composite materials industry, contributing 

to the development of more efficient and sustainable production 

methods. 

 Nowadays, sustainability and environmental impacts play an 

important role in the production of composite materials. The 

recyclability of materials used in the production of fiber-reinforced 

composites and the environmental impact of production processes are 

becoming increasingly important in the industry. In this context, the 

use of biodegradable resins and fibers from renewable resources can 

be effective in reducing the environmental footprint of composite 

material production. In the future, developments in this area will 

enable composite materials to be produced in a more sustainable way 

and to be recycled at the end of their life cycle. 

 Fiber reinforced composites are preferred in various industries thanks 

to their high strength and low weight properties. These materials, 

especially used in sectors such as aerospace, automotive and 

construction, offer significant advantages in terms of energy saving 

and performance. However, production costs and processes are 

important factors to be considered in the industrial applications of 

these materials. Improvements in production methods and 

technological innovations can reduce production costs and enable 

these materials to be used more widely. 
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 In a world where the methods and materials used in the production of 

fiber-reinforced composites are constantly evolving, the application 

areas of these materials will continue to expand. New technologies 

and materials will make composite materials more durable, 

lightweight and environmentally friendly. These developments will 

lead to significant changes in various industries such as aerospace, 

automotive, construction, energy and sports equipment. 

 The production methods of fiber-reinforced composites are a dynamic 

and innovative area of materials science. In the future, advances in 

this field will allow the production of composite materials with higher 

performance, more efficient and more sustainable. This will increase 

the use and importance of composite materials in a world where 

technological advances and environmental awareness are becoming 

increasingly important. 
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1. Introduction  

The vacuum infusion method stands out as a modern technology that 

represents an important stage in the evolution of composite material production 

[1]. In mechanical engineering, this method has radically changed not only 

manufacturing processes, but also product performance and economic efficiency. 

The advantages offered by vacuum infusion are increasingly recognized, 

especially in industrial applications requiring high durability, low weight and cost 

effectiveness [2]. 

Vacuum infusion technology is essentially a method used in the production of 

composite materials, which is based on the infiltration of resin into the reinforcing 

material (usually fibers) under vacuum. This process removes both air and other 

contaminants from the composite material structure, resulting in a more 

homogeneous and durable structure. The mechanical properties of composites 

produced by vacuum infusion are significantly improved compared to 

conventional methods [3]. For example, the tensile strength of a carbon fiber 

composite produced by vacuum infusion method can reach up to 1000 MPa in 

some cases, while this value usually remains around 700 MPa in conventional 

fiber reinforcement methods [4]. 

In recent years, the impact of vacuum infusion in industrial applications has 

grown remarkably. According to a 2022 industry report, the use of vacuum 

infusion technology in the automotive sector has reduced the production costs of 

composite parts by 35% and shortened production time by 30%. These 

developments have greatly facilitated the automotive industry to achieve its 

lightweighting and fuel efficiency goals. The same report revealed that vacuum 

infusion technology increases the durability of automotive parts by 20%, 

resulting in longer life [5]. 

The aerospace industry is another sector that benefits from the advantages 

offered by vacuum infusion technology. Due to the critical importance of material 

performance and safety in aerospace applications, the high durability and low 

weight properties provided by vacuum infusion are extremely valuable. A 2023 

study reported that the weight of aircraft parts produced using vacuum infusion 

was reduced by 25% and fuel consumption was reduced by 15%. Furthermore, 

the success of this method in the production of large structural parts such as 

fuselage and wings makes it possible for the aviation industry to produce more 

efficient and environmentally friendly aircraft [6]. 
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The maritime industry, especially in the production of yachts and boats, 

greatly benefits from the advantages of lightness and durability provided by the 

vacuum infusion method. In this sector, the resistance of composite materials 

produced using vacuum infusion technology to marine conditions has been 

increased and maintenance costs have been reduced [7]. In a study conducted in 

2024, it was reported that the structural strength of a sailboat produced using 

vacuum infusion technique was increased by 40% and its longevity was 

significantly extended [8]. 

The development of vacuum infusion is important not only for materials 

science and engineering, but also for environmental sustainability. This method 

minimizes the negative impact on the environment by reducing the amount of 

resin and waste used in the production of composite materials [9]. An 

environmental impact assessment conducted in 2024 showed that the vacuum 

infusion method reduces carbon emissions in composite production by 20%, thus 

contributing to the reduction of the industrial carbon footprint. Furthermore, the 

use of recyclable materials was increased by 15% with the use of this technology 

[10]. 

Vacuum infusion plays an important role in mechanical engineering and 

industrial production processes. It is reshaping industry standards with its 

advantages in the production of high-performance and economical composite 

materials and offers innovative solutions in many sectors. Developing technology 

and continuous innovations will make the vacuum infusion method even more 

effective and sustainable, which will create a wider usage area in industrial 

applications [11]. In this study, current applications, technological developments 

and potential future research areas of the vacuum infusion method will be 

examined in detail. 

2. Basic Principles of Vacuum Infusion Method 

Vacuum infusion is recognized as a highly effective and widespread process 

in the production of composite materials. Its basic principles are critical elements 

that directly affect both the efficiency of the processes and the quality of the 

results [12]. The basic principles of the vacuum infusion process generally consist 

of three main stages: material preparation, vacuum application and resin infusion 

[13]. In the first stage, the reinforcing materials, usually fiber fabrics of various 

types (such as carbon fiber, aramid fiber, fiberglass), are placed in a suitable 

mold. This mold is of great importance for the final shape and properties of the 

composite material. During material preparation, the correct placement of the 

fiber layers is a critical step for the homogeneity and structural integrity of the 
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material. In addition, the orderly placement of the materials in the mold ensures 

that the vacuum infusion process is carried out properly [14]. 

The second stage, vacuum application, is another important step that affects 

the quality of the process. At this stage, air and moisture are completely removed 

from the mold. By means of a vacuum pump, the atmosphere inside the mold is 

kept under low pressure, providing the necessary environment for the resin to 

penetrate the pores in the material. Successful vacuum treatment ensures that the 

material is free of all voids and the resin is evenly distributed. This step increases 

the strength and homogeneity of the composite material, resulting in a high 

quality product [15]. 

The last stage is resin infusion. The resin is usually used as a two-component 

system and these components are mixed with each other during infusion. The 

resin is injected into the mold under vacuum and systematically diffuses into the 

reinforcement materials. This process ensures that the resin fully penetrates the 

reinforcement materials and fills all voids. The infusion process of the resin is 

usually carried out through a series of injection points and the strategic placement 

of these points ensures an even distribution of the resin throughout the material 

[16]. Figure 1 shows a schematic of the Vacuum Infusion Method (VIM). 

 

Figure 1. Schematic of the Vacuum Infusion Method (VIM) [17] 

The materials and equipment used in vacuum infusion are critical to the 

success of the process. Key materials include high-strength fiber reinforcement 

materials and special resins [18]. Reinforcing materials such as carbon fiber, 

aramid fiber and fiberglass enhance the mechanical properties of composite 

materials, providing high durability and low weight [19]. Resins can usually be 

epoxy, polyester or vinylester based, and these resins ensure the hardening and 

structural integrity of the material [20]. Equipment includes vacuum pumps, resin 

injection systems, molds and vacuum beds. Vacuum pumps remove air and 

moisture from the mold, creating a low pressure environment. Resin injection 
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systems allow resin to be infused into the material in a controlled manner. Molds 

are the building blocks that determine the final shape of the composite material 

and are usually made of special materials with high durability [21]. 

The advantages and limitations of the vacuum infusion method determine the 

areas of application and impact of this process. The advantages of the process 

include increasing material homogeneity and minimizing air bubbles. The 

vacuum infusion method can reduce air voids inside composite materials by 90%, 

which significantly improves the mechanical properties of the materials. 

Furthermore, this method results in high quality and aesthetically superior 

surfaces. Another advantage of vacuum infusion is the reduction of resin quantity 

and waste. This increases environmental sustainability and reduces production 

costs [22]. 

However, the vacuum infusion method also has some limitations. The 

applicability of the process depends on factors such as mold design and control 

of resin flow. Mold design and preparation can often be costly and must be done 

correctly at the initial stage of the process. Furthermore, any errors during resin 

infusion can adversely affect the quality of the composite material. The lengthy 

curing stages of the process can also extend the production time, which can create 

challenges in terms of time management. In some specific cases, the vacuum 

infusion method may have application difficulties due to limitations such as 

material thickness and geometry [23]. 

3. Material and Resin Selection 

The choice of materials and resins used in the vacuum infusion process are 

critical factors that directly affect the mechanical performance, durability and 

cost effectiveness of composites. Material selection usually starts with fiber 

reinforcement materials and the type of these materials varies according to the 

application requirements [24]. Carbon fiber is preferred especially in aerospace 

and automotive industries due to its combination of high strength and low weight. 

Carbon fiber composites can reach 800-1000 MPa in tensile strength and provide 

high performance in structural applications thanks to these properties [25]. 

Aramid fiber is known for its high impact toughness and excellent energy 

absorption and is therefore often used in protective equipment [26]. Fiberglass is 

suitable for many industrial applications due to its cost effectiveness and good 

overall durability [27]. Each type of fiber material offers different mechanical 

properties and performance criteria, so the suitability of the material for the end 

use should be carefully evaluated during the selection process [28]. 
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Resin selection is another important factor determining the success of the 

vacuum infusion process [29]. Epoxy resins are known for their high bond 

strength, excellent chemical resistance and low shrinkage rate, making them ideal 

for high performance composites [30]. In particular, epoxy resins are preferred 

for critical applications such as aircraft and sports car parts [31]. Polyester resins, 

on the other hand, are characterized by their lower cost and ease of processing, 

which is why they are often used in less load-bearing and cost-oriented 

applications [32]. Vinyl ester resins combine the advantages of both epoxy and 

polyester resins and offer good chemical resistance and moderate mechanical 

properties, making them suitable for marine and chemical tank construction [33]. 

Factors such as curing time, viscosity and fluidity properties of the material 

should also be considered when selecting the resin. These parameters affect the 

homogeneous distribution of the resin in the material and the efficiency of the 

infusion process. In addition, resin and fiber material compatibility directly 

affects the overall performance and durability of the composite; therefore, 

material and process compatibility should be ensured by selecting the appropriate 

resin type [34]. 

3.1.  Resins Used in Vacuum Infusion 

The resins used in vacuum infusion are critical components that determine the 

mechanical properties and performance of composite materials [35]. These resins 

are generally divided into three main categories: epoxy, polyester and vinylester 

resins. Each type of resin is characterized by different properties and application 

advantages [36]. 

Epoxy resins are one of the most widely used resin types in the vacuum 

infusion process and are preferred in many industrial applications. The chemical 

structure of epoxy resins provides excellent adhesion strength, low shrinkage and 

high mechanical strength. These resins are particularly preferred in applications 

requiring high performance, for example in the aerospace and automotive sectors. 

Epoxy resins have high tensile strength, which can range from 800-1000 MPa, 

making them ideal for structures requiring high strength. Furthermore, epoxy 

resins offer excellent chemical and temperature resistance, making them usable 

in harsh environmental conditions. However, the curing time of epoxy resins can 

often be longer and this can lengthen the manufacturing process [37]. Figure 2 

shows the flow diagram of epoxy resin sample preparation. 
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Figure 2. The flow diagram of preparing an epoxy resin sample [38] 

Polyester resins generally offer lower cost and faster cure times. The chemical 

structure of polyester resins offers a wide viscosity range and favorable 

flowability properties, making them suitable for large-scale and cost-oriented 

production. Polyester resins are widely used, especially in the automotive and 

marine industries. These resins are generally less durable and less chemically 

resistant than epoxy resins, but their cost-effectiveness and fast cure time can 

speed up the production process. The mechanical properties of polyester resins 

generally exhibit lower tensile strength and fracture toughness, making them 

more suitable for lighter weight and low load bearing applications [39]. Figure 3 

shows the coral-like structure of polyester resin based on microgel formation. 

 

Figure 3. Structures of polyester resin based on microgel forma- tion, coral-like struc-

ture [40] 

Vinyl ester resins are an option that combines the advantages of epoxy and 

polyester resins. Vinyl ester resins offer both high chemical resistance and good 

mechanical properties. These resins are widely used in marine and chemical 

processing applications because they provide both high abrasion resistance and 

excellent water resistance. The mechanical properties of vinylester resins are 

better than those of polyester resins, generally offering tensile strength in the 
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range of 600-800 MPa, and their chemical resistance is comparable to epoxy 

resins. Vinyl ester resins also cure faster than epoxy resins, which shortens the 

production process, but their cost can often be lower than epoxy resins. The use 

of vinylester resins is particularly suitable for applications with long service life 

and resistance to harsh environmental conditions [41]. Figure 4 shows the 

mechanical properties of vinylester resin. 

 

Figure 4. Properties of vinyl ester [42] 

All three resin types offer certain advantages and limitations in the vacuum 

infusion method. The choice of resin is usually based on the specific requirements 

of the application, the desired mechanical properties and the budget. The 

viscosity, flowability and curing properties of the resin directly affect the 

efficiency of the vacuum infusion process and the final quality of the composite 

material. Furthermore, the chemical compatibility between the resin and fiber 

reinforcement materials is a critical factor to improve the durability and 

performance of the material. Proper resin selection ensures high performance, 

durable and economical solutions in composite production [43]. 

3.2. Reinforcement Materials 

Reinforcing materials are critical components that enhance the performance 

and improve the mechanical properties of composite materials. These materials 

are usually combined with matrix materials (such as resins) to form high-strength 

and lightweight structures [44]. Fiberglass, carbon fiber, and aramid fiber are the 

most common of these types of reinforcing materials, each offering unique 

properties [45]. 

Fiberglass is a reinforcing material made of glass fiber and is highly effective 

in increasing the strength of composites. Fiberglass offers excellent mechanical 

properties and low cost, making it a popular choice in many industrial 

applications. Glass fibers have high tensile strength and good flexibility 

properties, which reduces their risk of fracture. In addition, fiberglass's chemical 

resistance makes it resistant to moisture and temperature changes. These 

properties make fiberglass widely used in the automotive, marine and 
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construction industries. However, the strength of fiberglass is not as high as that 

of carbon fiber and aramid fiber and therefore may show limitations in lighter 

weight and high performance applications [46]. 

Carbon fiber is known for its high strength and low weight properties, making 

it ideal for high performance composites. Carbon fibers generally have high 

tensile strengths, up to 1000 MPa, and their very low density makes them 

preferred for aerodynamic and structural applications. The planar structure and 

ordered molecular structure of carbon fibers support their high stiffness and 

rigidity properties. This material is widely used in high-performance applications 

such as aerospace, automotive and sports equipment. The disadvantage of carbon 

fibers is their generally high cost and limited long-life performance in some 

environmental conditions. However, the superior performance characteristics of 

carbon fibers provide a wide range of uses despite the cost factor [47]. 

Aramid fiber is particularly known for its high impact toughness and excellent 

energy absorption. Aramid fibers are commonly known as Kevlar, and this 

material is used in applications such as ballistic armor and protective clothing. 

Aramid fibers offer high tensile strength and excellent temperature resistance, 

making them particularly usable in harsh conditions. Furthermore, the high 

impact resistance of aramid fibers also makes them effective in structural 

applications. However, the cost of aramid fibers is often high and these materials 

can show a loss of performance in some chemical and moisture conditions. 

However, the superior protection and durability properties provided by aramid 

fibers make them a valuable material in a variety of applications [48]. Figure 5 

shows images of (a) glass fiber fabric, (b) aramid fiber fabric and (c) carbon fiber 

fabric samples. 

 

Figure 5. Fabric sample: (a) glass-fiber fabric, (b) aramid-fiber fabric, and (c) carbon-

fiber fabric [49] 
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Other reinforcing materials include natural fibers such as basalt fibers, jute 

fibers and kenaf fibers. Basalt fibers offer high heat resistance and excellent 

chemical resistance properties and are used in high-performance applications 

[50]. Jute and kenaf fibers are advantageous in terms of environmental 

sustainability; these natural fibers are derived from biodegradable and renewable 

resources, making them environmentally friendly alternatives. Although natural 

fibers are generally low cost and lightweight, their mechanical properties are 

generally not as high as synthetic fibers [51]. 

In the selection of reinforcement materials, it is vital to balance between the 

performance characteristics of the material and the application requirements [52]. 

Common reinforcement materials, such as fiberglass, carbon fiber and aramid 

fiber, each stand out with their own advantages and limitations. Fiberglass is 

particularly noted for its cost effectiveness and good overall durability; it offers 

high tensile strength and good flexibility, making it ideal in the automotive and 

construction sectors. However, the mechanical properties of fiberglass are not as 

high as carbon fiber and aramid fiber and therefore may be limited in high-

performance applications [53]. Carbon fibers stand out for their combination of 

high tensile strength and low weight; their tensile strength can be up to 1000 MPa, 

making them indispensable in applications such as aerospace and sports 

equipment. However, carbon fibers have high costs and performance limitations 

in some environmental conditions [54]. Aramid fibers offer high impact 

toughness and excellent energy absorption; these fibers, known under the brand 

name Kevlar, are used in armor and protective equipment. The high temperature 

resistance and impact absorption of aramid fibers make them effective in harsh 

conditions, but their cost is often high and they can experience performance 

degradation under some chemical environments [55]. 

Another important factor to consider in material selection is the application 

requirements and environmental conditions [56]. The environment in which 

composites will be used plays a decisive role in material selection; factors such 

as humidity, temperature, chemical interactions and mechanical loads directly 

affect the performance of reinforcing materials [57]. For example, marine and 

aerospace applications require high temperature and moisture resistance; 

therefore, high-performance carbon fiber or vinylester resins are often preferred 

in these areas [54]. On the other hand, for applications seeking low-cost and 

environmentally friendly solutions, options such as natural fibers, jute or kenaf 

can be considered. Furthermore, cost and production processes also play an 

important role in material selection; high-performance materials are generally 

more expensive and can affect production processes [58]. Consequently, the 
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selection of reinforcement materials requires careful consideration of 

performance characteristics as well as cost, environmental conditions and 

application requirements. This comprehensive approach ensures that the most 

suitable material is selected and composites perform optimally [59]. 

4. Vacuum Infusion Process and Procedures 

The vacuum infusion process is an effective method for the production of 

high-performance composite materials and is carried out in several steps. First, a 

mold is prepared to create the shape and surface of the composite material. Then, 

the fiber reinforcement materials (carbon fiber, fiberglass, aramid fiber, etc.) are 

placed into the mold in an orderly manner. Then, the vacuum bag is closed over 

the mold and the vacuum system is connected. The vacuum pump removes all air 

and moisture from the system by drawing the air out of the bag, thus ensuring 

homogeneous penetration of the resin between the fibers. The resin is prepared 

to a certain viscosity and infused between the fibers under vacuum. Once the resin 

is completely dispersed between the fibers, the material remains under vacuum 

while waiting for a certain time for the resin to cure. Once the time is complete, 

the composite material is removed from the mold and the strength, durability and 

surface quality of the final product is checked. These steps ensure the production 

of high quality and robust composite materials [60]. 

The vacuum infusion process is a complex technique that guarantees high 

quality and durability in the production of composite materials, and each stage of 

this process requires careful planning and execution. The first stage of the process 

is mold preparation, which forms the basis for the entire production process. The 

mold surface is meticulously cleaned and, if necessary, coated with a release 

agent. The mold surface needs to be clean and smooth; any dirt, dust or surface 

irregularities can interfere with the proper dispersion of the resin, which can 

adversely affect the quality of the final composite material. The mold is usually 

made of high-quality and durable materials, as this material must be resistant to 

the effects of both the fiber reinforcements and the resin. The mold surface can 

be protected with a special coating or covered with a series of protective layers, 

which prevents the resin from sticking to the mold surface and ensures a smooth 

surface after the mold is removed [61]. 

The next step is to place the fiber reinforcement materials in the mold. At this 

stage, care is taken to ensure that the fibers are properly covered and placed in 

the desired ratio. Then, the vacuum bag is closed over the mold and the vacuum 

system is connected. The vacuum pump draws the air out of the bag, eliminating 

all air and moisture from the system, thus ensuring homogeneous penetration of 
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the resin between the fibers [62]. These materials usually consist of materials 

such as carbon fiber, fiberglass or aramid fiber, which offer high strength and low 

weight properties [63]. The most important factor to be considered during the 

placement of fibers is to place the fibers properly and according to the desired 

directions [62]. The regular placement of fiberglass and carbon fibers optimizes 

the mechanical properties of the material and improves the overall performance 

of the composite [64]. After placement of the fibers, the vacuum bag is covered 

and the vacuum system is activated to completely remove air and moisture from 

the mold. The vacuum draws air and moisture from the mold, allowing the resin 

to fully penetrate between the fibers. The proper application of vacuum eliminates 

air pockets and voids in the internal structure of the composite material, which 

improves the durability and mechanical performance of the final product [65]. 

In the resin infusion stage, the resin is slowly drawn between the fibers by the 

pressure created by the vacuum. The resin is prepared to have a certain viscosity 

and infused between the fibers under vacuum. After the resin is completely 

dispersed between the fibers, the material remains under vacuum while waiting 

for a certain period of time for the resin to cure. Resin selection is a critical factor 

affecting the success of the infusion process; the viscosity of the resin determines 

the infusion rate and quality. If the resin is too dense, it may not be able to 

penetrate well enough between the fibers, resulting in a weak composite material. 

On the other hand, if the resin is too fluid, this can lead to uncontrolled spreading 

of the resin and potentially a weak structure. During resin infusion, it must be 

ensured that the system is under vacuum and that all connection points are sealed. 

The pressure of the vacuum system should be continuously monitored and all 

connections in the vacuum bag should be checked regularly [66]. After the 

infusion is complete, a certain amount of time should be allowed for the resin to 

cure completely. The curing process allows the resin to fully cure and maximize 

the mechanical properties of the composite material. This stage is critical for the 

composite material to gain high strength, durability and performance properties 

[67]. 

The final stage of the vacuum infusion process is the demolding of the 

composite material, which must ensure that the resin has fully cured and all air 

pockets have been removed. The material must be carefully removed from the 

mold and checked for any defects or deformations. At this stage, the mechanical 

and physical properties of the composite material are evaluated and any necessary 

improvements are made. The meticulous execution of each stage throughout the 

vacuum infusion process directly affects the quality and performance of the final 

product. The care and attention provided at each stage of the process ensures the 
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production of high quality and durable composite materials, which offer 

reliability and high performance in industrial applications [68]. Figure 6 shows a 

schematic representation of the vacuum infusion process. 

 

Figure 6. Schematic representation of vacuum infusion process [69] 

4.1.  Possible Errors and Solution Suggestions 

Although the vacuum infusion process has emerged as a successful method 

for producing high quality composite materials, problems that may be 

encountered at various stages can affect the efficiency of the process and the 

quality of the final product. Errors and their solutions should be carefully 

addressed at each stage of the process [70]. In the first stage, during mold 

preparation and fiber placement, a common error is dirt, dust or oil residues on 

the mold surface [71]. Such contaminants can prevent the resin from properly 

passing through the mold, which can lead to the formation of air bubbles and 

weak spots. As a solution, the mold surface needs to be thoroughly cleaned, 

properly sanded and protected with a suitable coating material where necessary. 

It is also critical that the fibers are properly positioned in the mold; ensuring that 

the fibers do not overlap and are positioned in the correct orientation optimizes 

the mechanical properties of the composite. If the fibers are placed incorrectly, 

this can adversely affect the strength and performance of the composite. 

Therefore, fiber placement should be meticulous and regular checks should be 

performed [72]. 

Another important problem that can be encountered in the vacuum infusion 

process is related to the sealing of the vacuum system [66]. Any leakage in the 

vacuum bag can cause air bubbles and moisture to enter the mold, which prevents 

the resin from penetrating properly between the fibers. This can lead to the 

formation of weak zones and voids in the composite material. As a solution, all 

joints and seals of the vacuum system need to be regularly checked and rigorously 
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tested for leaks. Furthermore, the pressure of the vacuum system should be 

continuously monitored to ensure that the vacuum is effectively maintained [73]. 

Another problem encountered in resin infusion is the viscosity of the resin. If the 

resin is too viscous or too dense, it can affect the infusion process; too viscous 

resin can spread uncontrollably between the fibers, while too dense resin may not 

provide sufficient saturation. The resin consistency needs to be adjusted to suit 

the application requirements and the infusion process optimized accordingly. To 

ensure that the resin has the correct consistency, it is recommended to carefully 

prepare and pre-test the resin mixture [74]. 

Finally, defects in the curing process are also important. The complete curing 

of the resin is critical to ensure the mechanical properties and durability of the 

composite material. Insufficient curing time can cause the resin not to cure 

sufficiently, which can lead to a weak material. To avoid this, the time required 

for the resin to fully cure should be observed and it should be ensured that this 

time is determined in accordance with the properties of the material. In addition, 

the curing conditions (such as temperature and humidity) must be properly 

controlled and stabilized. Once the curing process is complete, the composite 

material must be carefully inspected before it is removed from the mold, making 

sure that the resin is fully cured and that all air pockets have been removed. 

Rigorous evaluation and testing at this stage improves the quality of the final 

product and ensures the successful completion of the process [75]. 

5. Effects of Vacuum Infusion on Performance and Quality 

Vacuum infusion is a technique that significantly improves performance and 

quality in the production of composite materials. To understand the effects of this 

process on performance, it is necessary to take a detailed look at how the material 

quality, the manufacturing process and the physical properties of the final product 

are affected [76]. First, the vacuum infusion method minimizes air bubbles and 

other defects in the internal structure of composite materials. The infusion process 

under vacuum allows the resin to perfectly penetrate into all pores and voids of 

the fibers, which increases the density and homogeneity of the material. This 

homogeneity leads to an improvement of the mechanical properties of the final 

composite material, i.e. the composite material gains higher tensile and flexural 

strength, thus increasing its structural durability. Furthermore, composites with 

the vacuum infusion process usually contain fewer pores, which increases the 

overall strength and longevity of the material [77]. 

The effects on quality are due to the ability of the vacuum infusion method to 

ensure a proper combination of resin and fibers. The process ensures that the resin 
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is accurately dispersed and the fibers are fully coated, thus minimizing weak spots 

and heterogeneous regions within the material. As a result, the composites 

produced have a higher surface quality, which is a great advantage, especially in 

applications where aesthetic and functional requirements are critical [78]. In 

addition, composites obtained by the vacuum infusion process generally show 

lower porosity and better chemical resistance properties, because the vacuum 

environment has the capacity to attract air bubbles and other impurities into the 

resin. These properties improve the performance and durability of the material, 

especially in applications exposed to harsh environmental conditions [79]. 

6. Application Areas in Mechanical Engineering 

The vacuum infusion method offers a wide range of uses in various application 

areas in mechanical engineering, and innovations in this field have significantly 

transformed materials science and engineering design [80]. This method plays a 

critical role, especially in industrial applications and advanced engineering 

designs, thanks to its ability to produce high-performance and lightweight 

composite materials [81]. Firstly, in the automotive industry, vacuum infusion is 

used to lighten and increase the durability of vehicle parts. This method is widely 

preferred in the production of lightweight composite panels, body parts, and 

structural components that increase the fuel efficiency of vehicles, improve their 

performance, and enhance safety [82]. For example, high-performance 

automobiles such as sports vehicles and electric vehicles improve their 

aerodynamic properties and overall durability by using carbon fiber or aramid 

fiber reinforced composite materials [83]. 

In the aerospace industry, the importance of vacuum infusion becomes even 

more evident. Here, lightweight but high-strength composites are integrated into 

aircraft wings, tail structures and other critical components [84]. Vacuum 

infusion allows composites used in the aerospace industry to produce long-lasting 

components that improve aerodynamic performance while reducing fuel 

consumption [85]. In particular, carbon fiber and ceramic matrix composites are 

used in rocket engines and other spacecraft due to their high temperature and 

corrosion resistance. These materials help engineers meet both performance and 

safety standards [86]. 

In the yacht and marine industries, vacuum infusion is used to produce 

composite materials that make marine vessels both lightweight and durable. This 

process provides significant advantages, especially in underwater structures and 

components under high stress [7]. For example, parts such as boat hulls and sails 

are designed to be resistant to the harsh conditions in the marine environment 
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[87]. In these applications, vacuum infusion improves performance and safety by 

increasing both the light weight and durability of marine products [88]. 

Vacuum infusion plays an important role in the energy sector, especially in 

wind turbine blades. Wind turbine blades must be designed to withstand large 

dimensions and continuous wind loads. Vacuum infusion provides high-strength 

and lightweight materials for manufacturing such large composite structures, 

improving turbine performance and lifetime. In addition, this method is also used 

in the production of composites used in solar energy panels, increasing the 

durability and efficiency of the panels [89]. 

7. Conclusions 

The vacuum infusion method has introduced innovations in material 

production and composite processing in the field of mechanical engineering. The 

industrial applications and benefits of this method can be detailed as follows: 

 Vacuum infusion plays a critical role in the production of composite 

materials with desirable properties such as high strength and low 

weight. This method can produce lightweight and durable materials 

used in the automotive, aerospace, marine and energy sectors. The 

uniform and homogeneous resinization of composites significantly 

improves material performance and durability. 

 Compared to traditional methods, the vacuum infusion process offers 

a more cost-effective and efficient production method. High 

production speeds, the ability to produce large and complex parts in a 

single run, and low labor costs make vacuum infusion attractive. 

Especially in large-scale projects, the cost advantages of this method 

become apparent. 

 Vacuum infusion offers a production process compatible with 

environmentally friendly resins and low waste production methods. 

The use of recycled materials and resins with low VOC (volatile 

organic compounds) minimizes environmental impact and promotes 

sustainable production practices. In this way, vacuum infusion 

complies with environmental protection standards and contributes to 

green manufacturing goals. 

 In vacuum infusion, process control ensures precision at every stage, 

from material fluidity to resin introduction. Automated vacuum 

systems and intelligent control mechanisms minimize variations in 
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the production process and improve product quality. This process 

reduces error rates and ensures high quality end products. 

 The vacuum infusion method enables the integration of advanced 

material technologies such as nanotechnology, smart materials and 

high-performance polymers. These innovations expand the 

application areas of vacuum infusion and improve the performance of 

materials. For example, composites produced using nanomaterials 

provide additional advantages such as higher strength and reduced 

weight. 

 Vacuum infusion is particularly effective in the production of large 

and complex structures. This process ensures homogeneous resin 

distribution in large parts, improving material properties and 

enhancing structural integrity. Advanced vacuum systems and mold 

designs minimize the challenges of this type of production. 

 The fact that vacuum infusion is a constantly evolving technology 

increases the need for research and development activities. Studies in 

areas such as new resin formulations, improved vacuum systems and 

innovative mold designs further increase the potential of this method 

and expand its industrial application areas. 

The vacuum infusion method plays an important role in industrial processes 

with its various advantages in material production in mechanical engineering. 

The high performance materials, low costs, environmentally friendly production 

characteristics and advanced automation capabilities have positioned this method 

as a critical tool in industrial design and manufacturing processes. Future research 

and technological developments will further expand the effectiveness and 

application areas of vacuum infusion and provide innovative solutions in 

engineering applications. 
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INTRODUCTION 

The salinity problem observed in agricultural lands is one of the most 

significant environmental issues threatening agricultural production worldwide. 

Salinity, exacerbated by uncontrolled irrigation and poor soil management 

practices, drastically reduces the productivity of agricultural areas. Increasing 

incidents of floods and droughts globally (Hirabayashi et al., 2013), rising sea 

levels in coastal regions (Carter et al., 2006; Martin et al., 2011), and the 

widespread presence of sodium-rich soils (Ghassemi et al., 1995) contribute to 

combined flooding and salinity stress on plants (Bennett et al., 2009). Salt stress 

is recognized as one of the most critical abiotic factors affecting agricultural 

production, with approximately 50% of irrigated lands worldwide confronting 

this issue. This leads to the accumulation of toxic sodium and chloride ions in 

plant tissues (Zhang & Shi, 2013; Maathuis et al., 2014; Estaji et al., 2018). 

The physiological and biochemical effects of salt stress on plants hinder 

growth and development, resulting in reduced yield and quality. High salt 

concentrations disrupt metabolic processes by causing osmotic stress, ion 

toxicity, mineral imbalances, and oxidative stress in plants. This condition limits 

water uptake capacity, increases energy consumption, and imposes significant 

pressure on agricultural sustainability. Soil salinity adversely affects plant 

membrane integrity, pigment content, osmotic regulation, water retention 

capacity, and photosynthetic activity, thereby impairing plant growth and 

productivity. In crops like peanuts, these effects create a complex scenario of 

abiotic stress (Benjamin & Nielsen, 2006; Bhatnagar-Mathur et al., 2009). 

Salinity increases ROS (reactive oxygen species) accumulation and suppresses 

antioxidant enzyme activities, negatively influencing metabolic and 

morphological processes in plants (Parvin et al., 2014). Polyamines help mitigate 

the effects of salinity stress by reducing Na⁺ accumulation while enhancing 

antioxidant activities and photosynthetic capacity (Alcázar et al., 2020; Yılmaz 

and Çiftçi, 2021). Salinity is one of the most prevalent factors causing yield losses 

in agricultural lands, posing an even greater threat in arid and semi-arid regions. 

This review aims to examine the causes and effects of salinity issues, providing 

a general explanation of the adverse effects of salt stress on plant development. 

SALINITY PROBLEM 

Soil salinity typically arises from the accumulation of Na, Cl, SO4, and CO4 

ions. Factors such as excessive fertilizer use, the application of saline irrigation 

water, rapid evaporation, and poor drainage are the primary causes of this issue. 

Increased soil salinity prevents plants from adequately absorbing water or 
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exposes them to toxic effects from excessive ions in the water. This results in 

symptoms like yellowing and drying of plants, ultimately leading to yield and 

quality losses (Ağaoğlu et al., 2001; Şen, 2008; Doğan et al., 2024). Salt stress 

adversely affects plant growth and development throughout their life cycles. 

Plants attempt to adapt to such stress factors by developing defense mechanisms. 

However, salt stress disrupts ion balance, water uptake, and metabolic processes, 

causing significant damage. These damages result in substantial reductions in 

physiological activities and crop quality. 

Plants are exposed to various abiotic stress factors that pose significant threats 

to agricultural systems. Among these, salt stress is considered a major problem, 

especially in arid and semi-arid regions, as it severely affects plant growth and 

productivity (Muneer & Jeong, 2015). Approximately 800 million hectares of 

land worldwide are affected by salinity, accounting for about 6% of the Earth's 

surface (Abbasi et al., 2015; Shah & Thivakaran, 2014). In Turkey, salinity and 

alkalinity issues affect approximately 1.5 million hectares, which constitutes 

32.5% of irrigable lands (Uras & Sönmez, 2010; Ekmekçi et al., 2005). Salinity 

has been reported to reduce the availability of plant nutrients and adversely affect 

their uptake, transportation, and distribution, leading to nutritional disorders 

(Munns & Tester, 2008; Talaat et al., 2015). Salts increase the osmotic pressure 

of the environment, hindering water absorption or complicating the uptake of 

nutrients due to the excessive presence of ions such as Na⁺ and Cl⁻, thereby 

disrupting metabolism and harming plants (Hao et al., 2021; Zhao et al., 2021). 

The effects of salt stress typically manifest through two mechanisms: osmotic and 

ionic effects. The osmotic effect of salt reduces growth rates, alters leaf 

coloration, changes the root-to-shoot ratio, and affects maturation speed. Ionic 

effects damage meristematic tissues and leaves, negatively impacting plant 

development. Salt stress inhibits transpiration and the transportation of ions to 

roots, creating competition among ions, resulting in unbalanced nutrition and 

nutritional deficiencies (Nefissi Ouertani et al., 2021; Kınay & Erdem, 2021). 

The need for effective practices to mitigate the negative impacts of salinity on 

plants is becoming increasingly urgent due to its detrimental effects on 

agriculture. Salinity, particularly in arid and semi-arid climates, stands out as a 

significant problem reducing soil fertility, thus threatening agricultural 

productivity in regions with limited rainfall. 

Traditional agricultural and engineering solutions have increasingly fallen 

short in mitigating the impacts of salinity. Consequently, hopes are now focused 

on biological and genetic studies aimed at enhancing the physiological resistance 

of plants to salt stress (Munns & Gilliham, 2015). Despite extensive research 
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utilizing traditional breeding, genetics, and molecular biology methods to 

develop salt-tolerant plant varieties, limited success has been achieved in creating 

practical and widely beneficial solutions suitable for large-scale use 

(Kolomeichuk et al., 2020; Altunlu et al., 2024). 

EFFECT OF SALT STRESS ON PLANT DEVELOPMENT 

Any environmental or agricultural factor that restricts plant development is 

defined as "stress," and such stress negatively affects plant growth, leading to 

reductions in yield (Dağüstü, 2003; Üzal et al., 2020; Yaşar & Üzal, 2021). These 

stress factors, originating from natural environmental conditions or agricultural 

practices, are common challenges plants face throughout their life cycle. For 

instance, stress caused by soil composition can persist for days, whereas factors 

like air temperature usually have shorter effects (Taiz & Zaiger, 2010). Abiotic 

stress factors (e.g., low/high temperature, drought, salinity, heavy metals, 

radiation) and biotic stress factors (e.g., viruses, bacteria, fungal diseases, pests) 

prompt the development of defense mechanisms in plants. Plants strive to 

maintain growth and development under stress conditions. However, the response 

of plants under stress depends on their genotypic traits; some species and varieties 

are less affected, while others suffer severe damage or may even die. Plants’ 

mechanisms to cope with stress depend on various factors, including genetic 

characteristics, growth stages, type of stress, and its severity (Yaşar & Üzal, 2021; 

Yaşar & Yaşar, 2022). 

Salinity poses a significant problem for agricultural production in arid and 

semi-arid regions, negatively impacting plant development and productivity in 

both open-field and greenhouse cultivation. In coastal regions, finding sufficient 

quality water for irrigation in greenhouse cultivation is becoming increasingly 

difficult, necessitating the use of groundwater with high dissolved salt levels 

(Fernandez-Garcia et al., 2004). In the Mediterranean zone, seawater intrusion 

into groundwater has been identified as a major environmental problem, limiting 

the cultivation of certain plant species (Aksoy et al., 1998). 

Saline irrigation water and soils create high osmotic pressure, restricting water 

absorption by plant roots and impeding the uptake of essential nutrients such as 

K⁺, Ca²⁺, Mn²⁺, and NO₃⁻. Excessive salt accumulation disrupts cell membrane 

integrity, damaging vital organelles such as chlorophyll, which adversely affects 

plant growth and product quality (Hasegawa et al., 2000; Yıldız et al., 2010). 

To support plant development in saline environments, various approaches 

have been proposed. For example, using resilient plant varieties as rootstocks, 

supplementing with nutrients like K and Ca, or applying chemicals such as 



583 

proline, salicylic acid, and melatonin can effectively enhance plant tolerance 

(Kaya et al., 2007; Yıldırım et al., 2008; Li et al., 2012). Additionally, symbiotic 

microorganisms like arbuscular mycorrhizal fungi (AMF) can form mutualistic 

relationships with plants, enhancing tolerance to salinity stress and improving 

water and nutrient uptake (Evelin et al., 2009; Hajbagheri & Enteshari, 2011). 

Studies on crops like tomatoes, eggplants, peppers, cucumbers, lettuce, and beans 

have reported that mycorrhizal applications mitigate the adverse effects of 

salinity and positively support plant development (Balliu et al., 2015; Sharma et 

al., 2017; Altunlu, 2020). 

CONCLUSION 

Salinity is one of the most critical environmental issues threatening 

agricultural production worldwide. In particular, soil and water salinity in arid 

and semi-arid regions creates severe negative effects on plant growth and 

productivity. Increasing salinity causes osmotic stress, ion toxicity, nutrient 

imbalances, and metabolic disorders in plants, leading to declines in yield and 

quality. This situation threatens not only agricultural production but also global 

food security. The biochemical and physiological mechanisms developed by 

plants to counteract salt stress provide a crucial foundation for mitigating its 

effects. However, traditional agricultural methods and engineering solutions have 

proven inadequate in addressing the salinity problem. Therefore, developing salt-

tolerant plant varieties, implementing biological applications that support plant 

defense mechanisms, and adopting environmentally friendly management 

strategies are of great importance. 
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INTRODUCTION 

The agricultural sector faces numerous challenges, and the use of digital 

technologies has become increasingly critical in overcoming these difficulties. 

Smart farming systems enable a more informed and precise management of 

agricultural processes, driving a significant transformation in the sector. These 

technologies enhance the competitiveness of farmers and enterprises, while also 

contributing to reducing environmental impacts and lowering costs. Operations 

such as yield prediction, plant health analysis, and the detection of diseases and 

stress can be performed more quickly and accurately with the support of digital 

technologies. This enhances production quality and ensures more efficient use of 

resources. Smart farming applications, encompassing a broad range of 

technologies from agricultural machinery to wireless sensors, drones to big data 

analytics, are reshaping the agricultural sector. These systems not only provide 

economic benefits but also play a crucial role in achieving environmental 

sustainability goals. 

Today, "Smart Agriculture" or "Agriculture 4.0" represents innovative 

approaches aimed at ensuring the sustainable use of natural resources, rural 

development, and food security. This technological transformation incorporates 

various tools, from autonomous technologies to cloud computing and satellite 

systems, as well as sensors, robotics, and information and communication 

technologies. Additionally, decision support systems and IoT technologies enable 

the monitoring and optimization of all stages of the production chain (Duman and 

Özsoy, 2019; Ercan et al., 2019; Kılavuz and Erdem, 2019; Arıcıoğlu et al., 2020; 

Ertaş, 2020). Smart agriculture can also be defined as the effort of farmers to 

increase product quality and productivity by utilizing information technologies in 

agricultural processes. According to Mistry et al. (2020), this concept involves 

the use of artificial intelligence algorithms in farm management, while Rose and 

Chilvers (2018) describe Agriculture 4.0 as a system based on robotics, cloud 

computing, and IoT technologies. Klerkx et al. (2019) highlight that Agriculture 

4.0 integrates various data sources through cloud systems, drones, and sensors to 

monitor plants, animals, soil, and environmental factors. Furthermore, Klerkx and 

Rose (2020) state that this system encompasses a wide range of innovative 

technologies, including robotics, nanotechnology, gene editing, artificial 

intelligence, blockchain, and machine learning. 

In this context, "Smart Agriculture" or "Agriculture 4.0" aims to enhance 

productivity in agricultural production and develop solutions throughout the 

supply chain using digital tools (tablets, computers), IoT, GPS, sensors, satellites, 

and data analytics platforms. These technologies used in agriculture can be 
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categorized into three main groups: mechanical, biological, and organizational 

(Ağızan et al., 2022). The purpose of this review is to explain the positive impacts 

of smart farming technologies on agricultural production and why these systems 

have become indispensable in agricultural activities. 

INTERNET OF THINGS IN AGRICULTURE 

The agricultural sector is rapidly advancing towards efficiency and 

sustainability goals with the innovations provided by digital technologies. The 

Internet of Things (IoT) is revolutionizing agricultural activities, allowing 

farmers to manage their fields more effectively and monitor crops with ease 

(Kahraman, 2017). GPS-supported precision agriculture technologies simplify 

the monitoring and management of agricultural lands (CEMA, 2017), while 

sensor-equipped machinery integrates production processes (Ercan et al., 2019). 

These technologies improve process control, reduce costs, and provide significant 

convenience to farmers. The integration of IoT into agricultural applications is 

critical for both efficiency gains and environmental sustainability. For example, 

drones expedite pest control and pesticide applications, reducing costs and 

environmental impacts (Kern, 2015). In China, pesticide usage decreased by half, 

and water consumption was reduced by 90% through drone-based applications, 

showcasing the profound impact of this technology. 

The innovations brought by digital agriculture are not limited to technological 

advantages alone. The adaptation of employees and managers to digital 

transformation maximizes the benefits enterprises gain from digitalization, 

directly influencing the success of this process (Ersöz and Özmen, 2020; Sağlam, 

2021). Moreover, adapting technological tools to meet business needs enhances 

competitive advantages. 

IoT emerges as a pivotal technology in the agricultural sector, enabling 

farmers to optimize crop production, adapt to climate change, and increase 

efficiency. An exemplary IoT-Agro system implemented on a farm in Colombia 

was designed to plan harvest times, reduce crop diseases based on historical data, 

and estimate annual production. This system operates on a three-layer 

architecture: Agricultural Sensing, Edge Computing, and Data Analytics. For 

predicting coffee production, various algorithms (Decision Trees, Artificial 

Neural Networks, XGBoost, Support Vector Machines, and Random Forest) were 

evaluated, with XGBoost demonstrating the best performance with the lowest 

error rate (0.032) (Rodríguez et al., 2021; Özer et al., 2022). 

IoT-based systems leverage machine learning techniques for tasks such as 

crop yield prediction and reconstructing incomplete or faulty sensor data. For 
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instance, neural network models achieved a success rate of nearly 90% for 

predicting apple and pear yields. Additionally, studies on CNR scientific data 

revealed that polynomial regression and decision trees are effective in predicting 

missing data (Balducci et al., 2018). Early detection and prevention of crop 

diseases is another critical component of IoT-supported systems. Deep learning 

algorithms (Inception-v3, VGG-16, VGG) and data mining methods (Support 

Vector Machines, Random Forest) have been compared for classifying plant 

diseases. Results indicated that deep learning methods outperformed machine 

learning methods, with the VGG-16 algorithm achieving the highest accuracy in 

disease classification (Sujatha et al., 2021). 

IoT-based systems also significantly contribute to pest control in agriculture. 

Smart pest monitoring models developed using deep learning techniques have 

utilized methods like Classic CNN networks, transfer learning, and few-shot 

learning for pest classification (Li et al., 2021). In IoT and smart image 

recognition-supported harvesting systems, crop maturity is determined through 

object detection, and mature products are harvested using robotic arms. The 

MobileNet-SSD model has proven successful in this field, with an average 

accuracy rate of 84% (Horng et al., 2019; Özer et al., 2022). The growth potential 

of the sector is also noteworthy, with a projected market value of $29.8 billion by 

2027, growing at a rate of 10.5% between 2022 and 2027 (Anonymous, 2022). 

IoT and digital farming technologies have become the cornerstone of modern 

agriculture, heralding a new era of efficiency, sustainability, and eco-friendly 

practices in the sector. 

DATA-DRIVEN SUPPORT SYSTEMS 

Digital farming technologies support precise, efficient, and informed 

management processes to enhance productivity and quality in agriculture. 

Innovative methods such as wireless sensor networks (WSN) and remote sensing 

(RS) accurately detect soil moisture, temperature, and nutrient deficiencies, 

enabling irrigation and fertilization tailored to plant needs. This ensures 

optimized resource usage while preventing yield losses. These technologies also 

provide effective solutions in areas like yield estimation, plant health 

management, and disease detection, facilitating the more efficient management 

of agricultural processes. 

In modern agricultural practices, tools such as big data analytics, artificial 

intelligence (AI), deep learning (DL), and machine learning (ML) play a critical 

role in agricultural production. Agricultural machinery and autonomous robots 

reduce workloads by increasing accuracy in tasks ranging from weed control to 
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precision farming operations. For example, drones and automation systems are 

effectively used in tasks such as crop classification and quality analysis. 

Precision agriculture, bolstered by big data technologies, represents a new 

direction for agricultural development. Many countries are investing in the use of 

big data in the agricultural sector. For instance, in 2015, the United States 

invested $4.6 billion in research on the application of big data and software in 

agriculture. Similarly, the Chinese government has developed policies to unlock 

the potential of big data for rural development. Big data, often used alongside 

technologies under the scope of Agriculture 4.0, enables farmers to manage 

agricultural production processes more precisely in spatial and temporal contexts. 

Robotics, sensors, IoT, blockchain, drones, and automated agricultural machinery 

are prominent tools for leveraging big data in this regard (Wolfert, 2017; Aydın, 

2022). 

The power of big data is often defined by six fundamental characteristics, 

known as the six "Vs": velocity, volume, variety, veracity, value, and variability. 

Technological advancements have enabled the exploitation of these 

characteristics to revolutionize agriculture (Sonka, 2015; Aydın, 2022). 

Advanced computing capacities have made it possible to analyze large volumes 

of data, such as evaluating weather data. 

In agricultural applications, big data provides farmers with in-depth insights 

into their crops and field conditions, improving their decision-making processes. 

For instance, measurements related to field conditions, such as soil moisture, 

nutrient levels, pH, temperature, and precipitation, can be compared with input 

and output prices to optimize profits. These analyses allow farmers to use labor 

more efficiently, improve input purchasing strategies, and optimize production 

processes (Aydın, 2022). With the adoption of digital farming technologies, the 

agricultural sector will evolve into a more effective, informed, and sustainable 

structure in the future. Digitalization has become an indispensable tool for 

optimizing agricultural processes and achieving goals of efficiency, quality, and 

environmental protection. 
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CONCLUSION 

The agricultural sector is undergoing a significant transformation driven by 

the solutions offered by digital technologies in addressing its challenges. Smart 

farming systems and Agriculture 4.0 not only enable more efficient and informed 

management of production processes but also play a crucial role in achieving 

critical objectives such as environmental sustainability, cost optimization, and 

rural development. These technologies, supported by innovative tools such as 

GPS, IoT, sensors, artificial intelligence, robotics, satellite technologies, and big 

data analytics, are revolutionizing every stage of agriculture. 

In conclusion, digital farming technologies have become indispensable tools 

for enhancing productivity, reducing costs, and supporting environmental 

sustainability goals in the agricultural sector. This transformation represents a 

transition to a more sustainable, efficient, and innovative structure for future 

agriculture. Smart farming systems and Agriculture 4.0 address the evolving 

needs of the agricultural sector while playing a critical role in conserving natural 

resources and leaving a more livable world for future generations. 
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1. Introduction 

The transition from fossil fuels to renewable energy sources (RES) such as 

wind, solar, and hydro power is driven by the urgent need to address 

environmental concerns and promote sustainable development. The International 

Energy Agency (IEA) emphasizes that integrating RES into existing power 

systems is crucial for reducing greenhouse gas emissions and ensuring a 

sustainable energy future (Jia et al., 2021). However, the inherent intermittent and 

stochastic nature of renewable energy generation presents significant challenges 

for the stability and reliability of power systems. One of the primary issues arising 

from high levels of RES integration is the difficulty in maintaining system 

frequency within acceptable limits, which is exacerbated by the imbalance 

between power supply and demand (Cucuzzella et al., 2017). 

Load Frequency Control (LFC) is a critical mechanism in power system 

operation, designed to maintain the nominal system frequency and regulate tie-

line power flows between interconnected areas. Traditionally, LFC has relied on 

conventional controllers such as Proportional-Integral-Derivative (PID) 

controllers, which are based on linear system models and assume predictable 

power generation and consumption patterns (Wu & Lu, 2019). These controllers 

have been effective in systems dominated by conventional thermal and 

hydroelectric power plants, which exhibit relatively slow and predictable 

dynamics. However, the increasing integration of RES challenges these 

assumptions, as renewable sources, particularly wind and solar, exhibit 

significant variability and un-certainty due to their dependence on weather 

conditions (Elhajji et al., 2014).  This variability leads to rapid and 

substantial fluctuations in power generation, resulting in frequency deviations 

and potential instability within the power system (Khan et al., 2021). 

Furthermore, the displacement of conventional generation units reduces system 

inertia, further complicating frequency control efforts (Wo´zniak et al., 2021). 

To address these challenges, advanced control strategies have been proposed, 

with robust and adaptive control techniques gaining prominence for their ability 

to manage system uncertainties and external disturbances. Among these, Sliding 

Mode Control (SMC) has emerged as a promising nonlinear control method 

characterized by its robust-ness to certain classes of uncertainties and 

disturbances once the system states reach a predefined sliding surface (Balali et 

al., 2017). SMC offers advantages such as fast dynamic response, good transient 

performance, and resilience against parameter variations, making it particularly 

suitable for LFC in modern power systems facing high levels of renewable energy 

penetration (Oladunjoye et al., 2022). 
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The application of SMC in power system frequency control has garnered 

significant attention due to its robustness against uncertainties and disturbances, 

particularly in systems integrating renewable energy sources. (Jia et al., 2021) 

introduced a low-order sliding mode repetitive controller for discrete-time 

systems under complex disturbance environments, demonstrating enhanced 

dynamic performance compared to traditional PID controllers. However, their 

study did not address the complexities introduced by renewable energy 

integration, which can lead to increased stochastic variability in power 

generation. This gap highlights the necessity for more comprehensive approaches 

that consider the unique challenges posed by renewable sources. 

(Cucuzzella et al., 2017) advanced the field by developing a decentralized 

sliding mode control for islanded AC microgrids with arbitrary topology. Their 

work effectively reduced chattering and enhanced the system’s responsiveness to 

disturbances. Nonetheless, their focus remained on isolated microgrids, lacking 

detailed modeling of interconnected power systems that include essential 

components such as governors and turbines. This limitation underscores the need 

for methodologies that can be applied to larger, interconnected systems where the 

dynamics are more complex. 

Further investigations by (Wu & Lu, 2019) and (Elhajji et al., 2014) explored 

SMC techniques in the context of renewable energy integration. (Wu & Lu, 2019) 

proposed an adaptive backstepping sliding mode control for boost converters with 

constant power loads, modeling power fluctuations as bounded disturbances. 

However, their approach simplified the stochastic nature of renewable 

generation, which is critical for accurate frequency stability analysis. Similarly, 

(Elhajji et al., 2014) introduced discrete fast terminal and integral sliding mode 

controllers, addressing uncertainties but failing to incorporate detailed system 

component modeling or the stochastic characteristics of renewable generation. 

Their results indicated improved performance over traditional controllers, yet 

they lacked a thorough analysis under realistic operating conditions.  

(Khan et al., 2021) also contributed to the discourse by presenting a neuro-

adaptive backstepping integral sliding mode control design for nonlinear wind 

energy conversion systems. While their controller adapted to parameter variations 

and external disturbances, it relied on simplified models that did not adequately 

account for the stochastic variability of renewables. This trend of 

oversimplification in existing studies suggests a pressing need for comprehensive 

modeling that accurately reflects the dynamics of inter-connected power systems 

with significant renewable energy penetration. 
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This paper aims to fill this gap by developing a detailed mathematical model 

of a two-area interconnected power system with renewable energy integration 

and designing a Sliding Mode Controller tailored for load frequency control. By 

incorporating stochastic renewable generation and comprehensive system 

modeling, we provide a thorough evaluation of the SMC’s performance under 

realistic operating conditions, including step load changes and random load 

fluctuations. Our work contributes to advancing the application of SMC in 

modern power systems facing the challenges of high renewable energy 

penetration. 

This paper investigates the application of a Sliding Mode Controller for Load 

Frequency Control in a two-area interconnected power system with renewable 

energy integration. The main contributions of this work are: 

• Development of a detailed mathematical model of a two-area power system 

incorporating stochastic renewable energy sources, suitable for control design 

and simulation purposes. 

• Design of a Sliding Mode Controller tailored for LFC, emphasizing 

robustness against system uncertainties and disturbances introduced by 

renewable energy variability. 

• Implementation of the system model and SMC in MATLAB using a fixed 

time step approach to accurately simulate the stochastic processes and ensure 

numerical stability. 

• Comprehensive evaluation of the SMC’s performance under various 

scenarios, including step load changes and random load fluctuations, 

demonstrating its effectiveness in maintaining frequency stability. 

The remainder of this paper is organized as follows: Section 2 presents the 

detailed system modeling, including the dynamics of the governor, turbine, 

generator, tie-line power flow, and renewable energy integration. The design of 

the Sliding Mode Controller is also elaborated in this section. Section 3 describes 

the simulation setup and discusses the performance of the SMC under different 

scenarios. Finally, Section 4 summarizes the findings and suggests directions for 

future research. 

Notation  

Throughout this paper, ∆denotes a deviation from the nominal value. 

Subscripts i and j refer to Area 1 and Area 2, respectively. The variables and 

parameters used are defined as follows: 
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• ∆𝑓𝑖: Frequency deviation in Area i (Hz). 

•

 ∆𝑃𝑚𝑖: 𝑀echanical power output deviation of the turbine in Area i (pu MW). 

• ∆𝑃𝑔𝑖: Governor output power deviation in Area i (pu MW). 

• ∆𝑃𝑐𝑖: Control input (SMC output) in Area i (pu MW). 

• ∆𝑃𝐿𝑖: Load disturbance in Area i (pu MW). 

• ∆𝑃𝑅𝐸: Renewable power output deviation in Area 1 (pu MW). 

•

 ∆𝑃𝑡𝑖𝑒: Tie-line power flow deviation between the two areas (pu MW). 

• 𝑇𝑔:  Governor time constant (seconds). 

• 𝑇𝑡: Turbine time constant (seconds). 

• 𝐻: Inertia constant (seconds). 

• 𝐷: Damping coefficient (pu MW Hz−1 ). 

• 𝑅: Speed regulation parameter (Hz pu−1 MW). 

•  𝐵: Frequency bias constant (MW 𝐻𝑧−1 ). 

• 𝑇12: 𝑇ie-line synchronizing coefficient (pu MW 𝐻𝑧−1). 

• 𝑠𝑖: Sliding surface in Area i. 

• 𝐾𝑠: Proportional gain of the SMC. 

• 𝜂: 𝑆witching gain of the SMC. 

• 𝜙: 𝐵oundary layer thickness to reduce chattering in SMC. 

The system parameters are selected based on typical values found in the 

literature (Bevrani, 2009; Kundur, 1994), and are provided in detail in Section 2. 
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2. Methodology 

The two-area power system considered in this study consists of two 

interconnected areas, each comprising a synchronous generator, governor, 

turbine, load, and a control mechanism. The areas are connected via a tie-line that 

allows power exchange between them. A stochastic renewable energy source is 

integrated into Area 1 to represent the impact of renewable energy on system 

dynamics. 

2.1 Governor Dynamics 

The governor adjusts the input to the turbine based on frequency deviations to 

regulate the mechanical power output of the generator. The governor dynamics 

for each area are modeled as: 

d∆Pgi

dt
=

1

𝑇𝑔
 (−∆𝑃𝑔𝑖

 +  ∆𝑃𝑐𝑖
 −

1

𝑅
∆𝑓𝑖)      (1) 

Where: 

• ∆𝑃𝑔𝑖 is the governor output power deviation in Area i (pu MW). 

• 𝑇𝑔 is the governor time constant (seconds). 

• ∆𝑃𝑐𝑖 is the control input from the controller in Area i (pu MW). 

• R is the speed regulation parameter (Hz 𝑝𝑢−1 MW). 

• ∆fi is the frequency deviation in Area i (Hz). 

Parameter Values: 

• 𝑇𝑔 = 0.08 seconds. 

• R = 2.4 Hz/pu MW. 

2.2 Turbine Dynamics 

The turbine converts the mechanical input from the governor into mechanical 

power driving the generator. The turbine dynamics are given by: 

𝑑∆𝑃𝑚𝑖

𝑑𝑡
=

1

𝑇𝑡
(−∆𝑃𝑚𝑖 + ∆𝑃𝑔𝑖)      (2) 



603 

Where: 

• ∆Pmi is the mechanical power output deviation in Area i (pu MW). 

• Tt is the turbine time constant (seconds). 

Parameter Values: 

• Tt = 0.3 seconds. 

2.3 Generator Dynamics (Swing Equation) 

The swing equation models the rotational dynamics of the synchronous 

generator, ac-counting for the balance between mechanical and electrical power. 

The generator dynamics are expressed as:  

For Area 1: 

𝑑Δ𝑃𝑚𝑖

𝑑𝑡
=

1

𝑇𝑡
(−Δ𝑃𝑚𝑖

+ Δ𝑃𝑔𝑖
)      (3) 

For Area 2: 

𝑑Δ𝑓2

𝑑𝑡
=

1

2𝐻
(Δ𝑃𝑚2

− Δ𝑃𝐿2 − 𝐷Δ𝑓2 + Δ𝑃𝑡𝑖𝑒)    (4) 

Where: 

• ∆fi is the frequency deviation in Area i (Hz). 

• H is the inertia constant (seconds). 

• ∆PRE is the renewable power output deviation in Area 1 (pu MW). 

• ∆PLi is the load disturbance in Area i (pu MW). 

• D is the damping coefficient (pu MW/Hz). 

• ∆Ptie is the tie-line power flow deviation (pu MW). 

Parameter Values: 

• H = 5 seconds. 

• D = 0.015 pu MW/Hz. 

2.4 Tie-Line Power Flow 

The tie-line allows power exchange between the two areas, and its power flow 

deviation is given by: 

Δ𝑃𝑡𝑖𝑒 = 𝑇12(Δ𝑓1 − Δ𝑓2)       (5) 

Where: 
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• T12 is the tie-line synchronizing coefficient (pu MW/Hz). 

• ∆f1 and ∆f2 are the frequency deviations in Areas 1 and 2, respectively. 

Parameter Value: 

• T12 = 0.545 pu MW/Hz. 

2.5 Area Control Error (ACE) 

The ACE measures the imbalance in each area, considering both frequency 

deviation and tie-line power flow deviation. It is used by the controller to adjust 

the control inputs. 

The ACE for each 

area is defined as:  

For Area 1: 

ACE1 = 𝐵Δ𝑓1 +

Δ𝑃𝑡𝑖𝑒 

 (6) 

For Area 2: 

ACE2 = 𝐵Δ𝑓2 −

Δ𝑃𝑡𝑖𝑒 

 (7) 

Parameter Value 

• B = 0.425 MW/Hz. 

2.6 Renewable Energy Integration 

A stochastic renewable energy source is integrated into Area 1, modeled as a Wi-

ener process to represent the variability and unpredictability of renewable power 

generation: 

Δ𝑃𝑅𝐸 =

σ𝑅𝐸𝑊(𝑡) 

 (8) 

where: 

• σRE is the standard deviation of renewable power fluctuations (pu MW). 
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• W(t) is a standard Wiener process representing white Gaussian noise. 

Parameter Value: 

• 𝜎𝑅𝐸 = 0.02 pu MW. 

2.7 Load Disturbances 

Load disturbances are introduced as step changes and random fluctuations. At 

t = 10 seconds, a step load change occurs: 

•∆PL1=0.01 pu MW in Area 1 (increase). 

• ∆PL2 = −0.005 pu MW in Area 2 (decrease). Random load fluctuations are 

modeled as:  

Δ𝑃𝐿𝑖
= Δ𝑃𝐿𝑖

step
+ σ𝐿  ξ(𝑡)      (9) 

where:  

• σL is the standard deviation of load fluctuations (pu MW). 

• ξ(t) is a white Gaussian noise process. 

Parameter Value: 

• σL = 0.005 pu MW. 

 

3. Sliding Mode Controller Design 

The Sliding Mode Controller is designed to enhance robustness against system 

uncer-tainties and external disturbances. The controller aims to drive the system 

states to a predefined sliding surface and maintain them there. The control law 

for the SMC is based on the sliding surface si defined as the Area Control Error 

(ACE): 

si  =  ACEi        (10) 

The control input ∆Pci for each area is given by: 

Δ𝑃𝑐𝑖
= −𝐾𝑠𝑠𝑖 − η sat (

𝑠𝑖

ϕ
)      (11) 

where: 

• Ks is the proportional gain. 

• η is the switching gain. 

• ϕ is the boundary layer thickness (to reduce chattering). 
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sat(·) is the saturation function defined as: 

𝑠𝑎𝑡(𝑥) = {
1,            𝑥 > 1

𝑥, |𝑥| ≤ 1
−1, 𝑥 < −1 

      (12) 

• 𝐾𝑠 = 10.0 

• η = 0.1 

• 𝜙 = 0.001 

3.1 Design Considerations 

The proportional gain Ks is selected to ensure adequate responsiveness of the 

controller, while the switching gain η enhances robustness against disturbances. 

The boundary layer thickness ϕ is introduced to reduce chattering by smoothing 

the control action near the sliding surface. A smaller ϕ improves tracking 

accuracy but may increase chattering; hence, a balance is required. 

3.2 Simulation Implementation 

The system equations and the SMC are implemented in MATLAB using a 

fixed time step approach to accurately model the stochastic processes and ensure 

numerical stability.  

3.2.1 Simulation Parameters 

• Simulation Time: t = 0 to t = 300 seconds. 

• Fixed Time Step: ∆t = 0.01 seconds. 

• Number of Time Steps: 𝑛 =
300

0.01
+ 1 =  30,001 

3.2.2 Initialization 

All state variables are initialized to zero at t = 0: 

•  ∆𝑓𝑖(0)  =  0 

•  ∆𝑃𝑚𝑖(0)  =  0 

•  ∆𝑃𝑔𝑖(0)  =  0 

•  ∆𝑃𝑐𝑖(0)  =  0 

•  ∆𝑃𝑅𝐸(0)  =  0 

•  ∆𝑃𝐿𝑖(0)  =  0 

  



607 

3.2.3 Simulation Steps 

At each time step i: 

1. Update Renewable Power Output: 

The renewable power output ∆PRE(t) is updated using the stochastic pro-

cess: 

Δ𝑃𝑅𝐸(𝑡 + Δ𝑡) = Δ𝑃𝑅𝐸(𝑡) + σ𝑅𝐸√Δ𝑡 ϵ(𝑡)  

Where ϵ(t) is a standard normal random variable generated using MAT-

LAB’s randn function. 

2. Load Disturbance: 

If t ≥10 seconds, apply the step load change and add random fluctuations: 

Δ𝑃𝐿𝑖
(𝑡) = Δ𝑃𝐿𝑖

step
+ σ𝐿  ξ(𝑡)      (12) 

Otherwise, only random fluctuations are considered: 

    Δ PLi
(t)  =  σL   ξ(t)      (13) 

3. Calculate ACE: 

Compute the ACE for each area: 

ACE1(𝑡) = 𝐵Δ𝑓1(𝑡) + Δ𝑃𝑡𝑖𝑒(𝑡)     (14) 

ACE2(𝑡) = 𝐵Δ𝑓2(𝑡) − Δ𝑃𝑡𝑖𝑒(𝑡)     (15) 

4. Compute Control Inputs: 

Apply the SMC control law: 

Δ𝑃𝑐𝑖
(𝑡) = −𝐾𝑠𝑠𝑖(𝑡) − η sat (

𝑠𝑖(𝑡)

ϕ
)    (16) 

Where si(t) = ACEi(t). 

5. Update Governor and Turbine States: 

Use the Euler method to update the governor and turbine outputs: 

Δ𝑃𝑔𝑖
(𝑡 + Δ𝑡) = Δ𝑃𝑔𝑖

(𝑡) +
𝑑Δ𝑃𝑔𝑖

𝑑𝑡
Δ𝑡     (17) 

Δ𝑃𝑚𝑖
(𝑡 + Δ𝑡) = Δ𝑃𝑚𝑖

(𝑡) +
𝑑Δ𝑃𝑚𝑖

𝑑𝑡
Δ𝑡     (18) 

6. Update Frequency Deviations: 

Update the frequency deviations using the swing equation: 
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Δ𝑓𝑖(𝑡 + Δ𝑡) = Δ𝑓𝑖(𝑡) +
𝑑Δ𝑓𝑖

𝑑𝑡
Δ𝑡     (19) 

7. Update Tie-Line Power Flow: 

Calculate the tie-line power flow deviation: 

Δ𝑃𝑡𝑖𝑒(𝑡 + Δ𝑡) = 𝑇12(Δ𝑓1(𝑡 + Δ𝑡) − Δ𝑓2(𝑡 + Δ𝑡))  (20) 

A fixed random seed is set using MATLAB’s 𝑟𝑛𝑔 function to ensure 

reproducibility of the stochastic processes. 

4. Simulation and Results 

The performance of the Sliding Mode Controller is evaluated under three 

scenarios. The simulation results, including figures generated from the MATLAB 

code, are presented in this section. 

4.1 Scenario 1: Step Load Change without Renewable Integration 

In this scenario, the renewable energy source is not integrated (σRE = 0), and 

only the step load changes are applied at t = 10 seconds. The SMC effectively 

reduces the frequency deviations in both areas. The frequencies settle back to zero 

within approximately 3 seconds after the disturbance. 

 

 

Figure 1: Frequency deviations in Areas 1 and 2 under Scenario 1. 
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Figure 1 shows the frequency deviations in both areas. The maximum 

overshoot in frequency deviation is about 0.0001 Hz in Area 1 and 0.00001 Hz 

in Area 2. The tie-line power flow deviation stabilizes quickly, as shown in Figure 

2. 

 

Figure 2: Tie-line power flow deviation under Scenario 1. 

The control inputs from the SMC are depicted in Figure 3, exhibiting minor 

chattering which is mitigated by the saturation function. 
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Figure 3: Control inputs from the SMC under Scenario 1. 

The sliding surfaces converge to zero, confirming the effectiveness of the 

SMC in driving the system states to the desired values, as illustrated in Figure 4. 

 

Figure 4: Sliding surfaces in Areas 1 and 2 under Scenario 1. 
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4.2 Scenario 2: Step Load Change with Renewable Integration 

With the integration of the renewable energy source (σRE = 0.02), stochastic 

fluctuations are introduced into the system. The SMC maintains frequency 

deviations within a narrow band around zero despite the variability introduced by 

the renewable energy source. 

 

Figure 5: Frequency deviations in Areas 1 and 2 under Scenario 2. 

Figure 5 shows that the frequency deviations settle back to zero values within 

approximately 60 seconds after the disturbance. The maximum overshoot in 

frequency deviation increases slightly but remains within acceptable limits. 

The tie-line power flow deviation is shown in Figure 6, and the control inputs 

adapt effectively to the stochastic variations, as seen in Figure 7. 
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Figure 6: Tie-line power flow deviation under Scenario 2. 

 

Figure 7: Control inputs from the SMC under Scenario 2. 

The sliding surfaces remain close to zero, as illustrated in Figure 8, 

demonstrating the SMC’s robustness. 
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Figure 8: Sliding surfaces in Areas 1 and 2 under Scenario 2. 

The stochastic renewable power output in Area 1 is depicted in Figure 9, 

illustrating the variability introduced by renewable energy integration. 

 

Figure 9: Stochastic renewable power output in Area 1 under Scenario 2. 
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4.3 Scenario 3: Random Load Fluctuations with Renewable Integration 

In the most challenging scenario, random load fluctuations (σL = 0.005) are 

introduced alongside the renewable energy integration. The SMC effectively 

maintains frequency stability despite the increased disturbances. 

 

Figure 10: Frequency deviations in Areas 1 and 2 under Scenario 3. 

Figure 10 shows that frequency deviations are kept within acceptable limits. 

The control inputs and sliding surfaces, shown in Figures 11 and 12, exhibit more 

activity due to the combined disturbances but remain stable. 
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Figure 11: Control inputs from the SMC under Scenario 3. 

 

Figure 12: Sliding surfaces in Areas 1 and 2 under Scenario 3. 

The stochastic renewable power output in Area 1 and the random load 

fluctuations are depicted in Figures 13 and 14. 
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Figure 13: Stochastic renewable power output in Area 1 under Scenario 3. 

 

Figure 14: Random load fluctuations in Areas 1 and 2 under Scenario 3. 
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4.4 Discussion 

The simulation results demonstrate that the Sliding Mode Controller 

effectively maintains frequency stability in the two-area power system under 

various operating conditions, including the integration of renewable energy 

sources and random load fluctuations. The SMC’s robustness against system 

uncertainties and external disturbances is evident from its ability to keep 

frequency deviations within acceptable limits and ensure quick convergence to 

zero. 

The use of a saturation function in the control law effectively reduces 

chattering, resulting in smoother control actions. The sliding surfaces converge 

to zero or fluctuate around zero, confirming that the system states are being driven 

to and maintained on the sliding surface despite the disturbances. 

The SMC’s performance in Scenario 3, which presents significant challenges 

due to combined renewable energy fluctuations and random load disturbances, 

highlights its suitability for modern power systems with high levels of 

uncertainty. 

5. Conclusion 

This paper investigated the application of a Sliding Mode Controller for Load 

Frequency Control in a two-area power system with renewable energy 

integration. A comprehensive mathematical model of the system was developed, 

and the SMC was designed to enhance robustness against system uncertainties 

and external disturbances. Simulations conducted using a fixed time step 

approach in MATLAB demonstrated that the SMC effectively maintains 

frequency stability under various scenarios, including step load changes and 

random load fluctuations. 

The results showed that the SMC provides quick convergence to nominal 

frequency values, keeps frequency deviations within acceptable limits, and adapts 

effectively to stochastic variations introduced by renewable energy sources. The 

controller’s robustness and adaptability make it a promising solution for modern 

power systems facing the challenges of renewable energy integration. 

Future work could focus on refining the SMC design by incorporating 

adaptive or higher-order sliding mode control techniques to further improve 

performance and reduce chattering. Additionally, practical implementation 

aspects, such as measurement noise and actuator limitations, could be addressed 

to facilitate real-world applications. 
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