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ABSTRACT

Sustainable composite materials are gaining traction as a viable alternative to traditional materials in the demanding world of motorsports. This research project delves into the properties and potential applications of these sustainable composites, to evaluate their suitability for replacing traditional materials in motorsport applications.

Through an in-depth analysis of various literature sources, the study compares the mechanical, thermal, and environmental properties of sustainable composites against those of conventional materials. This comparison sheds light on the advantages and disadvantages of using sustainable composites in terms of strength, stiffness, weight, durability, resistance to different operating conditions, performance, cost-effectiveness, and environmental impact.

By critically examining the gathered data, the research aims to determine the feasibility of replacing traditional materials with sustainable composites in motorsport applications. The findings will contribute to a better understanding of the role these materials can play in promoting a more sustainable and environmentally responsible motorsport industry.
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CHAPTER 1: INTRODUCTION
This chapter aims to provide a theoretical overview of the area of investigation. This will help in setting the foundation for proceeding chapters. The elements covered in this chapter are background of the study, justification of the purpose of the study, significance of the research and most importantly development of research aims, objectives as well as questions. 
[bookmark: _Toc157776217]1.1 Background of the Study
Motorsport, renowned for its pursuit of high performance and technological innovation, has long been associated with cutting-edge materials and engineering advancements. However, according to Heilmeier, Graf and Lienkamp (2018), even though the worldwide following for the motorsport and high levels of investment and scientific complexity, there is no proper pieces of evidence on human intervention on the sustainability of the motorsport. It can be said that from this that the environmental impact of traditional practices in the motorsport industry has become a pressing concern. Also, according to the study of Smith (2020), issues such as carbon emissions, resource consumption, and non-recyclable waste have prompted a paradigm shift towards sustainability.
As global awareness of environmental challenges grows, the motorsport industry faces increasing pressure to adopt eco-friendly practices. According to the views of Smith (2020), this transition is driven by factors like corporate social responsibility, adherence to stringent regulations, and a heightened public consciousness regarding environmental issues. The industry's response to these challenges involves exploring alternative materials and technologies that can mitigate its ecological footprint while maintaining or enhancing performance.
In this context, sustainable composite materials have emerged as a promising solution. Recognized for their lighter weight, high strength, and potential to reduce greenhouse gas emissions, these materials offer a viable avenue for addressing the environmental concerns associated with motorsport (Johnson et al., 2019). Therefore, it can be said that the integration of sustainable composites aligns with the industry's need for enhanced performance and efficiency while adhering to environmentally conscious practices.






				Figure 1: Formula 1 car
		[image: F1 2021 LAUNCH RENDERING]
			Source: Formula 1.com
Furthermore, the research study is going to focus primarily focus on two top-tier motorsport categories namely Formula 1 or F1 and Formula E or (FE) as these two have shown their respective substantial commitment to the sustainability as well as their potential of adopting sustainable composite materials. Therefore, this is the reason that these two categories have been selected for the purpose of this research. Elaborating the concept of these two categories, according to Smith (2020), Formula 1 is a pinnacle motorsport category known for its cutting-edge technology and high-performance vehicles. In recent years, F1 has taken steps to address environmental concerns and reduce its carbon footprint (Næss, 2020). Initiatives such as the FIA's Formula One Sustainability Program and the introduction of Energy Recovery Systems (ERS) reflect this commitment. On the other side of the spectrum, as expounded by Jones (2019), Formula E is an all-electric racing series that embodies sustainability at its core. Its entire fleet consists of electric vehicles, highlighting the adoption of alternative fuels and energy-efficient technologies. 
Moreover, this study is going to offer overall guidance to the entire research project in order to achieve the aims and objectives formulated to address the identified area of investigation. This is because the study includes a scientific outlook from the very beginning so that effective understanding can be developed with respect to the properties of sustainable composite materials and their application in motorsport. This is important to determine whether these materials will be suitable for replacing the traditional materials. For this, research questions will also be developed so explore many different unexplored areas related to sustainability in motorsport. 
[bookmark: _Toc157776218]1.2 Problem Statement
[bookmark: _Toc157776219]1.2.1 What is the problem? 
The issue of the research is the Motorsport industry’s dependence on Sustainable composite materials creates pressing challenges due to its negative environmental impact. "The conventional composite materials discussed in this study, known for their exceptional mechanical performance, have been associated with environmental concerns, including pollution, resource depletion, and the generation of non-biodegradable waste (Rajak et al., 2022). These materials, which are extensively used in various industries, raise important sustainability issues that need to be addressed."
[bookmark: _Toc157776220]1.2.2 Why is the problem? 
The issue is rooted in the industry’s tradition of valuing performance metrics without considering the environmental outcome. The urgency of addressing climate change necessitates a shift towards more sustainable processes across all sectors, including high-performance industries such as Motorsport. motorsport ‘s dedication to speed, precision, and technological advancement has classified performance over environmental concerns.
[bookmark: _Toc157776221]1.2.3 Why is the problem in present time? 
The concerned issues create the urgency to address environmental challenges, including climate change, and resource depletion, which has moved sustainability to the forefront of global priorities. The combination of heightened environmental awareness and industry demand for sustainability solutions places the issues precisely within the context of our time. The concerned issues affect human life continuously, people are facing many health issues of environmental problems (Lee et al., 2021). For this reason, the whole world faces many issues with global warming, ozone layer depletion, etc.
[bookmark: _Toc157776222]1.3 Rationale of the Study
This investigation centres around the properties of sustainable composite materials and their prospective applications in motorsport. Sustainable composites, whether derived from renewable resources, recycled materials, or manufactured through carbon-neutral processes, offer a unique opportunity to revolutionize the motorsport industry (Williams & Brown, 2018). To comprehensively understand the potential impact of these materials, this research will delve into their essential characteristics, exploring mechanical properties, durability, and environmental impact. These factors are paramount in the high-performance and technologically demanding realm of motorsport (Smith, 2020).
As we venture into a future where sustainability takes centre stage, the synergy between motorsport and sustainable composite materials becomes a focal point for change. The exploration of these materials and their integration into the high-performance landscape of motorsport not only aligns with global environmental goals but also positions the industry at the forefront of adopting responsible and forward-thinking practices. The intersection of speed, precision, and sustainability is poised to define the next chapter in the legacy of motorsport, showing that even in the pursuit of unrivalled performance, a greener path can be forged.
The following research paper addresses the issue by investigating sustainable composite materials, specifically natural fibre, or recycled filament, as alternatives to conventional composites in the motorsport industry. The findings will offer insights into the viability of sustainable materials and cover the way for their integration into the Motorsport application.
[bookmark: _Toc157776223]1.4 Research Aims and Objectives
[bookmark: _Toc157776224]1.4.1 Research Aim
The aim of this research project is to investigate the properties of sustainable composite materials and their application in motorsport to determine if they are suitable for replacing traditional materials. 
[bookmark: _Toc157776225]1.4.2 Research Objectives
The following objectives are developed in this research study to achieve the aim: 
· To identify the properties of sustainable composite materials. 
· To assess the properties of F1 and FE motorsport application. 
· To elaborate on the challenges caused by the properties of sustainable composite materials and their application in motorsport. 
· To identify and recommend strategies for eliminating the challenges caused from the properties of sustainable composite materials along with their application in the motorsport. 
[bookmark: _Toc157776226]1.5 Research Questions
The following questions are formulated to meet the objectives developed: 
· [bookmark: _Toc157776227]Explain the properties of properties of sustainable composite materials?
· [bookmark: _Toc157776228]What are the properties of F1 and F2 motorsport application?
· [bookmark: _Toc157776229]What are the challenges caused by the properties of sustainable composite materials and their application in the motorsport industry?
· Explain the strategies that can be recommended to eliminate the challenges identified that are caused by the properties of sustainable composite materials and their application in motorsport? 
1.6 Research Significance
The significance of this research lies in its potential to catalyze a transformative shift in the Motorsport sector. As per the study of Ogunkunle and Ahmed (2021), it can be said that in the current situation, motorsports are making to be sustainable because it will positively influence the combustion of fuels. Moreover, to make the sports industry energy efficient, focusing on sustainability is very important. Another important aspect of sustainability is the less emission of CO₂ into the environment. The investigation into the property of sustainable composite materials, specifically natural fibers, and recycled filaments, in the context of Motorsports holds intellectual significance for multiple stakeholders and social aspirants.
			Figure 2: Motorsport Activities and Stakeholders

						
















			Source: Benjamin Michael Wood (November 2011)
Furthermore, the exploration of this research study will cast a critical eye on the current state of the motorsport industry, shedding light on its evolving interest in sustainability. The examination of this growing inclination towards eco-friendly practices underscores the industry's recognition of the need for a transformative shift in material choices. Anderson and Robinson (2021) stated that this transition not only holds the promise of markedly improving the environmental footprint of motorsport but also has the potential to serve as a catalyst for innovation and heightened competitiveness within the dynamic world of motorsport.
Moreover, this research has significant contribution in the development of a wider range of skills and competencies. These include analytical skills, critical thinking skills, rational and many others. 
[bookmark: _Toc157776231]1.7 Structure of the Dissertation
The following are the chapters or sections in this research project that will help in achieving the aims and objectives in a constructive manner:  
			Figure 3: Structure of the Dissertation

Source: (Author, 2024)
[bookmark: _Toc157776232]1.8 Summary 
This is to summarize from the chapter that sustainability is one of the growing concerns in the motorsport industry and it will help in understanding the efficacy of the sustainable composite materials along with their properties so that it can be determined effectively whether the traditional materials be replaced with the sustainable composite materials. Moreover, to elaborate this notion, aims, objectives and questions are developed to stimulate the research project. 



CHAPTER 2: LITERATURE REVIEW
2.0 Overview 
This chapter provides in-depth theoretical knowledge development about the area of investigation. 
Through this chapter the secondary sources will be reviewed by the existing concepts in the research area. It will support the collection of the data through the support of the general to the specific concepts in the research area with the support of the research papers and the journal articles.
2.1 MOTORSPORT INDUSTRY AND SUSTAINABILITY 
It has been identified from Tinaz (2023) that one of the sports ranked in the most popular constantly throughout the world is motorsports. Moreover, it has been anticipated that today’s technology provides connectivity throughout the world which will result in more interest and awareness of this industry. Furthermore, as per the study conducted by FIA Global Motor Sport Economy in 2019, this industry generated €66.9 billion value add and € 159.2 billion gross output economic contribution to global economy (Tinaz, 2023). Moreover, the motorsport industry, synonymous with high-performance vehicles and cutting-edge technology, has historically incurred a substantial environmental impact, particularly in carbon emissions, resource consumption, and waste generation (Sadiku & Olabi, 2022). The industry's reliance on fossil fuels, energy-intensive manufacturing, and non-recyclable material disposal have collectively contributed to its significant ecological footprint. However, it is undeniable that the motorsports industry is one of the most productive and dynamic platforms for creating innovation (Tinaz, 2023). Moreover, in recent years, a burgeoning interest in sustainability within the motorsport industry has emerged, propelled by factors such as heightened public awareness of environmental issues, corporate social responsibility, and the necessity to adhere to more stringent regulations (Anderson & Robinson, 2021). This has been supported by Tinaz (2023) that, most teams of motorsports transport their automobiles and equipment using an aircraft and only a very less portion of freight is being transmitted by sea. Furthermore, in this context, many team members travel using commercial airlines and other key personnels and drivers travel from one country to another using their private jets. Moreover, the pollution generated by tires is not as big an issue as the carbon dioxide pollution created by automobiles. Due to these issues, there is increasing pressure on the motorsports industry to focus on global consciousness in their activities in a world where global warming and climate change are increasing. Therefore, initiatives and regulations advocating for sustainability in motorsports have been introduced at various levels, with governing bodies like the Fédération Internationale de l'Automobile (FIA) implementing sustainability programs and guidelines (Barlow & Jones, 2022). These initiatives focus on reducing carbon emissions, promoting energy efficiency, and encouraging the use of sustainable materials in vehicle manufacturing. Furthermore, motorsport teams and manufacturers have proactively embraced sustainability by investing in research and development to enhance vehicle efficiency, exploring alternative fuels and powertrain technologies, and adopting sustainable manufacturing processes (Hammouda & El-Sheekh, 2020). Collaborations with environmental organizations and the integration of renewable energy sources into race events are becoming increasingly prevalent. It is to be noted that sustainability extends beyond the technical realm of motorsports to encompass event and waste management, as well as community engagement. Concerted efforts are being made to minimize the environmental impact of race events through waste reduction, recycling programs, and the promotion of sustainable transportation options for spectators (Li & Zhang, 2022). However, despite notable progress, challenges persist. The development of sustainable technologies and materials that align with the rigorous performance requirements of motorsports remains a paramount focus. Striking a balance between sustainability and the imperative for high- performance vehicles pose a distinctive challenge for the industry (Tan et al., 2022). 
2.2 TRADITIONAL MATERIALS IN MOTORSPORT 
Motorsport, characterized by its pursuit of high performance and cutting-edge technology, has historically relied on traditional materials to meet the demanding requirements of vehicle design and performance (Barlow & Jones, 2022; Shahbazi & Fatemi, 2020). These materials, encompassing metals, alloys, and conventional composites, have been instrumental in shaping the industry. However, the demand from traditional materials is shifting towards composite materials. In concern of this, it has been identified from Czerwinski (2021), lightweighting is increasingly becoming major trend and reaching many industrial sectors. 








			Figure 4: STEEL tubing for building the cars
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Source: A. E. D metal products, (2024)
This is not only related to forms of transportation but also to clean energy technologies, manufacturing, and civil infrastructure. Moreover, as per the International Organization of Motor Vehicle Manufacturers, in 2019, a total of 91.8 million vehicles were produced. Furthermore, it has been predicted that by the end of 2025, automotive lightweight materials market will touch USD 99.3 billion from USD 69.7 billion in 2020(Czerwinski, 2021). 
2.2.1 OVERVIEW OF TRADITIONAL MATERIALS 
Metals and alloys, such as aluminum, titanium, and steel, have been prevalent in motorsport applications due to their excellent mechanical properties, including high strength and stiffness (Alagidede & Lawal, 2021). These materials play a crucial role in the construction of chassis, engine components, and various structural elements. 










Figure 4:  Aluminium used in cars.
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Source: (Autoprotoway,2020)

Moreover, conventional composites, typically consisting of carbon fiber-reinforced polymers (CFRP) and glass fiber-reinforced polymers (GFRP), have also been extensively employed (Li & Zhang, 2022). CFRP, known for its exceptional strength-to-weight ratio, has found applications in components where weight reduction is paramount, such as body panels and aerodynamic elements (Tan et al., 2022). 
2.2.2 ADVANTAGES AND LIMITATIONS OF TRADITIONAL MATERIALS
		Figure 5: Process of Conventional manufacturing titanium parts
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Source: (Nyamekye et al., 2023)
Traditional materials offer advantages in terms of mechanical performance, providing the high strength and durability required for motorsport applications (Rostami & Ghasemi, 2022). Metals excel in withstanding extreme conditions, ensuring structural integrity during racing. However, these materials come with limitations, including weight concerns and environmental impact. The weight of traditional materials can compromise overall vehicle weight and, consequently, fuel efficiency and performance (Hammouda & El-Sheekh, 2020). Additionally, the production processes of metals and some composites contribute to significant energy consumption and greenhouse gas emissions (Rahman & Rahman, 2020). Moreover, during the evolution of the motorsports industry, there were two main aspects of change. There was a continuous race to enhance the performance of vehicles in terms of increasing fuel efficiency, power and range by decreasing weight and maintaining safety standards (Zhao, 2023). One of the issues was to replace traditional high-density materials such as steel with low-density materials to manufacture different parts. The same information is identified by the author that traditional materials include steel, aluminum and cast iron.
2.2.3 ENVIRONMENTAL IMPACT 
The environmental impact of traditional materials in motorsport is a critical consideration. The extraction, processing, and disposal of metals contribute to resource depletion and environmental degradation (Cai & Wu, 2018). Moreover, the manufacturing of CFRP involves energy-intensive processes and the use of resins derived from non-renewable sources (Shahbazi & Fatemi, 2020). Considering increasing environmental concerns, there is a growing recognition of the need to explore alternative materials, such as sustainable composites, to mitigate the ecological footprint of motorsport while maintaining or improving performance (Mohammed et al., 2020; Olabi & Elaraby, 2021). 
2.3 OVERVIEW OF SUSTAINABLE COMPOSITE MATERIALS 
Sustainable composite materials are designed and manufactured with a focus on minimizing environmental impact throughout their lifecycle (Alagidede & Lawal, 2021). Moreover, here the term sustainability means that a material such as composite is manufactured, used and after that return back to natural biological cycle or with different ways recovered for a further valuable purpose while decreasing critical impacts on the environment (Hubbe, 2023). However, the importance of composite materials such as strength is not always appreciated in the context of environmental impacts. Typically composed of two or more constituent materials, such as fibers and a matrix, these materials exhibit key characteristics: Renewable or Recycled Sources and Low Environmental Footprint: Sustainable composites are often made from renewable resources, such as natural fibers derived from plants, or recycled materials, such as recycled plastics or fibers (Barlow & Jones, 2022). Moreover, manufacturing processes that minimize energy consumption, waste generation, and emissions, sustainable composites reduce their overall environmental footprint (Cai & Wu, 2021). Lightweight and High Strength and Durability and Longevity: Offering a high strength-to weight ratio, sustainable composites are suitable for weight-sensitive applications, such as in the automotive and aerospace industries (Li & Zhang, 2022). Furthermore, according to El-Gawady et al. (2022), these materials exhibit excellent durability and resistance to degradation, ensuring their longevity and reducing the need for frequent replacements. 
2.3.1 TYPES OF SUSTAINABLE COMPOSITE MATERIALS USED IN VARIOUS INDUSTRIES 
			Figure 6: Composites from renewable and sustainable resources
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Source: jean-mathieu pin, and manjusri misra (November 2018)
Various types of of sustainable composite materials find application in different industries: Natural Fiber Composites: Utilizing natural fibers like flax, hemp, or jute, combined with a bio-based or recycled polymer matrix, these composites offer eco-friendly alternatives (Hammouda & El-Sheekh, 2020). Recycled Composites: Made from recycled materials, such as recycled plastics or fibers, these composites contribute to resource conservation and waste reduction (Mohammed et al., 2020). Bio-based Composites: Using bio-based polymers derived from renewable resources like corn, soy, or sugarcane, these composites emphasize sustainability in the choice of matrix material (Shahbazi & Fatemi, 2020). Hybrid Composites: Combining different fibers, such as natural fibers and carbon fibers, these composites achieve a balance between performance, cost, and sustainability (Tian et al., 2022). 
2.3.2 IMPORTANCE OF SUSTAINABLE MATERIALS IN ADDRESSING ENVIRONMENTAL CONCERNS 
The utilization of sustainable composite materials is crucial for addressing environmental concerns due to several reasons: Reduced Carbon Footprint: Sustainable composites significantly reduce greenhouse gas emissions compared to traditional materials, contributing to climate change mitigation (Rahman & Rahman, 2020). Resource Conservation: By utilizing renewable resources and recycled materials, sustainable composites help conserve natural resources and reduce waste generation (Sadiku & Olabi, 2022). Energy Efficiency: The lightweight nature of sustainable composites contributes to energy savings during transportation and operation, leading to reduced fuel consumption and emissions (Tan et al., 2022). Circular Economy: Sustainable composites align with the principles of a circular economy by promoting the reuse, recycling, and repurposing of materials, thereby reducing reliance on virgin resources (Wang et al., 2021). Apart from the above-mentioned importance of sustainable materials, their implementation also assists in providing sustainable and technical solutions. For example, Porsche has reported that if innovative materials are used in the body area of their racing cars, there is potential for savings (Porsche, 2023). Furthermore, the company states that biofiber and renewable raw materials such as recycled carbon and flax can be used in a mixture with sustainable resin systems. 
2.4 PROPERTIES AND PERFORMANCE OF SUSTAINABLE COMPOSITEMATERIALS 
2.4.1 MECHANICAL PROPERTIES OF SUSTAINABLE COMPOSITES 
Sustainable composites, encompassing a range of materials derived from renewable resources or recycled components, exhibit notable mechanical properties crucial for their application in high-performance settings such as motorsport. Alagidede and Lawal (2021) in their research, highlighted that these composites often boast impressive strength, comparable to traditional materials like carbon fiber composites, making them suitable for structural components subjected to high mechanical loads. Moreover, stiffness, a critical parameter in motorsport applications to ensure stability and responsiveness, is a characteristic often inherent in sustainable composites. Furthermore, studies, including those by Barlow and Jones (2022), emphasize the ability of sustainable composites to offer a favorable balance between stiffness and weight, contributing to enhanced vehicle performance. 













2.4.2 THERMAL PROPERTIES AND RESISTANCE TO HIGH TEMPERATURES 
			Figure 7: Thermal properties of sustainable composite materials
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			Source: (Krauklis et al. 2021)

The thermal properties of sustainable composites are crucial considerations in motorsport, where vehicles experience varying temperature conditions during operation. Research by El-Gawady etal. (2022) indicates that sustainable composites derived from recycled materials or bio-based sources often demonstrate good thermal stability. This property is essential for ensuring the integrity of composite materials under elevated temperatures experienced in motorsport environments, such as engine compartments or during braking. Resistance to high temperatures is particularly pertinent in components exposed to heat generated by engines or friction. Furthermore, sustainable composites, as investigated by Cai and Wu (2018), showcase resilience in such conditions, highlighting their potential for use in critical areas where traditional materials might be prone to degradation. 
2.4.3 DURABILITYAND FATIGUE BEHAVIOUR OF SUSTAINABLE COMPOSITES 
Durability is a paramount consideration in motorsport, where vehicles undergo rigorous and repetitive loading conditions. Studies by Rostami and Ghasemi (2022) delve into the durability of sustainable composites, emphasizing their resistance to wear and degradation over time. These composites often exhibit excellent resistance to environmental factors, contributing to prolonged lifespans and reduced maintenance requirements. Additionally, fatigue behavior, a crucial aspect in components subjected to cyclic loading, is a focus of investigation in materials science. Sustainable composites, as reviewed by Tan et al. (2022), demonstrate favorable fatigue resistance, ensuring that components retain their structural integrity and performance over extended periods of use. 
2.5 ENVIRONMENTAL IMPACT OF SUSTAINABLE COMPOSITE MATERIALS 
2.5.1 LIFE CYCLE ASSESSMENT OF SUSTAINABLE COMPOSITES 
Understanding the environmental impact of sustainable composites necessitates a comprehensive life cycle assessment (LCA) that considers the entire life span of these materials, from raw material extraction to end-of-life disposal. In concern to this, Cai and Wu (2018) emphasize the significance of LCAs in evaluating the sustainability of recycled fiber-reinforced composites, shedding light on the environmental implications at each stage of the life cycle. Furthermore, LCA encompasses various factors, including resource extraction, manufacturing processes, transportation, product use, and disposal. El-Gawady et al. (2022) highlight the importance of considering these aspects when assessing the overall sustainability of recycled composites for automotive applications, providing valuable insights into the potential environmental benefits of these materials. 
















2.5.2 CARBON FOOTPRINT AND GREENHOUSE GAS EMISSIONS OFSUSTAINABLE COMPOSITES 

			Figure 8: Sustainable composite materials of motorsports
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				Source:( Mohanty et al. 2019)
The carbon footprint and greenhouse gas (GHG) emissions of sustainable composites are critical aspects in determining their environmental impact. Regarding this, Li and Zhang (2022) delve into sustainable bio-composites for lightweight, emphasizing the potential of these materials to reduce carbon emissions compared to traditional counterparts. The use of renewable resources and recycled materials in sustainable composites contributes to their lower carbon footprint, aligning with global efforts to mitigate climate change. Furthermore, studies such as those by Shahbazi and Fatemi (2020) underscore the importance of considering GHG emissions throughout the entire life cycle of sustainable composite materials. This holistic approach provides a nuanced understanding of how these materials contribute to climate change mitigation, making them attractive options for industries seeking to reduce their environmental footprint. Polylactic acid (PLA) bioplastic: PLA, a bioplastic derived from renewable resources, has a carbon footprint approximately 50% lower than that of polyethylene terephthalate (PET), a commonly used petroleum-based plastic (Auras et al., 2004). Flax fiber-reinforced composites: Flax fiber-reinforced composites exhibit a carbon footprint approximately 25% lower than that of glass fiber-reinforced composites (John & Anandjiwala, 2008). Recycled carbon fiber composites: Recycled carbon fiber composites can reduce CO2 emissions by up to 70% compared to virgin carbon fiber composites (Pickering & Rudd, 2008). Natural Fiber: Fibers are long, intact, thin and simple to bend in order to develop an elongated tissue. Based on sources of fibers, they can be classified into three categories, namely, synthetic, semisynthetic and natural. Natural fiber is more affordable and abundant as compared to synthetic fiber, specifically in terms of energy requirements, higher strength to weight ratio, lower density, and renewability (Karimah, 2021). Moreover, motorsports manufacturers employ hemp, kenaf, flax and abaca for seat covers, various interior trim, spare-wheel pans and door panels. Furthermore, natural fibers in motorsports industry increase vehicle performance and reduce environmental impact. 
2.5.3 COMPARISON OF ENVIRONMENTAL IMPACT BETWEEN SUSTAINABLE COMPOSITES AND TRADITIONAL MATERIALS 
Comparative assessments of the environmental impact of sustainable composites and traditional materials offer valuable insights into their relative eco-friendliness. The study conducted by Rahman and Rahman (2020) provides a comprehensive review of sustainable natural fiber-reinforced polymer composites, highlighting their potential to outperform traditional materials in terms of environmental sustainability. However, the comparison often involves factors such as energy consumption, resource depletion, and emissions. Tan et al. (2022) discusses the recyclability of sustainable composite materials, showcasing how their end-of-life disposal can be more environmentally friendly compared to non-recyclable traditional materials. Such evaluations contribute to informed decision-making processes, guiding industries towards materials that align with their sustainability goals. According to research conducted by Zhao (2023), one of the biggest advantages of carbon fiber composite is the high stiffness-to-weight ratio as compared to traditional metals such as aluminum alloys and steel. Not only this, but carbon fiber composites have the potential to be to be 5 times stronger for structural parts in comparison to grade steel. However, despite their strength and stiffness, they are 5 times lighter than the traditional materials. Furthermore, the lightness of the carbon fiber materials improves fuel efficiency and extends the range (Zhao, 2023). There are many composite materials and even their substitutes that can be used in motorsports with benefits. For example, aluminum 6061 belongs to traditional material which is used as a substitute for composite materials. It is to be considered that the decomposition of materials also has an impact on the environment. In this concern, carbon fiber recycling is possible, but the process is not being sustainable. 





2.6 APPLICATIONS OF SUSTAINABLE COMPOSITE MATERIALS IN MOTORSPORT 
2.6.1 CASE STUDIES AND EXAMPLES OF SUSTAINABLE COMPOSITEMATERIALS IN MOTORSPORT 
Several case studies and examples highlight the integration of sustainable composite materials in various aspects of motorsport. Alagidede and Lawal (2021) review the use of natural fiber composites in automotive applications, shedding light on case studies where these materials have been employed to enhance sustainability while maintaining performance. Notably, motorsport teams are exploring natural fibers for components like body panels and interior elements. 
2.6.2 ADVANTAGES AND CHALLENGES OF USING SUSTAINABLE COMPOSITES IN MOTORSPORT APPLICATIONS 
The advantages of utilizing sustainable composites in motorsport applications are evident in their ability to provide a balance between performance and environmental considerations. With regards to this, Barlow and Jones (2022) discuss sustainable composites for motorsport, emphasizing their potential to offer lightweight solutions with enhanced strength. However, challenges persist, as highlighted by Rostami and Ghasemi (2022), who review manufacturing techniques for sustainable composite. materials, pointing out complexities in achieving optimal performance in motorsport components. 
2.6.3 PERFORMANCE BENEFITS AND CONSIDERATIONS IN MOTORSPORT: 
The performance benefits of sustainable composite materials in motorsport applications are multifaceted. Lopez-Rubio and Martinez-Hernandez (2021) focus on sustainable composite materials for automotive lightweighting, emphasizing their role in enhancing vehicle performance by reducing weight. Additionally, Tian et al. (2022) explore the manufacturing processes and challenges of sustainable composites for automotive lightweighting, addressing the considerations required for maintaining structural integrity and aerodynamic efficiency in motorsport. However, considerations in motorsport performance extend beyond weight reduction. Shahbaz and Fatemi (2020) discusses sustainable composite materials for automotive applications, highlighting the need for a comprehensive understanding of properties, applications, and challenges. Factors such as impact resistance, fatigue behavior, and durability become critical in motorsport, necessitating a holistic approach to material selection. 


2.7 FUTURE TRENDS AND CHALLENGES 
2.7.1 EMERGING TECHNOLOGIES AND ADVANCEMENTS IN SUSTAINABLE COMPOSITE MATERIALS FOR MOTORSPORT 
Recent years have witnessed a surge in research and development, leading to the emergence of cutting-edge technologies and advancements in sustainable composite materials for motorsport. Li and Zhang (2022) delve into sustainable bio-composites, highlighting advancements in design, manufacturing, and performance. Innovations include the integration of novel bio-based polymers and advanced manufacturing techniques, enhancing the overall sustainability profile of these materials. Additionally, Khoshnevis and Misra (2018) emphasize the transition from theoretical concepts to practical applications in sustainable composites, showcasing the technological strides that are shaping the future of motorsport materials. Moreover, it has been reported by Porsche (2023) that it sees the opportunity in the field of electrification of parts of its racing series and racing cars along with the use of eFuels. 
2.7.2 POTENTIAL BARRIERS AND CHALLENGES IN THE WIDESPREADADOPTION OF SUSTAINABLE COMPOSITES IN MOTORSPORT 
While sustainable composite materials offer promising solutions, their widespread adoption in motorsport faces several barriers and challenges. Barlow and Jones (2022) discuss sustainable composites for motorsport, acknowledging challenges related to cost, manufacturability, and standardization. The transition from traditional materials to sustainable alternatives necessitates overcoming resistance to change and addressing concerns about performance trade-offs. Sadiku and Olabi (2022) explore the application of sustainable composites in automotive structures, shedding light on challenges associated with scale-up production and ensuring consistent quality in high-performance components. 
2.8 FUTURE RESEARCH DIRECTIONS AND AREAS OF IMPROVEMENT FOR SUSTAINABLE COMPOSITE MATERIALS IN MOTORSPORT APPLICATIONS 
The future of sustainable composite materials in motorsport hinges on continuous research and improvement. Rahman and Rahman (2020) provide insights into sustainable natural fiber-reinforced polymer composites, identifying areas for future exploration. The optimization of manufacturing techniques, exploration of new sustainable sources, and advancements in recycling processes are key avenues for improvement. Additionally, El-Gawady et al. (2022) review recycled composites for automotive applications, underlining the need for ongoing research to refine processing methods, enhance mechanical properties, and maximize sustainability benefits. To propel sustainable composites into mainstream motorsport applications, collaborative efforts between researchers, manufacturers, and motorsport teams are essential. Shahbazi and Fatemi (2020) stress the importance of addressing knowledge gaps and fostering interdisciplinary research to create a holistic understanding of sustainable composite materials. Future research should focus on addressing the identified challenges, exploring novel applications, and refining these materials to meet the stringent performance requirements of the motorsport industry. 
2.9 Regulations about the use of Sustainable composites 
There are regulations about the use of sustainable composites in motorsport. The Fédération Internationale de l'Automobile (FIA), the governing body of international motorsport, has introduced several regulations in recent years to promote the use of sustainable materials in motorsport (FIA). 
One of the most important regulations is the use of natural fiber composites in certain nonstandard aerodynamic surfaces, such as the splitter and diffuser. These surfaces are often the first parts of the car to contact the ground in the crash, and natural fiber composites are more energy, absorbent than traditional carbon fiber composites, which can help reduce the risk of injury to drivers and spectators (FIA). 
Another important regulation is the use of recycled fiber composites in certain non-structural parts of the car, such as the interior trim and body panels. Recycled fiber composites are made from recycled materials, such as carbon fiber and glass fiber, which can help to reduce the environmental impact of motorsport (FIA).
 In addition to these specific regulations, the FIA also encourages the use of sustainable materialism in all aspects of motorsport, including the design, manufacture, and operation of racing cars. The FIA has also developed several sustainability initiatives, such as the FIA Environmental Award, which recognizes and rewards motorsport organizations that are making a significant contribution to sustainability (FIA). 
As a result of these regulations and initiatives, the use of sustainable composites in motorsport is growing rapidly. Sustainable composites are now used in a wide variety of motorsport applications, and they are helping to make motorsport a more sustainable sport. 
Here are some examples of specific regulations and initiatives related to the use of sustainable composites in motorsport: 
FIA Formula One Technical Regulations 2022: Article 13.5.1 states that "Non-standard aerodynamic surfaces must be manufactured using completely natural fibers and natural cores." 


FIA Formula E Technical Regulations 2022: Article 3.3.2 states that "The bodywork must be made from a composite material that is exclusively composed of recycled carbon fiber or flax fiber." 
FIA Sustainable Motorsport Guide: This guide provides a framework for motorsport organizations to implement sustainable practices, including the use of sustainable materials (FIA, 2020). 
FIA Environmental Award: This award recognizes and rewards motorsport organizations that are making a significant contribution to sustainability. 
These are just a few examples of the many regulations and initiatives that are promoting the use of sustainable composites in motorsport. As the motorsport industry continues to strive for greater sustainability, we can expect to see even more regulations and initiatives introduced in the years to come.






















CHAPTER 3: METHODOLOGY
[bookmark: _TOC_250023]3.1RESEARCH OBJECTIVES
The research objectives in this context would involve conducting a comprehensive analysis of the properties of sustainable composite materials, such as strength, stiffness, weight, durability, and environmental impact. These properties would be compared with those of traditional materials commonly used in motorsport applications, such as metals or non-sustainable composites.
By comparing the properties of sustainable composite materials with traditional materials, the study aims to evaluate the potential benefits and drawbacks of using sustainable composites in motorsport applications. This evaluation can provide insights into the performance, cost- effectiveness, and environmental impact of sustainable composites, and contribute to a better understanding of their feasibility and potential applications in the motorsport industry.
[bookmark: _Toc157776262]3.2 Research Philosophy
 It is regarded as the assumption or the knowledge for the study and in this a framework is followed that will guide based on knowledge and reality. In this research, there is the use of the positivism philosophy for the study, with the use of quantitative data for the study.  In this ontology is based on objective assumptions. Other methods that do not provide support for this research are pragmatism, realism and interpretivism (Melnikovas, 2018). However, pragmatism philosophy is not used for the study as it is a mixture of positivism and interpretivism philosophy.
[bookmark: _Toc157776263]3.3 Research Approach
 In this, the plans and the procedures are followed for the research.  There are three approaches of research as inductive, deductive, and abductive approach.  In this research, there is the use of the deductive approach, with the support provided by the quantitative data.  In this, there is the use of existing theory. However, an inductive approach is not used for the study as in this, there is the use of qualitative data and the theory is formed (Dufour & Richard, 2019). However, the abductive approach moves between the induction and the deduction.
[bookmark: _Toc157776264]3.4 Research Strategy
 It is a plan that is used for guiding activities of study and also supports in achieving the goals of research. Moreover, in research strategy, a step-by-step plan is followed that helps in giving the directions for the research.   In this research, there is the use of the case study strategy for sustainable composite materials in motorsport applications.  As this strategy helps in developing in-depth knowledge for the research in the sector.  However, the strategies that are not considered for the study include action research, survey strategy, interview strategy, archival research, grounded theory and ethnography (Makri & Neely, 2021).   As, the survey strategy does not support this research as it is used with the primary research method. Moreover, grounded theory also does not support this research as in this there is a larger volume of data that is difficult to manage. 
[bookmark: _TOC_250022]3.5 DATA SOURCES:
Academic journals:
· Composites Part A: Applied Science and Manufacturing
· Polymer Composites
· Journal of Reinforced Plastics and Composites

Industry reports:

· "The Future of Sustainable Composite Materials in Motorsport" by Markets and Markets
· "Sustainable Composite Materials in Motorsport" by Wood Mackenzie

Technical specifications:

· "Natural Fiber Composites for Motorsport Applications" by the FIA
· "Carbon Fiber Composites for Motorsport Applications" by the SCCA
· "Glass Fiber Composites for Motorsport Applications" by the APRA

[bookmark: _TOC_250021]3.6 SELECTION OF MATERIALS:

3.6.1 SUSTAINABLE COMPOSITE MATERIALS COMMONLY USED IN MOTORSPORT 
Sustainable composite materials are made from renewable resources, such as natural fibers and bio-resins. They offer several advantages over traditional materials, including lower weight, reduced environmental impact, and improved recyclability.
3.6.2 POPULAR SUSTAINABLE COMPOSITE MATERIALS USED IN MOTORSPORT INCLUDE:

Natural fiber composites are used in motorsport.
Natural fiber composites are made from natural fibers, such as flax, hemp, and kenaf, which are reinforced with a resin, such as epoxy or polyester. Natural fiber composites are lightweight and have good mechanical properties, making them suitable for a variety of motorsport applications, including body panels, interior trim, and engine components.

		Figure 9: Natural fiber composites used in motorsport.
[image: ]
Source: Kumar, R., & Singh, R. P. (2022)

Recycled fiber composites
Recycled fiber composites are made from recycled fibers, such as carbon fiber and glass fiber. These fibers are reinforced with resin to create a composite material that has similar properties.

to virgin fiber composites. Recycled fiber composites offer a more sustainable alternative to virgin fiber composites, as they reduce the need for new materials and energy consumption.
Figure 10: Recycled fiber composites
[image: A close-up of a race car
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Source: Bledzki, A. K., Mamun, A. A., & Faruk, O. (2023)
Figure 5 shows a Formula One race car. Formula One cars are increasingly using recycled fiber composites in their construction, particularly in non-structural parts such as bodywork and interior trim. This is because recycled fiber composites are more sustainable than traditional carbon fiber composites, as they require less energy to produce and generate less waste.
Bio composites used in motorsport.
Bio-composites are made from renewable resources, such as plant-based resins and biofibers. Bio-composites offer a more sustainable alternative to traditional composites, as they are made from renewable resources and have a lower environmental impact. Bio-composites are still under development, but they have the potential to be used in a variety of motorsport applications.
Figure 11: Biocomposites used in motorsport.
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Source: (Cai, Z., & Wu, W. 2021)




Figure 11 shows a Porsche 718 Cayman GT4 Clubsport MR, which is a racing version of the Porsche 718 Cayman GT4. The 718 Cayman GT4 Clubsport MR features several biocomposite components, including the front splitter, rear wing, and side skirts.
Other manufacturers that are using biocomposites in their racing cars include McLaren, Ferrari, and Alpine. These manufacturers are using biocomposites in a variety of components, including the monocoque, engine cover, and aerodynamic surfaces.
3.6.3 TRADITIONAL MATERIALS COMMONLY USED IN MOTORSPORT
Traditional materials commonly used in motorsport include carbon fiber, aluminum, and steel. These materials offer several advantages, such as high strength, stiffness, and durability.
However, they also have some disadvantages, such as high cost, high environmental impact, and low recyclability.

Carbon fiber used in motorsport.
Carbon fiber is a lightweight and high-strength material that is commonly used in motorsport applications such as body panels, chassis, and engine components. Carbon fiber is also very stiff, which makes it ideal for applications where high rigidity is required.
Figure 12: Carbon fiber used in motorsport.
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Source: (Alagidede, O., & Lawal, A. O. (2021)

Aluminum is used in motorsport.
Aluminum is a lightweight and corrosion-resistant metal commonly used in motorsport applications such as body panels, engine components, and suspension components. Aluminum is also relatively inexpensive, which makes it a popular choice for motorsport teams on a budget.
			Figure 13: Aluminium used in motorsport.
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Source: Barlow, C., & Jones, F. R. (2022)

Steel used in motorsport.
Steel is a strong and durable metal commonly used in motorsport applications such as chassis, roll cages, and suspension components. Steel is also relatively inexpensive, which makes it a popular choice for motorsport teams on a budget.
			Figure 14: Steel used in motorsport[image: A metal square with holes
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Source: El-Gawady, A. K., Mohamed, M. A., & Ahmed, R. S. (2022)
[bookmark: _TOC_250019]3.5 PARAMETERS AND CRITERIA FOR COMPARISON
The following factors are important to consider when choosing sustainable composites for motorsport: strength, stiffness, weight, durability, and environmental impact. Weight reduction improves efficiency, while strength and stiffness guarantee performance and safety. Long-term use requires durability, and environmental effect is important for a sustainable future. compared with traditional materials, sustainable composites frequently offer lower weight and emissions; however, research is still being done to maximize these composites' strength, stiffness, and durability while preserving their environmental advantages. We may choose sustainable materials for motorsport and other applications that strike a balance among longevity, performance, and environmental responsibility by carefully weighing these factors.
1.Strength: 
Importance: Material strength determines its ability to resist and withstand loads without breaking or deforming. In motorsport, strong components are crucial for safety and structural integrity, especially under high-speed and high-stress conditions.
Figure 15: Strength diagram
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Source: Bledzki, A. K., Mamun, A. A., Faruk, O., & Sain, M. (2020)
Sustainable Considerations: Sustainable materials shouldn't compromise on strength compared to traditional materials. However, they can achieve comparable strength through innovative fiber arrangements, reinforcements, and optimized manufacturing processes.

2.Stiffness: 
Importance: Material stiffness refers to its resistance to bending or deflection under load. High stiffness ensures components maintain their shape, crucial for precise handling and performance in motorsport.
Figure 16: Stiffness diagram
[image: Stress-strain diagram, stiffness at the ends of diagonals 0.60 MNm.rad −1 .  ]
Source: Flodr, Jakub & Krejsa, Martin & Mikolasek, David & Brozovsky, Jiri & Pařenica, Přemysl. (2015). 
Sustainable Considerations: Sustainable materials may have different stiffness characteristics compared to traditional materials. However, by tailoring fiber types, orientations, and resin formulations, stiffness can be optimized for specific applications without sacrificing sustainability.
3.Weight
Importance: Weight reduction is paramount in motorsport for improved acceleration, fuel efficiency, and overall performance. Lighter materials allow for faster speeds and reduced energy consumption.

Sustainable Considerations: A key advantage of many sustainable composites is their lightweight nature. Natural fibers like flax and hemp often weigh less than traditional glass or carbon fibers, offering significant weight reduction potential.
4.Durability: 
Importance: Materials need to withstand repeated stress, harsh environments, and potential damage in motorsport applications. Durable materials ensure long-term performance and safety.
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Source: Alagidede, O., & Lawal, A. O. (2022

Sustainable Considerations: Durability of sustainable composites is an evolving area of research. While some natural fibers may be susceptible to moisture or UV degradation, advancements in fiber treatments and bio-resin formulations are improving their durability.
5.Environmental impact 
Importance: Evaluating the environmental impact throughout a material's lifecycle is critical for sustainability. This includes factors like greenhouse gas emissions, resource consumption, and end-of-life disposal.



			Figure 18: Environmental impact diagram

[image: Diagram of the environmental impact of the production process  ]
Source: Mehmet & Işık, Ercan & Ulu, Ali & Nahi, Mohammed & Yaman, Ismail. (2016)

Sustainable Considerations: The primary advantage of sustainable composites lies in their reduced environmental impact. Natural fibers offer renewable resources with lower carbon footprint compared to traditional materials, and bio-resins can be derived from plants or recycled materials.

OTHER CONSIDERATIONS
In addition to the parameters and criteria listed above, several other factors should be considered when comparing sustainable composite materials with traditional materials, such as:
Cost: Sustainable composite materials are often more expensive than traditional materials.

Availability: Sustainable composite materials may not be as widely available as traditional materials.
Manufacturability: Sustainable composite materials may be more difficult to manufacture than traditional materials.
Recyclability: Sustainable composite materials are often more recyclable than traditional materials.
The framework presented in this report can be used to compare the properties of sustainable composite materials with traditional materials. This information can be used to select the best material for a particular application, considering the specific requirements and constraints.
3.7 Statistical and Analytical Methods
A variety of statistical and analytical methods can be used to analyze the data and compare the properties of sustainable composite materials with traditional materials. Some common methods include:
· t-test: The t-test is a statistical test that is used to compare the means of two groups. It can be used to compare the mean values of each property for the two types of materials.
· ANOVA test: The ANOVA test is a statistical test that is used to compare the means of three or more groups. It can be used to compare the mean values of each property for the different types of sustainable composite materials and traditional materials.
· Regression analysis: Regression analysis is a statistical method that is used to identify relationships between variables. It can be used to identify any relationships between the different properties of sustainable composite materials and traditional materials.
Targeted Applications: Sustainable composite materials are most suitable for motorsport applications where weight and environmental impact take precedence. This suggests potential use in components such as body panels and interior trim, where extreme strength and stiffness are not imperative (Shahbazi & Fatemi, 2020).
Consideration of Application Requirements: Motorsport teams are advised to meticulously assess the requirements of specific applications when deciding between sustainable composite materials and traditional options. This strategic consideration ensures optimal material selection based on performance needs (Hammouda & El-Sheekh, 2020).
Collaboration with Suppliers: Motorsport teams should actively engage with suppliers to collaboratively develop sustainable composite materials tailored to their distinct requirements. This proactive collaboration can lead to materials that align closely with the performance needs of motorsport applications (Barlow & Jones, 2022).

Potential Benefits and Challenges
The implementation of sustainable composite materials in motorsport brings forth potential benefits and challenges:
Benefits:
Weight Reduction and Fuel Efficiency: Sustainable composite materials offer the prospect of reduced weight, contributing to improved fuel efficiency and overall performance (Shahbazi & Fatemi, 2020).
Environmental Sustainability: Adoption of these materials aligns with environmental sustainability goals, resulting in a reduced environmental impact and enhanced recyclability (Barlow & Jones, 2022).
Enhanced Brand Image: Motorsport teams embracing sustainable composite materials stand to benefit from an enhanced brand image associated with environmental consciousness (Shahbazi & Fatemi, 2020)





















4.0 DATA ANALYSIS
[bookmark: _TOC_250017]4.1 COMPARATIVE ANALYSIS OF STRENGTH PROPERTIES
Sustainable composite materials, derived from renewable or recycled sources, have emerged as promising alternatives to traditional materials like steel and aluminum in automotive applications (Barlow & Jones, 2022; Cai & Wu, 2018). While traditional materials have long been the cornerstone of automotive engineering, sustainable composites present a range of advantages, including reduced weight, enhanced fuel efficiency, and a diminished environmental footprint.
To assess their suitability for automotive applications, a thorough evaluation of their mechanical properties, particularly strength, is paramount.
4.1.1 Tensile Strength
Tensile strength stands as a fundamental measure of a material's resistance to pulling forces (Hammouda & El-Sheekh, 2020). Traditional materials like steel and aluminum are well- regarded for their high tensile strengths, rendering them suitable for load-bearing applications. In contrast, sustainable composite materials have demonstrated the capacity to achieve tensile strengths comparable to those of traditional materials, especially when reinforced with high- performance fibers such as carbon or glass (Shahbazi & Fatemi, 2020).
This indicates that sustainable composites can effectively contend with traditional materials in terms of tensile strength, affirming their potential in automotive applications while simultaneously contributing to sustainability and reducing environmental impact (Barlow & Jones, 2022; Cai & Wu, 2018).

 			Figure 14: Tensile strength comparison
[image: ]
Source: (Barlow & Jones, 2022)
The three data sets on the graph represent different types of composites:
Data Set A: This represents a composite made from carbon fiber reinforced polymer (CFRP). CFRP is a type of composite material that is made from carbon fibers embedded in a polymer matrix. CFRP is very strong and stiff, but it is also very expensive.
Data Set B: This represents a composite made from glass fiber-reinforced polymer (GFRP). GFRP is a type of composite material that is made from glass fibers embedded in a polymer matrix. GFRP is less strong and stiff than CFRP, but it is also less expensive.
 Data Set C: This represents a composite made from natural fiber-reinforced polymer (NFRP). NFRP is a type of composite material that is made from natural fibers, such as hemp or flax, embedded in a polymer matrix. NFRP is the least strong and stiff of the three types of composites, but it is also the most sustainable.
As you can see from the graph, the tensile strength of the composites increases as the strain decreases. This means that the composites can withstand more force before they break if they are pulled less far.
The tensile strength of the composites also varies depending on the type of composite. CFRP has the highest tensile strength, followed by GFRP and NFRP. This is because CFRP has the strongest fibers, GFRP has slightly weaker fibers, and NFRP has the weakest fibers.
This phenomenon is underpinned by the exceptional properties of CFRP, which result from the combination of carbon fibers and a polymer matrix. Carbon fibers are known for their incredible strength-to-weight ratio, and when integrated into a polymer matrix, they produce a composite that excels in tensile strength (Hammouda & El-Sheekh, 2020; Shahbazi & Fatemi, 2020).
CFRP's remarkable performance is particularly significant in the automotive sector, where weight reduction and structural integrity are pivotal for enhancing fuel efficiency and overall vehicle performance. The findings strongly support the feasibility of adopting sustainable composites, such as CFRP, as formidable alternatives to traditional materials, ushering in a more sustainable and high-performance era in automotive engineering.
Table 1: Tensile Strength Comparison
	
Material
	Tensile Strength (MPa)
	Source

	Steel
	500-700
	Hammouda, M., & El-Sheekh, A. A. (2020).

	Aluminum
	270-310
	Olabi, A. G., & Elaraby, E. (2021).

	CFRP
	2,000-3,500
	Hammouda, M., & El-Sheekh, A. A. (2020)

	GFRP
	100-180
	Hammouda, M., & El-Sheekh, A. A. (2020).

	NFRP
	50-120
	Shahbazi, S., & Fatemi, A. H. (2020).


 				
Source: (self-created)

Table 1 provides a comprehensive overview of the tensile strength values for various materials. Steel, a conventional choice, stands out with a robust tensile strength ranging from 500 to 700 MPa. In comparison, aluminum offers a commendable tensile strength, falling within the range of 270 to 310 MPa. There is a 30 percent difference for the tensible strength. The distinctive feature emerges when sustainable composite materials take the stage. Carbon fiber-reinforced polymer (CFRP) showcases exceptional tensile strengths, surpassing even steel and aluminum, with an impressive range of 2,000 to 3,500 MPa. Notably, glass fiber-reinforced polymer (GFRP) also exhibits commendable tensile strength, spanning from 100 to 180 MPa. Meanwhile, natural fiber-reinforced polymer (NFRP) maintains a competitive edge, presenting tensile strengths within the range of 50 to 120 MPa. This data underscores the remarkable potential of sustainable composite materials, particularly CFRP, in providing superior tensile strength compared to traditional materials like steel and aluminum.
Flexural Strength:
Flexural Strength, often referred to as bending strength, is a fundamental mechanical property of materials, crucial for assessing their suitability in applications subjected to bending forces.
Traditional materials like steel and aluminum have long been favored for their high flexibility,
strengths, enabling them to endure substantial bending loads without experiencing structural failure.
Sustainable composite materials, a category gaining prominence in various engineering applications, exhibit the potential to match the flexural strengths of these conventional materials. One of the key factors contributing to this strength is the use of reinforcing fibers. Sustainable composites reinforced with materials like glass or natural fibers demonstrate remarkable capabilities in achieving flexural strengths that are comparable to steel and aluminum. This not only highlights the viability of these sustainable materials but also underlines their applicability in situations demanding high flexural strength.

			Figure 15: Flexural strengths between various materials
[image: ]

Source: (Barlow and Jones, 2022)
In Figure 15, a visual representation based on a study by Barlow and Jones in 2022, the comparison of flexural strengths among various materials becomes evident (Barlow & Jones, 2022).
Sustainable composite materials, including glass fiber-reinforced polymer (GFRP) and natural fiber-reinforced polymer (NFRP) such as flax, hemp, jute, and sisal, emerge as strong contenders. They exhibit flexural strengths on par with those of steel and aluminum, further substantiating their potential for use in applications that require high flexural strength (Hammouda & El-Sheekh, 2020). This not only broadens the range of applications for sustainable composites but also contributes to their adoption as substitutes for traditional materials.
The ability of sustainable composite materials to match the flexural strengths of steel and aluminum, as depicted in Figure, reinforces their position as promising alternatives in engineering and design. This, in turn, opens doors to innovative, environmentally friendly solutions across various industries, including automotive and aerospace. As these materials continue to advance and diversify, their role in high-stress applications is expected to expand, further enhancing their appeal and relevance (Barlow & Jones, 2022).

		Table 2: Comparison of flexural strength between the materials

	

Material
	Flexural Strength (MPa)
	

Citation

	Steel
	250-400
	Hammouda, M. & El-Sheekh, A.A. (2020)

	Aluminum
	150-200
	Olabi, A.G. & Elaraby, E. (2021)

	CFRP
	150-300
	Shahbazi, S. & Fatemi, A.H. (2020).

	GFRP
	100-150
	El-Gawady, M.A. & Al-Harbi, N.K. (2022).

	NFRP
	50-100
	Rostami, S. & Ghasemi, A.R. (2022).



Source: (self-created)
Table 2 offers a valuable comparison of flexural strength among various materials. Steel maintains a dominant position with a robust flexural strength, varying from 250 to 400 MPa, closely followed by aluminum, which demonstrates a commendable flexural strength within the 150 to 200 MPa range. There is about 50 percent difference for the tensible strength. Notably, sustainable composite materials, including CFRP, GFRP, and NFRP, emerge as contenders with flexural strengths on par with steel and aluminum. CFRP exhibits a competitive range of 150 to 300 MPa for flexural strength, while GFRP follows.
closely with a range of 100 to 150 MPa. NFRP, although slightly more moderate, still presents noteworthy flexural strengths within the 50 to 100 MPa range. This comparison emphasizes that sustainable composite materials, including CFRP, offer promising flexural strengths comparable to traditional materials like steel and aluminum, making them suitable candidates for various applications in different industries.





Impact strength:
Impact strength, a critical mechanical property, assesses a material's ability to withstand sudden loads or shocks. Traditional materials like steel and aluminum have conventionally been employed in applications where moderate impact resistance suffices. These materials offer the necessary balance between strength and durability, rendering them suitable for various scenarios (Smith & Johnson, 2019).
In contrast, sustainable composite materials, especially those reinforced with natural fibers, demonstrate exceptional impact strengths that can surpass those of traditional materials (Shahbazi & Fatemi, 2020). Natural fiber-reinforced polymer (NFRP), as indicated in Figure 16, showcases substantial impact strength that is notably higher than that of steel and aluminum.
This exemplifies the potential of sustainable composites in applications where impact resistance holds paramount importance (Shahbazi & Fatemi, 2020).

				Figure 16: Impact strength comparison
[image: ]
Source: Alagidede, O., & Lawal, A. O. (2021)
The figure16 provides a visual representation of this impact strength comparison, underlining the competitive edge of sustainable composite materials in terms of impact resistance (Shahbazi & Fatemi, 2020). This edge, as observed in the data, extends to applications where protection against sudden impact loads is crucial. The robust impact strength of NFRP, as well as other sustainable composite materials, positions them as reliable alternatives in various contexts, from automotive components to sports equipment (Shahbazi & Fatemi, 2020).
The impressive impact strengths of sustainable composite materials, particularly NFRP, signify their potential to elevate safety and durability standards in numerous industries. Their capacity to withstand sudden impacts without compromising structural integrity can result in enhanced product performance, reduced maintenance costs, and increased user safety (Shahbazi & Fatemi, 2020). As the applications of sustainable composites continue to expand, their remarkable impact resistance may play a pivotal role in shaping the future of materials engineering and design.
				Table 3: Impact strength comparison
	Material
	Impact Strength (kJ/m²)
	Citation

	Steel
	       50-100
	Callister, W. D., & Rethwisch, D. G. (2018).

	Aluminum
	   20-50
	Callister, W. D., & Rethwisch, D. G. (2018)..

	CFRP
	100-200
	Chawla, K. L. (2013).

	GFRP
	50-100
	Chawla, K. L. (2013).

	NFRP
	20-50
	Pickering, S. J., & Rudd, C. D. (2008).



		


			





					Source: (self-created)

Table 3 provides a comparative analysis of impact strength across different materials. Steel reveals a moderate impact strength, fluctuating between 50 to 100 kJ/m², while aluminum follows suit with a range of 20 to 50 kJ/m². Notably, sustainable composite materials, particularly CFRP, exhibit significantly higher impact strengths in comparison to traditional materials. CFRP boasts an impressive impact strength spanning from 100 to 200 kJ/m², demonstrating its suitability for applications requiring robust impact resistance. GFRP doesn't lag, with an impact strength ranging from 50 to 100 kJ/m², making it a valuable choice for applications where impact resistance is paramount. NFRP showcases impact strengths within the 10 to 20 kJ/m² range, offering a more moderate but still notable impact resistance. This comparison underscores those sustainable composite materials, such as CFRP and GFRP, excel in impact strength, outperforming traditional materials like steel and aluminum and widening their scope of applications.
[bookmark: _TOC_250016]4.2 COMPARATIVE ANALYSIS OF STIFFNESS PROPERTIES
Stiffness is a fundamental mechanical property that plays a pivotal role in various applications, particularly in the automotive industry. It determines a material's ability to withstand deformation under load, which is crucial for ensuring structural integrity, dimensional stability, and overall performance of automotive components. Sustainable composite materials have gained significant attention as alternative materials to traditional options like steel and aluminum, owing to their lighter weight, potential for improved fuel efficiency, and reduced environmental impact.
However, it is imperative to comprehensively evaluate their stiffness properties to ascertain their suitability for various automotive applications.
In the comparative analysis of stiffness properties, two critical parameters come into focus: tensile modulus and flexural modulus.
	Material
	Tensile Modulus (GPa)
	Flexural Modulus (GPa)
	Citation

	Steel
	200
	200
	Callister, W. D., & Rethwisch, D. G. (2018).

	Aluminum
	70
	70
	Callister, W. D., & Rethwisch, D. G. (2018).

	CFRP
	120-180
	60-120
	Chawla, K. L. (2013).

	GFRP
	10-40
	10-30
	Chawla, K. L. (2013).

	NFRP
	05-20
	05-15
	Alagidede, O., & Lawal, A. O. (2021).


Table 4: Comparative Analysis of Stiffness

		







				Source: (self-created)

Tensile Modulus Comparison:
In the realm of traditional materials, steel stands out with an impressive tensile modulus of approximately 200 GPa, signifying its remarkable stiffness. Aluminum, while slightly less stiff than steel, still exhibits a substantial tensile modulus of around 70 GPa, making it suitable for applications demanding high stiffness.
Sustainable composite materials offer intriguing alternatives. Carbon fiber-reinforced polymer (CFRP) is a standout performer in this regard, showcasing a tensile modulus ranging from 120 to 180 GPa. This places CFRP ahead of both steel and aluminum, emphasizing its exceptional stiffness. Meanwhile, glass fiber-reinforced polymer (GFRP) presents a tensile modulus spanning from 10 to 40 GPa, offering a versatile range of stiffness options. Natural fiber- reinforced polymer (NFRP) falls within the 5 to 20 GPa range, demonstrating moderate stiffness suitable for various applications.
Flexural Modulus Comparison:
Traditional materials, like steel and aluminum, exhibit similar flexural moduli, with values reaching around 200 GPa for steel and 70 GPa for aluminum. These high flexural stiffness values are essential for components to endure bending without significant deformation.
Sustainable composite materials showcase their unique strengths. CFRP, with a flexural modulus ranging from 60 to 120 GPa, strikes a balance between stiffness and weight reduction, making it suitable for various automotive applications. GFRP, with a flexural modulus spanning from 10 to 30 GPa, offers a broad spectrum of stiffness options that can cater to different requirements.
NFRP, encompassing a flexural modulus within the 5 to 15 GPa range, presents a more moderate but still noteworthy stiffness.
In conclusion, sustainable composite materials, particularly CFRP, offer remarkable stiffness properties that position them as competitive alternatives to traditional materials like steel and aluminum in automotive applications. Their diverse stiffness ranges and lighter weight make them suitable for various components, contributing to the automotive industry's pursuit of improved performance and reduced environmental impact. These findings underscore the potential of sustainable composites to revolutionize the automotive sector while addressing sustainability concerns.

[bookmark: _TOC_250015]4.3 WEIGHT COMPARISON
Weight reduction is a paramount concern within the automotive industry due to its direct influence on fuel efficiency and emissions. Traditional materials like steel and aluminum have long been favored for their exceptional strength and durability. However, their relatively high density has sparked the search for alternative materials that can offer the necessary strength while significantly reducing weight. Sustainable composite materials, derived from renewable or recycled sources, present a promising avenue to address these concerns. This comparative analysis of weight properties examines the density of traditional materials and sustainable composite materials to determine their weight-related advantages and their potential to revolutionize the automotive industry.
				Table 5: Comparative analysis of weight properties
	Material
	Weight (kg/m³)
	Weight Reducton compared to steel (%)
	Citation

	Steel 
	7850
	 -
	Callister, W. D., & Rethwisch, D. G. (2018).

	Aluminium
	2700
	65.70%
	Callister, W. D., & Rethwisch, D. G. (2018).

	CFRP
	1800
	77.30%
	Chawla, K. L. (2013).

	GFRP
	1700
	78.60%
	Chawla, K. L. (2013).

	NFRP
	1300
	83.30%
	Alagidede, O., & Lawal, A. O. (2021).


Source: Self-created
As you can see from the table, steel is the heaviest material, followed by aluminum and then the three sustainable composite materials. Aluminum is about 65.7% lighter than steel, while CFRP is about 77.3% lighter, GFRP is about 78.6% lighter, and NFRP is about 83.3% lighter. This means that sustainable composite materials can offer significant weight reductions compared to traditional materials.
Traditional materials, such as steel and aluminum, have served as the backbone of the automotive industry for many years. Steel, known for its incredible strength and durability, boasts of approximately 7,850 kg/m³, making it a heavy material. Aluminum, a lightweight alternative to steel, has a lower density, measuring around 2,700 kg/m³. While aluminum represents a weight reduction compared to steel, it still falls within the relatively dense category of materials.
Sustainable composite materials offer a refreshing departure from these traditional options. Carbon fiber-reinforced polymer (CFRP), one of the standout sustainable composites, exhibits a weight ranging from 1,600 to 2,000 kg/m³. This places CFRP in a considerably lighter category than both steel and aluminum, making it a promising candidate for weight reduction in automotive applications. Moreover, glass fiber-reinforced polymer (GFRP) demonstrates a weight ranging from 1,500 to 1,900 kg/m³, also lighter than steel and aluminum. The advantages of CFRP and GFRP in terms of weight reduction are further complemented by their sustainable attributes, as they are derived from renewable or recycled sources.
Natural fiber-reinforced polymer (NFRP) represents the lightest option among sustainable composite materials, with a density ranging from 1,200 to 1,400 kg/m³. This places NFRP as an even lighter alternative compared to steel, aluminum, CFRP, and GFRP. NFRP's lightweight nature and environmental benefits position it as an exciting prospect for various automotive applications, particularly where weight reduction is a primary concern.
In conclusion, this comparative analysis of weight properties underscores the potential for sustainable composite materials to revolutionize the automotive industry. The density values of these materials, as discussed in the context of steel, aluminum, CFRP, GFRP, and NFRP, reveal the substantial advantages that sustainable composites offer in terms of weight reduction. Combining their lightweight nature with their environmental benefits, these materials align with the goals of the automotive industry, focusing on improved fuel efficiency and reduced emissions. The shift towards sustainable composites in automotive applications is not only beneficial for addressing weight-related concerns but also for advancing the industry's sustainability goals.
4.4COMAPARATIVE ANALYSIS OF DURABILITY
Durability is a fundamental consideration in materials used across diverse industries, from construction to automotive and aerospace. Traditional materials like steel, aluminum, and concrete have long held a reputation for their durability, making them preferred choices in a wide range of applications. However, the emergence of sustainable materials, derived from renewable or recycled sources, has introduced a new dimension to the concept of durability. These materials are not only valued for their eco-friendliness but are also recognized for their potential to offer durability that is on par with, or even superior to, that of traditional materials. This comparative analysis of durability properties delves into the characteristics of both traditional and sustainable materials to understand their strengths and limitations.

	
			Table 6: Comparative analysis with durability properties
	
Material
	Corrosion Resistance
	Weathering Resistance
	Fatigue Resistance
	
Citation

	
Steel
	
Moderate
	
Good
	
Moderate
	Hammouda, M., & El-Sheekh, A. A. (2020)

	Aluminum
	Good
	Excellent
	Moderate
	A. G., & Elaraby, E. (2021)

	Concrete
	Fair
	Moderate
	Poor
	Shahbazi, S., & Fatemi, A. H. (2020).

	
CFRP
	
Excellent
	
Excellent
	
Excellent
	El-Gawady, M. A., & Al-Harbi, N. K. (2022).

	
GFRP
	
Good
	
Good
	
Moderate
	Rostami, S., & Ghasemi, A. R. (2022).

	
NFRP
	
Varies
	
Varies
	
Varies
	Hammouda, M., & El-Sheekh, A. A. (2020).



Source: (self-created)
Corrosion is a significant concern in motorsport due to the harsh environments vehicles encounter during racing and practice sessions. The constant exposure to chemicals, salt, moisture, and extreme temperatures can accelerate corrosion, leading to a range of problems that hinder performance, increase maintenance costs, and reduce the lifespan of components.To address corrosion challenges, engineers carefully select materials with enhanced corrosion resistance, such as stainless steel, aluminum alloys, and specialized composites. These materials offer superior protection against chemical degradation, salt and moisture penetration, and thermal stress. Additionally, protective coatings and surface treatments can further enhance corrosion resistance, providing an extra layer of defense against harsh conditions.


Traditional materials, such as steel, aluminum, and concrete, have earned their place in various industries due to their well-established durability attributes. Steel exhibits excellent resistance to corrosion and weathering, making it a reliable choice for outdoor applications. However, its vulnerability to rust necessitates regular maintenance to ensure its longevity. Aluminum, known for its corrosion resistance, particularly in marine environments, presents an advantage over steel in terms of durability. Nevertheless, it can be susceptible to pitting corrosion and requires proper surface treatment for optimal performance. Concrete, another staple in construction and infrastructure, is celebrated for its durability. It demonstrates commendable resistance to compression and abrasion, but it is not impervious to issues like cracking. Proper reinforcement and curing are essential to maximize its service life.
Sustainable composite materials, including carbon fiber-reinforced polymer (CFRP), glass fiber- reinforced polymer (GFRP), and natural fiber-reinforced polymer (NFRP), are gaining prominence as viable alternatives. CFRP stands out for its exceptional resistance to corrosion weathering, and fatigue, making it a robust choice for demanding applications. This makes CFRP particularly appealing in industries like aerospace and automotive, where durability is a paramount concern. GFRP, with its commendable resistance to corrosion and weathering, finds applications in various fields, including automotive and marine components. The environmental benefits associated with sustainable composites are further underscored by their durability characteristics.
NFRP, which encompasses various natural fibers such as bamboo and flax, offers an interesting facet to sustainable materials. The durability of NFRP is somewhat contingent on the type of natural fiber used. Some natural fibers exhibit good resistance to moisture and degradation, further enhancing their appeal in applications where sustainability is a priority. The versatility of NFRP, combined with its potential for favorable durability properties, opens up opportunities in industries seeking eco-friendly and enduring solutions.
In summary, the comparative analysis of durability properties reveals that sustainable composite materials hold substantial promise in delivering durability that can rival or surpass that of traditional materials. The enduring properties of sustainable composites, particularly CFRP and GFRP, make them compelling choices in industries where longevity and environmental responsibility are vital considerations. Additionally, the range of natural fibers within NFRP adds a layer of adaptability, with the potential for favorable durability in diverse applications. The shift towards sustainable materials not only aligns with sustainability goals but also reflects a commitment to enduring and resilient solutions in various industries.

[bookmark: _TOC_250014]4.5 COMPARATIVE ANALYSIS OF ENVIRONMENTAL IMPACT
Motorsport, the realm of high-performance vehicles and exhilarating races, is also a significant contributor to environmental pollution (Milani & Fasan, 2018). Traditional materials used in racing cars, such as carbon fiber-reinforced polymer (CFRP), have a substantial environmental footprint due to their energy-intensive production processes and associated emissions (Brønnum & Welo, 2019). Sustainable composite materials, derived from renewable or recycled sources, offer promising alternatives to traditional materials in motorsport applications, with the potential to reduce the environmental impact of racing vehicles (Kim et al., 2020).
			Table 7: Comparison of Environmental Impacts
	Environmental impact category
	Traditional CFRP
	Sustainable composites
	Citation

	Greenhouse gas emissions (kg CO2 eq/kg)
	20-50
	02-05
	Hammouda, M., & El-Sheekh, A. A. (2020).

	Water consumption (litres/kg)
	50-100
	20-50
	Olabi, A. G., & Elaraby, E. (2021).

	Solid waste generation (kg/kg)
	0.1-0.2
	0.05-0.15
	Shahbazi, S., & Fatemi, A. H. (2020).



				Source: (self-created)
Greenhouse gas emissions, primarily driven by the release of carbon dioxide (CO2) and other greenhouse gases, play a significant role in contributing to global warming and climate change. Traditional carbon fiber-reinforced polymer (CFRP), commonly used in various industries, has a notable environmental impact due to its production process, which relies on fossil fuels and energy-intensive methods (Brønnum & Welo, 2019). This results in a high carbon footprint associated with the use of traditional CFRP. Carbon consumes 14 times more energy for its creation in comparison to steel. As, this impact in more emissions of the greenhouse gases.
Sustainable composite materials, in contrast, offer a more environmentally friendly alternative. These materials are often derived from renewable or recycled sources, which inherently reduce their carbon footprint (Cai & Wu, 2018). By minimizing the use of fossil fuels and adopting more sustainable production methods, sustainable composites contribute to a lower carbon footprint throughout their lifecycle.

In addition to greenhouse gas emissions, water consumption during the manufacturing process is another crucial environmental consideration. Traditional CFRP, which involves wet fibers and extensive processing, has a substantial water footprint. The wet fiber production method typically requires significant amounts of water, contributing to water scarcity concerns in some regions (Milani & Fasan, 2018).
Sustainable composite materials provide an advantage in this regard. Many sustainable composites use dry fibers in their manufacturing processes, which significantly reduces water consumption. Dry fibers do not necessitate the same levels of water usage, making them more sustainable and contributing to a lower water footprint (Hammouda & El-Sheekh, 2020).
Furthermore, the generation of solid waste during manufacturing is a critical consideration for sustainability. Traditional CFRP, composed of various materials, some of which are challenging to recycle, tends to result in higher solid waste generation (El-Gawady et al., 2022). This creates challenges in waste management and disposal, which can have detrimental effects on the environment.
Sustainable composite materials, with their emphasis on using recycled components and eco- friendly production processes, typically have a lower solid waste generation. This approach aligns with the principles of a circular economy, promoting the reuse and recycling of materials, ultimately leading to a reduction in waste generation and a more sustainable approach to manufacturing (Barlow & Jones, 2022).
In summary, sustainable composite materials offer a reduced carbon footprint, lower water consumption, and decreased solid waste generation compared to traditional CFRP. These advantages make them a promising solution for addressing environmental concerns in various industries, including automotive, aerospace, and motorsport applications.
Greenhouse Gas Emissions Comparison:
				Table 8: Greenhouse Gas Emissions Comparison
	Material
	Greenhouse Gas Emissions

	Traditional CFRP
	20-50 kg  eq/kg (Hammouda, M. & El-Sheekh, A.A., 2020)

	Sustainable Composites
	2-5 kg eq/kg (Olabi, A.G. & Elaraby, E., 2021)



Source: (self-created)


This table provides a comparative overview of greenhouse gas emissions, expressed in kilograms of carbon dioxide equivalent per kilogram of material (kg  eq/kg), for traditional CFRP and sustainable composites.
Traditional CFRP: The production of conventional CFRP is known for its high energy consumption and subsequent greenhouse gas emissions, resulting in an average of approximately 15 kg eq/kg. This substantial carbon footprint is primarily attributed to the energy-intensive processes involved in its manufacturing.
Sustainable Composites: In contrast, sustainable composites demonstrate a significantly more environmentally friendly profile with markedly lower greenhouse gas emissions. These sustainable materials rely on renewable or recycled sources, resulting in an average of around 3 kg  eq/kg. This substantial reduction in emissions compared to traditional CFRP aligns with sustainability goals and highlights the eco-friendly nature of sustainable composite materials.
Water Consumption Comparison
			Table 9: Water Consumption Comparison
	

Material
	Water Consumption (litres/kg)
	

Citation

	Traditional CFRP
	
75
	Hammouda, M., & El-Sheekh, A. A. (2020).

	Sustainable Composites
	
30
	Olabi, A. G., & Elaraby, E. (2021).



Source: (self-created)

This table presents a comparative analysis of water consumption, measured in liters per kilogram of material (litres/kg), between traditional CFRP and sustainable composites.
Traditional CFRP: The manufacturing of traditional CFRP involves water-intensive procedures, including resin synthesis and fiber processing. On average, traditional CFRP consumes approximately 75 litres/kg, signifying a substantial demand for water resources.
Sustainable Composites: In contrast, sustainable composites exhibit a more sustainable water usage pattern during production when compared to traditional CFRP. The average water consumption for sustainable composites is approximately 30 litres/kg. This notable reduction in water consumption highlights the environmentally friendly characteristics of sustainable composite materials, aligning with sustainability objectives and the conservation of water resources.
Solid Waste Generation Comparison
			Table 10: Solid Waste Generation Comparison
	Material
	Solid Waste Generation (kg/day)

	Traditional CFRP
	0.15

	Sustainable Composites
	0.075


Source: (self-created)
This comparison table outlines the solid waste generation, expressed in kilograms per kilogram of material (kg/kg), between traditional CFRP and sustainable composites. The generated waste per person for the per day and it ranges from 0.11 to 4.54 kilograms.
Traditional CFRP: In the production process of traditional CFRP, various waste materials like trimmings, scraps, and discarded molds are generated. On average, traditional CFRP results in a solid waste generation of around 0.15 kg/kg, reflecting a noticeable amount of waste materials.
Sustainable Composites: Contrastingly, sustainable composites present a more environmentally conscious approach, significantly reducing the solid waste generated during their production. The average solid waste generation for sustainable composites is approximately 0.075 kg/kg, showcasing a halved waste output when compared to traditional CFRP. This reduction emphasizes the environmental advantage offered by sustainable composites in minimizing waste throughout their manufacturing process.


[bookmark: _Toc157776285]Chapter Five: Discussion
[bookmark: _Toc157776286]5.0 Overview
[bookmark: _Toc157776287]This chapter will provide an in-depth discussion of the presented and analyzed in the above section: 
[bookmark: _Toc157776288]5.1 ADVANTAGES OF SUSTAINABLE COMPOSITE MATERIALS
1.Lower Weight: Sustainable composite materials, exemplified by natural fibers and bio-resins, exhibit a notable weight reduction compared to traditional materials like carbon fiber and aluminum (Shahbazi & Fatemi, 2020). This characteristic presents a substantial opportunity for enhanced race car performance and decreased fuel consumption. Weight reduction is particularly crucial in motorsports, where lighter vehicles often have a competitive edge.
2.Reduced Environmental Impact: Derived from renewable resources, sustainable composite materials contribute to a diminished environmental footprint within the motorsport industry, aligning with sustainability goals (Barlow & Jones, 2022). The reduction in environmental impact is essential for motorsport teams aiming to align with global efforts to address climate change and reduce their carbon footprint.
3.Improved Recyclability: The recyclability of sustainable composite materials surpasses that of traditional counterparts, providing motorsport teams with the means to minimize waste and environmental impact (Hammouda & El-Sheekh, 2020). The ability to recycle materials contributes to the circular economy, reducing the need for new raw materials and minimizing the overall environmental impact of manufacturing processes.













	Feature
	Sustainable Composite Materials
	Traditional Materials (Steel, Aluminum)
	

	Environmental Footprint
	Reduced dependence on virgin resources, lower greenhouse gas emissions and energy consumption throughout lifecycle
	High embodied energy in extraction and processing, resource depletion, potential for air and water pollution
	

	Resource Utilization
	Incorporates renewable or recycled materials, promotes circular economy principles
	Relies heavily on finite resources, limited reuse, and recycling options
	

	Lightweighting
	Lighter weight improves fuel efficiency in vehicles and reduces energy consumption in transportation
	Heavier weight contributes to higher fuel consumption and emissions
	

	Tailor ability and Customization
	Diverse fiber and resin combinations allow for tailoring specific properties like strength, stiffness, and density
	Limited options for property customization
	

	Corrosion Resistance
	Many natural fiber composites exhibit inherent corrosion resistance, potentially reducing maintenance needs
	Susceptible to corrosion, requiring protective coatings or treatments, increasing maintenance burden
	

	End-of-Life Options
	Biodegradable or recyclable options minimize waste impact and landfill contribution
	Challenging to recycle, often ending up in landfills
	

	Emerging Technologies and Innovation
	Rapidly evolving field with ongoing research for improved performance and wider adoption
	Established and mature technologies, but facing pressure to adopt more sustainable practices
	

	Potential for Social Impact
	Supports responsible sourcing and promotes agricultural diversification in some regions
	Established supply chains, but potential ethical concerns regarding resource extraction and labor practices
	


Table 11:  Comparison of Sustainable composite  materials over Traditional materials



The data presented in this table shows that sustainable composite materials offer several advantages over traditional materials for motorsport applications, including lower weight, reduced environmental impact, and improved recyclability. However, it is important to note that sustainable composite materials also have some limitations, such as lower strength and stiffness, higher cost, and less developed technology.

[bookmark: _Toc157776289]5.2 What are the properties of F1 and (FE) motorsport application? 
Motorsport teams should carefully consider the requirements of the specific application when choosing between sustainable composite materials and traditional materials. For example, sustainable composite materials may be suitable for body panels and interior trim, but they may not be suitable for chassis and suspension components. Overall, sustainable composite materials have the potential to revolutionize motorsport applications. However, more research and development is needed to address the challenges associated with their implementation, such as lower strength and stiffness, higher cost, and less developed technology. The motorsport F1 has tragic incidents with the loss of a driver. However, at the latter, it is easier to protect, by the erection of fences and the location of the spectator strands that are away from the track, moreover, the drivers are affected by the fatal crash. There was a safety improvement made in F1 in introducing the carbon fibre composite for the crash structures.
[bookmark: _Toc157776290]5.3 What are the challenges caused by the properties of sustainable composite materials and their application in the motorsport industry?
However, sustainable composite materials also come with certain limitations in comparison to traditional materials:
Lower Strength and Stiffness: Inherent to sustainable composite materials is a tendency towards lower strength and stiffness than observed in traditional materials, like carbon fiber. This limits their suitability for specific motorsport applications that demand high strength and stiffness. While lightweighting is beneficial, certain components in motorsports require high structural integrity, and sustainable composites may not yet fully meet these criteria.
Higher Cost: The financial aspect poses a challenge, as sustainable composite materials tend to be more expensive than their traditional counterparts, potentially hindering widespread adoption by some motorsport teams. Cost considerations are pivotal in motorsports, where teams often operate within tight budgets, and any additional expenses need careful evaluation.
Less Developed Technology: As a relatively nascent technology, sustainable composite materials may present fewer options and a less thorough characterization compared to well- established traditional materials. This limitation implies that there might be uncertainties in the performance and behavior of sustainable composites, requiring careful testing and validation in motorsport applications.
[bookmark: _Toc157776291]5.4 Explain the strategies that can be recommended to eliminate the challenges identified that are caused by the properties of sustainable composite materials and their application in motorsport? 
Growing Role in the Future: Sustainable composite materials are poised to play an increasingly integral role in motorsport applications. Their advantages, particularly in weight reduction and environmental impact, align with the objectives of many motorsport teams. Ongoing technological advancements are expected to address current limitations, making sustainable materials more versatile and competitive in motorsports.
Suitability in Specific Applications: The optimal use of sustainable composite materials is anticipated in motorsport applications where weight and environmental considerations supersede the necessity for extreme strength and stiffness. Components like body panels and interior trim stand out as potential areas of application. These components experience less stress and load, making them suitable for materials with lower strength and stiffness.
Constraints in High-Stress Applications: Applications requiring high strength and stiffness, such as chassis and suspension components, may not be well-suited for sustainable composite materials, given their inherent limitations in these aspects (Shahbazi & Fatemi, 2020). While sustainable materials can excel in certain areas, traditional materials might remain preferable for components subjected to extreme forces.
[bookmark: _TOC_250003]5.5 IMPLICATIONS OF COMPARATIVE ANALYSIS FINDINGS FOR MOTORSPORT APPLICATIONS
The outcomes derived from the comparative analysis between sustainable composite materials and traditional counterparts bear significant implications for their utilization in motorsport applications. Understanding the advantages and limitations of sustainable composite materials is crucial for making informed decisions in the motorsport industry.
[bookmark: _TOC_250002]Implications for Motorsport Applications
Growing Role in the Future: Sustainable composite materials are poised to play an increasingly integral role in motorsport applications. Their advantages, particularly in weight reduction and environmental impact, align with the objectives of many motorsport teams. Ongoing technological advancements are expected to address current limitations, making sustainable materials more versatile and competitive in motorsports.
Suitability in Specific Applications: The optimal use of sustainable composite materials is anticipated in motorsport applications where weight and environmental considerations supersede the necessity for extreme strength and stiffness. Components like body panels and interior trim stand out as potential areas of application. These components experience less stress and load, making them suitable for materials with lower strength and stiffness.
Constraints in High-Stress Applications: Applications requiring high strength and stiffness, such as chassis and suspension components, may not be well-suited for sustainable composite materials, given their inherent limitations in these aspects (Shahbazi & Fatemi, 2020). While sustainable materials can excel in certain areas, traditional materials might remain preferable for components subjected to extreme forces.
5.6 Production processes of Sustainable composite materials
5.6.1 Resin Transfer Molding (RTM):

			Figure 17: Resin transfer Molding
			[image: Diagram of a process of mixing

Description automatically generated]

			Source: Mahnoor & Mao, Weiguo. (2018.

In resin transfer molding, resin is injected into a closed mold containing dry fibers. This process is highlighted in the work of Bhattacharya et al. (2019) in their discussion of environmental aspects of composite recycling. RTM is recognized as a method suitable for producing large and intricate components with high fiber volume fractions. Capable of producing intricate geometries ideal for motorsport components like body panels and aerodynamic parts (Liu et al., 2023). Allows for high fiber volume fractions, leading to excellent strength-to-weight ratios crucial for performance (Baley et al., 2008). Molds for RTM can be expensive, especially for complex shapes, hindering small-scale production (Campbell, 2004). RTM is used for lightweight and aerodynamically efficient body panels in Formula 1 and other racing categories (Liu et al., 2023). Certain RTM-produced composites find application in non-critical chassis components due to their strength and stiffness (Baley et al., 2008).
[bookmark: _TOC_250004]

5.6.2 Pultrusion:
				Figure 18: Pultrusion
	[image: Pultrusion process schematic (Tuakta, 2005). ]

				Source: Shaikhon, Omar. (2012
Pultrusion is a continuous manufacturing process widely used in the production of composite materials. The process involves pulling continuous fibers, typically glass or carbon, through a resin bath and a shaping die. The impregnated fibers are then carefully guided through a heated die, where the resin undergoes polymerization and cures, resulting in a solid composite profile with a consistent cross-section. Pultrusion offers advantages such as high production rates, excellent strength-to-weight ratios, and the ability to produce profiles of varying lengths. This method is particularly suitable for applications requiring long, constant cross-section shapes, such as rods, tubes, and structural components. Campbell (2004) notes the significance of pultrusion in manufacturing processes for advanced composites, highlighting its efficiency in producing profiles with continuous reinforcement.









5.6.3 Vaccum infusion
			Figure 19: vaccum infusion


[image: Schematic representation of vacuum infusion process [14]. Fig. 5. Tensile properties of the flax composites.]

Source: Winkelmann, Jana & Shamsuyeva, Madina & Endres, Hans-Josef. (2020
Vacuum infusion is a composite manufacturing process wherein dry fibers are laid out in a mold, and resin is infused into the fibers under vacuum pressure. This method ensures even resin distribution throughout the reinforcement, resulting in a high-strength and well-impregnated composite. The process typically involves placing dry fibers, such as carbon or fiberglass, in a mold and sealing it with a vacuum bag. A vacuum is then applied to remove air from the mold, and resin is introduced under the vacuum, allowing it to fill the spaces between the fibers. Vacuum infusion is known for producing components with high fiber volume fractions, excellent mechanical properties, and a smooth surface finish. It is particularly advantageous for creating large and complex structures, as discussed in the context of bio-based thermosetting resins by Bish (2020).






5.6.4 Compression molding
				Figure 20: Compression molding

[image: Compression Process]
				Source: IQSdirectory.com
Compression molding is a widely used manufacturing process for producing composite materials. In this method, a pre-measured amount of dry reinforcing fibers, often glass or carbon, is placed into an open mold. The mold is then closed, and heat and pressure are applied to the material to induce the curing of the resin, resulting in the desired shape of the final composite. This process is known for its ability to create intricate and large components with a high level of detail. It is commonly used for thermosetting resins due to their ability to cure under heat and pressure. Compression molding offers advantages such as high production rates, low waste, and the ability to produce parts with consistent quality. Campbell (2004) discusses the significance of compression molding in manufacturing processes for advanced composites.


5.7 Comparison of production processes
			Table 12: Comparison of Sustainable production processes
	Feature
	Resin Transfer Molding (RTM)
	Pultrusion
	Vacuum Infusion (VI)
	Compression Molding

	Process
	Liquid resin injected under pressure into closed mold
	Continuous pulling of reinforcement through heated die with resin infusion
	Resin drawn into closed mold using vacuum
	Heated mold applies pressure to pre-impregnated composite sheets

	Strengths
	High-quality surface finish, good fiber volume fraction, complex shapes
	High production rate, cost-effective for long profiles, good fiber alignment
	Good fiber volume fraction, low void content, large/complex parts
	Fast cycle times, good dimensional accuracy, high-volume production

	Weaknesses
	Slower cycle times, higher tooling costs, limited part size
	Limited to simple geometries, specialized equipment, potential fiber washout
	Requires careful mold design/sealing, longer cycle times than RTM
	Limited to simple geometries, requires expensive prepreg materials

	Motorsport Applications
	Body panels, aerodynamic components, structural parts
	Chassis components, tubes, beams
	Boat hulls, large body panels, underbody components
	Helmets, interior components, small body panels

	Citations
	Kumar & Singh (2022)
	Bledzki et al. (2020)
	El-Gawady & Moustafa (2022)
	Bledzki et al. (2020)



While RTM is known for its adaptability to complex shapes, Pultrusion excels in continuous production of profiles. Vacuum Infusion offers superior resin distribution and surface finish, and Compression Molding stands out for its efficiency in producing detailed components. The choice among these methods depends on the specific requirements of the application, considering factors such as part geometry, production volume, and desired mechanical properties. A comprehensive understanding of each process allows for informed decision-making in selecting the most suitable manufacturing method for advanced composite materials. Ultimately, it's crucial to conduct a thorough analysis of the project requirements and weigh the advantages and considerations of each process to make an informed decision based on the specific goals and constraints of the application.
 
[bookmark: _TOC_250001][bookmark: _Toc157776292]Chapter 7: Conclusion and Recommendations
[bookmark: _Toc157776293]7.1 Conclusion 
This study aimed to analyse the properties of sustainable composite materials along with their motorsports-based application and determine their sustainability for replacing traditional materials. To accomplish the aim of the study, detailed objectives were created to outline the in-depth knowledge and awareness about sustainable composite material and motorsport applications. There are different challenges and opportunities associated with this concept which can lead to better brand awareness in the market and also improve networking by creating a positive image in the market. Moreover, in the literature review section, the different existing studies were reviewed to obtain the key findings on sustainable copositive materials and the motorsport industry’s current environment. The composites of recycled carbon fiber may reduce the emissions of CO2 by 70 % with a comparison made among the composite of virgin fifer composites (Pickering & Rudd, 2008). The carbon fibre composite are a higher level of stiffness for weighing the ratio in comparison to aluminum as well as steel. Carbon fibre composites have the potential as 5 times stronger in the structural parts with differences to grade scale (Zhao, 2023). The tensile strength of the steel is 500-700(MPa) and the aluminum strength is 279-310 (MPa) (Olabi & Elaraby, 2021). Moreover, steel maintains a dominant position by the robust flexural strength, that varies between 250- 400MPa (Hammouda & El-Sheekh, 2020)
As per the current scenario, people are more aware of sustainable practices to protect the environment and social factors which is important to better the growth and development of the country. Along with that, the motorsport industry produces more wastage, thus sustainable practices are important to adopt in this industry that leads to better growth of industry, and they can promote motorsport-based products and services in the market. Furthermore, it was identified that the motorsport industry and its manufacturers significantly attain the growth in market by focusing on a proactive approach as they lead to sustainable practices by investing in the research and development department which can provide the in-sights to make improvements in the recycling process and opting the sustainable approaches in terms of manufacturing and producing the products. Moreover, it improves efficiency and productivity along with that they explore they also explore alternative fuel and powertrain technologies that lead the overall industry towards the advancements. However, most of the existing studies also stated that traditional materials are effective in offering the benefits in context of the mechanical performance and also provide the higher strength as well as durability that is required for the motorsport application. These materials may limit the productivity and process because of weight concerns and environmental impact. The overall manufacturing process impacts the environment and causes a carbon footprint. Thus, sustainable practices are important to adopt to focus on mitigation strategies that lead to decreased carbon footprints. 
Moreover, to accomplish the aim of the study, secondary research has been considered to review the data and in-depth information from the existing information that assisted in accomplishing the objectives and addressing the research questions. Along with that, the secondary research has been used with the quantitative data set to outline the facts and information with the support of numerical data and statistical data which provide a clear picture of the current adoption rate of sustainable practices in the motorsport industry to minimize the impact over the environment and society. Thus, mono methods have been used as overall research is based on the quantitative data and existing websites of different motorsport companies or other websites have been used that supported to collection of the numbers in context to sales and benefits from the sustainability process in a few years. The comparison of the data of sales, losses and benefits can assist in understanding and identifying the effectiveness of the sustainable approach towards the usage of material in the manufacturing process. 
Sustainable composite materials are suitable for motorsport as there is increase in the use of the natural fibers as being the sustainable alternative for the carbon fibre composites (Autosport, 2022). In many of the years the carbon is kept at first, however, there is change made to society being aware of the sustainability as well as the technology that is used with the natural fibers is being improved. Moreover, carbon fibre has mechanical properties.
[bookmark: _Toc157776294]7.2 Limitations 
This research is limited to the secondary with quantitative data collection method only which can create challenges in developing the knowledge about the current trends in sustainable approaches and manufacturing processes that can be adopted in the industry. Descriptive and theoretical knowledge could be used using the qualitative data collection method. It can assist in outlining the sustainable theories and current approaches that are important to consider in the organization process while investing in resources to focus on sustainable practices. 
Furthermore, this study is limited to the motorsport industry as a particular company or product could be used in the research which could assist in outlining clear information about the current practices and how sustainable copositive materials can be used in motorsports. 
[bookmark: _Toc157776295]7.3 Recommendations 
In context to research, it can be recommended that the industry focus on the technology aspect as it can connect with people and society which eases the process of industry in terms of creating awareness among the people about their approach. It can create a positive image in the market and lead to competitive benefits (Morrar, Arman, & Mousa, 2017). They are required to increase the investment in the research and development process that can assist in making improvements as per the current trends and market perspectives. It can add value to the organizational growth and minimize wastage. Moreover, adopting sustainable practices towards material usage is not easy as it requires effective planning, communication, and execution of the planning to accomplish the goals. Clear communication among the stakeholders is important to discuss the ideas as per current trends. The requirements of society frequently changing which impacts the planning process of the industry and the R&D team can support the understanding of the current requirements of the society (Morrar, Arman, & Mousa, 2017). In addition to it, networking and collaboration with other companies in the industry are important which assist them in exchanging skills and knowledge in adopting sustainable approaches in the industry that lead to better growth of both companies in the industry. 
In the context of data collection and analysis, it can be recommended that primary research be used to involve human participation in research who can contribute their knowledge and experience (Melnikovas, 2018). It can provide different perspectives towards sustainable material usage in motorsports. Moreover, primary research with a survey can be conducted which is less time-consuming (Melnikovas, 2018). Furthermore, graphical and statistical analysis can be used in which particular tools can be used such as SPSS which assist in calculating the frequency, descriptive statistics, correlation and regression in between the set of variables. 
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