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[bookmark: _Toc161410707]Introduction
Motorsport has historically been a driving force in technological innovation, driving improvements in a range of technological sectors including composite material manufacture, hybrid drivetrains and energy storage systems in addition to its contributions to the automotive industry such as improvements to vehicle performance, aerodynamics, safety, and efficiency. Drawing in large global manufacturers, motorsport provides a fast-paced dynamic environment that uses competition to drive innovation and encourages manufacturers to invest capitol and world-leading personnel into the development of new technologies, the direction of which can be controlled through championship regulations (Skeete, 2019). As such motorsport is an important contribution to the development of a sustainable future. However, as described by Standaert and Jarvenpaa (2016), younger generations of people are more environmentally conscious and may consider the inherent carbon emissions of current fossil-hydrocarbon fuelled Internal Combustion Engine (ICE) based motorsports to be at odds with the idea of a sustainable future. Therefore, there is increased scrutiny on the environmental effect of vehicle propulsion and as such it is important for the motorsport industry to be self-critical and reduce, offset, or eliminate carbon emissions in order to prove its commitment to a sustainable future and justify its place as a proving ground for future technology. This has led to an increasing use of hybrid systems and biofuels in order to meet the energy requirements of competition vehicles while reducing the quantity fossil-hydrocarbon fuels consumed (Turner and Pearson, 2008). 
The motorsport industry as a whole covers a wider range of disciplines and events, each posing different sustainability challenges from multiple factors, for example land usage and destruction of natural habitats in addition to the traditionally considered factors of competition vehicle emissions, resource depletion, waste generation and pollution. The range of event types is extensive, from large international track events with large spectator crowds for example, the Formula 1 (F1) Championship and the World Endurance Championship (WEC) to the World Rally Championship (WRC) and Extreme E that take place in remote locations around the globe. WRC and Extreme E require transport of equipment and the construction of temporary work areas in natural environments and as such pose unique sustainability challenges. A large section of motorsport consists of smaller scale events including, track and rally-based club racing, hill climbs, sprints, drag racing and drift racing events which, while attracting smaller crowds and teams than the international events, have a significantly larger number of vehicles competing each year in total. 
This report aims to cover the environmental effect of current methods of vehicle propulsion, sustainable practices, and sustainability legislation in Motorsport, in addition to identifying issues and challenges related to achieving a sustainable future and propose strategies for future improvements to sustainability. A brief general view of the sustainability challenges and environmental impacts of the motorsport industry will also be included to contextualise sustainability challenges facing the industry and the impact of vehicle propulsion on the sustainability of motorsport as a whole.
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[bookmark: _Toc161410709]Environmental Impact of Motorsport
The environmental impact of Motorsport is wide reaching in terms of its effect on the environment and the range of industrial sectors that it involves. For a team to successfully compete at a global level, there must be collaboration between industries such as manufacturers, freight companies, fuel suppliers, event organisers, tyre suppliers and energy providers. All these areas of the Motorsport support chain have an impact on its carbon footprint and the environment at large which must be considered when analysing the sustainability of the sport. For example, when evaluating the carbon emissions involved in a large-scale event such as an F1 race, the majority of the emissions come from off-track elements such as the transport needs of large groups of event attendees and competitors, the transportation of team equipment and vehicles between events, and the energy needs of teams and spectators. The challenge of creating sustainable events involves collaboration between all stakeholders. Stakeholders in this case referring to all parties involved in or effected by an event such as local governments, residents, event organisers, teams and governing bodies (Bjerke and Naess, 2021). As further explored by Mourao (2018), the main risk to the environment associated with large events like an F1 race is carbon emissions, specifically carbon dioxide (CO₂). Reduction in carbon emissions is a key factor in improving sustainability, this is due to the fact that carbon dioxide acts as a Greenhouse Gas (GHG) and is a significant contributing factor to global warming (Choudhry et al. 2023). As explored by Waldhoff et al. (2014), GHG emissions can damage the health of people through factors such as an increase in the severity of respiratory disorders, in addition to the damage the rise in sea levels in combination with the increase in temperature will cause to the environment (Khojasteh et al., 2021) and the global economy (Abbass et al., 2022). When analysing the carbon footprint of a series, team or other organisation, emissions are split into three categories; Scope 1, 2 and 3 as described in the Table 1 (below).
[bookmark: _Toc161410718]Table 1 - Scope 1, 2, and 3 Emissions (UN Global Compact Network UK, 2024)
	Scope
	Emissions Included

	1
	Direct greenhouse gas emissions created from sources the organisation owns or operates such as vehicle emissions, manufacturing emissions and emissions from energy production

	2
	Indirect greenhouse gas emissions created from sources of purchased energy such as electricity. Therefore, this includes emissions from powerplants or other energy providers.

	3
	All other indirect emissions created by an organisations activity which are not included in scope 1 and 2. This usually includes upstream and downstream activities. Emissions that are included in this category are related to employee travel, transport and disposal of waste, and recycling.




 In addition to carbon emissions, competition vehicles produce a range of environmentally harmful substances that contribute to pollution, soil contamination and water contamination. These can include microplastics from tyres, oil residues, and fuel residues that can be washed into streams and rivers leading to increased water contamination. Microplastic build up in waterways poses a significant threat to the health of wildlife and humans (Ziajahromi et al. 2020). This build up in microplastics in aquatic life could potentially pose a risk to the food security of countries that rely on aquatic life for sustenance (De-la-Torre, 2020). This example shows the interconnected nature of sustainability challenges, the importance of evaluating sustainability outside of its immediate local effect and the wide-ranging long-term consequences of unsustainable practices. Noise pollution must also be a consideration when analysing the environmental impact of motorsport as this can negatively affect both humans (Jhanwar, 2016) and wildlife (Senzaki, Kadoya and Francis, 2020).
In terms of resource depletion, motorsport consumes a range of natural resources including fossil-hydrocarbon fuels, oil-based lubricants, metals, plastics, and lithium. Hydrocarbon fuels are consumed by not only the competition vehicles themselves but are also often required to meet equipment transport, power generation and spectator transport needs. Metals and plastics are finite resources which are used in the construction of vehicles and equipment. Managing the use and recycling of metals and other raw materials is a key factor in creating a sustainable future where raw material demand is expected to grow (Dewulf et al. 2021). 
Lithium is often required in the manufacture of lightweight energy storage systems used in hybrid drivetrains that have become increasingly common in recent years in an effort to reduce carbon emissions from fuel consumption. However, the mining of lithium causes damage to the local environment through water depletion, soil contamination and habitat destruction (Petavratzi et al., 2022). Additionally, the limited number of countries that produce lithium may cause security concerns for countries that cannot produce their own supply as lithium becomes an increasingly vital resource (Graham, Rupp and Brungard, 2021).
In regard to waste generation, motorsport generates a significant amount of waste including waste vehicle components, tyres, oil and lubricant waste, equipment packaging waste and food waste. All of which must be disposed of sustainably. The waste generation issues in motorsport are exacerbated by the drive for performance and the desire for competitiveness leading to frivolous use of materials and components if left unregulated. The quantity of components, for example engine components and gearboxes, and tyres used per event or per championship season is regulated in large series with the enforcement of grid penalties. This is in order to limit waste and cost as shown in section 28.2 (engine components), section 29.2  (gearboxes), section 30.2 (tyres) of the F1 2024 sporting regulations (Fédération Internationale de l’Automobile, 2024). However, these components and tyres need to be recycled in order to ensure sustainability, which can pose challenges (Lee, Hu and Lim, 2021). Composite materials, such as carbon fibre, commonly used in structural components also need to be recycled but require energy intensive processes to do so (Borjan, Knez and Knez, 2021).

[bookmark: _Toc161410710]Environmental Impact of Competition Vehicle Propulsion 
When evaluating the environmental impact of vehicle propulsion, it is important to consider the series in question. In a large-scale event like an F1 race, the majority of emissions come from off track activities. Whereas in club-level racing the majority of the event emissions come directly from competition vehicle propulsion as there is significantly less energy requirements and transport needs due to minimal attendance by spectators. As such in club level racing vehicle propulsion is the main contributing factor to emissions (Runicles, 2023). Therefore, when looking at motorsport as a whole, emissions from vehicle propulsion represents a larger section of the sports carbon footprint than would be observed when analysing the carbon footprint of large events such as F1 and WEC. In addition to the previously described effects of carbon emissions, the front-facing nature of competition vehicle emissions makes the reduction in the use of unsustainable fossil-hydrocarbon fuels a key issue for motorsport. Additionally, competition vehicles are the biggest contributor to noise pollution in motorsport which can negatively effect the well-being of local inhabitants and other Noise Sensitive Receivers such as schools, libraries and hospitals (Pascale et al., 2022).
The combustion of fossil hydrocarbon fuels can produce other harmful emissions in addition to carbon dioxide emissions due to incomplete combustion. These emissions can include Nitrogen Monoxide & Dioxide (NOx), Carbon Monoxide (CO), Unburnt Hydrocarbons, Sulphur Oxides (SOx) and Particulate Matter (PM) as described by Ashok et al. (2022). As temperatures in the cylinder rise the production of NOx increases (Flynn et al., 2000). The release of NOx into the atmosphere can cause the production of ground-level-ozone which can be damaging to human health by exacerbating the symptoms of pre-existing heart and lung conditions in addition to damage caused to crops and ecosystems through oxidative damage (Department for Environment, Food & Rural Affairs, 2023). NOx and SOx in the atmosphere can dissolve into water causing acid rain that is harmful for plant life and can be damaging to structures by damaging corrosion resistant coatings, such as paint, in addition to causing corrosion itself (Semakula, 2018).
When analysing the wastage produced from vehicle propulsion it is important to recognise waste produced during the whole cycle for example drilling waste, refinery sludge and packaging materials used during the production process. Spillage and leaks during handling, transportation and refilling must also be considered in addition to disposal of fuel containers and residues.
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Legislation related to motorsport is governed at various levels. At a global level motorsport is regulated by the United Nations (UN), which covers all sporting events, and the FIA, which covers official world championships for example F1, WEC and WRC. The championship stakeholders themselves also create their own sustainability strategies for example F1 aims to reach net zero by 2030 across scope 1, 2 and 3 carbon emissions. The current carbon footprint is estimated to be 256,551 tonnes of CO2 per year as stated in the F1 sustainability strategy (Formula One, 2019). At a national level the sport is governed by the relevant national body, in the UK this organisation is Motorsport UK (MSUK). MSUK regulates motorsports competitions ranging from club-level events to national professional championships. In addition to these regulators, the International Organisation for Standardisation (ISO) provides international recognised standards that allow teams, manufactures and organisations to prove the sustainability of their operations and ensure that partners meet the same standards. A key example of this is ISO 14001 (ISO, 2015), which provides a framework for organisations to implement Environmental Management Systems (EMS). 
Broadly speaking, sporting events fall under the UN’s 17 Sustainable Development Goals (SDG). The 17 SDG set targets for global sustainability with a target date of 2030, described in detail by the United Nations Development Programme (2024). These goals cover all aspects of society however this report focuses on environmental sustainability. The UN encourages stakeholders and sporting organisations to take responsibility for their carbon footprint through providing guidance and its Sports for Climate Action (SCA) framework. Signatories to this framework have a commitment to reaching a target of halving emissions by 2030 and achieving net-zero by 2040. Net-zero refers to offsetting carbon emissions produced through methods such as planting woodlands or carbon capture.
The FIA can influence the sustainability of the series that it governs through championship regulations, encouraging teams to develop specified areas of technology with the incentive of a performance advantage. For example, in 2014 the FIA specified that a hybrid powertrain could be fitted to F1 vehicles in order to reduce the fuel consumed to meet energy needs as well as encourage development of energy storage systems and electrical propulsion systems. The change to F1 regulations in 2014 encouraged teams and industry partners to invest in reaching the goal of 50% brake thermal efficiency and as such provided advancements in knowledge and technology that improved the sustainability of the motorsport and automotive sectors (Elmagdoub and Samuel, 2021). The 2014 F1 regulations are described in detail by the FIA (2014). Similar regulations were introduced in WEC and WRC, notably with the LMP1 class in 2014, the Le Mans Hypercar (Hypercar) class in 2021, the Le Mans Daytona Hybrid (LMDh) class in 2022 and WRCs Rally1 class in 2022. These changes are influential as between WEC and WRC regulation changes have created an investment of research and personnel into hybrid propulsion systems from global manufacturers including Ferrari, Lamborghini, Toyota, Peugeot, BMW, Porche, Ford, and Hyundai. The FIA has established a three star rating system that aims to evaluate sustainability performance encompassing all activities linked to an event (Balestrieri et al., 2023). This system is designed to help develop a best practice framework to encourage stakeholders to prove their sustainable credentials through carbon offsetting and emissions reduction. A requirement for obtaining this is compliance with ISO 14001. Which includes monitoring GHG emissions, implementing pollution control and adopting sustainable waste management practices as described on the Aston Martin Formula One (AMF1) website (AMF1, 2023).  There has also been an increasing focus on the use of biofuels to reduce the reliance on fossil-hydrocarbons. For example, F1 introduced the use of E10 fuel for the 2023 season as well as a move to E55 fuel for use in Formula 2 and Formula 3 containing 10% and 55% ethanol by volume respectively.
MSUK requires venues to prove their sustainability in order to host an official event, in addition to this MSUK offer consultation and advice to venues and other partners to help improve sustainability and reduce carbon emissions. MSUK follows the United Nations Framework Convention on Climate Change (UNFCCC) and collaborates with the FIA to set sustainability goals as described in the MSUK Sustainability Strategy (MSUK, 2021). Current goals include halving carbon emissions by 2030 and achieving net zero by 2040 through avoiding unnecessary emissions, reducing unavoidable emissions and offsetting the remaining emissions as further described on the MSUK website (MSUK, 2024).
Increasing electrification as a method of reducing environmental impact in the motorsport industry can be seen in series like Formula E and Extreme E where electrification is at the forefront of the championships identity. Electrified racing series and the addition of hybrid systems to other series, such as WRC, has made valuable contribution towards the development of Electric Vehicles (EVs) by providing technical knowledge and demonstrating the capabilities of EVs to a large audience (Weggemans, 2021). Additionally, Extreme E events exclusively take place in locations under threat from environmental damage in an effort to raise awareness environmental damage and sustainability issues. The impact of this series is described in the Extreme E Sustainability Report (Extreme E, 2023). 
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There is an increasing focus on the use of sustainable produced biofuel for use as an alternative to fossil-hydrocarbons. Biofuel can increase energy independence as fuels can be produced domestically (Bielski et al., 2021) in addition to reducing emissions produced from transporting fuel internationally for use in events. Table 2 (below) summarises alternate fuel options.
[bookmark: _Toc161410719]Table 2 - Alternative Fuels Advantages and Disadvantages
	Fuel
	Advantages
	Disadvantages

	Bioethanol
	· Can be produced sustainably and renewably (Bibi et al., 2017).
· High octane, allowing for a higher compression ratio and therefore increased ICE efficiency (Leone et al., 2015).
· Oxygen content encourages complete combustion therefore reducing emissions (Alhassan, Mshelia and Yusuf, 2021).
	· May require replacement of rubber components and seals however many series already use an ethanol blend and as such have already made these modifications.
· May cause increased engine wear from corrosion without development of ethanol-resistant engine oil (Khuong et al., 2017).
· May pose a risk to global and national food security as farmers switch from growing food to crops for bioethanol production (Kurowska et al., 2020).

	Biomethanol
	· Can be sustainably and renewable produced (Gautam et al., 2020).
· High oxygen content.
· High octane allowing for a higher compression ratio.
	· Low calorific value.
· More volatile than ethanol requiring additional safety for transportation.

	Hydrogen
	· Production is sustainable and renewable.
· Reduction in CO2 and CO  emissions produced from combustion (Tian et al., 2022).
	· Challenging to store with no clear consensus on method (Usman, 2022). Storage usually requires a pressure vessel that can pose a danger of rupturing during a crash.
· Increase in NOx emissions (Shadidi, Najafi and Yusaf, 2021).



The main focus of current plans is the use of bioethanol, for example F1 plans to switch to full bioethanol use for its 2026 regulations as described on the Formula 1 website (Barretto, 2022), additionally these regulations include a heavier reliance on energy storage systems and hybrid systems (50% vehicle power). Bioethanol can utilise existing fuel transport infrastructure with little modification when compared to hydrogen and biomethanol. WEC plans to introduce a hydrogen class to encourage investment and technological development however the viability of long-term implementation of hydrogen as a transport in other sectors is still unknown due to NOx production and storage issues. The introduction of this class has been pushed back to 2027 due to concerns over the feasibility for manufactures to create competitive vehicles before this date (Watkins, 2023). As such the use of hydrogen is not feasible in the immediate future without further development.
[bookmark: _Toc161410714]Electrification
Electricity generation is a bigger contributor to global pollution than automobiles (Santos et al., 2021) and therefore the switch to fully Electric Vehicles (EVs) will require development of clean electricity production methods in order to be effective in reducing emissions (Sheng et al., 2021). This poses a question over the practicalities of reducing emissions through electrification as in 2018, 85% of electricity is still produced using coal, oil and gas (Kober et al., 2020) and energy demand is expected to rise due to the adoption and planned reliance on EVs in the automotive sector (Muratori et al., 2021). As described by Liu et al. (2023) energy demands are expected to grow by 80% due to population growth and as a result energy-related CO2 emissions are expected to grow by 70% causing irreversible damage to the climate system. The reliance on Lithium-ion batteries for energy storage will damage the environment through the previously mentioned effects of lithium mining. As such a full switch to electric in motorsport would put additional stress on global energy production as well as directly causing environmental damage. The switch to electric powertrains would also cause backlash from fans as engine noise is considered to be a part of the sport. Additionally some tracks are banning hybrid and electric vehicle due to safety concerns associated with battery fires (Smith, 2023).

[bookmark: _Toc161410715]Additional Methods
Other methods of reducing emissions could also be introduced to championship regulations such as water injection into the cylinder in order to reduce cylinder temperatures and as such reduce NOx production (Fratita et al., 2021). This method would also provide the teams with a performance incentive to invest technological research into this area as the method of water injection can also be used to increase power produced by an engine. The addition of water injection on the 2015 BMW M4 GTS enabled a power increase of 50hp (Fratita, Popescu, Martins, Brito, Costa, et al., 2021). The use of water injection can reduce the need for over fuelling to control cylinder temperatures and therefore can reduce emissions of unburnt hydrocarbons (Cordier et al., 2019). 
It should be noted that F1 currently has a ban on Exhaust Gas Recirculation Systems (EGR). An EGR system would provide little benefit during most conditions as competition vehicles run as close to full load as possible during a race. However, EGR can reduce NOx and PM production within part-load operation (Ice, 2010), for example a traction-limited acceleration zone.





[bookmark: _Toc161410716]Conclusion
The environmental damage caused by motorsport cannot be ignored, however the industry is taking steps to reduce its environmental impact through sustainability strategies at all levels of legislation. It is important for motorsport to justify its place as a development ground for technology as this would provide knowledge an understanding that can be applied to the sustainability of other sectors. The electrification of motorsport poses further challenges and as such the best method for reducing carbon emissions is the use of alternate fuels for vehicle propulsion. Specifically, bioethanol due to the discussed benefits as well as existing knowledge on its production and use in ICE vehicles. However, this could create issues for other aspects of society where an increasing demand for bioethanol cash-crops will encourage more arable land use, therefore limiting land available for food production which may be difficult to control through legislation without the use of incentives for food producers. Additional methods such as water injection and EGR can be added to championship regulations to encourage teams to develop this technology as a method of emission reduction. 
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