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1. [bookmark: _Toc161390457]Introduction
With the growing market for electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs), the demand for lithium-ion batteries as a power source for vehicles is also growing. The reasoning behind the growing market comes down to carbon neutral goals globally. EVs are seen to be one of the answers to these carbon emission reduction goals by many governing bodies, hence why the manufacture, transportation and recycling of lithium-ion batteries must be scrutinized.   
Throughout this report the impact on the environment caused by lithium-ion batteries, any sustainable practises and technological challenges will be analysed. The environmental impact of any component is a combination of the carbon footprint, resource depletion, pollution, and waste generation. These will culminate together to form a strategy in which the sustainability of batteries can be improved.
[bookmark: _Toc161390458]Optimizing the lithium-ion battery industry is crucial for ensuring that EVs truly deliver on their promise of environmental friendliness. Without improvements in this sector, the carbon footprint associated with producing battery packs could negate the benefits of EVs over traditional internal combustion engine (ICE) vehicles. Therefore, it's essential to invest in research and development to enhance the sustainability of large-scale lithium-ion battery use. By doing so, we can ensure that the transition to EVs is not only relevant but also economically viable for manufacturers in the long run.
1.1. Background
The distribution of EV vehicles varies based on geography and population density, as illustrated in Figure 1. Sparse geographies like the USA, where long journeys are common, exhibit lower EV numbers. Conversely, densely populated regions like China, with a significant urban population, boast higher EV adoption rates. In urban areas with shorter commutes and sporadic vehicle use, the advantages of EVs outweigh those of traditional ICE vehicles. Moreover, the affordability of EVs in China contributes to their widespread adoption compared to other regions depicted in Figure 1. Globally, the EV fleet increased by a factor of 5 from 2015 to 2022, surpassing 26 million vehicles (International energy agency, 2023).
[image: ]
[bookmark: _Toc160884546][bookmark: _Toc161390431][bookmark: _Toc161582580]Figure 1 - Number of EV and PHEV by area
2. Environmental impact 
2.1. [bookmark: _Toc161390460]Carbon footprint
The carbon emission due to lithium-ion battery production is often calculated incorrectly, this is due to the carbon emissions as a product of downstream materials used in construction (Carbone4, 2023). When mining one tonne of lithium, 15 tonnes of CO2 are produced (Crawford, 2022). Once more current carbon accounting rules do not account for possible pathways of other materials used. One such material is manganese, used in the cathode of LMO (lithium-ion manganese oxide) batteries, which is typically mined through open-cast mining. For a similarly mined ore, copper, 200,000 tonnes of CO2 are produced a year for around 2 to 4 tonnes of copper. This is due to the consumption of diesel through machinery and transportation for this mining technique (Reemeyer, 2016). The reasoning behind manganese use in batteries is due to its low cost (Moore Stephens, n.d.), they also offer high energy and power density. Alternative materials with more sustainable extraction practises would be a good way to reduce the carbon footprint of the batteries, although there is current research into the sustainability of deep-sea mining of manganese (B. Fritz, 2023). Table 1 shows carbon emissions from a vehicle in the UK based on a 2015 vehicle in use for 150Km using 10% ethanol fuel and 500g/KWH grid electricity for the electric vehicles (N. Hill, 2021).We see here that the emissions during production for EVs far exceed that of petrol and diesel counterparts. Adding to this, Andrew Moseman from MIT climate portal writing team states that during the production of an EV vehicle it will emit 80% more emissions than a comparable petrol-powered vehicle. Yet they make up for this by having zero CO2 output postproduction (Moseman, 2022).
[bookmark: _Toc160884574][bookmark: _Toc161390449]Table 1 - Vehicle whole life carbon emissions
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2.2. [bookmark: _Toc161390461]Resource depletion
When analysing resource depletion, it's essential to distinguish between reserves and resources. Resources represent the total potential amount of a material available, while reserves indicate the economically viable portion for extraction given current technology and economic conditions. As of January 2022, global lithium reserves were estimated at 22 million tons compared to resources estimated at 89 million tons (U.S. geological survey, 2022). 
In contrast, the estimated reserve of manganese in 2023 was 1.9 billion tons, indicating no immediate concerns of depletion, seen in figure 2 (Statista reaserch department, 2024). However, the required masses of lithium and manganese vary depending on battery size, with lithium around 8kg and manganese around 20kg. This suggests we have ample reserves to produce approximately 2.75 billion EVs with lithium and 95 billion with manganese, assuming average-sized batteries for all. Yet, this assumption is unrealistic, as some vehicles like the Tesla Model S require significantly more lithium, and SUVs, which comprise 60% of new EV sales, demand larger battery packs (Turner, 2023).
Using the Tesla Model S battery as an average, our production capacity with our current reserves drops to 351 million EVs, raising concerns about meeting market demand if the EV market continues to expand rapidly. For instance, the UK alone already has nearly 1.6 million EVs and PHEVs on the road, suggesting the need for proactive measures to ensure a sustainable supply chain for EV batteries (Edwards, 2024).
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[bookmark: _Toc160884547][bookmark: _Toc161390432][bookmark: _Toc161582581]Figure 2 - Global reserve of manganese
2.3. [bookmark: _Toc161390462]Pollution
Pollutants in this regard, largely reside within the practises for raw extraction. There are many unethical practises used with the disposal of toxic chemicals during the mining of lithium, this commonly occurs in underdeveloped countries. In Tibet where mineral sources are high, toxic chemicals have been disposed into nearby rivers causing protesters to act (B, 2023). Similar cases have been noted in China where residential water has been tested and found to be contaminated with toxic pollutants. Table 2 was produced by a study on the consequences of manganese pollutants, it shows how the pollution due to mining affects a large array of different areas, not only are the water systems suffering however other ecosystems and species suffer (S. Dey, 2023).  
[bookmark: _Toc160884575][bookmark: _Toc161390450]Table 2 – Symptoms of manganese pollutants
[image: ]
Lithium mining is located largely in south America, specifically in Chile, Argentina, and Bolivia (British Geological survey, 2021). Whereas manufacturing of lithium-ion batteries is generally located in China and the United States of America (Statista research department, 2023). Due to this discrepancy, there is a need for lithium to be transported to the locations where the batteries are produced. This transportation of minerals leads to further pollution from shipping emissions, as shown in table 3, the pollutants caused by these ships can be very high (J. Moreno-Gutiérrez, 2021). This data was acquired from a study calculating pollutants produced from ships.
[bookmark: _Toc161390451]Table 3 - Pollution of large transportation ships
[image: ]
2.4. [bookmark: _Toc161390463]Waste generation
The four areas where waste is generated within lithium-ion battery production are raw material extraction, chemical waste, energy consumption and end-of-life management. The extraction of lithium requires loss of natural habitat through open pit mining. The results in the loss of ecosystems and biodiversity through destruction of soil and the removal of earth (Anderson, 2023). There is a current push to reduce the waste of batteries at the end-of-life stage by separation of components within the batteries by the office of zero emission vehicles (OZEV), who have a £7 million competition for solutions to improve the sustainability of recycling batteries (nationalgrid, 2022).
Often, batteries will not be recycled once their use is no longer needed, meaning they will contribute to landfill. This will have a negative effect on wildlife, as they can attract scavenging animals like rats and seagulls which will affect the ecosystem. They also occupy large amounts of land which is often not the best use of that land. When lithium batteries are put into landfill, they can leach internal chemicals into the soil and contaminate water supplies and ecosystems. There are also cases where the electrode of the battery may ignite, leaving the surrounding area susceptible to catching fire. These points show how important it is for there to be clear legislations and practises around the disposal of lithium-ion batteries to protect ecosystems, land, animals and many more.
3. [bookmark: _Toc161390464]Sustainable practises
To ensure the safety of many areas, there are certain practises widely adopted within industry to make the production and end-of-life of lithium-ion batteries more sustainable. As stated by GOV.UK, any manufacturer or distributor that sells or supplies over 32Kg of batteries per year must comply with the regulations around battery disposal in the UK (GOV.UK, 2017). Recently, the regulations concerning battery production and recycling were revised by the EU (The European parliament and the council of the European union, 2023).  These set new requirements around battery waste and production, concerning the minimum amount of recycled material used in construction and carbon footprint to align with the carbon neutrality goal of the EU. Table 4 shows the minimum content of recycled materials required and when these regulations are to be set (Popova, 2022). The new regulations also set plans for future production. One example of this is the requirement for batteries to have a scannable QR code showing a battery passport, allowing users to see the path of said battery through its lifetime. 
[bookmark: _Toc161390452]Table 4 - Regulations for use of recycled materials in EV batteries
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3.1. [bookmark: _Toc161390465]Legislations around production
Regulations regarding the amounts of harmful materials used within batteries are enforced by GOV.UK, they concern the use of Mercury, Cadmium and Lead, stating that batteries must not include more than 0.0005%, 0.002% and 0.004% respectively by weight compared to overall battery mass. Should batteries contain larger amounts than these values, they must be labelled accordingly (GOV.UK, 2021). The limiting factor of this is manufacturers can simply label the batteries with the appropriate markers instead of reducing the amounts. 
Another regulation by GOV.UK states that producers of batteries have an obligation to collect waste batteries from vehicles free of charge and within a reasonable timeframe. Requests of this can be made by garages, scrapyards, end-of-life treatment sites and local council waste collection sites. This encourages manufacturers to design batteries in a sustainable way so they can be recycled or reused. 
4. [bookmark: _Toc161390466]Sustainability and technological challenges
4.1. [bookmark: _Toc161390467]Technological development
Over-engineering of lithium-ion batteries often occurs due to unknown requirements for quality assurance and production environment (M. Westermeier, 2014). This may cause unnecessary cost increases, leading to increase sales price to consumers. To ensure the feasibility of quality control, the cost of doing so must be beneficial to the manufacturer. Meaning that costs incurred from faulty end products and back-end testing would be higher than the costs of implementing increased quality assurance in the design stages (J. Schneel, 2016). A recycling company, fortum, uses hydrometallurgical processing to remove scarce materials from batteries to then be sent back to manufacturers for reuse. They state that 95% of valuable metals can be recycled using this methodology. Figure 3 shows a diagram presented by fortum on their battery recycling process (fortum, 2024).
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[bookmark: _Toc161582582]Figure 3 - fortum battery recycling process
4.2. [bookmark: _Toc161390468]Economic factors
Construction costs of lithium-ion batteries have reduced significantly in recent years due to reductions in operating expenses, material costs and pack costs. These price reductions have resulted in an overall reduction in cost per KWh of battery of $231, this reduction was calculated by the U.S department of energy comparing costs from 2015 to 2017, figure 4 illustrates these differences graphically (U.S. Department of energy, 2017).
[image: A graph with green squares and black text
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[bookmark: _Toc161390433][bookmark: _Toc161582583]Figure 4 - Comparison of CEMAC to 2017 cost projection
These economic factors are interrelated to the technological challenges and offset them. Decreases in costs, results in a lesser need to develop technologies with the aim of reducing costs, as costs can be reduced elsewhere as displayed here. 
4.3. [bookmark: _Toc161390469]Social challenges
EV equity describes the challenges faced by lower income households adopting the change to electric vehicles. This is a result of high upfront costs and limited charging infrastructure. Reluctancy to buy EV’s is present amongst all ranges of income groups however it is most present in the lower end of the scale. 30% of people living in households taking home less than £14,999 said they were unlikely to purchase an electric vehicle with an additional 29% saying that they have no interest at all. Amongst all income groups 49% of people stated they would buy an electric vehicle (Chillingsworth, 2024). This shows a large group of motorists who have no intention of switching their automobiles to electric alternatives. This untapped market translates to production has if the current production rate continues there will be large excesses of EV’s unsold.  Figure 5 shows a map of the EV charging stations in south Wales, whilst it may seem to be adequate, should the market continue to increase like projections show, there will be a deficit of chargers for public use. It is important to note that the chargers displayed are for public use and does not include home charging stations installed into households (ZapMap, 2024). 
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[bookmark: _Toc161390434][bookmark: _Toc161582584]Figure 5 - Map of public charging stations in south Wales
4.4. [bookmark: _Toc161390470]Political factors
The future of lithium supply has been compared to that of oil in the 1950’s. The expanding market of EV’s requires more lithium, this raises concerns around suppliers setting the price for lithium where prices may increase due to the greed of stockholders (Katwala, 2019). Andrew Barron, a professor of low carbon energy and the environment at Swansea university, has made predictions that in the future we may see a similar situation to the oil industry like the introduction of OPEC. OPEC, or the Organization of the Petroleum Exporting Countries, is a cartel managing global oil production to stabilize prices. On the other hand, a situation where lithium resources and supply chains are being fought for is also likely (Katwala, 2019). 
Table 5 shows the list of critical raw materials (CRM) and strategic raw materials as listed by the European commission (European commisssion, 2023). From this list, we can highlight the inclusion of lithium, copper, nickel and manganese. The EU uses two main parameters to determine whether a material is critical, these are economic importance and supply risk. The increasing market means that both economic importance and supply risk is highly applicable to these 4 materials.
[bookmark: _Toc161390453]Table 5 - 2023 Critical and strategic raw materials
[image: ]
5. [bookmark: _Toc161390471]The future of lithium-ion batteries
The number of EV batteries entering waste is increasing alongside the increasing number of sales. In a study posted in the Resources, Conservation and recycling journal, it was estimated that by 2040 1.9 million lithium-ion battery packs are estimated to enter the waste stream (K. Richia, 2014). This inference also states that the economic value of lithium waste between 2015 and 2040 would be approximately 3.8 billion USD, seen in figure 6.
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[bookmark: _Toc161390435][bookmark: _Toc161582585]Figure 6 - End-of-life Lithium-ion batteries generated from EV applications
Should the recycling of lithium-ion batteries continue to rise, by the year 2100 we should see a recycling rate of 85% as quoted from a study by Hanjiro Ambrose and Alissa Kendall. This increase is essential to ensure that lithium reserves are not emptied. Figure 7, created from the study previously mentioned, shows an estimation of recycled lithium from batteries (H. Ambrose, 2020). 
The development of new policies concerning the uptake of renewable energies and directives for end-of-life management is essential in obtaining a sustainable market (Y. Yang, 2021). Failure to do so will result in a lack of clarity for manufacturers when designing battery packs leading to unethical practises or unsustainable end-of-life directives that ignore the clear need to improve recycling of materials to reduce the global reserve depletion. 
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[bookmark: _Toc161390436][bookmark: _Toc161582586]Figure 7 - Stocks and flows of recycled batteries, recoverable resources and global production of lithium
5.1. [bookmark: _Toc161390472]Strategy to improve the sustainability of lithium-ion batteries
To enhance lithium-ion battery sustainability, efficient mining methods are crucial. Presently, 60% of lithium reserves are in Latin American salt flats, requiring significant water for extraction, risking water scarcity and soil pollution. Research explores geothermal water extraction in Cornwall, potentially reducing environmental impact by locating extraction closer to battery manufacturers, thus lowering transportation emissions (Dacey, 2023).
Improved end-of-life recycling conserves reserves yet reduces battery lifespan. Research in Resources, Conservation and Recycling journal outlines scenarios for EV battery reuse, highlighting the potential of secondary material to supply 80% of cobalt, copper, and nickel, and 60% of lithium by 2050, emphasizing the importance of recycling (M. S. Crespo, 2022). 
[bookmark: _Toc161390454]Implementing these strategies in the EV industry could lower consumer prices by reducing production, transportation costs and reserve depletion. Additionally, recycled materials diminish carbon footprints by eliminating emissions from additional mining and transportation.
Governments stand to benefit by meeting climate goals sooner through increased battery recycling. This shift toward a circular economy within the automotive industry could inspire other sectors to adopt sustainable practices, accelerating progress toward environmental targets.
Table 6 - Estimations of second life duration for reused EV's battery packs
[image: ]


6. [bookmark: _Toc161390473]Conclusion
The environmental impact of lithium-ion battery use within the automotive industry has been discussed thoroughly throughout this report and has found that increases in recycling of materials and a more globalised approach to lithium mining could improve the overall sustainability of the industry.  This increase to automotive sustainability would indefinitely have a knock-on effect to other industries due to the sectors large global impact and promote greener practices in many other industries. We have demonstrated that not only would consumers and manufacturers benefit from this, yet governments globally would see decreased deadlines for climate goals and economic opportunities from new roles emerging to support the increased infrastructure needed to support the development of increased recycling rates. Landfills would see a decrease of incoming flow also, the reduction of harmful materials and chemicals into landfill would significantly improve pollution rates globally. 
For the reasons stated throughout this report, we would see a significant increase in the sustainability of the automotive sector with the push to a greener world with careful consideration into global lithium-ion use.
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86.5 45.5 2.6 6.3 4.4 23.5 1.8 4 67.5 35.5 2 5

66 35 2 5 3 16.2 1.3 3.9 48.8 26 1.5 4.2

145 76 4 9.8 84 44 3.4 8.7 123.5 65 3.8 8.8

120 63 3.6 10 66 35 2.6 6.2 98.5 52 2.9 7.2

94 49.5 2.8 7.9 43 23 1.67 4.3 67.5 35.5 2 5

175 92 5 12 98 52 4 11 141 74 4.2 10.6

190 100 5.6 13.2 89 47 3.7 10 130 68.4 3.8 9.2

168 88 5 12 107 56 4.4 11 153 80.5 4.5 11.3

STEAM

Emissions of 4 main pollutants by applying fuel-based emissions factors (g of pollutants/g of fuel consumed)
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