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Over recent years, there has been a significant push towards electric vehicles (EVs) for the sake of the health of the environment. This is because EVs do not produce emissions at the tailpipe, resulting is substantially lower carbon dioxide emissions at the road. However, the manufacturing of the lithium-ion batteries that serve as the energy storage for most EVs can cause significant environmental damage, calling into question how much of an improvement the widespread adoption of electric vehicles is. As such, an analysis of the damage that can be caused by the manufacture of these components must take place to assess the extent of the damage and determine how sustainable the future of these batteries is.
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In 1980, Mizushima et al. proposed the use of cobalt in the cathodes of lithium-ion batteries (LIBs). Since then, it has been used in many commercial batteries due to the high coulomb efficiency and conductivity that its inclusion introduces (even though cobalt inclusion can cause structural damage and thermal instability) (Wang et al., 2022). Currently, the cobalt content within the battery cathodes accounts for approximately 25-30% of the battery’s cost (Muralidharan et al., 2022). This is largely due to scarcity. In 2021, Murdock et al. modeled the world’s cobalt usage over the coming decades, with supplies estimated based upon currently known sources of cobalt and projections of the opening of mines that are not yet announced. The most pessimistic models indicated the world’s cobalt reserves face depletion as soon as 2035, where reserve is defined as the quantity of material that is economically viable to extract and supply.
With these current projections, the EV industry would soon suffer from a lack of cobalt. With a lack of cobalt for cathodes, the number of batteries that can be produced will diminish, resulting in fewer electric vehicles on the roads. The electrification of the automotive industry represents a large reduction in greenhouse gas (GHG) emissions despite the increased emissions of the battery manufacturing phase (Tagliaferri et al., 2016), especially if the electricity in the region where the car would charge was to be primarily produced through sustainable means such as wind turbines (Ellingsen et al., 2016). If fewer batteries can be made due to a shortage of cobalt, the proportion of petrol to electric vehicles on the road will be higher, resulting in a hindered reduction in GHG emissions.
Cobalt also has a significant role in material sciences; it is used to improve the properties of a wide array of materials including superalloys, tool steels, magnets and cemented carbides. In many of these cases, the cobalt is critical, and there are limited options for substitution. Additionally, many of these use cases either have a long lifespan or can’t be recycled (Graedel & Miatto, 2022), making the recycling of cobalt less prevalent and the reserves available smaller. If these materials are needed for a specific, or there is a critical advancement in material science that requires the inclusion of cobalt, a cobalt depleted future will be cause for concern, as the appropriate material may not be available.
[bookmark: _Toc161587445]Water Resource Depletion
One large-scale method of lithium extraction involves evaporating continental brine. The brine is pumped into a basin, heated to evaporate the water, and then refined, partly using fresh water. This process loses approximately 500m3 of brine water and 50m3 of fresh water to the atmosphere (Baspineiro et al., 2020). However, Bradley et al. reported in 2013 that all lithium brine deposits supplying the industry occur in arid climates. Since these deposits mainly occur in areas with limited water, evaporating 95% of the used aquifers risks depleting fresh water sources upon which local communities or ecosystems depend (Kaunda, 2020). This could potentially transform wider areas into deserts, raising concerns about the sustainability of battery manufacturing (Fornillo and Lampis, 2023).
The effects of dwindling water supply in the regions have already been seen is the local flora and fauna; near the Salar de Atacama deposit in Chile, one of the leading producers of lithium, there has been a recorded decrease in the flamingo population, which Vera et al. (2023) claimed could be attributed to the loss of water, which flamingos require in their habitat. In the same report, it was noted that many of the trees in the area, many of which are drought resistant, have died out in the region due to the extreme lack of water. This is an example of the damage that could be done to an ecosystem if a more sustainable method of extracting the lithium from continental brines is not found.
[bookmark: _Toc161587446]Carbon Footprint
According to the works of Solomon et al. in 2009 Carbon Dioxide (CO2) is widely known to be a significant contributor to climate change; the increased CO2 levels in the atmosphere has been linked to its warming. This rise in atmospheric temperature has been linked to a rising sea level, a change in rainfall patterns and a shift in global climate zones. These changing weather patterns have the potential to cause severe damage to and potentially destroy ecosystems and habitats that are not well adapted to severe changes in water levels, resulting in a loss of animal life. The same can be said for human dwellings, potentially causing severe property damage and health risks to people occupying the affected area. Additionally, these more extreme weather events can dry out water reserves or damage crops, which could cause a lack of food, an eventuality that must be avoided if possible.
As previously mentioned, the recent move towards electric vehicles represents a large step towards reduction in GHG emissions. However, electric vehicles are not entirely emission-free; the manufacturing process of lithium-ion cells also emits CO2. A review of different GHG emissions studies done by Peters et al. reveals that the average Carbon cost of a Lithium Ion Battery is 110 kg CO2 equivalent per kWh produced, with an energy usage of 328 kWh. This is a large amount of CO2 to release into the atmosphere, and a potential major contributor to the problems described above, calling into question the sustainability of EV battery manufacture. The review also highlights that the amount of CO2 produced varies depending on the assumptions of each individual study, such as the energy density of the battery or the manufacturing energy demand. For example, ore refining requires the burning of fossil fuels to concentrate and refine the lithium, releasing large amounts of CO2. Manufacturing lithium by evaporating brine, on the other hand, produces less CO2 than ore, as it relies heavily on solar energy (Kelly et al., 2021).
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The environmentally damaging effects of LIB manufacturing are not limited to CO2 production and resource depletion. Depending on the composition of the electrodes, electrolyte and housing, LIB manufacturing can cause the release of Carbon Monoxide (CO), NOx, non-methane volatile organic compounds (NMVOCs) and sulphur dioxide (SO2) (Yin et al, 2019). CO is a colourless, odourless gas that binds to the haemoglobin in the blood instead of oxygen. This can cause hypoxia and death if significant exposure occurs (Kinoshita et al, 2020). As the effects of CO are so deleterious, its release in the manufacturing of a LIB is cause for concern. This health concern extends to NOx and NMVOCs, as the two can react with one another, creating ozone at the ground level which can be damaging to human health and irritate the respiratory system.
Both NOx and NMVOCs are also a cause for concern in the environment. Ozone and NOx can change soil chemistry in areas with high exposure and have been known to cause oxidative damage to plant life (Department for Environmental Food and Rural Affairs, 2024). This, in turn, damages animal and microbial populations by depriving them of food and habitats. On top of damaging biodiversity in the area, crops will also suffer, potentially causing food shortages if the amount of these gases becomes too high. To add to this issue, the photosynthesis of plants is inhibited on contact with SO2, causing a decrease in plant health and quantity (Varshney et al, 1979). 
LIB battery manufacture has already been shown to cause damage to floral and fauna in the vicinity of the sources due to water depletions; the additional environmental problems caused by the release of these gases further risks the destruction of the ecosystems surrounding these critical manufacturing plants.
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LIB Production also has significant effects on aquatic life; heavy metal pollutants can leak or be released into the water during cathode production, contaminating the aquifer. This affects the health and habits of the fauna, as the heavy metals will accumulate in the animal’s organs, causing anaemia and weakness. Not only does this damage the overall ecosystem, but it increases the toxicity of a potential food source for humans if the fish become too contaminated (Shah, 2017). Additionally, LIB production can introduce nitrogen and phosphorus into water sources, both of which are nutrients for aquatic plant life. This results in a change in the chemistry of the released water, nutritionally oversaturating it. This can cause algal blooms and oxygen depletion, disrupting and damaging the local ecosystems. (Lai et al, 2022)  


[bookmark: _Toc161587450]Current Legislation
In 2023, the EU passed a new regulation regarding batteries and battery waste, Regulation (EU) 2023/1542. This regulation aimed to create a legislation for all countries to adhere to, hoping to make the use of batteries both safer and more sustainable (Sudhakar, 2023). All member states are advised to instate these regulations and enforce penalties for lack of compliance to dissuade unsustainable or unsafe practice. To assess how these regulations will benefit the environment, it is important to analyse the sections of this regulation that focus on the sustainability of battery manufacture.
The information for all the following articles has been obtained from Regulation (EU) 2023/1542. 
[bookmark: _Toc161587451]Restriction of substances (Article 6)
Article 6 of regulation 2023/1542 outlines that certain substances are to be restricted from use in battery production, unless it has been outlined in specific cases. This includes restrictions on mercury, cadmium and lead, as these substances are harmful to human life or the environment. Should there be a risk to human life found, article 6 states that the Council of the EU can amend the restrictions. A follow up report is to be submitted in 2027 so that follow up measures can be put into place. This aim to put less poisonous chemicals out into the world will result in less environmental damage and will cause less deleterious effects on fauna, making battery manufacturing more sustainable. 
[bookmark: _Toc161587452]Carbon Footprint (Article 7)
This new regulation also aims to decrease the CO2 emissions of LIBs. This article states that declarations of the carbon footprint must be supplied with the batteries, with information regarding the manufacturer, the battery details and the CO2 output per kWh. Additionally, there is to be implementation of a maximum life cycle carbon threshold, with the thresholds for different battery types being enforced over the course of 5 years. The first of the thresholds to be enforced is due in 2028 and is going to restrict the maximum CO2 for EV batteries. This will help to slow the rate of atmospheric warming, decreasing the severity of severe weather conditions and the risk of destruction of ecosystems.
[bookmark: _Toc161587453]Recycled Materials (Article 8) 
Article 8 of regulation 2023/1542 gives an aim as to what recycled materials should be used in the battery. Per the regulation, all batteries with a storage capacity above 2kWh must have a minimum of 16% of the cobalt used be recycled from either the manufacturing waste or from battery end of life waste by 2031, as well as 6% of the lithium, 6% of the nickel and 85% of the lead. The cobalt, lithium and nickel content that must be recycled will increase to 26%, 12% and 15% by the end of 2036. 
This solves a myriad of problems. For example, forced use of recycled cobalt reduces the risk of depletion; at the very least, it will extend the amount of time where cobalt reserves are viable for manufacturing. Use of recycled lithium also means that less raw material must be extracted from the mining sites, resulting in less pollution in that region and, in terms of the lithium brines, potentially more fresh water in the area, improving biodiversity. 
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As has been previously mentioned, recycling is a crucial to reduce the demand for raw materials, potentially allowing for a reduction in the damage done to the areas around mining operations, as well as reducing the risk of resource depletion. There are some established techniques for the recycling of LIBs, such as pyrometallurgy and hydrometallurgy, however there are challenges present when regarding how effective the processes are and how economically viable it is to extract the materials (Zheng et al, 2021). The economic struggle of recycling a LIB has many separate factors affecting it. Due to variations in battery compositions, shapes, sizes, and chemistries produced by different manufacturers, there is no single recycling method that applies to all types. This results in a vaster array of processes and infrastructure needing to be in place, increasing the cost of setting up a recycling plant. In addition to this problem, many of the materials that need to be recovered, such as the cobalt, are found in the cathode, which is the last part of the battery to be disassembled. This increases the cost of recycling it, as several other processes must occur prior to even retrieving the material to be processed (Costa et al, 2021). This high cost of recycling means that very few LIB recycling centres will be set up, as access to the funds to undertake such an operation is limited. Additionally, such a centre will likely not see any profit, which means that they will not be able to remain in operation without intervention from the government or another suitable sponsor. This will result in fewer recycled materials re-entering the manufacturing stage, increasing the demand on mines and brines and damaging the material reserves.
One significant challenge in the recycling process stems from the degradation of recovered materials. Over time, these materials accumulate unwanted surface coatings or structural defects, severely impacting their recyclability and potential utility post-recycling (Gaines, 2018). Consequently, batteries produced from such degraded materials may fail to meet performance requirements outlined in Regulation (EU) 2023/1542, rendering them unfit for use. Addressing this issue necessitates the development of recycling techniques capable of effectively restoring the original quality of materials, or at least approaching it as closely as possible. However, this introduces an additional layer of complexity to the recycling process. It demands the exploration and implementation of novel, more comprehensive techniques, which inevitably entail significant economic investment in terms of research, development, and deployment.

[bookmark: _Toc161587456]Issues With Sustainable Extraction
Whilst the sources of lithium will be enough to sustain EV growth for the moment, the issues of environmental damage caused by its extraction and refinement are still a present threat. To mitigate issues and to better keep up with demand, extraction of lithium from seawater has been proposed as a solution to the problem. The ocean represents around 230 billion tones of lithium, a vast quantity. The issue lies in its concentration, or lack thereof; there is only 0.1-0.2mg in each litre of water (Nishihama et al, 2011). Additionally, lithium isn’t the only material in seawater; its presence is tiny compared with other metallic salts. This furthers the issues with extraction, as not only does it have to be separated from the water itself but also from all the other metals that it’s surrounded by. Ultimately, the cost of extracting lithium from seawater is too high for it too be economically viable given current technology (Jacoby, 2021), hindering its adoption. Without external funding or an advancement in extraction methods, this method is unlikely to see widespread use, confining the extraction of lithium to the highly damaging methodologies of mining and brine evaporation.

[bookmark: _Toc161587457]Future of the Lithium Battery
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While sustainability in LIB (lithium-ion battery) manufacturing presents challenges, it is indeed achievable. In recent years, significant research efforts have been dedicated to making this option feasible. For instance, He et al. (2020) proposed a two-step process for lithium extraction from seawater, where lithium is extracted from the water at one electrode while sodium salts are released at another. This method leverages the electrochemical difference between lithium and sodium. The extracted lithium is then released into freshwater and subsequently extracted. This proposed method represents an advancement in lithium extraction from seawater, demonstrating successful separation from other metals and thereby enhancing the viability of this mining approach. In their 2022 paper, Yu et al. suggested utilizing low-grade thermal sources to enhance the lithium extraction process from seawater. This approach accelerates the reaction rate, expediting lithium extraction, albeit with a purity level of around 50%. This allows production from seawater to respond more promptly to demand. With such advancements, the prospect of viable lithium extraction from seawater appears promising. This shift in extraction methods could alleviate some environmental pressures on continental brines and mining operations, thereby mitigating pollution and desertification rates in those regions.
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The recycling of batteries is vital to the future of LIB manufacturing, as it means less waste from spent batteries and less strain on global material reserves. However, significant improvements must be made to the current recycling system for green battery recycling at the end of life. Recyclers assess what can be reused from a spent battery and maximize the reuse of components that are not damaged or obsolete (Jin et al., 2022). This results in less of the battery going through the reclamation process, reducing the amount of energy used to recycle the battery and prolonging the life of all viable components.
Several academic solutions to the recycling problem exist, including technical innovation to reduce the temperature and energy required to obtain recycled material, obtaining more ecologically friendly treatment chemicals that will not cause as much damage if there is accidental contamination of the ecosystem, and factoring the recycling process into the design of batteries to make them easier to recycle at the end of life. However, the most important consideration is the establishment of standardized methods, rules, and techniques. Currently, this is sorely missing, leading to varying parameters for recycling techniques in terms of efficacy. Additionally, the lack of these parameters makes comparisons between sites difficult. Significant discussions between recyclers, manufacturers, and scholars must occur to develop innovative and standardized techniques that are as effective and cost-effective as possible (Mao et al., 2022). This will help reduce the overall damage caused by recycling and ensure that as much material is reclaimed as possible.


[bookmark: _Toc161587460]Conclusion
As it stands, LIB manufacturing causes significant environmental damage; greenhouse gas emissions from manufacturing are high, there is a substantial risk of depleting certain resources, and the ecosystems surrounding the mining sites are on the cusp of collapse. Additionally, recycling processes are not fully developed yet. This tarnishes the greener future that the world is currently pushing for, risking significant damage to our climate and biodiversity. However, despite the issues currently facing the sustainable manufacturing of these batteries, there is hope on the horizon, with more techniques for recycling and green lithium extraction being proposed all the time. If innovation continues and standardized green techniques are implemented, there may yet be an ecologically friendly future for LIB manufacturing.


[bookmark: _Toc161587461]References
Baspineiro, C.F. & Franco, J. & Flexer, V. (2020), “Potential water recovery during lithium mining from high salinity brines”, Science of The Total Environment, Volume 720, 137523
Bradley, D. & Munk, L. & Jochens, H. & Hynek, J. & Labay, K. (2013), A Preliminary Deposit Model for Lithium Brines, U.S. Geological Survey Open-File Report 2013–1006
Costa, C.M. & Barbosa, J.C & Gonçalves, R. & Castro, H. & Del Campo, F.J & Lanceros-Méndez, S. (2021), “Recycling and environmental issues of lithium-ion batteries: Advances, challenges and opportunities”, Energy Storage Materials, Volume 37, 2021, pp. 433-465
Department for Environmental Food and Rural Affairs [Online] 2024, “National statistics: Emissions of air pollutants in the UK – Nitrogen oxides (NOx)”, Department for Environmental Food and Rural Affairs, Emissions of air pollutants in the UK – Nitrogen oxides (NOx) - GOV.UK (www.gov.uk), accessed 15/03/2024
Ellingsen, L.A.W. & Singh, B. & Strømman, A.H. (2016), “The size and range effect: lifecycle greenhouse gas emissions of electric vehicles”, Environmental Research Letters, 11(5), p.054010.
Fornillo, B. & Lampis, A. (2023), “From the Lithium Triangle to the Latin American quarry: The shifting geographies of de-fossilisation”, The Extractive Industries and Society 15, 101326, 
Gaines, L. (2018), “Lithium-ion battery recycling processes: Research towards a sustainable course”, Sustainable Materials and Technologies, Volume 17,
Graedel, T.E & Miatto, A. (2022), “U.S. Cobalt: A Cycle of Diverse and Important Uses”, Resources, Conservation & Recycling 184 (2022) 106441
He, X. & Kaur, S. & Kostecki, R. (2020), “Mining lithium from seawater”, Joule. 2020 Jul 15;4(7), pp.1357-8.
Jacoby, M. [Online] (2021), “Can seawater give us the lithium to meet our battery needs?”, Chemical and Engineering News, https://cen.acs.org/materials/inorganic-chemistry/Can-seawater-give-us-lithium-to-meet-our-battery-needs/99/i36, accessed 16/03/2023
Jin, S. & Mu, D. & Lu, Z. & Li, R. & Liu, Z. & Wang, Y. & Tian, S. & Dai, C. (2022), “A comprehensive review on the recycling of spent lithium-ion batteries: Urgent status and technology advances”, Journal of Cleaner Production, 340, p.130535.
Kaunda, R.B. (2020), “Potential environmental impacts of lithium mining”, Journal of Energy & Natural Resources Law, 38:3, 237-244
Kelly, J.C & Wang, M. & Dai, Q. & Winjobi, O. (2021), “Energy, greenhouse gas, and water life cycle analysis of lithium carbonate and lithium hydroxide monohydrate from brine and ore resources and their use in lithium ion battery cathodes and lithium ion batteries”, Resources, Conservation & Recycling 174, 105762
Kinoshita, H. & Türkan, H. & Vucinic, S. & Naqvi, S. Bedair, R. & Rezaee, R. & Tsatsakis, A (2020), "Carbon monoxide poisoning",Toxicology Reports,Volume 7, pp.169-173
Lai, X. & Gu, H. & Chen, Q. & Tang, X. & Zhou, Y. & Gao, F. & Han, X. & Guo, Y. & Bhagat, R. & Zheng, Y. (2022), “Investigating greenhouse gas emissions and environmental impacts from the production of lithium-ion batteries in China”, Journal of Cleaner Production, 372, p.133756.
Mao, J. & Ye, C. & Zhang, S. & Xie, F. & Zeng, R. & Davey, K. & Guo, Z. & Qiao, S. (2022), “Toward practical lithium-ion battery recycling: adding value, tackling circularity and recycling-oriented design”, Energy & Environmental Science, 15(7), pp.2732-2752.
Mizushima, K. & Jones, P.C. & Wiseman, P.J. & Goodenough, J.B. (1980), “LixCoO2 (0<x<-1): A new cathode material for batteries of high energy density”, Materials Research Bulletin, Volume 15, Issue 6, pp. 783-789
Muralidharan, N. & Self, E.C. & Nanda, J. & Belharouak, I. (2022), “Next‐generation cobalt‐free cathodes–a prospective solution to the battery industry's cobalt problem”, Transition Metal Oxides for Electrochemical Energy Storage, pp.33-53.
Murdock, B.E. & Toghill, K.E. & Tapia-Ruiz, N. (2021), “A Perspective on the Sustainability of Cathode Materials used in Lithium-Ion Batteries”, Wiley-VCH GmbH, Advanced Energy Materials, 11
Nishihama, S. & Onishi, K. & Yoshizuka, K. (2011), “Selective Recovery Process of Lithium from Seawater Using Integrated Ion Exchange Methods”, Solvent Extraction and Ion Exchange, 29:3, pp. 421-431
Peters, J.F. & Baumann, M. & Zimmermann, B. & Braun, J. & Weil, M. (2017), “The environmental impact of Li-Ion batteries and the role of key parameters – A review”, Renewable and Sustainable Energy Reviews, Volume 67, pp. 491-506
Shah, A.I. (2017), “HEAVY METAL IMPACT ON AQUATIC LIFE AND HUMAN HEALTH – AN OVER VIEW” IAIA17 Conference Proceedings, IA’s Contribution in Addressing Climate Change 37th Annual Conference of the International Association for Impact Assessment 4 - 7
Solomon, S. & Plattner, G.K & Knutti, R. & Friedlingstein, P. (2009), "Irreversible Climate Change Due to Carbon Dioxide Emissions", Proceedings of the National Academy of Sciences of the United States of America, Feb. 10, 2009, Vol. 106, No. 6 (Feb. 10, 2009), pp. 1704-1709
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