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1.0 [bookmark: _Toc161572164]Introduction
Against the backdrop of pressing global concerns like climate change, sustainability has emerged as a paramount consideration in the production of electric vehicles. The urgency to address environmental challenges has driven the automotive industry to re-evaluate traditional manufacturing practices, with an emphasis on minimizing carbon footprints, recyclability/reusability, and resource depletion. 
This report explores how political imperatives, particularly those related to climate change mitigation, have spurred technological advancements and policy-driven shifts in the production of EVs. Researching these considerations, reveals not only the industry's response to political mandates and concerns, but also the ongoing technological challenges faced in the search for more sustainable and environmentally friendly electric transportation solutions.




[bookmark: _Toc161572165]2.0 Environmental impact
The rise of electric vehicles (EVs) marks a transformative era in the automotive industry, presenting a greener alternative with zero tailpipe emissions. While promising for reducing air pollution and dependence on fossil fuels during operation, a comprehensive evaluation of EVs requires an examination of their entire lifecycle. Factors like battery production, energy sources for charging, manufacturing processes, and end-of-life disposal contribute to the broader environmental impact.
[bookmark: _Toc161572166]2.1 Production phase
Table 1.0 – Environmental impact associated with vehicle production stages (Granovskii, 2006)
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Table 1.0 depicts greenhouse gas emissions (GHG) and air pollution emissions (AP) within the production phase of both internal combustion engine vehicles (ICEV), and electric vehicles (EV). A higher quantity of harmful GHG emissions is released during the production of EVs in comparison to ICEVs, most likely due to a few factors:
· Higher curb mass than ICEVs (on average)
· More energy intensive processes being undertaken for the production on EVs (battery production, requirements for higher strength materials to support additional weight, more modern materials such as aluminium being favoured.)
· Energy used within EVs being sourced from methods that produce more GHG and AP emissions per MJ of electricity created.
These factors can often be outshined by the fact that none of the emissions shown above are “tailpipe emissions”, therefore consumers may not feel as if they are contributing to climate change. 
Further investigation into energy production and supply for electric vehicles may reveal differences between countries in which said EV is used.
“As of 2016, 98% of electricity generation in Norway came from renewables, with hydropower leading the charge” (Council, 2022)
This could massively reduce the total GHG and AP emissions emitted over say a 20-year driving period, if considering the third-party emissions.
Clean power generation is front-and-centre of the UK’s strategy to reach net zero by 2050, with the government setting energy providers a target for all electricity to come from 100% zero-carbon generation by 2035. (National Grid, 2024)
Lithium-ion batteries are also becoming cheaper to produce, as technology advances, as well as extraction operations for materials used. 
Such rising trends correspond to increasing demand for high-performance batteries for EVs such as Li-ion batteries (LIB) [2], which is regarded as the most promising chemistry for EVs due to their intrinsic characteristics and significant cost reduction in the past decade (from USD 1100/kWh in 2010 to USD 156/kWh in the year 2019) [3–5]. (Kotak, 2021)
This reduction in price could suggest that there are large investments being made in the production industry, a promising future for the financial aspect of EV ownership.
[bookmark: _Toc161572167]2.2 In-use Phase
While not producing any first-hand tailpipe emissions, the environmental impact of EV usage is still an area of discussion and possible improvement. 
Third-party emissions (TPE) are those which are produced by an energy supplier, which are then subsequently used in another application such as an EV.
Within the UK, in 2023, Low-carbon sources made up 56% of the total, of which renewables were 43% and nuclear 13%. The remainder is from imports (7%) and other sources (3%), such as waste incineration. Overall, the electricity generated in the UK in 2023 had the lowest-ever carbon intensity, with an average of 162g of carbon dioxide per kilowatt hour (gCO2/kWh). (Evans, 2024)
The data taken from Evans’ report can be manipulated and used in an example to compare the outputs of both an EV and an ICE.
[bookmark: _Toc161572168]2.2.1 EV/ICE CO2 efficiency comparison
Setting a 100 kWh limit for both systems, a comparison of CO2 outputs can be made between the two.
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Table 2.0 – Total CO2 produced from 100 kWh for an EV (UK).
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Table 2.1 – Total CO2 produced from 100 kWh for an ICEV.
The above tables are a generic calculation for how much CO2 is outputted for the use of 100kWh of energy. The ICEV was calculated at 30.452% less efficient, though this value must be taken with a pinch of salt, as there are variables used, that may be subject to change depending on driving style/configuration/vehicle used. 
An approximation of 3.07kg of CO2 produced per KG of carbon burnt was also used, which may also change depending on the engine used, or how stoichiometric/un-stoichiometric the combustion of the petrol is.
These chosen values still give a good indication as to how much more CO2 is produced by an ICEV through usage. 
Altering the value of gCO2/kWh as mentioned by Evans in his report may significantly change the percentage difference between the EV and ICE study, as seen below in table 2.2.
In 2022, total annual U.S. electricity net generation by utility-scale electric power plants (plants with at least one megawatt of electric generation capacity) of about 4.23 trillion kilowatt-hours (kWh) from all energy sources resulted in the emission of about 1.65 billion metric tons—1.82 billion short tons—of carbon dioxide (CO2). This equalled about 0.86 pounds (389 grams) of CO2 emissions per kWh. (U.S Energy Information Administration, 2022)
Table 2.2 – Total CO2 produced from 100kWh for an EV (USA).
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The above table shows a 45% percentage difference between the EV and ICEV, using energy supplied from the USA, the ICEV actually outputting less CO2 than the EV’s TPEs. 
Norway for example has 99.9% renewable energy, in 2023 the average emissions of Norway were 18 g CO2eq/kWh. 99% of energy was produced from renewable sources, with the main source for energy being Hydro (88.5%). (Nowtricity, 2023)
This value was also inputted, which returned a percentage difference of over 1000%, making EV usage in Norway over 10x cleaner than using an ICEV, as shown in table 2.3 below.
Table 2.3 - Total CO2 produced from 100kWh for an EV (Norway).
[image: ]
These findings suggest that the correct choice of vehicle actually depends on where you are sourcing the energy, as the TPEs of the vehicle are dependant on the energy production emissions of the country of use.


[bookmark: _Toc161572169]2.3 End of life
The End of Life phase (EOLP) of EVs is a major challenge in the present day, as recycling processes and disposal of components can be extremely time consuming and expensive.
Litium-ion batteries within EVs are not a permanent component of the vehicle, such as the chassis. Li-ion batteries degrade over time, losing their ability to hold charge, the more they are used, sometimes so much so, they are no longer suitable for use in a vehicle.
This does not discount the batteries completely, as they can still be used in scenarios such as:
· Seasonal energy storage, on both an industrial and consumer level.
· Grid regulation/distribution.
· Backup/Auxiliary energy storage, on both an industrial and consumer level.
· Energy management (excess energy storage).
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Figure 2.4 – Battery repurposing costs. (SecondLifeEVBatteries, 2023)
Figure 2.4 demonstrates a basic cost analysis of repurposing a battery and building it into a new system.  It indicates that the battery still has a large value after primary use, suggesting both economic viability as well as environmental.
In comparison to the $100-200/kWh cost for a new battery, second-life batteries still have a value of around $40-80/kWh, which could be a 25% saving in for example, the production of a backup energy storage array for an industrial purpose.
In addition to this, the technology required to efficiently recycle and reclaim usable materials is still in its infancy. This is a time consuming, non-automatable process as of the current day, due to a plethora of reasons. 
Each EV has a different configuration of batteries within its pack, which makes disassembling the batteries a very man-hour heavy process, as there is no standard, easily replicable procedure. 
Table 2.5 – Market values of the main elements of Li-ion batteries (Lima, 2022)
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Recycling plants may choose to focus on the more expensive materials such as cobalt and nickel, in order to increase profitability of the recycling process.
Electric-vehicle battery packs are complex in design, containing wiring looms, bus bars, electronics, modules, cells, and other components. (Gavin Harper, 2019)
This on the other hand, decreases the efficiency of the recycling process, which in turn drives the price of recycling up, due to manual disassembly of battery packs.
From an environmental perspective, the ability to recover materials (e.g., cobalt and nickel) from waste LIBs and return them to new battery production has the potential to reduce the battery's life cycle impact by about 51%, when comparing natural resources from using only primary materials. (Wang, 2014)
There are multiple methods to recycling EV batteries, such as hydrometallurgy, pyrometallurgy, as well as simple mechanical separation of materials. Hydrometallurgy is the most commonly used method as of 2023, though R&D is being focused on pyrometallurgy, producing higher yields.
Pyrometallurgical recycling is a dominant and mature process because of its short reaction time, high productivity, and ease of scaling up [47]. The main pyrometallurgical options for recycling spent lithium-ion batteries are pyrolysis, incineration, roasting, and smelting. Continuous research and development (R & D) in pyrometallurgical recycling will enable battery recycling companies to cope with the inevitable increase in spent LIBs. (Makuza, 2021)



[bookmark: _Toc161572170]3.0 Sustainable practices and legislations
As EV production is a relatively new advancement, legislation and beneficial procedures are paramount to a greener future. Major bodies of law such as the EU and the UK Parliament are at the forefront of regulating production in order to build a strong foundation for smooth further development, as well as setting an example for countries with underdeveloped technology in the field.
[bookmark: _Toc161572171]3.1 Legislation
Carbon emission standards were implemented in order to push manufacturers to make more carbon efficient vehicles, through both production and usage. 
“To encourage eco-innovation, manufacturers may obtain emission credits for vehicles equipped with innovative technologies for which it is not possible to demonstrate the full CO2 savings during their type approval.
The manufacturer must demonstrate these savings on the basis of independently verified data. The maximum emission credits for these eco-innovations per manufacturer are 7 g CO2/km per year (until 2024), 6 g CO2/km from 2025 until 2029 and 4 g CO2/km from 2030 until and including 2034.” (European Commission, 2019)
The UK Government also offers tax breaks, subsidies, and grants to manufacturers, businesses, as well as customers, purchasing or leasing EVs, incentivising a more efficient mode of transportation.
An electric vehicle (EV) charge point grant can help towards the cost of installing an electric vehicle charge point socket at your property.  
You can get 75% off the cost to buy and install a socket, up to a maximum of £350.
You can apply for this grant if you either:
· own and live in a flat.
· rent any residential property (this includes properties under the shared ownership scheme).
· You must own an eligible vehicle and your home must have its own private off-street parking space.
(UK Government, 2022)
Battery recycling mandates are also currently being developed in order to reduce the aforementioned life cycle impact, as discussed previously. This is usually controlled through Extended Producer Responsibility Laws.
So, under EPR proposals, packaging producers will be responsible for the entire cost of recycling the packaging they place on the market including the cost of collection, treatment, and of course recycling. (SwiftPak, 2023)


[bookmark: _Toc161572172]3.2 Sustainable practices
Manufacturers are choosing more sustainable/sustainably sourced materials, such as plastics, bio-based materials, and renewable composites, in order to reduce the carbon footprint of production. 
Multiple manufacturers are also pledging to generate their own power needed to produce vehicles, offsetting their carbon footprint as a company. 
Jaguar Land Rover (JLR) has announced plans to generate more than 25% of its electricity from new onsite and near-site renewable energy projects. The initiative is part of JLR’s broader global renewable strategy, targeting an increase in self-generated energy to 36.4% of its global consumption by 2030. (Future Net Zero, 2023)
Smart-charging is also being implemented into home chargers, drawing energy from the grid at low-demand hours, such as overnight. This can help reduce strain on the grid, and even maximise renewable energy sources such as solar, managing the charging of EVs to align with the renewable sources’ energy availability. Smart charging can also align its demand with the price of energy, and grid conditions.
 Kinetic Energy Recovery Systems (KERS) (also referred to as regenerative braking), are implemented in the majority of EVs, as well as hybrids. This can help reduce charging frequency by increasing range of the batteries. Though the efficiency of such systems depends on size of the vehicle, weight, speed, driving conditions and terrain, energy recapture rates can reach between 15-30% of expended energy while driving. (4FrontEnergy, 2024) 

[bookmark: _Toc161572173]4.0 Sustainability and technological challenges
The production of Li-ion batteries requires significant resources, which have ethical/social impacts such as human rights abuse in the process of mining and acquiring cobalt. Additionally, nickel mining can cause major destruction to wildlife, and areas surrounding.
 Developing either more sustainable methods of acquiring these resources, or perhaps developing a new less damaging battery chemistry could help mitigate, or possibly remove these issues entirely.
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Figure 4.0 – Geographic cobalt supply chain: intermediate cobalt product flows (Brink, 2020)
The above figure visualises the supply chain of cobalt products, many of them being produced in the Democratic Republic of the Congo, as well as China. 

“Fig. 2 clearly shows that global cobalt mining is dominated by a limited number of mine operators (mainly in the Democratic Republic of the Congo) and shareholders. Cobalt refining is concentrated in China, but more evenly distributed in terms of the number of companies involved.” (Brink, 2020)
Companies are already taking steps to reduce the virgin cobalt demand, by recycling/reusing/redesigning products.
Apple have announced a change to their cobalt supply chain, moving away from newly mined materials, as well as partnering with the Fund for Global Human Rights, to provide support to frontline human rights and environmental defenders (Apple, 2023)
Another major technological challenge in the EV industry, is the demand for electricity to power EVs. National Grid expects the demand for electric transportation to be around 120 terawatt hours (TWh) from the current 260 TWh consumed. (National Grid, 2023)
This will most likely be sourced from renewable energy sources, reducing CO2 output, increasing the effectiveness of EV cleanliness. Offshore wind farms are targeted to produce 50 gigawatts (GW) by 2030 alone. Off-peak and smart charging mentioned previously should be fully fledged by then, reducing the peak demand for electricity across the UK, as well as Vehicle-to-grid (V2G) technology to supply excess power to the grid when not needed.
National Grid also estimate that switching entirely to EVs would only drive electricity demand up by around 10%. The highest peak electricity demand was in 2002, at 62 GW, around 16% higher than the peak demand of today. These figures suggest that the national grid would have no issues with supplying this new peak demand.
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Figure 4.1 – Charge Map (London) (Charge Map, 2024)
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Figure 4.2 – Charge Map (USA) (Charge Map, 2024)
Charger infrastructure across the UK is vast in comparison to that of the USA, and this is most likely due to size. Even in London alone, there are many more charging stations, which may be a driving factor for the demand for EVs in the UK, and the lack of demand in the USA.
Websites like Charge Map or Zap Map have a range of resources including journey cost calculators, public charge time calculators, and home charging time/cost calculators for EVs, possibly mitigating the “stranded anxiety” experienced, as well as making it extremely accessible for anyone in ownership of/with concerns regarding EVs.

[bookmark: _Toc161572174]5.0 Future outlook
The future of EVs is still uncertain, though there are key development areas that need to be focused on, such as charging infrastructure worldwide, in tandem with the move to cleaner energy production, to make EVs more effective at reducing CO2 emissions. 
Advancements in battery technology, as mentioned previously, not only improve range and lifespan of EVs, but also help minimize precious material consumption and waste, such as cobalt and lithium, as well as reducing cost for manufacturers, therefore consumers too. Development within this field would massively decrease concerns within the public regarding ethics of obtaining materials, as well as entice new customers with lower prices.
End of life disposal needs further development, as the technology to efficiently recycle EV components such as batteries is simply not at the required stage. Repurposing is increasing the longevity of a battery’s useful life, though it does not solve the problem of inefficient recycling, which will be necessary for every battery at some point. A universal solution to recycling all shapes and sizes of EV batteries would be necessary to expand the market to that of ICEVs.
Sustainability within EVs is still a major factor when the public considers purchasing one, which may prove beneficial both from a financial and environmental standpoint for the producer. These areas could improve public opinion of EVs, as well as building a robust foundation for the growth of the EV market.
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