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The automotive industry is facing a paradigm shift in technological terms as the market share of electric vehicles is set to rise rapidly over the next decade across the globe. Within the British automotive landscape, the announcement made in 2020 regarding the prohibition of the sale of new internal combustion engine vehicles by 2030 promises to revolutionise the consumer market of new vehicles, with the potential of ‘zero emissions vehicles’ to mitigate the risks associated with climate change and air pollution used to rationalise this decision. The role of competing technologies in reducing the environmental footprint of the automotive industry is a widely debated topic, despite varied perspectives on the most effective path to a more sustainable future for the automotive industry, it is becoming clear that increasingly restrictive environmental legislation is set to significantly influence the design and production of automobiles. A move away from fossil fuelled vehicles presents challenges in the form of recouping lost revenue from vehicle excise duty and fuel duty, in addition to raising issues surrounding how to differentiate vehicles that are currently recognised equally in forms of environmental impact from a taxation perspective. The current structure of comparing vehicles based on tailpipe emissions will no longer be suitable in a market dominated by zero tailpipe emission vehicles, therefore this presents an opportunity to shift the spotlight on the environmental impacts associated with production and eventual disposal of vehicles. The fundamental purpose of this research is to present a more effective method of incentivising the purchase and henceforth production of more sustainable vehicles within the UK market in response to the imminent shift away from fossil fuelled vehicles by considering environmental impact from a more holistic approach than is currently implemented. 
In order to develop a well-founded suggestion for future policy and legislation surrounding this issue, critical discussion of the challenges and opportunities presented by the developing technological landscape of the automotive industry must be demonstrated. As a result, archival research played an important role in the development of the conclusions reached. In spite of positive intentions for the protection of the environment and public health, policy and legislation surrounding the environmental hazards posed by vehicles can present unintended consequences. An evaluation of the strengths and weaknesses exhibited by historical applications of environmental policy and legislation surrounding the automotive industry acted as a means to learn from the past in order to facilitate discussions around future development.
The research employed a mixed methods approach, utilising analysis of archival research, an online questionnaire and a semi-structured interview to present an alternative model by which the environmental footprint of ‘zero emissions’ vehicles can be measured and compared. The utility of comparative models in influencing the automotive industry, along with environmental impact models developed within existing literature were analysed. The strengths and limitations of battery electric and hydrogen fuel cell vehicles from the perspective of environmental risk mitigation and practicality were discussed in order to develop a research informed consideration of the commercial outlook of both technologies for the application of passenger vehicle propulsion. The online questionnaire presented an opportunity to analyse the role of environmental impact in the purchasing decisions made by British motorists. By understanding the factors that were important to the buying public, this offered an insight into how purchasing decisions could be more effectively influenced towards vehicles that have a reduced life-cycle environmental impact. The insights presented by this research contribute towards discussions surrounding the future of the automotive industry, including the role of embodied emissions as a function of manufacturer performance evaluation towards sustainability in an increasingly electrified market.
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CHAPTER 1: INTRODUCTION
1. [bookmark: _Toc85543798]Introduction- Background
The Intergovernmental Panel on Climate Change (IPCC) estimates that 14% of global greenhouse gas emissions and 23% of carbon dioxide (CO2) emissions can be accounted for by the transportation sector (Pachauri & Meyer, 2014). The role of transportation, both public and private, in greenhouse gas and carcinogenic emissions is a topic that is increasingly gaining attention from both a media and legislative perspective. As the first major economy to pass a net zero emissions law with a target set for 2050, it is apparent that development in terms of ‘clean’ transportation will become increasingly necessary in the UK from a long term perspective. Further ambitious targets to reduce greenhouse gas emissions to below 68% of 1990 levels by the end of the decade will also necessitate immediate action from Westminster and the devolved governments in order to bring transportation policy in line with the vision of a “low carbon economy” (UK Government, 2020). Transportation plays a critical role in the functioning of a developed economy, we rely on transportation in the form of logistical services, emergency services, exploration, local and international travel in addition to the personal mobility and convenience that both public transport and privately owned vehicles provide us. When considering the cultural and practical significance of private vehicle ownership within the UK, the contribution of the motor vehicle in societal development should not be underestimated. However, recent developments in national policy suggest that in order to move towards a net zero carbon emissions economy in 2050, the relationship between vehicles and the environment is set to become a point of contention that will proliferate not only amongst policymakers, but relevant stakeholders within the automotive industry such as automotive manufacturers, energy & automotive engineers, consumers and vehicle retailers.   
On the 18th November 2020 the UK government published the plans of their “10 point plan for a green industrial revolution” where the announcement that the sale of all new purely fossil fuel powered vehicles will be outlawed by 2030, with plug-in hybrid vehicles being on sale until 2035, was publicised. According to the current government plans, by 2035 in the UK all new cars and vans will be “zero tailpipe emission vehicles”. Within this plan the UK government also stated that “We will invest £120 million next year to begin the introduction of at least 4,000 more British built zero emission buses”. In addition to this the plan states that a date will be consulted for the phasing out of new diesel heavy goods vehicles (HGVs), with a £20 million investment in 2021 towards zero emission freight trials to aid in the development of hydrogen and other zero emissions trucks (Johnson & Sharma, 2020). Further indication of a shift towards ‘zero tailpipe emissions’ vehicles within the UK can be observed from comments made by the current transport secretary, Grant, Shapps- “You’ll look back and think ‘My God, we actually allowed vehicles to pump out noxious fumes, and kids to walk past to go to school and thought nothing of it’.” (Buckley, 2020).
Reducing pollution from surface transport is set to be a significant challenge for Wales in particular, as this is Wales’ third-largest source of emissions. Between 2016 and 2018, emissions from surface transport fell by 2%, however emissions in 2018 were still 3% higher than the 1990 baseline. This is a result of the total distance driven by cars in Wales increasing by 13% since 2008 to 31.6 billion vehicle-km in 2018, this has largely outweighed improvements in petrol and diesel vehicle efficiency, at least from a greenhouse gas emissions perspective (Gummer, et al., 2020). 
A move towards ‘zero tailpipe emissions vehicles’ offers an attractive solution to reducing harmful air pollution, particularly in areas surrounding busy motorways and within highly urbanised inner-city environments. Internal combustion engine (ICE) vehicles emit carbon dioxide (CO2) and other pollutants, such as nitrogen oxides (NOx), non-methane hydrocarbons (NMHC), and particular matter (PM). Contrastingly EVs emit zero pollutants in their use other than particulate matter under local conditions, as a result of the tribological processes during a vehicles operation on a road surface, as well as the processes associated with manipulating road surface dusts. Particulate matter emissions relating to brake dust from electric vehicles are lower in comparison internal combustion engine vehicles as a result of friction being less responsible for braking EVs, (as regenerative braking is utilised to increase useable range) (Bebkiewicz, et al., 2021). EVs are also quiet during operation, thus reducing noise pollution and vibrations, allowing for more tranquil urban areas and less disruption to natural environments that surround roads.
    Despite battery electric vehicles (BEVs) and hydrogen fuel cell vehicles (HFCVs) presenting a compelling technological solution to mitigating the issue of air pollution from transportation, considering the environmental impact of a complex manufactured machine such as a car from a holistic perspective requires the consideration of multiple factors beyond the associated emissions with powering a vehicle within its end-use application. In order to directly compare the total environmental impact of zero tailpipe emissions vehicles, factors such as embodied emissions within the manufacturing and materials of the vehicle, its energy efficiency within its end-use application and its recyclability/environmental impact within its post-use life must be taken into account. A model that allows for the total environmental impact of a vehicle to be estimated and presented in an easy to digest manner can facilitate a comparison between competing vehicles on a like for like basis by stakeholders and consumers of all backgrounds.

1.1. [bookmark: _Toc85543799]Rationale for this research

Vehicle related atmospheric emissions have been linked to numerous impacts on human health (Requia, et al., 2018). Such pollution has been directly associated with potentially severe illnesses such as asthma (Lindgren, et al., 2009), (Gonzalez-Barcala, et al., 2013), high blood pressure (Weichenthal, et al., 2014), lung cancer (Steiner, et al., 2016), (Guo, et al., 2016), Alzheimer’s disease (Oudin Åström, et al., 2021), (Levesque, et al., 2011) and diabetes (Rao, et al., 2015). On the 16th December 2020 a Coroner Court in the United Kingdom ruled that air pollution was one of the causes of death of 9-year old Ella Kissi-Debrah, who lived with her mother near the South Circular, a heavily trafficked road in London (Santos, 2020). This was a landmark case in the UK as this was the first time air pollution itself was recognised as a cause of death on a death certificate, as a legal development this has the potential to increase the urgency in reducing vehicle related emissions, further incentivising the adoption of zero tailpipe emission vehicles.
     Despite the recognised potential for severe damage to human health, internal combustion engine (ICE) vehicles have formed a deep rooted role in British society, in the UK alone the number of registered vehicles on the road has continually increased year on year since available records began in 1909. As of the end of 2019, 39,890,500 road registered vehicle were recorded, this includes private cars bikes and scooters, in addition to buses, taxis and goods vehicles. (Department for Transport , 2020). Public understanding of the environmental impacts of vehicles has centred around the emissions associated with using ICE vehicles as they have dominated the landscape of the automotive industry for the past century. Tailpipe emissions and their associated environmental and health related hazards have become the primary environmental concern related to vehicles from a public and governmental perspective. In the UK, since 2001 the annual road tax or ‘Vehicle Excise Duty’ (VED) as collected by the Driver & Vehicle Licensing Agency (DVLA) has been structured primarily around the level of emissions of a vehicle in an effort to incentivise less polluting ICE vehicles. An annual fee is paid by the vehicle owner based on their vehicles emissions band whilst the difference in cost between more and less polluting vehicles has been increasing periodically in an effort to encourage consumers to choose less polluting vehicles and fund the infrastructure required by them (Cerruti, et al., 2019). BEV’s and HFCV’s are exempt from such charges as they emit zero tailpipe emissions in addition to exemption from congestion charges. From a consumer perspective, environmental comparisons between vehicles can be made from the perspective of the rate of VED and the estimated fuel economy, most often recorded in miles per gallon (MPG) in the UK. However, as vehicle ownership shifts towards zero tailpipe emission vehicles in the coming decades such comparisons will become less relevant and importantly, less serviceable as a means to influence positive progress towards reducing the environmental footprint of passenger vehicles. 
    A common theme surrounding studies around health related issues caused by traffic pollution is that of a stronger link between diesel powered vehicles and severe illnesses such as cancer in comparison to petrol powered vehicles as they emit more PM and NOx than their petrol or hybrid counterparts (Liu & Grigg, 2018). This can be considered a crucial failing in UK and European policy surrounding reducing vehicle emissions in recent history as the current Vehicle Excise Duty (VED) structure encouraged the adoption of diesel vehicles due to their lower carbon dioxide emissions in comparison to petrol vehicles, arguably at the expense of human health and the environment. As comparisons between vehicles from a rate of CO2 emissions within their end-use in isolation of their other associated environmental impacts has limited the progress of the automotive industry in terms sustainable development in recent history, a more holistic approach to analysing the environmental impacts of vehicles could have the potential to drive practical and useful change. According to a Japanese study, it has been calculated that for the production of 1 kg of vehicle, at least 5.23 kg of raw materials and energy resources are required. Copper ore has the highest percentage value of 2.29 kg/kg of vehicle, followed by energy resources, at 1.46 kg/kg of vehicle (Sato, 2020).
  Significantly, some of the world’s largest car manufacturers have stated their intent to rapidly increase their production of electric vehicles. In the first-trimester of 2021 these announcements included: 

· Volvo only selling electric vehicles by 2030 (Volvo, 2021).
· Ford only selling electric vehicles in Europe by 2030 (Ford, 2021).
· General Motors plans to only sell electric passenger vehicles by 2035 (General Motors, 2021).
· Volkswagen aims for 70% electric vehicle sales in Europe and 50% within China and the USA by 2030 (Volkswagen, 2021)
· Stellantis aims for 70% of their vehicle sales to be electric in Europe and 35% of the share in the USA (Stellantis, 2021).

 Looking towards 2030 and beyond where the vast majority of new vehicle purchases are set to be of BEV’s, they cannot be considered a ‘silver bullet’ to solving environmental concerns surrounding vehicles. Baring this in mind, in a market of zero tailpipe emission vehicles, consumers and relevant authorities should still consider the environmental impacts that their buying and legislative decisions have in regards to the vehicles they purchase and encourage the manufacture of respectively.
As will be discussed further in this study, effective utilisation of legislation and encouragement of competition between automotive manufacturers can be a powerful tool in driving positive development within this sector. legitimate concerns surrounding the potential environmental damage that the resource procurement and manufacturing processes required for BEV’s in particular are being raised by stakeholders of varying professional backgrounds (United Nations Conference on Trade and Development, 2020). Historically, models that visually present directly comparable characteristics between competing vehicles and manufactured consumer goods in general, such as energy efficiency ratings in appliances and crash safety ratings in vehicles, have allowed consumers to make informed decisions about the products they are purchasing. If such a model can be applied successfully to vehicles in the future within the context of life cycle environmental impact, this has the potential to encourage practical solutions to reducing the total environmental footprint of vehicles.
There exists a broad range of studies relating to life cycle environmental impacts for zero tailpipe emissions vehicles, often in the context of a comparative study against tradition ICE vehicles (Lombardi, et al., 2017), discussion of the utility of a model that allows for the clear visualisation and comparison between the environmental footprint of competing electric vehicles from the perspective of a British consumer is yet to be thoroughly developed. The rapidly changing  landscape of the automotive sector within the UK as a result of the “10 point plan for a green industrial revolution” (Johnson & Sharma, 2020) presents an opportunity to evaluate how the future of the automotive industry can be more sustainable. 
































1.2. [bookmark: _Toc85543800]Research aim and objectives

The fundamental aim of this research project is to present a model that can allow for the performance of zero tailpipe emissions vehicles in regards to environmental footprint to be directly compared and easily understood by professionals in the field and the general public alike. The model must consider the environmental footprint of the manufacturing process, materials and resource use, recyclability and energy efficiency of the vehicle within its end use application in order to produce an accurate representation of the life cycle environmental impact. In order for the suggested model to hold validity from an environmental perspective, the selection of measured variables and the manner in which they are measured and weighted within the model must be chosen using logical reasoning that is supported in terms of scientific validation from existing academic literature. Additionally, for the model to be practical within the application of informing consumer decision making, it must produce results that are clearly presented, easy to understand and informative. 


In order to tackle the research challenge there are 4 distinct objectives that will each require specific research methods and data analysis. The objectives for this proposal are four-fold;
1. To gain a research informed understanding and knowledge surrounding the differences between different low emission vehicle technologies and the key concerns in terms of environmental impacts surrounding them from the literature review.
2. To utilise both primary and secondary data to inform how such a model should be constructed in order to generate useful results for the user. (primary data obtained from semi-structured interviews with individuals with relevant expertise)
3. To test the hypothesis that reducing the environmental impact of a vehicle would positively differentiate a model amongst competitors, thereby influencing the purchasing decisions of British motorists (primary data gathered from questionnaires).
4. To suggest a model that generates a comparable and easy to understand ‘score’ relating to the environmental credentials of zero emissions vehicles so that British consumers can clearly compare vehicles on a ‘like for like’ basis and contribute to the recommendation for policy surrounding vehicles beyond 2030.


1.3. [bookmark: _Toc85543801]Scope of research 

Ultimately, the research will present the potential of a life cycle environmental impact comparative model in influencing the future of UK policy in response to the 2030 ban on new fossil fuel vehicles. As such the research will be focussed on private vehicles, including cars and vans within the British consumer environment. Research will include academic literature and articles from across the globe in terms of developing an understanding of zero tailpipe emissions technology, reducing environmental footprints of manufactured goods and consumer goods comparison tools. By examining examples of fundamental research relating to the topic area from across the globe, considering how this applies in the context of UK automotive industry specifically, an evaluation of good and bad practices can be carried out with the aim of furthering the efficacy of such a model within its intended context.





CHAPTER 2: LITERATURE REVIEW
2. [bookmark: _Toc85543802]Literature Review- Introduction
Zero tailpipe emission vehicles and their role within the automotive industry can be traced back further in history than perhaps many people realise. Despite a history stretching back to the dawn of the motor vehicle itself, the significance of zero emission vehicles, battery electric vehicles (BEVs) in particular, are arguably at their height of relevance today within the automotive, manufacturing and energy industries in addition to the fields of environmental science, conservation, and politics. As a contemporary research topic that is influenced by the ever evolving prospects of technological and legislative advancement, it is imperative that recent developments within the research area are considered and evaluated in order for the literature review to cover the fundamental research aims in a contemporary context. In order to inform the methodology and facilitate a critical discussion about the current issues surrounding zero tailpipe emissions vehicles, the fundamental history of the topic and its relationship with the environment and sustainable development must be considered. Some of the key questions that are to be considered within the literature review in order to inform the process of developing the model include the following;

	Fundamental questions considered throughout the literature review

	1. What is the history of zero tailpipe emission vehicles and how is this relevant in a contemporary context?


	2. What is the background of policy that has led to the 2030 ban on new ICE vehicles in the UK?


	3. What environmental concerns are there surrounding zero tailpipe emission vehicles and how does this compare to ICE vehicles?


	4. How is the environmental impact of vehicles currently measured (emissions e.g. grams CO2/km) and is this serviceable moving beyond 2030?


	5. What comparative models are currently utilised within the automotive industry and how effective are they?


	6. How are the environmental impacts of consumer goods communicated to consumers and what can be learned from this in terms of electric vehicles?


	7. Do greater environmental credentials of consumer products significantly influence consumer demand or is increased pressure from a legislative perspective required in order to drive positive development in the life-cycle environmental footprint of vehicles in the future ?




Table 2.1: Fundamental questions on which the literature view is structured.







[bookmark: _Toc85543803]2.1 History of zero tailpipe emission vehicles and relevance within a contemporary context

There are examples of widespread historical uses of electrified transportation across the world and in the UK, electric trolleybuses operated in the UK from 1911 to 1970, and in Cardiff alone more than 6 million trolleybus journeys were made in the first 12 months of the trolleybus system operating from 1942. (Lloyd, 2020). Instances of the use of electrified vehicles originate from the very beginning of the history of the automobile. In 1884 British inventor Thomas Parker developed a practical electric vehicle that was fed by the rechargeable batteries made by his company Elwell-Parker Ltd. Significantly in 1889 the “London Electric Cab Company” began a regular taxi service with 3 HP cars which utilised a “fast exchange” for their 40 cell batteries. The aforementioned enterprise would cease to exist merely two years later as a result of multiple technical limitations, including excessive battery weight, an issue that continues to burden electric vehicles to this day (Guarnieri, 2012).
       Fossil fuelled vehicles have dominated the market throughout the 20th and beginning of the 21st century for a multitude of reasons, chief among which being the convenience that access to a cheap, readily available, and high energy dense fuel such as petroleum or diesel provides. Despite continual technological advancements allowing for a steady increase in the thermal efficiency of internal combustion engines, along with the application of pollution mitigation technologies such as the catalytic converter for both petrol and diesel fuelled vehicles and more contemporarily ‘AdBlue’ technology used in diesel powered vehicles, there is a limit to how far the pollution caused by such vehicles can be reduced (Edwards, et al., 2011). At some point the ‘ceiling’ of thermal efficiency within internal combustion engines will be reached as the boundaries of mechanical and chemical technology are pushed. Development in this area is becoming increasingly incremental in recent decades, an example of the law of diminishing returns within an engineering context. Further demands from both consumers and legislators for ever safer vehicles are counterproductive with efforts to improve vehicle efficiency and reducing environmental impact as vehicles become larger and heavier in order to meet such requirements. In addition to this, the reduction in greenhouse gas emissions caused by the steady development of more efficient fossil fuelled vehicles will likely be offset by the growing populations that require access to them (Ruslan, et al., 2020). If the rate of technological development in terms of reducing vehicle emissions is set to fail in meeting the ever increasing demands of a growing and more mobile global population, this can only serve to facilitate the requirement for a more revolutionary approach to reducing vehicle emissions and overall environmental impact.

     











 
[bookmark: _Toc85543804]2.1.1 How can such technologies be differentiated?

There exists multiple technologies and approaches to mitigating the emissions and overall environmental footprint of vehicles, each of which encompass specific strengths and weaknesses in regards to potential for environmental impact mitigation, practicality and consumer appeal. Carefully balancing environmental, social and economic concerns in relation to transportation policy can be considered a key principle in incentivising a more sustainable transportation sector within a nation, whilst this encompasses public transportation, the social, economic and environmental impacts of consumer choices within the private transportation sector is also of considerable concern (Zhao, et al., 2020). Some core attributes, of which the performance of a nation’s transportation sector in terms of sustainability can be measured, are as follows;

	Central attributes of sustainable transportation performance measures 


	Accessibility 

	Health & Safety

	Cost effectiveness

	Impacts on competitiveness & generation of wealth

	Consumption of natural capital

	Production of pollutants (local & global)



Table 2.2: Attributes by which the sustainability of transportation can be evaluated

(Kennedy, et al., 2005)

While Christopher Kennedy et al suggested these as attributes by which to measure the performance of sustainable transportation policy in a Canadian context, such attributes are relevant in terms of evaluating the relative sustainability of ‘green technologies’ within the automotive industry as cost effectiveness and accessibility are considered. These are important factors to consider, as in order for technologies that aim to reduce environmental impact to gain widespread adoption within the market, they must also offer a practical proposition in terms of cost effectiveness and accessibility to the consumer (Andersson, et al., 2020). In terms of comparing the performance of competing fuels and vehicle technologies, there exists evidence of a conflict between the potential for outright reduction in environmental impact and their respective economic and infrastructure related practicality.
Sharma and Strezov (2017) conducted a comprehensive study of 8 different vehicle fuel types where economic and environmental sustainability was compared, their study concluded that the environmental impacts of gasoline, biodiesel, ethanol and LPG dominated over the economic impacts in terms of limiting sustainability, whereas, for compressed natural gas (CNG), hydrogen (HFCV) and electricity (BEV), the economic practicalities dominated over the potential for reducing environmental impact in terms of a limitation in the sustainability of the fuels. (Sharma & Strezov, 2017)



[bookmark: _Toc85543805]2.1.2 Comparison of alternative fuels 

Studies that compare the environmental impact and practicalities of vehicle technologies often include the following fuels;
· Gasoline (petroleum)
· Bioethanol
· Diesel
· Biodiesel 
· Liquified petroleum gas (LPG)
· Compressed natural gas (CNG)
· Hydrogen (HFCV)
· Hybrid petrol-electric (PHEV)
· Electric (BEV)
A common theme surrounding environmental comparisons of fossil fuels for passenger vehicle applications is that they offer convenience, and in some cases a reduced environmental footprint in their manufacturing phase when compared to zero tailpipe emission counterparts. This is generally at the expense of tailpipe emissions, reliance on non-renewable energy sources and increased maintenance requirements including oil and water throughout their usage. Despite the presence of convincing arguments for the total environmental impact of gasoline and diesel fuels for the application of passenger vehicles being less than that of electric vehicles, some of these studies fail to integrate the environmental damage caused by the drilling, transporting and refinement of crude oil before it is combusted by the vehicle, at the same time the associated emissions with electricity generation are considered within such comparisons (Kurien & Srivastava, 2020).  Biofuels offer an alternative to traditional fossil fuels, however their abundance is very limited within the market compared to traditional diesel and gasoline. There are significant practical, environmental and ethical concerns surrounding the large scale use of agricultural land that would be required in order to meet fuel demands using this family of fuels (Thompson, 2012). Such demands could increase intensive monoculture farming to an unprecedented scale, reducing biodiversity and causing food web shifts (Landis & Werling, 2010). Large scale adoption of biofuels on a global level would also require utilising land otherwise usable for sustenance farming in a world where food poverty already exists (Tenenbaum, 2008). While they have the ability to reduce GHG emissions, biofuel powered vehicles still emit pollutants hazardous to faunal and anthropogenic health. Despite this, integration of bioethanol as an additive to petroleum is currently utilised as a means to reduce the carbon footprint of petroleum powered vehicles (2% C02 reduction per vehicle), exemplified by the mandatory shift towards ‘E10’ unleaded petroleum within the UK whereby 10% of the fuel composition consists of bioethanol (Shale-Hester, 2021).
 Plug-in hybrid electric vehicles offer a compromise between the ability to travel over short ranges purely using electricity (zero emissions in such circumstances), with the ease of use and lack of ‘range anxiety’ that a traditional ICE vehicle offers. Some studies have concluded that when the official emissions rates stated for PHEVs are considered in cumulative energy demand (CED) simulations, they may be less environmentally damaging in terms of their life cycle assessment (LCA) than traditional ICE and fully electric vehicles. However, one study that reached this conclusion states that the reported results are strongly dependent on the origin of electricity generation, i.e., electricity with fossil, renewable, or nuclear fission, according to the country specific energy mix that is used to power the electric and hybrid vehicles. Baring this in mind, performing specific evaluations for different countries will alter the LCA comparisons of BEVs and PHEVs (Lombardi, et al., 2017). The estimated carbon footprint of energy use for electric vehicles could therefore vary greatly even within the UK itself if specific energy mixes by region are considered, while this is an important factor in determining the environmental footprint of an individual vehicle, considering this factor in a vehicle to vehicle comparison model would disproportionately increase its complexity. 
From an international perspective, when the energy generation of an area is dominated by coal-fired power plants, such as in Southern and central China, PHEVs may offer greater environmental benefits than BEVs according to a LCA that considers the following potential environmental impacts:

	Impact catalogue
	Explanation
	Impact catalogue
	Explanation

	ADP
	Abiotic depletion potential
	ODP
	Ozone depletion potential

	GWP
	Global warming potential
	HTP
	Human toxicity potential

	AP
	Acidification potential
	MAETP
	Marine eutrophication potential

	EP
	Eutrophication potential
	POCP
	Photochemical potential

	FAETP
	Freshwater eutrophication potential
	TETP
	Terrestrial eco toxicity potential 


Table 2.3:  A series of environmental impact categories expressed in terms of emissions to the environment as used by the CML2001 model utilised by The Centre for Environmental Studies of the University of Leiden.
(Ningning, 2019)


[bookmark: _Toc85543806]2.1.3 What is the priority in moving towards Zero emissions vehicles? 

As the CML2001 model presents, there are complex environmental impacts related to manufactured goods such as vehicles, that reach far beyond the single dimension of greenhouse gas emissions. Complex manufacturing and materials processing can have significant impacts on the natural environment, some of which may be irreversible and of greater concern from a conservation perspective, such as poisoning of habitats and freshwater supplies. However, in the case of the UK where our electricity generation is increasingly being met by renewable energy (41.6 % in quarter 1 of 2021) (Department for Business, Energy & Industrial Strategy, 2021), the potential environmental gains from utilising fully electric vehicles would be significantly greater than in Southern China, at least from the perspective of reducing greenhouse gas emissions and mitigating air pollution. 










In 2019 around 2.3 million BEVs and plug-in hybrid electric vehicles (PHEVs) were sold, of which around 70% were BEVs (giving a total of approximately 4.9 million global BEVs at the end of 2019). More than 50% of said vehicles were sold in China;

[image: third Global Plug-in Vehicle Sales Reached over 3,2 Million in 2020 image]




















Figure 2.1: Global market share of electric vehicles (Irle, 2021)

According to Felix Leach et al “policy on BEVs in China is being driven by the need to gain a technological lead in ‘new energy vehicles’ and concerns about urban air quality rather than GHG considerations”, as their paper suggests that the increase in BEV production in China has worsened the countries greenhouse gas emissions in practice as a result of their reliance on coal power stations in electricity generation (Leach, et al., 2020). This serves as an example of how a countries domestic energy supply and transportation policy can impact the perceived environmental benefit of incentivising electric vehicles, therefore it is important to deliberate the end goal of the ‘electric vehicle revolution’ within the UK. There are perhaps 4 primary goals that incentivising zero tailpipe emissions vehicles within the UK could be perceived as aiming to achieve;
· To gain a technological advantage within the global economy within a rapidly changing technological landscape.
· Reduce harmful air pollution in urban areas to improve public health.
· Reduce the greenhouse gas emissions of the transportation sector in order to mitigate the impacts of climate change.
· Reduce the total environmental footprint of vehicles sold and driven within the country (considering the cradle to grave impact of vehicles on the environment).

In practice, a combination of multiple goals are likely to be leading to the recent push for zero tailpipe emission vehicles, however the decisions made from both a consumer and legislative perspective in terms of impacting the market for vehicles in the near future will have a significant impact on which goals take precedence leading to 2030 and beyond.

[bookmark: _Toc85543807]2.1.4 Transitional technologies 

Despite PHEVs offering a convincing application of electrification in terms of reducing overall vehicle emissions, proponents of fully electrified vehicles highlight that they still require the use of fossil fuels in their use, while adding complexity, cost and raw materials in their manufacture over a traditional ICE vehicle. Additionally, analysis from Transport and Environment (T&E) and Greenpeace suggests that PHEVs fail to meet their laboratory tested emissions figures in their real world usage by the significant margin of aproximately two to four times higher than New European Drive Cycle type-approval values (Plötz, et al., 2021).
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Figure 2.2: A T&E analysis of European studies of CO2 emissions from PHEVs while driven on the road by owners in 2016-2018 (Bannon, 2020)
 
 PHEVs can theoretically be driven through highly urbanised areas without producing tailpipe emissions, however this is at the mercy of the driver and dependent on a sufficient amount of battery capacity at which point the vehicle reaches an urban environment. As such, some consider PHEVs to merely be a ‘stop gap’ technology between traditional ICE vehicles and the inevitable electrification of vehicles in the very near future. This viewpoint has been increasingly justified by recent developments in draft green finance regulations within the EU as they are set to ban manufacturers from labelling them as "sustainable investments" beyond 2025 (Abnett & Carey, 2021). While ‘on paper’ PHEVs offer a solution to reducing the GHG emissions of vehicles and reducing their impact on urban air quality, the tangible environmental benefit of running such vehicles considering their ‘real world’ performance, increased complexity from a manufacturing and recyclability perspective and increased use of natural resources as a result of including lithium ion batteries alongside an ICE has been scrutinized (Patterson, et al., 2011).
      E-fuels (renewable fuels of non-biological origin, also called power fuels) 
are also gaining traction within the conversation about future vehicle technologies as they offer a potentially carbon neutral alternative to fuelling existing ICE vehicles, however, due to their recent emergence, many existing life-cycle assessments within academic literature do not include them within their comparative studies. Synthetic fuels offer a carbon neutral alternative as atmospheric carbon dioxide is captured and used within the manufacturing process of the fuel, thereby utilising the greenhouse gas as a raw material. Porsche has launched a project with Siemens energy in Chile named ‘Haru Oni’ whereby atmospheric CO2 and renewable electricity is utilised to produce a carbon neutral ‘eMethanol’ (Porsche AG, 2021). Despite this technology promising to be an alternative to powering the millions of existing ICE cars and large scale industrial vehicles such as cargo ships in the future, currently e-fuels are not mass manufactured on an economically competitive scale, the existing plant in Chile is heavily reliant on the specific areas abundance of renewable wind energy and vehicles powered by e-fuels still emit harmful carcinogenic air pollution. This family of liquid fuels are considered as an indirect form of electrification as they utilise electrolysis in their production, however the extent of this technologies ability to mitigate emissions relies heavily on the presence of usable renewable energy which could otherwise be utilised to directly power electric vehicles (Ausfelder & Wagemann, 2020).































[bookmark: _Toc85543808]2.1.5 What technological solution is set to dominate leading towards 2030?

     While there exists a broad range of technologies and energy resources that are being utilised in order to reduce the environmental footprint of vehicles, at present the only usable technologies that facilitate the eradication of tailpipe emissions from new vehicles are battery electric and hydrogen fuel cells. Currently BEVs are dominating HFCVs in terms of the market share of zero tailpipe emission vehicles across the globe and within the UK. However, as the following graph using Department for Transport Statistics illustrates, fossil fuelled vehicles dominate the landscape of registered vehicles on Britain’s roads with zero tailpipe emission vehicles only holding 0.6% of the share of vehicle on UK roads at the end of 2020. Approximately 194,000 of these are BEVs compared to approximately 200 HFCVs registered on the roads (Department for Transport Statistics, 2021)































Figure 2.3: The proportion of vehicles registered on UK roads by fuel type. 





A hurdle that the widespread adoption of hydrogen fuelled vehicles face is the necessity for more efficient fuel storage. Due to the low density of hydrogen, it cannot be stored as easily as traditional fossil fuels as hydrogen requires compression, cooling, or a combination of both. The most widely used method of hydrogen storage currently is through physical containment in compressed tanks, this in itself poses another limitation due to the risks associated with a widespread rollout of very heavily pressurised tanks across the country (Manoharan, et al., 2019). A fundamental limitation of the sustainability of hydrogen fuel cells in their current guise is the potential for substantial greenhouse gas emissions in the production of the fuel and its storage in order for it to be processed in a usable state for the application of powering vehicles.  Hydrogen is predominantly produced using two different methods, the first being natural gas reformation (95% of hydrogen produced in the USA utilises this method). In this method a natural gas containing methane is reacted with high temperature steam at high pressure over a catalyst to produce carbon monoxide and hydrogen, then, in a ‘water-gas shift reaction’, the carbon monoxide reacts with the steam producing CO and more hydrogen gas. The final step, called ‘pressure swing absorption’ is where any impurities are removed from the system leaving only hydrogen gas. The process produces roughly 7.05 kg of CO2 per kg of hydrogen (Kalamaras & Efstathiou, 2013) which is enough to drive about 60 miles, thus at 0.01175kg/mile CO2 , the associated greenhouse gas emission are comparable to running a small internal combustion engine vehicle or plug-in hybrid vehicle within real world usage. The second method is by Proton Exchange Membrane (PEM) electrolysis where, using an electrical current, an electrolyser splits water producing H2 and O2 gas. Utilising such a method would be carbon neutral, providing the electricity is supplied from a renewable source. This highlights one of the most significant weaknesses of HFCV’s compared to BEVs as the energy conversion efficiency is significantly lower than utilising the electricity to power a BEV directly as this removes the energy losses of the hydrogen fuel production, transportation and storage. According to calculations made by Usman Salahuddin, Haider Ejaz & Naseem Iqbal, A HFCV powered by hydrogen sourced from electrolysis would consume approximately 2.5 times more energy than a comparable BEV as a result of such loses (Salahuddin, et al., 2018).
       HFCVs are considered to be hindered by the high initial purchase costs for vehicles, significantly more expensive running costs (more comparable to petrol vehicles than BEVs) and perhaps most significantly, a highly insufficient infrastructure (Shin, et al., 2019). As of 2021, there are only 11 hydrogen fuel stations operating within the UK with only 2 more planned for commission in the next year, none of which are situated in Wales (Hyde, 2021), this does not compare favourably with electric vehicle charge point infrastructure development within the UK. Data available from the ‘European Alternative Fuels Observatory’ showed that the number of EV charge points per 100km of road in the United Kingdom has increased from 42 in 2011 to 570 in 2019. Year-on- year, the number of charge point connectors has been increasing in the UK, between 2018 and 2019, there was a 50% increase as a further 10,000 connections were added (Hirst, et al., 2021). By the 4th of  January 2021, the Department for Transport had published that the number of charging points had increased to 20,775 in addition to the number of rapid charging devices increasing by 37% compared to the previous year (Department for Transport, 2021). Another significant advantage of BEVs compared to HFCVs from an energy management and consumer appeal perspective is their ability to be charged at home. Exemplifying the potential of this ability is ‘Electric Vehicle Home charge Scheme’ where the UK government currently offers a grant towards buying and installing a wall-box. The grant covers 75% of the cost, up to a maximum cost of £350 (Office for Zero Emission Vehicles, 2021), aiming to encourage home charging with the intention of reducing some of the pressure on public charging facilities. Vehicle to grid (V2G) is a form of power management that is designed to intelligently charge electric vehicles to manage the users’ needs with the demand put on the National Grid. Overnight, a vehicle can be charged when demand on the network is low, and during periods where it’s more likely that energy from renewable sources is feeding the grid. When demand on the grid is high, the charger can take power from a vehicles battery, power a home or business and sell any excess energy back to the grid, helping to manage electricity demands while presenting a financial incentive to the consumer (Andersen, et al., 2009). 
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Figure 2.4: Diagram of vehicle-to-grid concept (Qu, et al., 2019)

An app can be used to set the required range for the vehicle so that the V2G system can intelligently manage the most efficient time to charge the vehicle/grid in addition to informing the user of their financial savings made by utilising off-peak charging hours (Porter, 2020). Not only does this ability allow for energy usage management from the perspective of balancing the demand on the National Grid, but this offers the potential for BEV owners to generate their own renewable energy to power their vehicles, presenting energy independence in a practical and cost effective manner that hydrogen fuel cannot compete with. The ability of V2G technology to enhance grid stabilisation from intermittent energy sources such as wind power (Poullikkas, 2015) presents an opportunity for BEVs to develop in harmony with an energy grid increasingly supplied by renewable energy, wind power in particular in the case of the UK. Additionally, the excess strain that generating electricity to produce enough hydrogen fuel to meet motorists demands, considering the reduced energy efficiency conversion and lack of ability to put electricity back into the grid compared to BEVs, is likely to limit the practicality of this technology in its current state for the foreseeable future. 
 Currently, all indications are that HFCVs are unlikely to increase significantly in light duty passenger vehicle market share in a manner comparable to BEVs by 2030, as referring back to Andersson et al, they do not offer an accessible and cost effective alternative, whereas BEVs are now rapidly establishing themselves within the market as they offer significant financial benefits to consumers. Although removing tailpipe emissions from new vehicles by replacing ICE vehicles with BEVs will inevitably bring environmental and health related benefits, there are some significant concerns surrounding the life cycle environmental footprint of BEVs and the associated environmental risks of incentivising a shift towards this technology and away from the known quantity that is traditional ICE vehicles.



[bookmark: _Toc85543809]2.2. Environmental concerns surrounding batteries

In regards to BEVs, there is concern surrounding the potential waste and resource management challenges that millions of vehicles with large batteries may pose. As the batteries in electric vehicles degrade over time, this can significantly reduce the range of the vehicle that they are installed in and render the battery unfit for purpose. In such an instance, if replacing a vehicles battery is deemed beyond economical repair, this could result in BEVs being scrapped prematurely and contributing to the issue of global waste. Some may consider that BEVs pose an environmental threat in the form of planned obsolescence as electric vehicles continue to become updated year on year both from a hardware and software perspective similarly to smartphones and computers (Mcdonald, 2018). Considering the significance of the waste management challenges facing a BEV market that is growing exponentially, management of this challenge should consider the ‘waste management hierarchy’ as a concept first developed from the Council Directive 75/442/EEC of 15 July 1975 (EEC, 1975)
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Figure 2.5: Waste management hierarchy of battery recycling technologies in order of least environmentally harmful (Harper, et al., 2019)


















	Order within waste management hierarchy
	Type of waste management
	Description within context of BEVs 

	1st
	Prevention
	LIBs (Lithium ion batteries) are designed to use less-critical materials leading to BEVs that are lighter and have smaller batteries. 


	2nd
	Re-use 
	Electric-vehicle batteries should have a second use

	3rd
	Recycling
	Batteries should be recycled, recovering as much material as possible and preserving any structural value and quality. 


	4th
	Recovery
	Suggests using some battery materials as energy for processes such as fuel for pyrometallurgy for example.


	5th
	Disposal
	No value is recovered and waste goes to landfill



Table 2.4: Description of the waste management hierarchy within the context of BEVs (Harper, et al., 2019).


Consideration of the ‘waste hierarchy’ concept could have a significant influence on the design of vehicles, a preventative approach to BEV design could fundamentally alter the design philosophy of a vehicle by aiming to reduce natural resources use in order to meet a design brief or specification. As EV batteries achieve their End-of-Life (EoL) when their capacity is reduced by around 20% or, in other words, when they reach a State Of Health (SOH) of 80%, battery re-use for stationary applications that do not require such high levels of capacity density become a practical proposition. Baring this in mind, consideration for the ease of removal of the lithium ion battery (LIB) for the purpose of replacement and second life use applications could have a fundamental impact on a vehicles design. (Canals Casals, et al., 2017)
       Despite the nickel−metal-hydrate (NiMH) and lithium-ion batteries commonly used in EVs being significantly less hazardous compared to the lead-acid batteries traditionally used in internal combustion engine (ICE) vehicles, they still contain large quantities of metals, rare earth elements, and toxic materials (e.g., electrolyte salts and solvents), which can adversely affect the environment and pose potential risks to human health.  The disposal of spent batteries may involve landfilling, stabilisation, incineration or recycling. In landfills, heavy metals have the potential to leach slowly into the soil, groundwater or surface water, further increasing the necessity for the recyclability of vehicle batteries to be considered in order to facilitate a more ecologically sound application for BEVs in the future (Meshram, et al., 2014).
 The batteries within fully electric vehicles are also far greater in both volume and weight compared to those in ICE vehicles, therefore they are more difficult to transport and dispose of. These batteries could also pose fire, explosion, and electric shock hazards, if disposed of improperly (Yuanan, et al., 2017). Critics of electric vehicles may also highlight that the batteries used in fully electric vehicles contain rare earth elements such as lithium that are transported across the globe, in addition to requiring some energy intensive manufacturing processes during their construction. LIBs are currently the dominant technology for EV’s, typical automotive LIBs contain lithium (Li), cobalt (Co), and nickel (Ni) in the cathode, graphite in the anode, as well as aluminium and copper in other cell and pack components. Commonly used LIB cathode chemistries are lithium nickel cobalt manganese oxide (NCM), lithium nickel cobalt aluminium oxide (NCA), or lithium iron phosphate (LFP) (Chengjian, et al., 2020). However, battery technology is currently evolving rapidly and the introduction of improved chemistries that enable greater battery efficiency, reduced resource usage and greater recyclability can be expected in the future (Ponrouch & Palacín, 2019). Despite the promise of evolution in battery design, the potential for environmental damage that contemporary BEVs cause must be considered. Environmental concerns surrounding the irreversible damage that mining for rare earth metals required in lithium ion batteries, lithium in particular, is one of the primary limitations surrounding the sustainability of BEVs as not only does this present a significant ecological impact, but many of these resources are finite and the working conditions of many open cast lithium mines across the globe present ethical hurdles in the form of poor treatment of workers and hazardous consequences to surrounding residents (Bonsu, 2020).
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Figure 2.6: Greenbushes open cast mine, Western Australia. Currently the largest hard-rock lithium mine in the world, It has produced spodumene concentrate predominantly for export to China-based mineral conversion plants and consumers of technical-grade spodumene concentrates in Europe, North America and China (Millikin, 2020)


Despite the probability of the practise of mining rare earth metals continuing in the absence of widespread adoption of BEVs, replacing ICE vehicles with BEVs has the potential to significantly increase the prevalence of such practises. In addition to contributing to ecological damage, an increase in the use of finite resources could render BEVs unsustainable unless greater recyclability of such materials and a more circular approach to the economy of vehicle batteries can be achieved.









[bookmark: _Toc85543810]2.2.1 Processing of natural resources 
       The raw material usage and intensive industrial processes necessary in order to extract lithium are a cause for concern. As lithium is sourced from natural resources such as clays, mineral ores and brine reservoirs, these natural resources are extracted from the natural environment and utilised in large quantities to satisfy global lithium demands. For example, it takes approximately 250 tons of the mineral ore spodumene when mined, or 750 tons of mineral-rich brine to produce one tonne of lithium (Meshram, et al., 2014). The processing of large quantities of raw materials can result in considerable environmental impacts. Production from brine for example, entails drilling a hole in the salt flat and pumping of the mineral-rich solution to the surface. This mining activity depletes water tables, an example of which being within Chile’s “Salar de Atacama”, a major centre of lithium production. In this particular region 65% of their water is consumed by lithium mining activities, resulting in farmers in the region importing water from other regions. The demands on water resources from the processing of lithium produced in this manner are particularly intense with a ton of lithium requiring approximately 1,900 tonnes of water throughout the extraction process (Harper, et al., 2019).
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Figure 2.7: Salar de Uyuni, Bolivia. Brine is pumped out of a nearby lake into a series of evaporation ponds and left for 12 to 18 months before processing in a factory to produce lithium ions for batteries (Katwala, 2018).
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 If BEVs are manufactured in a manner that is considerably more energy intensive than their internal combustion engine counterparts, the embedded emissions within the vehicle itself may never be offset by its more efficient energy use throughout its entire life usage compared to an ICE vehicle. Additionally, research has suggested that many electric vehicles are currently being bought as second cars as ‘range-anxiety’ leads to owners holding on to their internal combustion engine cars for longer journeys. Criticism of the true environmental benefit of BEVs also arises from them often being purchased  by the ‘middle-class’ as a status symbol and second or third vehicle facilitating the continued use of un-economical vehicles for many journeys (Berkeley, et al., 2018). Although it could be argued that the presence of an electric vehicle in such a scenario is effectively reducing the emissions of ICE vehicles by replacing them for short journeys, this fails to consider the impact of raw material procurement and energy consumption through manufacturing.
    A study by the International Council on Clean Transportation (ICCT - an independent non-profit research and analysis organisation) published a review in 2018 of research on the lifecycle emissions of EVs in Europe. This also suggested that the lifecycle emissions of an EV were dependent on the energy mix of the country in which they are used in, similarly to Ha Ningning.
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Figure 2.8: Life cycle emissions of vehicles different European countries (Hall & Lutsey, 2018)

Despite BEVs offering the potential for a reduced life cycle environmental impact compared to ICE vehicles considering the energy mix of UK according some studies, there still exists a concern surrounding the high energy consumption of manufacturing processes related to lithium ion batteries. The type of batteries utilised widely within BEVs currently consist of multiple components and materials that require energy intensive manufacturing processes in their construction. An analysis of a lithium ion battery pack of 24 kWh capacity that uses a graphite anode and lithium manganese oxides (LMO) cathode, which are popularly used in the Nissan Leaf and Chevrolet Volt EVs, found that the battery itself was composed of the following components by weight;
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Figure 2.9: Mass composition of an LMO battery pack (Yuan, et al., 2017).

The same study generated a breakdown of individual manufacturing processes and their respective energy consumption;
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Figure 2.10: The energy consumption of each battery pack manufacturing process and raw material usage illustrated by their percentage shares for a 24 kWh battery pack (Yuan, et al., 2017).
The aforementioned study utilised background datasets for materials and energy used in the 24 kWh LMO-graphite battery pack production from the “Ecoinvent database V 3.0”  life cycle inventory (ecoinvent, 2021) before calculating primary energy usage using GaBi LCA modelling software. The results suggest that a total of 88.9 GJ of primary energy is consumed in producing the 24 kWh LMO-graphite battery pack, with 29.9 GJ of energy embedded in the battery materials, 58.7 GJ energy consumed in the battery cell production, and 0.3 GJ energy used in the final battery pack assembly (Yuan, et al., 2017). According to Yuan et al, the battery cell production energy consumption was found to be at 50.1 kWh/kg per battery pack manufactured, with electrode drying and dry room conditioning being the most energy intensive manufacturing processes. Although the energy consumption associated with battery manufacturing will vary depending on battery chemistry (Peters, et al., 2017) and the specific manufacturing facility in question (Zackrisson, et al., 2010), energy consumed per kg of battery pack produced could be used as a directly comparable value between competing manufacturers. In terms of incentivising reduced energy consumption in the manufacture of vehicle batteries, perhaps a more appropriate comparison would be the energy consumption in the form of kWh/unit produced, as this would not punish manufacturers that are capable of producing lighter battery packs, another area of important development that could increase the efficiency of BEVs.  
     Measuring the true environmental impact of manufactured goods can become increasingly complex in the presence of the consideration of both direct and indirect emissions of the manufacturer. As manufacturing facilities do not operate in isolation of other enterprises and rely on other services such as logistical transportation and distribution of products, the total environmental impact of a product can encompass scope 1,2 & 3 emissions as illustrated in the following infographic;
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Figure 2.11: The direct and indirect emissions of an enterprise (Pera, 2020).


[bookmark: _Toc85543812]2.3. Comparative models of consumer goods

Models that are designed to facilitate the comparison of vehicles and manufactured goods in general can vary greatly in purpose and context. The most effective individual models and their associated academic research utilise a detailed understanding of the academic studies surrounding their specific topic area, yet they present a succinct and useful conclusion that contributes to debate within their relevant topical discussion. However, comparisons and comparative models are not limited to academic papers and specific experiments, they are often utilised within the consumer market environment to allow the comparison of competing products so that the consumer can reach an informed purchasing decision. Perhaps more significantly, manufactured goods are required to meet strict legislative requirements in terms of safety and performance, in addition to laws surrounding marketing and advertising. In the UK products must comply with ‘The Business Protection from Misleading Marketing 
Regulations 2008’, in order to ensure that products are not marketed in a misleading manner they may be subject to testing and comparison against competing goods to determine the legitimacy of their marketing claims (Hill & Lowry, 2008).
 In order to establish that consumer goods meet such requirements and are fit for purchase, relevant authorities and testing organisations may utilise comparative models to determine the performance of products on a like for like basis amongst a set of benchmarks. As the vast majority of consumers of specific products are unlikely to be experts in the field in which the product is designed and tested, in general terms consumers often rely on easy to understand but research informed opinions of trusted individuals or regulatory bodies. Research has found correlation between third party reviews and consumer advice regarding the safety of child car seats and impacts on consumer behaviour, indicating that consumer opinion of products can be heavily impacted by expert advice (Simonsohn, 2011).  
























The ‘Finnish Consumer Ombudsman Guidelines’ states that when using environmental claims in the marketing of vehicles, care must be taken so that;

· Comparisons are only made between cars of the same size category.
· Marketing conveys an accurate and truthful overall impression to the consumer.
· Claims are based on proven facts.
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Figures 2.12 & 2.13: Examples of appropriate and inappropriate marketing claims relating to the environmental credentials of vehicles according to Finnish consumer Ombudsmen guidelines (KKV Finnish Competition & Consumer Authority , 2015 ).

[bookmark: _Toc85543813]2.3.1 Comparative models within the automotive industry & their influence

In the context of comparing consumer goods and presenting consumer information, quantitative data surrounding the statistical performance of a product is often translated into a qualitative form in order to present the performance of the product in an easily digestible manner that is suitable for a wide audience. The visual presentation of vehicle safety performance used by the European New Car Assessment Programme (EuroNCAP) demonstrates this clearly. This is an example of how a complex set of data recorded about the performance of a vehicle in a broad set of scenarios, of which there could be an almost endless set of variables that impacts the perceived performance, is presented in an easily digestible manner for consumers at the judgement of professionals. In the case of vehicle crash test ratings, complex sets of data recorded from dummies within the vehicle are converted into likelihoods of fatal or serious injury by passenger and body part in various crash scenarios (Segui-Gomez, et al., 2010). Where a peak ‘X’ value of newton meters in force is recorded on a dummies head for example, this will be evaluated in terms of risk of death or serious injury and will have a proportionate impact on the vehicles overall score for perceived safety performance;
	Colour
	Performance
	Associated Points Range 

	Green
	‘Good’
	<4.000

	Yellow
	‘Adequate’
	2.670-3.99

	Orange
	‘Marginal’
	1.330-2.669

	Brown
	‘Weak’
	0.001-1.329

	Red
	‘Poor’
	0.000



Table 2.5: EuroNCAP colour coding of injury severity, The protection provided for adults for each body region are presented visually, using coloured segments within body outlines. The colour used is based on the points awarded for that body region (rounded to three decimal places) (Euro NCAP, 2013).
The end result is that complex data sets are fed through a model that produces a representative, visually appealing and easily understandable score that can be directly compared from vehicle to vehicle on a like for like basis;
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Figure 2.14: Adult occupant protection results of a 2001 Honda Civic published by Euro NCAP (Euro NCAP, 2001)



From the beginning of the 21st century to the current day, the ability of mass production passenger vehicles to protect their occupants has improved significantly. An American study found that The likelihood of escaping a crash uninjured improved from 79% to 82% as a result of improvements between the 2000 and 2008 vehicle fleets (National Highway Traffic Safety Administration, 2013).
 The following test carried out by the ANCAP (Australasian New Car Assessment Program) highlights the advancements in safety achieved during this period. The following test involved crashing a 1998 Toyota Corolla against a 2015 Toyota Corolla in a head-on, partial overlap collision. Both vehicles were accelerated to 40mph before the moment of impact; 
[image: /var/folders/s0/b6_9vzx92hx0ph2mw1bvn1yh0000gn/T/com.microsoft.Word/WebArchiveCopyPasteTempFiles/Corolla-Crash-760x507.jpg]
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Figures 2.15 & 2.16: 1998 vs 2015 Toyota Corolla overlap frontal collision (Berry, 2017).


Following the introduction of Euro NCAP tests in 1997, the rate of development in vehicle occupant protection increased significantly. This is perhaps an indication that the widespread publishing of comparable results between vehicles influenced consumer behaviour, therefore forcing a hand in the course of development within automotive engineering. More recent developments in European vehicle safety testing successfully incentivised manufacturers to include more active safety features on vehicles such as automatic emergency braking, as failure to include such features now has a negative impact on a vehicles overall rating (Bickerstaffe, 2010). If a comparative model relating to life cycle environmental impact could achieve similar success, this could have substantial implications on the planet when the scale of the global automotive industry is considered.






































[bookmark: _Toc85543814]2.3.2 Environmental impact comparisons of vehicles within the consumer environment

As tailpipe emissions remain the standard in environmental comparisons between vehicles, some publications have attempted to present an alternative method to comparing the environmental footprint of vehicles. Next Green Car developed their ‘NGC Rating’, (see appendix A for complete methodology) whereby a vehicles environmental impact is assigned a score ranging from 0 for the greenest vehicles to 100+ for the most polluting (Lane, 2015).  In addition to the tailpipe emissions produced during a vehicle's use, life cycle emissions including 'upstream' pollutants generated during fuel production (including primary production, extraction, transportation, and refining) and vehicle production (manufacture and assembly) are considered in the score;
[image: ]


















Figure 2.17: Factors that influence the NGC rating (Next Green Car Limited, 2016)

In order to generate a score, their model relies on a mathematical model that utilises published data relating to vehicle emissions and estimates for manufacturing impacts. For direct emissions emitted by light-duty vehicles (passenger cars and vans) that are powered by petrol, diesel or electricity (in full or in part), official emissions figures are sourced from the UK Vehicle Certification Agency (VCA) which provides official data for all new cars available in the UK and includes: 
  Official combined fuel economy (in litres/100km and miles-per-gallon), and 
  Tailpipe vehicle emissions of CO2, CO, HCs, NOx, PM10 (in g/km). 
Associated data for electric vehicles (including energy use kWh/100km for BEVs, weighted combined data for PHEVs) are also sourced from the VCA or manufacturers websites. 
Indirect fuel production emissions for all fuels are sourced using published data quoted on an energy delivered basis (g/GJ) for: CO, HCs, NOx, PM10, SO2, CO2, CH4, and N2O. 
For vehicles used in the UK, data is sourced from the Department for Environment Food & Rural Affairs (Defra) and the European Joint Research Centre (JRC) . Where no reliable UK data is available, information based on the North American ‘GREET’ (Greenhouse gases, Regulated Emissions, and Energy use in Technologies) model is adapted for a UK context. These values are then multiplied by vehicle fuel economy (MJ/km), and a unit conversion factor to give the fuel production emission in g/km. 
As emissions data for indirect vehicle production is not generally available for all models, the NGC methodology uses an approach developed for the North American GREET model, to quantify vehicle cycle emissions. This method enables an estimate to be made for the emissions associated with vehicle production combined with assumptions about lifetime mileage, enabling a value for total emissions to be calculated in terms of g/km-kg.
The approach taken by the GREET methodology requires an analysis of the following information for each vehicle type assessed: 
· Vehicle mass (kerb weight in kg), 
· Vehicle composition by mass (kg) 
By using a system of over 18 material category types, the emissions associated with the production of each material category (g/kg) and the total energy required for vehicle assembly (MJ) is estimated. For each vehicle, the mass of each of the materials is multiplied by the respective emissions per unit mass associated with the material’s production, therefore an estimate of the manufacturing emissions profile associated with that particular vehicle can be generated (Wong, et al., 2020). Within the NGC rating methodology a worked example is provided that utilises the aforementioned data sources:
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Figure 2.18: Worked example of the NGC rating methodology (Next Green Car Limited, 2016)
The result of this methodology is that the ‘NGC score’ can be directly compared between competing vehicles, including those of alternate fuel types as follows;
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Figures 19, 20,21 & 22: The best scoring vehicles for BEV, ICE, HFCVand PHEV respectively suggests that BEV’s have the greatest potential to mitigate environmental impact (Lilly, 2021)


CHAPTER 3: METHODOLOGY

8. [bookmark: _Toc85543815]Methodology- Introduction
In order to encourage the purchase and production of more sustainable electric vehicles within the UK, it is important to understand the role of both consumer demand and legislative influence. By understanding the hierarchy of consumer concerns when purchasing a vehicle, this can inform policymakers whether presenting to the consumer the environmental impacts of their vehicle purchasing decisions is likely to drive positive change. Prior to undertaking research that would contribute primary data for the purpose of informing the design of an environmental impact comparison model for electric vehicles, it was determined that the findings of the literature review should also have a fundamental role in evaluating a model and informing the discussion surrounding vehicle policy in the UK moving towards 2030. As quantitative ‘experimental’ research techniques related to reducing vehicle environmental impacts require complex computational and laboratory resources (Deng, et al., 2017), pursuing this research technique for the purpose of gaining primary data to contribute to the study was deemed prohibitive from a time-scale and economic perspective. However, by completing semi structured interviews and questionnaires relating to the specific aims of the study, an insight into the opinions of people that are likely to have an impact on the influence of vehicles on the environment can be gained, facilitating a grounded theory approach to analysing their responses. Primary data was collecting in the form of responses to an online survey and a semi-structured interviews with an automotive engineer and a currently serving member of the Welsh Assembly. In terms of the audience for the survey, gaining as many vehicle owners within the UK as possible was the primary aim. A varied response in terms of age, gender and occupation was sought in order to generate as accurate an insight as possible into the opinions of British motorists as a whole. This was achieved by publishing the survey link through a variety of social media platforms, in addition to encouraging friends and relatives of all demographics to participate. For the semi-structured interviews, a Formula One engineer and published author within the automotive industry participated. Neil Waterman was chosen to participate in the study as his experiences working within the automotive industry, including discussions with executives and influential engineers, provided a valuable insight into the future of the industry from both a technical and marketing perspective. As the deputy minister for climate change in the Senedd, Lee waters provided an insight into the state of discussions held within the Welsh government in relation to the future of the automotive industry.














[bookmark: _GoBack]

[bookmark: _Toc85543816]3.1 The research method

The proposed methodology includes the use of both quantitative and qualitative viewpoints, data collection, analysis, and inference techniques for the broad purposes of breadth and depth of understanding and corroboration. This can be considered as a mixed methods or ‘MM’ research design (Schoonenboom & Johnson, 2017). A classification of the purposes of MM research was published in 1989 by Greene, Caracelli, and Graham. Their analysis led to the following categorisation of purposes for MM research;

	Five Fundamental Purposes of a Mixed Methods Research Strategy

	1. Triangulation- seeks convergence, corroboration, correspondence of results from different methods;


	2. Complementarity- seeks elaboration, enhancement, illustration, clarification of the results from one method with the results from the other method

	3. Development- seeks to use the results from one method to help develop or inform the other method, where development is broadly construed to include sampling and implementation, as well as measurement decisions


	4. Initiation- seeks the discovery of paradox and contradiction, new perspectives of      frameworks, the recasting of questions or results from one method with questions or results from the other method

	5. Expansion- seeks to extend the breadth and range of inquiry by using different methods for different inquiry components.




Table 3.1: Possible purposes of a mixed methods research strategy (Greene, et al., 1989)



This form of methodology is suitable as the study aims to use existing academic studies in parallel to the collection of primary data that can function to test the hypothesis in order to inform the analysis of the comparative model and discussion around the policy guide. 










[bookmark: _Toc85543817]3.2. Limitations and advantages of the research method

There are some potential limitations to this form of methodology as analysing secondary data and sources will require careful consideration of the merit of the sources being analysed. In order to legitimise any conclusions made in this section of the research there must be clear evidence that complimentary and contradictory sources for each topic have been studied. Additionally, the validity of conclusions drawn from the data analysis of survey results will be dependent on the collection of a representative volume of responses. The structure of surveys must also omit any double negative, ambiguous, ‘double-barrelled’, leading or biased questions and allow for the responses to be clearly understood and compared. Some of the advantages and limitations of using a survey as a research strategy can be described as follows;

	Advantages
	Disadvantages

	· The research produces data based on real-world observations (empirical data).

	· The significance of the data can become negligible if the researcher focuses too much on the range of coverage to the exclusion of an adequate account of the implications of those data for relevant issues, problems, or theories.


	· The breadth of coverage of a variety of people from different demographic groups can facilitate the obtainment of a representative sample, and can therefore be generalisable to a population.

	· The data that is produced is likely to lack details or depth on the topic being investigated.


	· Surveys can produce a large amount of data in a short time for a relatively low cost.

	· Securing a high response rate to a survey can be difficult to achieve, particularly when it is carried out by post, face-to-face or over the telephone.


	· Surveys can provide an insight into the views of respondents in response to contemporary changes in society/legislation etc.
	It can be difficult to verify that all responses gathered are sincere and contemplated.


Table 3.2: Advantages & disadvantages of a survey led research strategy (Kelley, et al., 2003).


By utilising interviews and careful consideration of the findings from the literature review, lack of detail and depth around the topic under investigation can be accounted for within the research, thereby strengthening the purpose of the survey strategy as a descriptive ethnographic study.



[bookmark: _Toc85543818]3.3. Archival research

To accomplish the aim of informing the fundamental challenges facing electric vehicles in the UK, an archival research method was used so that the fundamental characteristics of low emission vehicle technologies can be presented and discussed. By evaluating the findings of existing academic studies within the literature review, this was used to inform the presentation of the fundamental challenges relating to the topic so that they can be considered in the context of national vehicle policy. The archival research is separated into three distinct categories so that the fundamental challenges and questions surrounding low emissions vehicles can be more clearly presented. Within each section the fundamental issues to address were summarised and considered in the context of contemporary vehicle technology and the challenges faced by the automotive industry in improving the sustainability of their products moving into the electrification age. 

The summarised findings from the archival research were arranged as follows;

1. Learnings from the successes and failures of environmental policy relating to vehicles in the past and the serviceability of the current method of measuring the environmental impact of vehicles (emissions e.g. grams CO2/km) for EVs.

2. The environmental concerns surrounding BEVs and determination of their significance in terms of requirement for intervention within British policy.


3. How comparative models that are currently utilised within the automotive industry can incentivise a more sustainable future for EVs.



















3.4. [bookmark: _Toc85543819]Structured survey

The intention of collecting data from structured surveys was to test the hypothesis that the perceived environmental impact of a vehicle will impact the purchasing decisions of British motorists. The aim was to achieve at least 50 responses in order to gain a useful set of data to analyse based on suggestions made by academics, for example, for ethnography and grounded theory, Morse suggested approximately 30 – 50 participants (Morse, 1994), while Creswell suggested only 20 – 30 (Creswell, 1998). As this section of the research aims to present the behaviours, beliefs and attitudes of the respondents in relation to the environmental impact of vehicles, the purpose of the surveys could be presented as a descriptive ethnographic study as suggested in table 3.3;
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Table 3.3: Research question strategies (Boudah, 2011)



When constructing a survey, it is imperative that research ethics are considered in order to validate the integrity of the information gained. Obtaining informed consent may vary in format, for example in-person participation in surveys may include a discussion and signing of a consent form. Mailed or web-based surveys may have implied consent or "passive" consent by virtue of participants choosing to participate in them and having the purpose of the survey clearly demonstrated (Buchanan, 2009). Additionally, participants of online surveys should have the ability to not answer sensitive questions, specifically the ability to avoid demographic questions. Missing data from participants choosing to refuse to answer such questions can be statistically adjusted for, allowing participants to skip questions while maintaining the usefulness of the survey (Hammer, 2017 ). As is common throughout all forms of research, mitigating bias is important. Selection bias can be problematic, compromising the validity of web-based surveys, therefore researchers should attempt to target diverse populations when this does not interfere with the fundamental purpose of the research in question (Eysenbach & Wyatt, 2002). In order to gain access to a large and diverse audience, the primary method of obtaining survey responses was by utilising a web based survey tool. In addition to facilitating ease of access for participants, this limits the necessity for face to face contact in the presence of the covid-19 pandemic, reducing the risk of participants refusing to participate in the survey as a result of health related issues. Following a trial of multiple online survey designing tools, Google forms was chosen as the final method of producing and sharing the survey due to its free access and inclusion of necessary tools, such as the ability to produce short answer text replies, multiple choice  and multiple-choice grid questions along with the ability to remove the necessity for answers to demographic based questions (see appendix B for the final survey design). In terms of sampling participants for the survey, as the survey was designed to give an insight into the current attitudes and experiences of vehicle owners in the UK, it was requested that the survey was completed by participants that currently use a vehicle within the UK. Prior to releasing the survey to members of the public, a pilot run was completed in order highlight any weaknesses within the structure of the survey design. Upon piloting the survey amongst 5 family members with varying knowledge surrounding the topic area, some adjustments were made to enhance the ease of use of the survey and improve the usability of the responses gained. Following discussions with the project supervisor modifications were made to a question that requested the participant to choose their most important vehicle characteristic from a choice of  8, this included;

· Safety
· Performance
· Aesthetics
· Environmental impact 
· Comfort 
· Practicality 
· Running costs 
· Initial costs 

By modifying the survey design through utilisation of the multiple-choice grid functionality of google forms, this allowed the participants to rank these vehicle characteristics in order of importance, thereby improving the ease of use in completing the question and giving a clearer insight into the perceived Importance of environmental impact in the participants vehicle purchasing decisions. 




The survey itself was structured to gain responses for three distinct themes (see appendix C), namely:

A.) Socio-demographic information
B.) Vehicle ownership (vehicle type by fuel, form of ownership etc.)
C.) The influence of environmental impacts and associated policy on vehicle purchasing decisions

The survey questions were structured to gain an insight into the type of vehicle (by fuel type) of the participants, the importance of environmental impact in their purchasing decision, their awareness of the 2030 ban on new ICE vehicles, and the influence of the current vehicle taxing strategy on their vehicle purchasing decision. By including demographic questions such as age, gender and profession, patterns in consumer perceptions could be analysed. Following additional advice gained through a pilot study of the questionnaire, respondents suggested that the survey should remain concise, easy to complete, it should not be time consuming and should be easy to understand amongst respondents that have little or no knowledge of the automotive industry or environmental policy. Studies have found that questionnaire length can have a substantial impact on non-response, particularly when questionnaires are very short or exceptionally long, however the use of a short questionnaire would be expected to minimise non-response (Edwards, et al., 2009). By designing the survey to include 12 questions, most of which being multiple choice, this would allow the survey to be completed in a couple of minutes. By designing the survey specifically to be quick and easy to complete, this reduced the risk of potential respondents being hesitant to participate. Prior to releasing the survey to the public, advice regarding the attainment of ethical approval was sought. In order to ensure that the research proposal would meet the ethical standards of the university research ethics committee, an evaluation of the ethical acceptability of the research proposal from two main standpoints was made: 

· The ethical implications of the research conduct, foreseeable research outcomes, and potential consequences of the research results for society.
· Protection of the rights, dignity, safety, and well-being of prospective study participants.
(Kaewkungwal & Adams, 2019)

Key characteristics of the survey that embody sound ethical considerations include:
· All respondents will be at least 17 years of age as this is the legal limit for driving a vehicle in the UK.
· Participation is voluntary.
· Responses will be anonymous.
· Demographic related questions are not forced on the respondent. 
· Email collection for proof of no multiple responses was voluntary and entered manually by respondents.
· The outcomes of the research will not have negative implications for society or the health and wellbeing of participants. 





3.5. [bookmark: _Toc85543820]Semi-structured interviews (SSI’s)

In addition to collecting survey responses, the intention was to arrange interviews with people in a position of authority within a relevant field, such as someone involved with British politics and a senior automotive or energy engineer etc, subject to availability of willing respondents. The role of the semi structured interview was to determine whether there is clarity in the roadmap of the UK’s future in terms of low emission vehicle policy and whether the unique insights and skills of those that will be involved in reducing the environmental impact of vehicles are being utilised effectively. 6 Open-ended questions were presented to the respondent in order to ensure that all the necessary key issues were covered (see appendix E), allowing the interviewee the freedom to express their ideas freely, ensuring that useful insights stemming from their personal experiences and opinions were not impeded within the discussion. Distinct questions were asked in order to ensure that the key themes were covered and to limit the length of the interview, considering that approximately one hour is a reasonable maximum length for SSIs in order to mitigate fatigue for both the interviewer and respondent (Adams, 2015). 


3.6. [bookmark: _Toc85543821]Data analysis 

Responses to the online questionnaire were conveniently presented within the google forms software, with graphical representations of responses to each question being automatically generated for the purpose of visual analysis. Additionally, data collected from the survey was downloaded in “.csv” format, giving access to tabulated data sets that could be used within Microsoft excel. Exporting of raw data sets into Microsoft excel facilitated the generation of graphical data representation in an appropriate format for the purpose of inclusion within Microsoft Word. Spreadsheets were also generated from within the google forms software itself for statistical analysis. Within the SSI, any significant insights into the automotive industry were noted. Responses to the key themes discussed were analysed and summarised answers tabulated to facilitate discussion within the conclusion.




















CHAPTER 4: RESULTS  & DISCUSSION
4. [bookmark: _Toc85543822]Results- Summary of Findings From Archival Research 
	VED in the UK & EU quotas on vehicle manufacturers have been structured around vehicle CO2 emissions (g/km)
	Positives

· This incentivized development of more fuel efficient vehicles.
· The potential impact of vehicles on climate change and air quality was put under the spotlight.
· Consumers were aware of the harmful potential of vehicle exhaust emissions.
· Tax revenue from the selling and use of particularly polluting vehicles could be utilised for environmental causes. 
· This presented an easily comparable variable relating to environmental impact for the purpose of comparisons between vehicles. 
· Incentivised the current rise in zero tailpipe emission vehicle technologies.
	Negatives

· This strategy fails to consider the vast array of other pollutants sourced from vehicle exhausts that contribute to damaging health. 
· A key driver behind the rapid increase in the popularity of diesel vehicles around the turn of the century, contributing to increased NOx pollution and poorer air quality in urban environments.
· Fails to acknowledge the impact of manufacturing processes and materials use on the environment. 
· Tests relating to vehicle emissions were manipulated, leading to lawsuits and vehicles emitting more harmful emissions than advertised.
· This does not incentivise development of more efficient BEVs or HFCVs as they are all classified as emitting 0 g/km CO2 emissions 

	What lessons can be taken from the current universal method for measuring the environmental impact of vehicles in the context of an electrified vehicle market beyond 2030?
	The ease of understanding and measurement of a single measured value facilitates comparisons amongst consumers with a limited knowledge of vehicles and/or environmental issues. Tax revenue based on the perceived environmental impact of vehicles not only offers an incentive to reduce said impact but provides useful public funding. By taxing more environmentally harmful vehicles more heavily this still gives consumers freedom of choice, but makes ownership of less sustainable vehicles a luxury. Less stringent taxation on classic vehicles maintains the ability of enthusiasts to maintain historically important vehicles without excessive financial burden. It is worth noting that the current structure itself has incentivized the current rise of electric vehicles due to their classification of ‘zero emissions’ and the benefits this provides to both manufacturers and consumers.
	The limitations of the g/km CO2 emissions structure have failed to incentivise cleaner production. A large hybrid SUV that excels ‘on paper’ in terms of emissions may be subject to lower taxation than a small petrol engine hatchback despite the larger life cycle environmental impact of the former. By focussing on one environmental impact of vehicles the larger issue of energy and material use may have been neglected. The severity of the lawsuits surrounding vehicles cheating emissions tests serves as a lesson in how loopholes will always be tested for the purpose of significant financial gain. Despite the current structure incentivising the expansions of vehicle electrification in the first place, beyond owning an electric vehicle it does not incentivise the purchase of an electric vehicle that is more sustainable than its competition. Reducing the ability for manufacturers to cheat tests and incentivising reduced life cycle environmental impacts of vehicles could have a tangible benefit for the environment 


Table 4.1: Learnings from the successes and failures of environmental policy relating to vehicles in the past and the serviceability of the current method of measuring the environmental impact of vehicles (emissions e.g. grams CO2/km) for EVs.

	Type of environmental impact
	Arguments for significance 
	Arguments against significance

	Manufacturing & production
	· On average BEVs are more energy intensive to manufacture than ICE vehicles.
· This constitutes a significant proportion of the Life-cycle environmental impact of a vehicle.
· Reducing energy consumption in manufacturing would reduce strain on the national grid.
· Early adoption of renewable energy usage and sustainable manufacturing techniques could put UK based manufacturers at a competitive technological advantage in the push towards low carbon economies.
· It is a relatively straightforward process to estimate the energy consumption per unit of product produced at a facility considering the electricity/fuel used (scope 1 emissions)
	· Can be difficult to source reliable information regarding the energy consumption of the entire manufacturing process of a vehicle from manufacturers.
· Manufacturers are already incentivised to reduce the energy intensity of their processes to a degree as this reduces the cost of production through reduced energy costs.
· Attempting to calculate the entire environmental footprint of manufacturing considering indirect emissions can be an exceptionally  complex process.
· Some may argue that increased pressure on manufacturers within the UK may put domestic enterprises at a competitive disadvantage to overseas manufacturers that are not as considerate of environmental impact at the potential deficit of ultimate production capacity.

	Raw materials usage 
	· There is potential to incentivise the purchase of smaller vehicles that use less materials and take up less space on roads (added benefit of reducing congestion?)
· Unsustainable use of rare earth metals may significantly inflate prices.
· Lighter vehicles inherently lead to more efficient vehicles and less damage to roads and associated infrastructure.

	· Potential that astringent consequences for materials use could negatively impact vehicle safety.
· Use of materials such as steel supports the economy.
· Some vehicles are designed to carry more passengers than others, should a vehicle that has the capacity to carry 7 passengers be scored negatively for increased materials usage over a vehicle that can only carry two passengers? 

	Electricity usage 
	· A rapid increase in EVs may lead to a rise in demand for electricity that is difficult to meet, less energy demanding vehicles reduce the severity of this risk.
· Electricity usage is easy to measure and compare between vehicles in kWh/mile, the equivalent of miles per gallon (MPG) for ICE vehicles.
· The more efficient an EV, the smaller the battery and shorter the charging time required for every mile covered.
· Consumers are familiar with comparing vehicles on an energy consumption per distance covered basis.
· Electricity is currently far cheaper than petrol or diesel in terms of fuel costs, limiting the incentive of a consumer to purchase a more efficient electric vehicle over a less efficient alternative.
	· Consumers that purchase less efficient EVs pay more for electricity use, therefore this issue will require little intervention as prices of energy follow supply and demand.
· In a country increasingly powered by renewable energy, the associated emissions with electricity usage is falling.
· It could be argued that the environmental footprint of mining minerals for the manufacture of EV batteries is the greatest threat against the sustainability of this technology as it is technically possible to power all vehicles with renewable energy.

	Recyclability & disposal
	· There is a lack of indigenous supply of rare earth minerals for BEV production within the UK, this leaves the country reliant on imports.
· If the market value of rare earth minerals continue to rise, recycling of lithium ion batteries may become a rapidly expanding industry.
· The batteries used in BEVs have useful second life applications for renewable energy installations, it makes economic and environmental sense to utilise this.
· Consumers are already accustomed to recycling goods and the importance of recycling is already a well understood and respected concept.
· Consumer products are already successfully advertised as having environmental credentials by using recycled materials, the full potential of this is yet to be exploited within the automotive industry.
· Pollution of the ground and water through improper disposal of toxic materials used in batteries can have lasting and devastating impacts on flora and fauna.
· The negative connotations surrounding the mining and use of materials such as lithium and cobalt within batteries for electric vehicles is perhaps the most publicised concern and disadvantage compared to ICE alternatives, incentivising a more sustainable approach to using these materials will directly address these concerns.
	· Recycling of materials can be an energy intensive process, should the associated reduction or increase in emissions with the use of recycled materials over alternatives be clearly presented?
· Batteries are a key component of the design philosophy of a BEV, incentivising easily replaceable batteries may have unintended negative consequences in automotive design as integration of batteries within the structure of a vehicle can lead to a more efficient use of space.
· Perhaps vehicles should be incentivised to last longer rather than be more recyclable in their end life.
· How do you measure exactly how recyclable one vehicle is compared to another? Should the ease of recyclability of materials be considered more important than the sum total of recyclable/recycled materials used?





Table 4.2: The environmental concerns surrounding BEVs and determination of their significance in terms of requirement of intervention within British policy.





















The Next Green Car “NGC Rating” is the most practical example of a comparative model that allows for the comparison of vehicles from both a direct and indirect emissions perspective for consumers. For such a model to be implemented in place of the current g/km CO2 direct emissions comparison, assessment of some fundamental considerations  within the context of UK policy must be deliberated. Analysis of this model presents some significant strengths and weakness from which future policy surrounding EVs could benefit from;

Analysis of the NGC Methodology

	Fundamental requirements of the model to effectively improve the sustainability of the EV Market
	Strengths 
	Weaknesses

	Accuracy of the model in calculating the entire environmental footprint 
	· Considers emissions beyond carbon dioxide (CO, HCs, NOx, PM10, SO2, CO2, CH4, and N2O)
· Includes the indirect fuel production emissions (e.g. UK average energy mix for electricity), not just tailpipe emissions.
· Includes an estimate for the environmental impact of embodied emissions from manufacturing.
· Includes a consideration for the material types used in manufacturing.
· Considers the perceived importance of different impact types (e.g. climate change, air quality & human health) by multiplying each emission by its external ‘cost’ to produce a cost-measure of its environmental impact.
· Real world driving emissions (RDE) data is used where possible in order to represent a more realistic value of the fuel/electricity used per mile by the vehicles measured.


	· Post life vehicle impact is not considered e.g. recyclability of the materials used in the vehicle and toxicity of materials
· Reliance on average ‘conformity factors’ in the absence of ‘Real Driving Emissions’ (RDE) data leads to estimation of actual vehicle emissions. This fails to acknowledge that some manufacturers have exhibited significantly worse real world performance than others. 
· Does not address the potential that the energy efficiency of electric models may exhibit similar discrepancies between tested values and ‘real world’ values as found with ICE vehicles.
· The model does not give margin for vehicles that can carry more passengers e.g. a 7 seater MPV is at a disadvantage to a 2 seat sports car despite the emissions per passenger potentially being lower.

	Practicality of implementation into policy & legislation 
	· Given that emissions data for vehicle production currently can be difficult to source, ability to use the GREET estimation method within calculations allows the model to still be useable in the absence of direct data sets.
· The end score is easy to understand and compare between vehicle models.
· Allows for the comparison of environmental impact between zero tailpipe emission vehicles
· All EVs are currently VED exempt, there is potential to use embodied emissions as a tax structure to regain lost revenue post 2030.
· The current pledge to ban the sale of new petrol and diesel vehicles by 2030 represents a paradigm shift in the British automotive industry from both a political and technological perspective, this presents a prime opportunity to change the manner in which vehicles are compared in terms of environmental impact.
	· Access of direct data from manufacturers would improve the reliability and accuracy of scores, however this could be difficult to enact by law.
· Dimensionless end value may prove difficult to ratify as an agreed target for manufacturers.
· Current structure of comparing vehicles by tailpipe emissions is long established, could prove difficult to gain acceptance in the manner in which vehicles are compared from a legal standpoint.
· Could increasing the number of variables by which vehicles are compared have the potential to increase the opportunity for legal loopholes and fraud?
· Could prove difficult to regulate the accuracy and integrity of data published by manufacturers.

	Capacity to incentivise positive development in the sustainability of EVs
	· Embodied emissions from manufacturing and production constitutes a significant proportion of the end score. Studies suggest that manufacturing of a BEV and its battery constitutes around half of the life cycle emissions of EVs within the UK (Hall & Lutsey, 2018).
· As indirect emissions of electricity are considered, comparisons between the environmental impact of EV’s with different energy supplies/in different geographical locations could be made.
· Estimates of material by weight used in production used in calculations, therefore incentivising the use of less energy intensive materials.
	· Designed to facilitate comparisons between ICE vehicles and zero tailpipe emission vehicles, therefore the model is not tailored specifically to reduce the environmental footprint of EVs.
· Does not separate production of the vehicle itself from the battery in calculations.
· Limited incentive to reduce environmental footprint of supply chains.
· Does not consider ease of repair.
· Design that facilitates ease of access to the battery for second life use is not incentivised by the model





Table 4.3: Strengths & weaknesses of implementing the NGC rating methodology as a means to guide transportation policy to reduce the environmental impacts of EVs .




[bookmark: _Toc85543823]4.1. Results of structured survey

The structured survey was completed and published online on the 5th August 2021. Links to the survey were published on social media accounts including Facebook, Instagram (estherinwales account), Snapchat and LinkedIn. By the 19th of August 2021 the survey had accumulated 215 responses. Out of these respondents 2 chose not to disclose their age and one chose not to include their employment title or area of study. Firstly, by analysing the demographic information provided by respondents, the level of representation between different age groups, genders and employment sectors can be established before carrying out an analysis of the role that environmental impact played in the purchasing decisions of the respondents. As the demographic characteristics of respondents may have a significant influence on the individuals perspectives and experiences relating to perceived value and importance of ecological issues (de Medeiros, et al., 2016), this presents an opportunity to analyse the role in which gender and age may have on the likelihood of environmental impact being a priority in vehicle purchasing decisions.

[bookmark: _Toc85543824]4.2. Demographics of the respondents
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Figure 4.1: Pie chart representing the distribution of ages of respondents to the survey

According to a survey completed by the Department for Transport Statistics, by the end of 2019 the share of full driving license holders by age group in England were as follows:

	All aged 17+
	17-20
	21-29
	30-39
	40-49
	50-59
	60-69
	70+
	Estimated license holders (Millions)
	Unweighted Sample size

	75%
	35%
	62%
	79%
	86%
	86%
	85%
	67%
	33
	12,656



Table 4.4.: Proportion of age groups that hold a full UK driving license in England (Department for Transport Statistics , 2020)
 
As expected, under 20s represented the smallest proportion of respondents as the legal limit to drive a vehicle in the UK is 17 years of age. The age groups of 40-49 and 50-59 represented the two greatest proportions of respondents with 26.8% and 23% respectively, unsurprising as this is the age range where the highest proportion of adults hold a driving license in the UK. Overall the responses to the survey gathered a representative distribution of all ages of drivers within the UK and the proportion of responses by age group is consistent with that published by the Department for Transport Statistics.
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Figure 4.2: Proportion of male to female respondents to the survey  


In terms of the gender of respondents, 68.4% were female, 30.7% were male and two described themselves as non-binary. Whilst it is estimated that 71% of females and 80% of males hold a driving license in the UK (Wagner, 2021), females were more greatly represented within the response to the survey. Bias towards female responses is a documented phenomenon within both traditional and online surveys (Smith, 2008) (Curtin, et al., 2000), so this is not surprising in the context of this study. Despite this, the potential role of a significant gender bias in the further analysis of the responses was considered.       Amongst the employment sectors of respondents, there was a wide variety of fields covered, however employment related to teaching and education was most represented (22 responses) with engineering related employment and areas of study being the second most represented (20 responses).
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Figure 4.3: The survey also asked whether the respondents were aware of the impending 2030 ban on new ICE vehicles in the UK, the vast majority at 86.5% were aware of this.
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Figure 4.4: Opinions surrounding the environmental impact that electric vehicles will have was mixed.

The majority at 57.2% either agreed or strongly agreed that the development of EVs will have a positive impact on the environment. 19.5% thought that they would have a neutral impact whereas a significant minority at 17.7% either disagreed or strongly disagreed that EVs will have a positive impact, while 5.6% were unsure. These results suggest that overall EVs have a positive image from an environmental standpoint amongst most British motorists, however there are a significant proportion that are unconvinced about their environmental merits as the technology currently stands.


[bookmark: _Toc85543825]4.3. Vehicle ownership patterns of respondents

In order to gains some insights into the vehicle ownership patterns of the respondents and the potential impact this may have on the success of policy in reducing the environmental impact of vehicles, the follow results were collected;
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Figure 4.5: Proportion of ownership types of the respondents 

The majority (66%) owned their vehicle outright and do not pay monthly fees for the ownership of their vehicle. This is to be expected and mirrors a similar proportion to that of purchasers of used vehicles;
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Figure 4.6: Proportion of used vs new vehicle purchases of respondents

Used vehicle purchases constituted 68.8% of those taking part in the survey, this highlights the scale of the used vehicle market within the UK and the environmental impacts of vehicles  beyond new vehicle purchases. While EVs are set to dominate the new car market beyond 


2030, existing ICE vehicles are set to constitute a significant proportion of the vehicles on British roads for the foreseeable future.
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Figure 4.7: The share of powertrain technologies of respondents vehicles  

Petrol and diesel engines combined made up the vast majority (94%) of respondents vehicle types, representative of the national total of 96%  (Department for Transport Statistics, 2021).
5 respondents owned a BEV (2.3%) & 8 owned a hybrid vehicle of some description (3.7%)

























4.4. [bookmark: _Toc85543826]Significance of environmental impact in vehicle purchasing decisions

In order to establish the role that perceived environmental impact has on the vehicle purchasing decisions of the respondents, they were requested to rank 8 vehicle characteristics in order of importance in relation to their purchasing decision. The results of which were as follows;




















[image: ]Figure 4.8: Initial cost and safety gathered the most votes as the most important of the 8 factors.


















Figure 4.9:  Safety, practicality and running costs gained the majority of votes as the second most important considerations.
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Figure 4.10: Interestingly practicality, running costs, performance and comfort all acquired the same number of votes as the third most important considerations of the respondents.
























Figure 4.11: Comfort gained the most votes as the fourth most important consideration by a considerable margin
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Figure 4.12: Environmental impact gained the most amount of votes as the fifth most important of the considerations, suggesting that it was not a particularly important consideration in the respondents vehicle purchasing decisions.






















Figure 4.13: Aesthetics gained the most votes as the sixth most important consideration.
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[image: ]Figure 4.14: Environmental impact was selected as the seventh most important consideration the most out of the 8.























Figure 4.15: Environmental impact was chosen as the least most important consideration more than any other.




By analysing the aforementioned responses, it becomes obvious that the environmental impact of their vehicle was not a significant consideration for the vast majority of respondents and is likely to be amongst the very least important vehicle traits that the respondents were considering when purchasing their current vehicle. Only 2.3% of the responses selected environmental impact as the most important consideration, whereas 25% selected this to be the least important consideration. Interestingly, the results suggest that safety was amongst the most important consideration for the respondents, along with, unsurprisingly, the initial cost. While the environmental impact was not an important consideration for most, running costs are likely to be the second (22% of selections) or third (17% along with practicality comfort & performance) most important, this could be a powerful incentive for consumers to support the EV market as EVs have proven to be significantly less expensive to run than their ICE counterparts. Judging by the responses gained by the survey, most British drivers would be unlikely to compromise on the safety, initial cost or practicality of their vehicle in order to reduce their environmental impact. However, this does not suggest that an improved perceived environmental impact in itself would not be an appealing trait that may positively differentiate one vehicle from another with similar characteristics. The response to the following question partially supports this hypothesis; 
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Figure 4.16: Responses to whether a clear demonstration of the life-cycle environmental footprint of a vehicle may influence their purchasing decision.

A slim majority of respondents either agreed or strongly agreed that a clear presentation of the total environmental impact of a vehicle would influence their purchasing decision (53% of responses). 34.9% responded neutrally that such information would have an effect on their purchasing decision while 12.1% either disagreed or strongly disagreed that such information would have any influence on their vehicle purchasing decision. In contrast to the question involving the ranking of vehicle considerations, where environmental impact was the least important factor among the 8 provided, most respondents suggested that a clear demonstration of life-cycle environmental impact would have an influence on their purchasing decision. 


Inference gathered from this information could be twofold;

· An absence of a clear and holistic method of demonstrating life-cycle environmental impact has led to environmental impact being neglected as an important purchasing consideration.
· The majority of respondents view a reduced environmental impact as a positive trait in a vehicle, but ultimately their demands from a cost, practicality, performance, comfort and safety perspective are likely to outweigh this in terms of their vehicle choice.
In practice the truth is likely to include both scenarios to an extent, however the overwhelming neglection of environmental impact as one of the more important considerations for the majority of respondents suggests that a reduced environmental impact in itself is unlikely to incentivise the purchase of one vehicle over another in the UK, particularly if this is perceived to require a compromise in safety, practicality or initial cost.
Participants in the survey were also required to describe whether the cost of VED had an influence on their vehicle choice;
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Figure 4.17: Responses to the question relating to VED

26.5% agreed, and only 3.7% strongly agreed that the cost of VED was an influential factor in the purchasing decision of their vehicle. 35.4% either disagreed or strongly disagreed, suggesting that the cost of VED for their vehicle was either not researched before purchase or they were willing to spend the assigned cost of VED in order to purchase their chosen vehicle. The most proficient response was that the cost of VED had a neutral influence on their vehicle choice. The results of the survey suggest that the cost of VED in itself is unlikely to have a significant influence on the purchasing decision of most British motorists.
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Figure 4.18: The responses of the 213 participants that selected one or more of the 8 scenarios that were applicable to their vehicle purchasing experience.
Green= positive environmental discussion taken by retailer.
Blue= Positive environmental consideration made by respondent.
Red= no environmental consideration made.

The respondents of this question could choose to select any number of statements, or not choose any at all if none were applicable. Of the 8 statements available to the respondents, the two that attained the most selections both related to no consideration of environmental impact by the respondent themselves and the retailer of their vehicle, both gathering the exact same proportion of responses at 52.58% of the total number taking part in the question. Only 1.9% selected the statements relating to the discussion of embodied emissions and environmental offsetting schemes respectively. 8% compared the environmental impacts of different vehicles independently when choosing their vehicle, whereas only 3.3% referenced an environmental impact comparison being made by the vehicle seller. This would not be expected within private sales and most used vehicle sales, however as 31.2% of the respondents had purchased a new vehicle, this is also indicative of a neglection to make an environmental impact comparison amongst new vehicle retailers.




[bookmark: _Toc85543828]4.5 Findings from the semi-structured interviews 

An interview was completed with published author and Formula 1 engineer Neil Waterman using Microsoft Teams on the 18th of August 2021 at 4:45pm. The interview lasted approximately 40 minutes and a summary of the responses to the questions presented (see appendix E) are represented in the following table:

	Question number
	Summary of response 

	1
	“I believe the ban will have a positive environmental impact when measured at the consumer end of the lifecycle (with EVs producing > 3 times less Co2 emissions than Petrol/Diesel engines)”.


	2
	“Reclaiming materials / Recycling of parts associated with Batteries (& understanding the entire lifecycle of these parts & materials)”.


	3
	“I think they probably are, but also will be in some sort of priority order as the manufacturers primarily exist to make money for their shareholders. It’s likely that other metrics & data will be taken from all vehicles in the future, & with controls & sensor technology continuing to advance at pace, it will be fairly straight forward to understand where & what the emissions are”.


	4
	“With so many subsidies & incentives to ‘go electric’ the cost of using roads will need to charge the consumer before long. The most obvious method might be something like ‘pay as you go’ based on vehicle mileage & then types of journey or road use”.


	5
	“Personally I have not, but expect that rather like the food industry (where ‘food miles’ have become a key factor), there is likely to be more focus on ‘mileage’ of either parts required to build cars or cars being shipped around the world for sale across the continents”.


	6
	“I think this will depend on the facts that emerge from the entire lifecycle of say EVs from conception to scrappage (& recycling).. We are at the very beginning of the sustainable vehicle journey. Hydrogen power will likely take greater strides during the next decade & this is likely to bring other associated ‘savings’.. which may well be incentivised or even legislated”.




Table 4.5: Summarised answers to the questions presented in the interview sent via email (Waterman, 2021).

As a result of the discussion with Neil Waterman, the likelihood of the associated environmental footprint of supply chains within the automotive sector becoming a greater priority in the development of a more sustainable industry was recognised. In addition to this, suggestion was made within the discussion that the current trends in consumer demands are paradoxical with intentions to improve the sustainability of the automotive sector as a result of the market share of ever more luxurious and large vehicles such as ‘SUVs’ or ‘SAVs’ continuing to increase;
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Figure 4.19: The market share of ‘SUVs’ has steadily increased within Europe over the past 5 years to the detriment of vehicles in smaller segments. (JATO Dynamics , 2021)
In terms of vehicle taxation, from the perspective of Neil Waterman the current system is unlikely to remain viable beyond 2030. Within the discussion, the possibility of a tax based on embodied emissions of EVs was deliberated, with the possibility of such charges being passed on to second hand EV owners in a manner resembling the current structure of VAT charge rates for commercial vehicles. Amongst a variety of possibilities, a pay by mile system appears to be gaining the most attention within the media and automotive industry. A recent report handed to the government suggests a 2p/km flat rate being charged to all vehicles with an additional hourly charge varying on the VED band of a vehicle (see appendix F) in place of the current annual charge to replace revenue lost from fuel duty and Vehicle Excise Duty (VED) as vehicles inevitably get cleaner (annually £28bn is received in fuel duty; £6bn from VAT on fuel, £6.5bn from VED) (Begg & Haigh, 2021). The possibility of taxing electricity use at vehicle chargers based on the associated energy mix supply from a geographic perspective was also discussed, however the potential issues surrounding discrimination against motorists based on their geographical location was agreed to be a significant barrier to such a method. The benefits associated with the inherent structure of BEV architectures being suitable for powertrain and vehicle platform sharing amongst a variety of potential body styles was discussed, as this is predisposed to facilitating a rationalisation and henceforth improvement in the efficiency of automotive manufacturing and assembly methods (Waterman, 2021).






A second interview was completed with Lee Waters, a member of the Senedd for the Llanelli constituency representing the Labour party and the current serving deputy minister for climate change in the Welsh assembly since the 13th of May 2021. The interview lasted approximately 15 minutes and was conducted using Microsoft Teams at 2:30pm on the 12th of October 2021. A summary of the responses relevant to the questions presented (see appendix E) are represented in the following table;
	Question number
	Summary of response 

	1
	“EVs will still have the negative environmental impacts that (ICE) cars have from having a car dependent society and policy such as urban sprawl, congestion, parking and social interaction in a heavily trafficked area is lower”.
 

	2
	 “The direct impact from the mining of the rare metals and the carbon footprint of the car itself”. “EVs are better than combustion cars in that their impact is less, but they still have a significant impact”.

	3
	“ We want to see more BEVs and HFCVs providing the energy powering them can be met sustainably”.

	4
	“A live question and policy isn’t settled on it”. “Current system relies on petrol tax which will be useless in 10 years’ time” (However this is not the responsibility of the devolved government, but Cardiff is set to introduce a live trial for charging motorists based on road usage entering the city.) 
 

	5
	“Range was the principle consideration”. (In his EV purchasing decision.)

	6
	“I don’t think it will be that different to ICE cars”. (The consumer market.) “People buy highly inefficient vehicles for other reasons, the same may be true with electric.” 
 




Table 4.6: Summary of responses taken as direct quotes from the interview with Lee Waters MS (Waters, 2021).

From the interview with Lee Waters, a valuable insight into how the Welsh government views the challenge of reacting to the 2030 ban on new ICE vehicles was gathered. It was clear to understand from the interview that improving the availability and cost of public transportation, hence reducing the reliance on privately owned vehicles, is a fundamental goal that will reduce the environmental footprint of transportation in Wales. In addition to this, the government would like to see an increase in the prevalence of BEV’s and HFCV’s within the market, however a distinction was made between the sustainability of ‘blue’ and ‘green’ hydrogen, while consensus was reached that within the private vehicle market BEV’s are set to dominate. Policy around vehicle taxation etc. beyond 2030 is currently a live debate and no indication of a LCA based vehicle comparison was inferred, however pay per mile road usage was highlighted as a method of taxation gaining support as “those who have the greatest impact pay the most” (Waters, 2021).
CHAPTER 5: CONCLUSION & RECOMMENDATIONS
5. [bookmark: _Toc85543829]Conclusion- Introduction 
It is becoming increasingly clear that BEVs are set to rapidly increase in their market share of new vehicles across the globe and within the UK in particular in the coming years as a result of the 2030 ban on the sale of new ICE vehicles. While there are some significant environmental and technological arguments in favour of the electrification of passenger vehicles, there are substantial challenges in the form of adapting infrastructure, managing the use of raw materials, improving consumer knowledge and mitigating the environmental impact of manufacturing and recycling such vehicles (Barton & Schutte, 2016). There exists a wide array of academic articles that attempt to make a comparative analysis of the cumulative environmental impacts of different vehicle technologies, the results of which are sometimes contradictory. Due to the vast number of factors that can influence the measurement of the total environmental impact of a car, in addition to the potentially contradictory aims of vehicle development, e.g. reducing tailpipe emissions versus reducing embodied emissions in manufacturing, it is inevitable that consensus will be difficult to achieve in regards to the optimal solution for improving the sustainability of the automotive industry beyond 2030. This study finds that despite some of the limitations discussed, the NGC methodology currently presents the most feasible alternative method by which the environmental merits of zero emissions vehicles can be compared directly, for both the purposes of informing consumers and replacing the existing structure of tailpipe emissions recording for VED and associated emissions regulations. Additionally, the generation of an alternative model built from scratch was deemed unnecessary as the existing NGC methodology provides a sufficient basis from which future policy around zero emissions vehicles can be structured.

5.1. [bookmark: _Toc85543830]Main conclusions drawn from research 

As legislation aiming to reduce the environmental impacts of vehicles within Europe has centred around incentivising the reduction of carbon dioxide from exhaust emissions, exemplified by the UK VED pricing structure and EU manufacturer fleet averages being calculated using g/km CO2 emissions (Otani & Yamada, 2019), this led to continual development in the reduction of ICE emissions and incentivised the sale of diesel fuelled vehicles. This approach neglected the importance of embodied emissions within production and presented opportunities for corporate fraud, exemplified by the exposure of the ‘Volkswagen Emission Gate Scandal’ in 2015 (Li, et al., 2018). Further scandals relating to multiple manufacturers across the globe revealed severe shortcomings in both car manufacturers' efforts to reduce the impacts of driving on global climate change and local air quality, as well as the shortcomings in structuring vehicle policy around tests that could be easily manipulated (Palmer, 2019). The significance of legal loopholes within automotive legislation should not be ignored from the perspective of environmental management. The ICCT (International Council on Clean Transportation) suggests that real-world direct NOx emissions can be estimated by applying ‘conformity factors’ to official figures. These factors vary by Euro standard as follows:
· Euro 2 (1.0) 
· Euro 3 (1.5)
· Euro 4 (2.4) 
· Euro 5 (3.6)
· Euro 6 (5.5 est.)
Published by COPERT 4 and the ICCT, these factors quantify the estimated discrepancy between tested and ‘on-road’ NOx emissions for diesel vehicles, suggesting that the NOx emissions for a Euro 6 diesel car are typically 5.5 times higher than the official test figures with the conformity factor increasing over time as the accuracy of the tested figures continued to reduce as manufacturers improved their ability to manipulate the tested emissions of their models (Next Green Car Limited, 2016). The following graph represents the discrepancy in real world driving emissions (RDE) and the type approval CO2 and NOx emissions of multiple Euro 5 diesel vehicles;
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Figure 5.1: Euro 5 diesel passenger car discrepancy between real world and type-approval CO2 emission values vs. on-road NOX emissions conformity factors by manufacturer (Baldino, et al., 2017)

Ford’s legal disputes in North America surrounding the inclusion of rear seats and associated equipment designed for immediate disposal within its Turkish imported transit connect models in an attempt to circumnavigate the 25% import duty applicable to cargo vehicles, rather than the 2.5% duty applicable to passenger vehicles (Howard, 2021) exemplifies how legal loopholes can lead to unnecessary environmental impact within the automotive industry. The aforementioned failures in the current structures of environmental legislation surrounding passenger vehicles present a lesson to the electrified future of personal mobility, that a lack of flexibility in the legislation and taxing structures surrounding vehicles can present an opportunity for legal loopholes to be exploited to the detriment of the environment and the parity of the free market.
    The current model of comparing vehicles by tailpipe emissions has led to some positive advancement in the efficiency of modern ICE vehicles, however this structure is not compatible with EVs as they are all classified as ‘zero emissions vehicles’. In order to maintain continual improvement of the sustainability of vehicles in an EV dominated market, it is imperative to maintain a structure whereby the production and purchase of less environmentally damaging vehicles is incentivised by an alternative method. 

5.2. [bookmark: _Toc85543831]Additions of the research to existing findings & subsequent recommendations 

The recent history of the automotive industry and its path of technological development provides some lessons in how positive action can be taken to drive continuous improvement. Advancements in vehicle safety were rapidly accelerated around the beginning of the 21st century, at the same time as independent vehicle safety tests being widely publicised and gaining influence in vehicle legislation. However the results of the questionnaire suggest that, an increased exposure to the comparable performance of vehicles from an environmental impact perspective is unlikely to gain as significant an influence on the purchasing habits of consumers in comparison to that of the rise in the publishing of crash test result comparisons. This conclusion can be drawn from the stark contrast in vehicle safety being amongst the top 2 vehicle considerations of the 8 offered to respondents, in comparison to environmental impact being the least important consideration on average. Despite the cost of VED not significantly influencing the purchasing decisions of the majority of the questionnaire respondents, initial cost and running costs were among the most important vehicle considerations. This suggests that in order to influence the purchase of more sustainably manufactured and designed vehicles, financial incentives in the form of influencing the initial cost of the vehicle through grants/VAT would be more likely to be an effective measure. This corroborates with findings from Andersson et al. (2020), that improved environmental credentials alone are unlikely to influence consumer decisions from a mass market point of view in the absence of a financial incentive. The perceived importance of running costs amongst British motorists in the context of discussions surrounding pay per mile/hour rates for the use of UK roads presents an opportunity to incentivise the purchase of EVs that have a lower overall environmental footprint. If the assigned ‘band’ of road use charges are based upon the life cycle environmental footprint of a vehicle, this could further incentivise the purchase of less environmentally damaging electric vehicles in the future.
       Although the NGC methodology presents a model that allows for the direct comparison of a vehicles environmental footprint beyond their end use application emissions, a lack of collaboration between manufacturers and legislative authorities causes some limitations. A lack of transparency surrounding calculations related to the indirect production emissions of specific vehicle models forces the model to rely on a methodology that uses broad estimations in this regard. As the NGC model relies on generalisations surrounding materials procurement and manufacturing impact through the utilisation of the GREET methodology, this limits the accuracy of the resulting scores assigned to each vehicle. For example, the model does not consider the energy source used to power manufacturing facilities and does not consider any carbon offsetting schemes. In defence of the NGC model, adding further complexity to the methodology may limit its ability to offer like for like comparisons against wide ranges of vehicles across all forms of fuel type from a consumer perspective. The existing NGC methodology as it stands is a useful tool to compare vehicles across the spectrum of vehicle drivetrain technologies. Acknowledging that the existing practice of measuring exhaust emissions for ICE vehicles is set to remain, adaptation of the model for the sole purpose of directly comparing zero emissions vehicles could improve the accuracy of the model and present an opportunity to structure future vehicle legislation and taxation around a more holistic view of environmental impact. The consideration of the recyclability of vehicles is arguably covered substantially under existing UK regulations as the end of life vehicles (ELV) regulations as in its current amendment it is stated that “Producers must meet annual targets for their brands, currently 95% recovery and 85% recycling by average weight of each ELV” (DEFRA, OPSS, 2021), or face the risk of an unlimited fine for failure to comply. Despite this, adoption of the ‘waste hierarchy’ is set to become an influential yardstick by which the environmental credentials of automotive manufactures are measured in an electrified market as a result of the severity of potential environmental risks associated with the materials procurement and processing required for LIBs. In order to accelerate the sustainability of BEV technologies, manufacturers and consumers alike should be incentivised to invest in vehicles that adopt the waste hierarchy in terms of battery design and manufacture. Baring this in mind, adoption of a comparative model such as the NGC model presents an opportunity for relevant governing bodies to ‘weight’ the influence of equations related to specific environmental impacts in a manner that incentivises positive action in addressing the environmental impacts that are considered most pertinent. This presents greater flexibility as a fundamental method by which the environmental performances of vehicles are compared as modifications to the hierarchy of credentials within the model can be made. This can be considered a particularly useful trait in the presence of emerging scientific evidence of specific environmental impacts, in the context of the automotive industry, requiring urgent attention. This may be as a result of the emergence of environmental emergencies and/or evidence surrounding the exploitation of loopholes. The heterogeneous nature of literature surrounding the LCA of vehicles complicates efforts to compare vehicles on an even playing field, as the assumptions made by different methodologies must be considered. If consensus is reached regarding a standardised model by which the environmental performance of EVs are evaluated and used as a basis to structure policy and legislation in place of the current framework around tailpipe emissions, this presents an opportunity to advance development in mitigating the environmental risks posed by the production of EVs specifically.

5.3. [bookmark: _Toc85543832]Suggestions for future development of the research

Offering the ability for questionnaire respondents to demonstrate a desire to consider the environmental impact of their next vehicle purchase more seriously than the in the purchase of their current vehicle may present some insightful data in relation to whether or not environmental impact is set to gain influence as a more influential purchasing consideration for British motorists moving forwards. A greater publication of the survey itself by a governmental body could facilitate an analysis of the differences in attitudes surrounding the environmental impact of vehicles from a geographical perspective, e.g. are consumers in South Wales more likely to consider environmental impact in their vehicle purchasing decisions than in the North of England? Further research into the legal challenges around legislating the requirement for a more detailed publication of the associated environmental impacts of vehicle design and production by manufacturers could further develop an understanding of the practicality of pursuing this avenue to improve the sustainability of the automotive industry, specifically from the perspective of allowing manufacturers to protect their intellectual property. In terms of further development of the NGC or similar LCA models, a detailed rationalisation of impact hierarchy modification could further demonstrate the versatility of using such methods to structure policy around zero emissions vehicles. Through the application of modifying the impacts of distinct variables within the methodology based on justification from an environmental risk perspective, this would provide a practical example of the flexibility of such a model. Finally, a draft example of how life cycle environmental impact scores could replace existing CO2 emissions bands would present a clear indication of whether an alternative measurement for environmental impact should be placed directly within the existing structures around environmental regulations, or function as a catalyst for revolutionary change, such as pay per mile road use charges.
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5 NGC Rating methodology (Next Green Car Limited, 2016)
To assess the environmental impact of direct and indirect emissions, the NGC Rating extends the methodology of the Car Environmental Rating Tool originally developed by the European Cleaner Drive Programme in 2001 which used ‘external costs’ to establish the relative weight to attach to different emissions – these are monetary values that reflect the damage to the environment and to human health.
The basic principle underlying the methodology is to multiply each emission by its external cost to produce a cost-measure of its environmental impact. For each emission, the direct and indirect elements are assessed. Using external cost methodology allows the emissions from different vehicle types and models to be compared on equivalent terms. It also allows comparisons to be made between different impact types (e.g. climate change, air quality). 
For example, the external cost for CO2 is calculated using the sum of the products of emissions and external costs for each of the individual CO2 emission sources, according to: 
QCO2 (CO2 external cost in€/km) = (TPxEC) +(FPxEC) +(VPxEC) (i) TP = direct tailpipe emissions (g/km), FP = indirect fuel production emissions (g/km) 
VP = indirect vehicle production emissions (g/km), EC = external cost of emission (€/g) 
As external costs quantify environmental impacts, air quality emissions generated in urban areas have higher values than those in extra-urban areas. The methodology therefore uses extra-urban cost values for indirect emissions and a weighted average of urban and extra- urban values for direct emissions – these are weighted to reflect the national average split between urban and extra urban mileage. 
In order to simplify the format of the final NGC Rating, the methodology ‘normalises’ the external costs by dividing the total external cost by a ‘maximum’ value (which represents a high polluting vehicle) and multiplying by 100. For the CO2 example above, the NGC Rating (CO2) is calculated by: 
NGC Rating (CO2) = 100 x QCO2 (external cost) ÷ QCO2 (‘max’ external cost) (ii) 
The resulting NGC Rating is therefore a dimensionless value (no units) from 0 to 100 which scales with the magnitude of external costs. Lower emission vehicles have a lower NGC Rating with a rating of 0 (zero) implying zero environmental impact. 
Grouping the eight emissions assessed into those which impact on climate change and air quality, the NGC Rating methodology generates three ratings: 
  GHG Rating for greenhouse gases (CO2, CH4, N2O) 
  AQ Rating for air quality (NOx, HCs, CO, PM10, SOx) 
  NGC Rating for all emissions (CO2, CH4, N2O, NOx, HCs, CO, PM10, SOx) 
For greenhouse gases (GHGs), the rating scale is calibrated such that the maximum NGC Rating of 100 represents the environmental impact of the following emissions: 
 Direct and indirect fuel and vehicle GHG emissions associated with a petrol powered ICE light-duty vehicle with official fuel economy of approx. 13.0 litres/100km with direct CO2 emissions of 310 g/km. 
For regulated air pollutants affecting air quality (AQ), the rating scale is calibrated such that a NGC Rating of 45 represents the environmental impact of the following emissions: 
  Direct AQ emissions equivalent to petrol Euro 3 petrol ICE light-duty vehicle; 
               Indirect fuel and vehicle AQ emissions associated with a petrol ICE light-duty with a 
fuel economy of 13.0 litres/100km with direct CO2 emissions of 310 g/km. 
In detail, the equations used to calculate each of these three NGC Ratings for a particular vehicle are as follows: 








The greenhouse gas (GHG) external cost is calculated by summing the products of emissions and external costs for each of the individual GHG emissions, according to the formula: 
QGHG (vehicle) = i pi.ci         (1) 
QGHG = vehicle GHG external cost in €/km
pi = emission of greenhouse gas i in g/km
ci = external cost of emission of greenhouse gas i in €/g 
The GHG Rating is then calculated using the formula:
GHG Rating = 100  QGHG (vehicle) / QGHG (maximum) (2)
The air quality (AQ) external cost is also calculated by summing the products of emissions and external costs for each of the individual AQ pollutants, according to the formula: 
QAQ (vehicle) = i pi.ci       (3)
QAQ = vehicle AQ external cost in €/km
pi = emission of pollutant i in g/km
ci = external cost of emission of pollutant i in €/g 
The AQ Rating for a particular vehicle is then calculated using the formula:
 AQ rating = 100  QAQ (vehicle) / QAQ (maximum)   (4)
The total (TOTAL) external cost is calculated from the sum of the air quality (AQ) cost and the greenhouse gas (GHG) external cost, according to the formula: 
QTOTAL (vehicle) = QAQ (vehicle) + QGHG (vehicle)  (5)
The NGC Rating is then calculated using the formula: 
NGC Rating = 100  QTOTAL (vehicle) / QTOTAL (maximum)     (6) 

(Next Green Car Limited, 2016)
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A link to the online survey generated using Google Forms: 
https://docs.google.com/forms/d/1VkTo6SR8HBYRLMvJJdQjN2qK1yOllKah1z6GsEAw0jo/edit?usp=sharing 













[bookmark: _Toc85543836]Appendix C: Questions included in the online survey “Experiences & Attitudes of Drivers in The UK Relating To The Environmental Impact of Vehicles”
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[bookmark: _Toc85543841]Appendix D: Link to spreadsheet of data collected from the survey


https://docs.google.com/spreadsheets/d/1h6f4SAbpY0JuokrnmTn9VcqbyEw4TeCq5s9itwYSkOE/edit?resourcekey#gid=858200479




[bookmark: _Toc85543842]Appendix E: The six questions used in the semi-structured interview


1. In your opinion, will the 2030 ban on new purely petrol and diesel powered vehicles have a positive environmental impact? 

2. There are discussions surrounding the potential environmental damage that BEV’s can cause. In the context of the UK what impact do you think needs addressing most urgently?


3. In your opinion, are the environmental impacts of vehicles beyond tailpipe emissions taken seriously within the automotive industry?

4. VED is currently based on g/km CO2 emissions. All EV’s are classified as ‘zero tailpipe emission vehicles’. How do you think electric vehicles will be compared in the future in terms of environmental impact?


5. Have you come across any models where the environmental impact of a vehicle is measured or compared beyond direct emissions?

6. Do you think that consumer demand for ‘environmentally-friendly’ products will push development of more sustainable vehicles or is a greater incentive from a financial or legislative perspective necessary?


[bookmark: _Toc85543843]Appendix F: The suggestions made by ‘Greener Transport Solutions’ to revolutionise Britain’s road policy 
[bookmark: _Toc85543844][image: ]
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The report suggests replacing VED and fuel duty with a base infrastructure charge and an hourly charge based around existing VED bands.



(Begg & Haigh, 2021)















[bookmark: _Toc85543846]Appendix G: VED structure for new vehicles registered from 2017
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(HM Revenue & Customs , 2015)
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6. Examples of the use of environmental claims
in car marketing

Allowed
“We donate 100 euros for Baltic Sea conservation for

each car sold.”

“The product development of this car has resulted in
lower carbon dioxide emissions.”

“XX% of the materials used in manufacturing this car
are recycled.”
| “We give you a free training course in economic

driving when you buy a new or used car.”

“We work to change the driving style of car owners
towards a more environmentally friendly direction."
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Not allowed
The advertisement features a picture of a car. The accompanying text
states:

“Drive a green car now with a clear conscience.”

The claim is not specific.

“No matter what the colour you choose, our car is
always green."”

The claim is not specific.

“Our car is the cleanest.”
The claim is not specific.
“The car has low carbon dioxide emissions.”

The emissions are not lower than those of similar models offered by
competitors.

The advertisement features a moving car with “air
bubbles” coming out of the exhaust and cleaning the
air.

The impression of a car that cleans the air has no basis or justification.
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Figure 1 Direct and indirect emissions assessed by the NGC Rating
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4.2 Nissan LEAF Acenta - Battery Electric (Real World estimate)

Direct CO; and NOx emissions, adjustment factors and vehicle weight
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AQ Rating = 100 x (0.286 / 1.341) = 21.3 (1 dec. p.)

NGC Rating = 100 x Quora, (vehicle) / Qrory (maximum)

NGC Rating = 100 x (0.627 +0.286) / (2.009 + 1.341)

NGC Rating = 100 x (0.881 / 3.350) = 27.2 (1 dec. pl)





image20.png
SKODA CITIGOe iV SE 61kW Auto

NGC  MPG_ CO2

i = | OTR £17,955 n n




image21.png
CITROEN C11.0 VTi Touch 72hp 3 door ‘

MPG  CO2

NGC
OTR £10,810
79

WP WLTP





image22.png
TOYOTA Mirai Fuel Cell Design Stack 134kW Auto ‘

C  MPG  CO2

NG
N - |

NEDC NEDC




image23.png
HYUNDAI IONIQ Plug-in Hybrid 1.6 GDi Premium
141ps DCT

WP WL




image24.png
Purpose of the Study

Exploratory

1. To investigate little-
understood phenomena

2. To identify/discover
important variables

3. To generate hypotheses
for further research

Explanatory

1. To explain the forces
causing the phenomenon
in question

2. Toidentify plausible causal
networks shaping the
phenomenon

Descriptive

1. To document the
phenomenon of interest

Predictive

1. To predict the outcomes of
the phenomenon

2. To forecast the events and
behaviors resulting from
the phenomenon

Research Question

What is happening in this social program?
What are the salient themes, patterns,
categories in participants’ meaning
structures?

How are these patterns linked with one
another?

What events, beliefs, attitudes, policies are
shaping this phenomenon?

How do these forces interact to result in the
phenomenon?

What are the salient behaviors, events, beliefs,
attitudes, structures, processes occurring in this
phenomenon?

What will occur as a result of this
phenomenon?
Who will be affected? In what ways?

Research
Strategy

Case study
Field study

Multisite
case study
History

Field study
Ethnography

Field study
Case study
Ethnography

Experiment
Quasi-
experiment




image25.png
What is your age? (years)
213 responses

@ Under 20
® 20-29
©® 30-39
@ 4049
26.8% @ 50-59
' — ® 60+
17.8%

16.4%





image26.png
What is your gender?
215 responses

® Male

@ Female

@ Non binary
@ Non binary





image27.png
Are you aware that the British government has pledged to

ban the sale of new petrol and diesel powered vehicles by 2030?
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Please select the option that best describes your opinion of the following statement: “The
development of electric vehicles will have a positive impact on the environment overall*
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With regards to your current primary vehicle, which sentence best describes your ownership?
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@ I have a hire purchase agreement
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Please select the option that best describes your reaction to the following statement: If
was presented with a comparison that clearly demonstrated the life-cycle environmental
impact of different vehicles considering the impact of production, materials use, fuel use and
eventual disposal, this would influence my purchasing decision”
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Please select the option that best describes your reaction to the following statement: "The
cost of vehicle excise duty (VED) influenced my vehicle purchasing decision”
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What s your current job title if currently employed or past profession if out of work/ retired? If you
are a student please include your current course of study

Short-answer text

With regards to your current primary vehicle, which sentence best describes your ownership? ~ *
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2021122

The option of a new way of paying for road use by distance and time, to be
mandatory from 2030, is announced in Chancellor's Autumn Statement as
well as the intention to give powers to ORRIOBR to set motoring taxation.

A Commission is set up to establish cross party support for ORRIOBR role in
setting charges.

Government to set targets and objectives for ORRIOBR in similar way that it
does for the Monetary Policy Comittee of the Bank of England

2022

ORRIOBR sets out a ten-year trajectory for fuel duty increases to encourage
the switch to EVs and more sustainable modes.

ORRIOBR sets out initial charges for distance and time with the main aim of
incentivising road users to opt in and making savings in their annual road tax
payments if they cut their external costs.

Pilot scheme for new road user charge to be launched, potentially in one of
the Clean Air Zones to trial the technology.

2023

New national road user charge launched giving all road users the opportunity
to change how they pay for road use from fuel duty/ VED to the new charge.
ORRIOBR sets out conditions for the new EV grants, including price bands
and applicability of different models for new and second hand EVs

EV car buyers are offered a third off the price for models up to £35,000, in
exchange for committing to pay the new road user charge.

202415

2030

Introduction of schemes using platforms such as Mobilty as a Service to
encourage road users to opt in to change how they pay for road use, and to
incentivise switch to more sustainable modes.

Mandatory for all road users to pay for road use by distance and time.
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Charges for cars
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New VED system - for cars registered from 2017

Emissions (g/CO2/km) Firstyearrate Standard rate*
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*Cars over £40,000 pay a £310 supplement for 5 years.
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