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ABSTRACT

Electric vehicles such as hybrid, plug-in hybrid and battery electric vehicles are a low-pollution
low-carbon alternative to conventional petrol and diesel vehicles. They currently only
represent a fraction of the vehicle fleet, but demand and supply is rapidly accelerating. It is
important to understand the changes in relative costs of electric vehicles, to inform scenarios
of the future vehicle fleet mix and subsequent impacts on expected trends in emissions of
carbon dioxide and air quality pollutants. This is of interest to policymakers worldwide who are

under pressure to cut carbon emissions and improve urban air quality.

Barriers to adoption of hybrid and electric vehicles still exist including the high initial cost. Total
Cost of Ownership considers all vehicle costs to ascertain whether the cheaper running costs of
electric vehicles can offset the higher initial cost. By modelling hybrid vehicle ownership costs
from 2000 to 2015 in different geographic vehicle markets a link between cost and adoption is
proven. This research found that ownership costs of hybrid and electric vehicles are falling
compared to conventional vehicles, with costs already cheaper in the UK, USA and Japan with

the current subsidies available, and findings that by 2030, subsidies could be phased out.

This study uses three future fleet scenarios resulting from an extended generalized bass
model. This model includes a fleet turnover unit with an age based scrappage curve to create
scenarios of hybrid and electric vehicle uptake, which also includes the on-road fleet share of
petrol and diesel vehicles by Euro standard. These scenarios characterize three different
futures: Business as Usual, Battery Bonanza (where the current 2040 target of 100% hybrid
and electric vehicle market share is met) and Diesel Persists, where battery price, fuel price

and subsidy level vary depending upon market conditions.

Hybrid and electric vehicles have lower operational CO, and NO, emissions; however, most
modelling studies to date are based on either single vehicle models or high-level estimates.
This thesis assesses the impact the evolving fleet has on trends in tail-pipe emissions of CO,
and NOy from 2015 to 2040 over a typical UK urban road network. A coupled microscopic
traffic and instantaneous emission-modelling framework that can properly account for the
impact of traffic congestion was used to assess vehicle emissions over 24-hours of a typical day
for the three future vehicle fleet scenarios. This thesis concludes that the adoption of hybrid
and electric vehicles could reduce network level emissions of CO, and NO, by up to 31.6% and

95% respectively by 2040, with greater effects during congested conditions.
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CHAPTER 1: INTRODUCTION

1.1 MOTIVATION

Anthropogenic climate change poses a threat to the future of human civilisation. Already the
consequences of global warming are evident with greater numbers of extreme weather
events, rising sea levels and food security concerns (Intergovernmental Panel on Climate
Change, 2016). Limiting average global surface temperature rise to only 2 degrees (on pre-
industrial levels) by the end of the 21% century, is regarded as an ambitious target. Even if
warming is limited to this threshold, flora and fauna will be affected by the serious
consequences of ocean acidification, permafrost melting, and increased periods of draught
(Climate Analytics, 2018). Reducing greenhouse gas emissions is therefore imperative to

stabilising the climate and minimising these dire consequences.

Transport as a whole accounts for approximately 22% of global carbon dioxide emissions (IEA,
2017), but represents a higher percentage in developed countries such as the UK (34%) and
USA (28%) (Department for Business, Energy and Industrial Strategy, 2018; United States
Environmental Protection Agency, 2018b). Transport sector carbon dioxide emissions are still
growing; mainly due to the increasing ownership of vehicles in emerging economies such as
China and India as well as the lack of improvement in the efficiency of both light and heavy
duty vehicles in real driving conditions (International Council on Clean Transportation, 2016;
International Council on Clean Transportation, 2017; United States Environmental Protection
Agency, 2018a). Even though the size of the car fleet has stabilised in most developed

countries, the transport sector is facing the challenge of decarbonisation.

Many cities across the world are breaking air quality standards; ambient air pollution is
estimated to cost more than 4.2 million lives a year (World Health Organisation, 2018). In
much of the developed world, tailpipe emissions from road transport are the main source of
this pollution; partly due to the dieselisation of the car fleet, and due to city topography
(European Environment Agency, 2012). The effect of urban air pollution on human health is
only starting to be understood, with links to asthma, neurological problems and cancer under
investigation (Guarnier and Balmes, 2014; Hamra et al., 2014; Clifford et al., 2016). The EU has
annual legally binding limits of Nitrogen dioxide (NO,) and Particulate Matter (PMyo and PM, 5);
however, many major European cities such as London exceed these restrictions within a

number of weeks (Carrington, 2018). To cut pollution levels, many cities are implementing



policies such as Ultra Low Emissions Zones, diesel vehicle bans and congestion charges (Rotaris

et al., 2010; Moody and Tate, 2017; Mohner, 2018).

Hybrid and electric vehicles present a low-carbon low-pollution alternative to conventional
petrol and diesel vehicles (Hutchinson et al., 2014). Despite their advantages, these vehicle
types face several challenges to large scale adoption: historically high upfront costs have
presented the greatest barrier, but range anxiety for full Electric Vehicles linked to lack of
publically available charging infrastructure, distrust of new technology, lack of model choice
and supply constraints all contribute to their relatively low adoption rates in most vehicle

markets (Coffman et al., 2017).

With cost often quoted as the key barrier to hybrid and electric vehicle adoption, analysing
ownership costs across multiple geographic regions enables an assessment of the link between
ownership costs and adoption. Conclusions can therefore be drawn about future adoption
scenarios, which can inform how the urban traffic mix may develop. Estimating vehicle
emissions at a network level using a traffic microsimulation model coupled with a vehicle
emissions model enables a high resolution estimation of how the changing vehicle fleet

composition affects congested urban areas such as the Headingley network in Leeds.

1.2 AIM

The overall aim of this research is to assess the impact of different vehicle fleet scenarios
stemming from changing ownership costs of hybrid and electric vehicles, on vehicle emissions
for a representative urban traffic network. The background to this topic is discussed in depth
(Chapter 2) followed by an examination of the economic case for hybrid and electric vehicles in
the past (Chapter 3) and the future (Chapter 4), across different geographic regions, years, and
ownership types. These cost estimates then feed through to inform a range of vehicle fleet
turnover and evolution scenarios (Chapter 5). The impact of these different scenarios on the
vehicle emissions over an urban network is estimated (Chapter 6). The thesis concludes with

policy suggestions in the wider transport framework (Chapter 7).

1.3 OBIJECTIVES

To address the overall aim, the research will focus on the following objectives:

OB1. To assess how vehicle ownership costs for hybrid and electric vehicles have changed over

time in different geographic regions.

OB2. To project future vehicle ownership costs by size segment.



OB3. To develop future vehicle fleet scenarios to account for different adoption pathways.

OB4. To assess the impact of different adoption scenarios on vehicle emissions and energy

consumed over an illustrative area of the Leeds urban traffic network.

1.4 METHODOLOGICAL APPROACH

The first objective, OB1, will be achieved by building a Total Cost of Ownership model for UK,
California and Japan, for the time period spanning 1997 to 2015. This model will consider
hybrid, plug-in hybrid, battery electric, petrol, and diesel cars. Using a panel regression model,

the link between cost and market share will be analysed.

The second objective, OB2, will be achieved by projecting the Total Cost of Ownership model
for the UK from 2015 to 2040. This projection will be split by vehicle size segment with
additional analysis of historic ownership costs by ownership type. Three different scenarios will

be considered to account for different external market conditions and changes in policy.

Objective OB3 will be accomplished by developing a market diffusion model examining fleet

composition under different future scenarios including vehicle Total Cost of Ownership.

Objective OB4 will be addressed by coupling a microsimulation traffic model with an
instantaneous vehicle emissions model to replicate variations in real driving behaviour of the
current and future vehicle fleet scenarios. This coupled microsimulation traffic and emissions

model will be used to estimate real-driving vehicle emissions over an urban road network.

1.5 RESEARCH QUESTIONS

The research questions given here illustrate the main questions this thesis will endeavour to

answer using the methods outlined in section 1.4.

R1. Are hybrid and electric vehicles cheaper now than when they were first introduced to the

mass market?

R2. How do vehicle ownership costs change over different size segments and how does this link

to market share?
R3. How might the evolution of vehicle costs influence the future road vehicle fleet?

R4. How would a future vehicle fleet containing more hybrid and electric vehicles affect vehicle

emissions at a road network scale?



1.6 THESIS CHAPTER OUTLINE

Chapter 2 of the thesis aims to describe the transport policy environment and technological
space in which this thesis is situated. Providing background information regarding trends in
vehicle purchasing such as electrification, dieselisation, and average kerbside weight increases,
puts the aims and objectives of this research in context. In this chapter the current state of the

EV market, factors affecting adoption of EVs, and EV policy incentives are discussed.

Chapter 3 is an investigation of historic Total Cost of Ownership of hybrid and electric vehicles.
The vehicle Total Cost of Ownership accounts for all consumer related vehicle costs and
therefore this calculation can determine whether subsidies and lower running costs can offset
the associated price premium. This section compares the Total Cost of Ownership of hybrid
and electric vehicles across different vehicle markets and for an extensive timespan to

ascertain whether ownership cost and market share are strongly linked.

Chapter 4 is an investigation of historic and future Total Cost of Ownership of hybrid and
electric vehicles for the UK vehicle market. The Total Cost of Ownership calculations in this
chapter consider different vehicle size segments for different ownership types (private and
company). The content of this chapter builds on work from the previous chapter where
historic vehicle costs were compared across different regions but focused on the mid-sized

vehicle segment and the private vehicle owner.

Chapter 5 uses electrification of the private vehicle sector from 2015 to 2040 as a case study
for investigating the limitations and potential of the market diffusion modelling approach. In
Chapter 3 hybrid vehicle Total Cost of Ownership was found to be strongly correlated with
market share, therefore the modelling in this chapter takes vehicle Total Cost of Ownership
scenarios (from Chapter 4) into account when modelling scenarios of the composition of future

vehicle registrations.

Chapter 6 uses the Leeds road network as a case study to examine the effect of a changing
future road fleet mix on network-level vehicle emissions. To do this, the vehicle adoption
scenarios are used from chapter 5, along with a traffic survey of the Leeds network from 2015,
to estimate the road traffic composition from 2015 to 2040. A microsimulation traffic model of
Leeds is employed (Version 1 built by Wyatt (2017) in AIMSUN and improved upon for this
work (Version 2) by extending this to a 24-hour model and using primary data collection to
improve the vehicle dynamics in the model), to estimate realistic vehicle trajectories for all

vehicle types. This input is collated into a second-by-second vehicle emissions model: the



‘Simulink H/EV Energy and Emissions Model’ (adapted from Richard Riley’s doctoral thesis
(2016) to model Hybrid, Plug-in hybrid and Battery Electric Vehicle fuel consumption) and the
PHEM model (developed by TU Graz (Hausberger, 2017)) is used for all other vehicles. This
multi-stage methodology allows for analysis temporally over the 24-hour modelling period and
spatially over the network with a breakdown of the contribution to emissions split by vehicle
type and emissions Euro standard. It is important to understand the emissions contribution of
vehicles over 24-hours as the annual average air quality standard of 40 pg.m™ is currently
exceeded in Leeds and many streets in urban centres across the UK. Finally, this analysis is
benchmarked against the widely used Emissions Factors Toolkit model (EFT v8.0.1) (DEFRA,
2018).

Chapter 7 brings all the strands of the thesis together to describe some general conclusions in
the wider context of the decarbonisation of the transport sector. In this chapter, the research
questions outlined here will be answered, and the degree to which the aims and objectives are
met will be discussed. The limitations of the research are discussed and extensions to the
thesis are identified. The electrification of the fleet has the potential to provide several
benefits; however, there is technological push and policy pull, which is needed for significant

electrification of the vehicle fleet.



CHAPTER 2: THE PAST EXPERIENCES AND FUTURE
OPPORTUNITIES FOR THE ROAD FLEET

2.1 INTRODUCTION

Since the 1990s, there have been several distinct trends in car registrations across Europe:
these include electrification, dieselisation and average kerbside weight increases. Policy
changes have pushed trends, but development of technology has provided encouragement.
Overall, across Europe the number of new vehicle registrations has risen slowly from 163.6
million in 1990 to 254.2 million in 2015 (Statista, 2018). There is still diversity in vehicle age,
type and average vehicle size across different countries, with the composition of the vehicle
fleet changing depending on country level policy (ICCT, 2017b). The number of hybrid and
electric vehicles has risen slowly across Europe and the rest of the world, with some countries
such as Norway and Japan leading the way in adoption of these vehicle types. There are still
challenges in scaling up electric vehicle adoption to meet the future targets of 100% of new car
and LCV registrations that several European countries such as the UK, France and Slovenia

have announced (IEA, 2018a).

This chapter aims to describe the transport policy environment and technological space in
which this thesis is situated. Providing background information regarding trends in vehicle
purchasing, policy changes on a national and international level puts the aims and objectives of
this research (as detailed in Chapter 1) in context. There are several options to decarbonise the
road fleet, but electrification is argued as an appealing avenue because of the opportunity to
utilise the increasing share of renewable energy, the lower emissions of pollutants such as
NO,, and the recent advances in battery technology. There are several key barriers to achieving
100% market share of hybrid and electric vehicles including high initial capital cost, lack of
accessibility to charging infrastructure, and range anxiety of fully electric vehicles, which are
discussed in this chapter. Effectively addressing these barriers across different markets
segments offers the opportunity to catalyse uptake of hybrid and electric vehicles across
different vehicle markets. Finally, it is recognised that there are other future mobility sector
revolutions on the horizon, such as autonomous vehicles and Mobility as a Service, which

could change vehicle ownership models and transport demand.

2.2 ELECTRIFICATION OF THE ROAD TRANSPORT

2.2.1 An Overview of Hybrid and Electric Vehicle Markets



Hybrid and electric vehicle numbers are rising across the world (see Figure 2-1 for global sales
of hybrid and electric vehicles in key vehicle markets), with over 12 million hybrid vehicles and
3 million electric vehicles sold to date (Daily News, 2018; IEA, 2018a). The vehicle markets with
the highest hybrid market share are Japan and California with over 20% and 4.6% respectively
(Yang and Bandivadekar, 2017; Pyper, 2018) — these regions are investigated further in Chapter
3. For electric vehicles, Norway and Sweden are global leaders as defined by high electric
vehicle market share. China is the global leader in absolute numbers of battery electric vehicle
sales, accounting for over half of all electric vehicles sold globally each year, however, market

share is just over 2% (IEA, 2018a).

Hybrid' Electric Vehicles (HEVs) refers to non plug-in vehicles that have hybrid vehicle features.
These include regenerative braking, engine stop-start and all electric drive, thereby increasing
the efficiency of the vehicle especially at low speeds (Hutchinson et al., 2014). Although
collectively referred to as hybrids, these vehicles are not all built using the same architecture.
HEVs fall within two categories: series or parallel. In a series configuration, either the battery
or the petrol/diesel engine provides power to the electric motor, whereas in a parallel
configuration either source can provide mechanical power simultaneously. There is also a
series/parallel fusion such as either the engine or electric motor can provide power
independently or together (Hutchinson et al., 2014). The Toyota Prius — the hybrid vehicle
which holds highest market share in the world - utilises Toyota’s Hybrid Synergy Drive (HSD)
system which is categorised as a parallel hybrid (Yang and Bandivadekar, 2017; Pyper, 2018).
Note that over 88% of new hybrid vehicles sold on the US market in 2017 use the HSD system
(WardsAuto, 2018). As Toyota cars dominate the market this thesis uses the Prius as the

representative HEV for the market in the coming chapters.

The Toyota Prius was the first hybrid to be developed, it was released in 1997 exclusively to
the Japanese market with a Manufacturer Suggested Retail Price (MSRP) significantly lower
than production cost (Pinkse et al.,, 2014). Toyota used this first limited release as an
opportunity for further Prius on-road testing. Despite initial problems with the battery, the
vehicle was released in other markets in the year 2000 (Sallee, 2011). The Toyota Prius was
initially only manufactured in Japan, with production opening in China in 2005 and Thailand in
2010. To counteract consumer doubts over reliability of battery technology, Toyota offered a
five year mechanical warranty with options to lease rather than purchase the vehicle outright

(Toyota GB, 2018). By 2008 cumulative global Prius sales passed the one million mark, and by

! Note that the same definition of hybrids e.g. non plug-in vehicles using regenerative braking and a
larger battery for increased efficiency, will be used throughout this thesis.
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Figure 2-1: Market share of battery electric vehicles (top), plug-in hybrid electric vehicles
(middle) and hybrid electric vehicles (bottom) 2013-2017 for several key countries (note data
was unavailable for the complete HEV time series, specifically China (2013-2017), France
(2017), Germany (2017), Japan (2016 and 2017), The Netherlands (2017), Norway (2017) and
Sweden (2017) ) (IHS Markit, 2017; ICCT, 2017b; Society of Motor Manufacturers and Traders,
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2017 Toyota hybrid vehicles had exceeded 10 million cumulative sales (Toyota GB, 2018). In
the last few years, Toyota has expanded the HSD system into other vehicles, such as the Auris,
Yaris and Aqua. With a wide choice of Toyota hybrids, this could account for declining Prius
market share in Japan. Since the first Toyota Prius model was released, Toyota have
continuously advanced the Prius such that real world vehicle fuel efficiency has increased by

25% (Spritmoniter, 2018).

Hybrid vehicle market share has taken around 15 years to become established (see Fig 2-1 for
market share of hybrid and electric vehicles in different vehicle markets). This is partly because
of certain distinct barriers to adoption of this new technology that include lack of consumer
confidence in this novel vehicle technology and the increased capital cost (Sallee, 2011). The
early EV market has learnt some lessons from the initial deployment of hybrids: for example
extended warranties are commonplace in the EV market (Kia, Hyundai and Tesla all offer
powertrain and battery coverage for more than 8 years (Gorzelany, 2019)), and the profit
margins on new EVs are considerably lower than ICEVs (Wu et al., 2015). However, it is difficult
to ascertain whether the EV market will grow quicker than the hybrid vehicle market because
there are additional challenges of lower vehicle range and requirements in changes in driver
behaviour for vehicle charging. These additional barriers make it challenging to predict

whether the EV market will grow more quickly than the HEV market has done.

Electric Vehicles (EVs) refer collectively to both Plug-in Hybrid Electric Vehicles (PHEV) and
Battery Electric Vehicles (BEV)?. In this thesis Range Extended Electric Vehicles (REEV) will be
categorised under PHEV for simplicity, these vehicles (such as the Chevrolet Volt) are officially
series PHEVs as the petrol/diesel engine can only charge the battery rather than power the
wheels directly, REEVs only represent a small percentage of the EV market. EVs were released
onto the mass market circa 2010, much later than HEVs, but the number of models available
has expanded as market share has grown. In 2011 there were 6 BEV models and 2 PHEV
models available in the USA, in 2017 this had expanded to 25 BEV models and 26 PHEV models
as other manufacturers diversified into electric mobility (Richter, 2018). Tesla was founded in
2003, and contrary to other BEV manufacturers (such as BMW, Mitsubishi and Nissan),
specialises in only manufacturing and retailing BEVs (Tesla, 2018a). Tesla revolutionised the EV
market, making EVs a desirable commodity as opposed to the small unfashionable vehicles
(such as the Renault Twizzy) available previously. Additionally, their intellectual property is

open source, thereby recognising that by sharing knowledge the industry could advance

> This is the definition adopted throughout this thesis, although it is not uniformly agreed upon
throughout the literature. The term PEVs e.g. Plug-in Electric Vehicles, will not be used in this thesis, as it
is deemed the same definition as that adopted for EVs.
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forward as a whole. In many markets, such as the USA, Tesla is the bestselling BEV marque
(Shahan, 2018). In the UK, as in Norway, the Nissan Leaf is the most popular BEV with over
23 000 registrations between 2010 and 2018 (this is the key reason the Nissan Leaf is deemed
representative of the BEV market in the latter chapters of this thesis), whereas the Mitsubishi
Outlander is the most popular PHEV with 34 800 total UK registrations (Kane, 2018). Globally,
BEVs account for two thirds of EV sales, mainly due to the high numbers deployed in China

(IEA, 2018a).
2.2.2 Policy Push: Incentives for Hybrid and Electric Vehicle Purchase

Historically, there has been policy push and technological pull that has enabled hybrid and
electric vehicle numbers to grow in vehicle markets across the world. Incentives to persuade
consumers to adopt a more sustainable option fall into two distinct categories, financial and
non-financial, and can be executed at either an international, national, or a city-level basis (see
Table 2-1 for examples of incentives introduced to stimulate EV adoption, the financial
incentives in major vehicle markets will be discussed in detail in Chapter 3.) By examining
incentives that have been introduced in different vehicle markets and assessing their effect on

EV adoption, we can inform how fiscal incentives can be optimally designed.

Financial incentives for HEVs are limited, and mainly include reduced vehicle taxes due to
widespread use of taxation systems graduated by rated CO, of the vehicle (e.g. the
manufacturer tested CO, figure published in g CO,/km). In some regions such as California,
HEVs had access to Higher Occupancy Vehicle (HOV) lanes when market share was low
(Shewmake and Jarvis, 2014) - as discussed further in Chapter 3. Financial incentives for EVs
exist across the world and research has shown that fiscal incentives increase adoption (Jenn et
al., 2013; Bjerkan, K.Y., Ngrbech, T.E., Nordtgmme, 2016; Jenn et al., 2018) - in Chapter 3 the
link between ownership costs and adoption will be explored further to build upon this body of
literature. The initial capital cost of a hybrid or electric vehicle is typically greater than a
conventional vehicle. By offering a fiscal incentive such as reduced registration tax or a direct
subsidy on purchase cost of new vehicles, this barrier can be reduced (as explored in Chapter 3
and 4). For example, electric cars in Norway are exempt from acquisition tax (approximately
£9000), and the 25% VAT usually payable on car purchases (Figenbaum et al., 2015). Norway is
the most generous country in the world for EV subsidies, but with high vehicle taxes it is viable
to reduce taxes for EV adopters rather than increase them for petrol/diesel ICEV owners. In
other countries, it is not deemed politically viable to increase taxes for petrol/diesel ICEVs to

incentivise adoption of low emission vehicles.
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Table 2-1: Types of EV incentives. This table is not exhaustive, but illustrates the types of

policies available and the wide geographic spread, indicating that countries across the globe

are committing to electrification of the transport fleet. (Zhang et al., 2014; Van Der Steen et al.,

2015; Zhou, 2017; Van den Steen, 2018; Perkowski, 2018; Cokayne, 2018).

Category Type of Incentive Level Examples of introduction
Financial Purchase rebate National UK, USA, China, India,
Canada
Registration tax National Belgium, Denmark, Finland,
exemption/reduced rates Ireland
Annual tax exemption National UK, Germany, The
Netherlands
Purchases tax exemption  National Norway, Colombia,
Uruguay, and Ecuador
Parking charge exemption City Dundee, London, Oslo
Free charging City Dundee
Exemption/Reduction National Ecuador, Uruguay, Costa

Non-financial

from import taxes

Reduced electricity tariffs
for charging EVs

High Occupancy Vehicle
lane access, Bus lane
access

Low Emission Zone access

Mandating minimum
percentage of parking
spaces for EVs in public
parking lots

Obliging new
construction sites, public
buildings and workplaces
to implement charging
points

Manufacturer fleet ave.
CO, emission limit

National/ City

State/ City

City

National/ City

National/ City

International

Rica and Colombia, South

Africa

Mexico and Santiago (Chili)

California, Norway

London

Mexico, and recently in
Guayaquil (Ecuador)

London

EU

11



Hybrid and electric vehicles are more expensive because of the high capacity battery and the
novel powertrain, but annual running costs are much lower (as discussed in Chapter 3 and 4).
A number of studies have found this to factor into purchase decisions (Egbue and Long, 2012;
Burgess et al., 2013; Carley et al., 2013; Hoen and Koetse, 2014; Barth et al., 2015; Bjerkan et
al., 2016). However, it is understood that consumers are not entirely economically rational in
their decision behaviours (Turrentine and Kurani, 2007; Hardman and Tal, 2016). In fact, fiscal
incentives have been found to increase purchases of EVs despite consumers not undertaking
TCO calculations themselves to ascertain their savings (Vetter, 2016). Therefore, the size of
these fiscal incentives has been found not to be directly proportional to the effect on rates of
adoption. A review of the studies investigating the effectiveness of fiscal incentives on the
adoption of electric vehicles by Hardman et al. (2017) showed that 32 of the 35 studies
published on this topic have positive results. The fiscal incentives considered in the studies
range from tax exemptions, purchase price reductions, and tax credits across different
countries such as the USA, Norway, Canada and Sweden. Despite the link found between fiscal
incentives and adoption of EVs, there is still criticism in the literature that some of these
incentives, specifically tax rebates, are structured inefficiently or not communicated
sufficiently. Evidence shows that rebates are more effective than tax credits (Hardman et al.,
2017). This is likely to result from the phenomenon of ‘hyperbolic discounting’ where
consumers value smaller financial incentives sooner than larger rewards later. The literature
indicates that point of sale grants and VAT exemptions for BEVs are the most effective fiscal

incentives (Yang et al., 2016).

Incentives have been found to incentivise EV purchases in both the private and company car
market (Nilsson and Nykvist, 2016). The literature indicates that in the business car market
adoption of EVs tends to be more economically rational (Skippon and Chappell, 2019). Vehicle
selection decisions have been found to be based upon operational suitability and costs of
ownership (Mau and Woisetschldger, 2018). Other factors which have been found to influence
fleet purchasing decisions include organisational innovativeness, expectation of environmental

benefits and positive effect on employee motivation (Sierzchula, 2014; Globisch et al., 2018).

Discount rates are used to account for the present value on costs and benefits that will occur
later. There are two key types of discount rates: private and social. Private discount rates are
used to account for preferences such as time, risk and pro-environmental preferences;
predictable (ir)rational behaviour, (e.g. bounded rationality and behavioural biases); and
external barriers to energy efficiency such as lack of information or capital (Schleich et al.,

2016). Private discount rates for vehicle purchases reported in the literature range from 1.9%
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to 11.6% for new car purchases (Meghan et al., 2016). With a large number of factors affecting
private discount rates, Schleich et al (2016) has identified that this is an area that needs more
research. Social discount rates on the other hand consider the importance of the welfare of
future generations compared to the present (Nordhaus, 2006). Social discount rates are
usually lower than private discount rates (Schleich et al., 2016). Essentially both individual and
social discount rates are built up from individual time preference based on factors such as
growth in living standards, catastrophic risk and pure time preference that vary between
individuals. A factor in all discount rate setting is opportunity cost — the comparison with

rates of return available elsewhere.

The lower operational cost of EVs is likely to produce a behavioural rebound effect (Whitehead
et al., 2015). The direct rebound effect translates to additional annual mileage of the EV driver,
whereas the indirect rebound effect takes the form of additional expenditures due to the
annual financial saving and is more difficult to estimate. Whitehead et al (2015) found that the
rebound effect on annual mileage for EV adopters is up to 12.2%. Holtsmark and Skonhoft
(2014) found that EV drivers drive more miles at the expense of public transport and cycling.
Similarly, Hultkratz and Liu (2012) found that free ‘green car’ access to the Swedish toll road
increased traffic volumes. The rebound effect would mitigate some of the cost benefits of

switching to an EV.

A large body of literature examines the key motivations and factors affecting adoption of EVs
(see Li et al. (2017) for a systematic review of the literature concerning the motivations and
factors behind EV adoption). The results from these numerous studies are largely based on
stated preference or revealed preference surveys. Several themes emerge from these studies,
indicating that in the purchase of a hybrid or electric vehicle many other factors come into
play, these can largely be categorised into three categories. Demographic factors such as age,
gender and education have been found to affect EV adoption (Hidrue et al., 2011; Egbue and
Long, 2012; Bjerkan, K.Y., Ngrbech, T.E., Nordtsmme, 2016). Situational factors such as driving
range, cost, and charging infrastructure concerns also have been found to play a role in
whether individuals choose an EV (Hackbarth and Madlener, 2016; Barth, M., Jugert, P.,
Fritsche, 2016; Adepetu and Keshav, 2017). Psychological factors such as pro-
environmentalism, technology oriented lifestyle and subjective social norms also affect this
decision (Madlener, 2012; Axsen et al., 2012; Axsen et al., 2013). Many potential consumers
are not aware of the benefits of switching to HEVs or EVs, therefore information programs

have been found to be important for stimulating adoption (Krause et al., 2013; Van Der Steen
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et al., 2015; Kester et al., 2018). Although this thesis focuses on vehicle ownership costs, it is

important to acknowledge these other factors that have been identified in the literature.

The factors that affect the decision to purchase an EV are unique to distinct groups of people,
therefore when investigating adoption of EVs, it is also important to consider market
segmentation. For example, it has been found that incentives are not needed for high end
BEVs but are more effective for low end BEVs (Hardman et al., 2017). Research has found that
different segments of the market might be attracted or repelled from EVs for different
reasons. For example, Anable et al. (2016) found that there are eight segments which are
distinguished by characteristics such as the degree to which EVs are viewed as being consistent
with personal identity, the level of anxiety concerning the operation of EVs, the perceived
difficulty in EV recharging, the willingness to pay to reduce the environmental damage of car
use and the symbolic motivations they assign to EV ownership. Other studies such as Axsen et
al. (2015) provide perspectives of consumer based on preference and lifestyle heterogeneity,
indicating that the segment most enthusiastic about EV adoption tends to display strong
environmental awareness coupled with a high enthusiasm for the technology. Nayum et al.
(2016) indicates that EV adopters are particularly distinct from the mainstream market and
tend to represent individuals who are highly educated with very high household incomes.
Market segmentation is also important when considering the effect of vehicle leasing on
adoption of EVs. Liao et al. (2018) found by using a stated preference survey that at an
aggregate level vehicle leasing does not affect EV adoption. However, by considering the
vehicle market in five classes based on preference profiles, 13% of respondents changed their
preference towards EVs, with approximately half indicating a positive shift and half with a

negative shift.
2.2.3 Technology Pull: Battery Technology Development

Battery technology underpins how EVs perform; the cost, performance, and availability of
batteries is important for the future electrification of the transport sector. Most conventional
car batteries are currently lead-acid. Lead acid batteries are a cheaper battery technology
mainly due to market maturity, but their characteristics are not sufficient for use in EVs. In
many 2-wheelers, due to a short range and light body, lead acid batteries are still used to

minimise cost.

At present, Lithium lon Batteries are the desirable technology for EVs because of high energy
density, long lifespan, rechargability and low rates of self-discharge. These attributes have led

to nearly all high-performance EVs utilising Lithium lon Batteries (Wang and Wu, 2017). For
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EVs, Lithium lon Battery chemistry is anticipated to be dominant in the medium term, with
potential development of Lithium Air, Lithium Sulphur and solid-state Lithium batteries in the
long term. Such battery technologies could offer higher density, greater capacities, and lower
combustion risks with greater charge cycle life but they are still in the development stages

(Vandervell, 2017; IEA, 2018a; Lambert, 2018a).

Current battery capacities for cars range from 40 kWh for the Nissan Leaf (note this recently
increased in September 2018 from 24 kWh), to 100 kWh for the Tesla Model X (Tesla, 2018a;
Nissan, 2018)°. The cost of Lithium batteries has fallen from an average battery pack price of
$1,000/kWh in 2010 to $209/kWh in 2017. Average energy density of EV batteries is also

improving at around 5-7% per year (BNEF, 2018).

The cost reduction of Lithium lon EV batteries has been found to follow a learning curve
(Goldie-Scott, 2019). That is to say, that with each doubling of cumulative manufacture the
cost of the battery pack reduces by a certain percentage. This results in large price reductions
in the early stages of deployment, which diminishes as the market matures. This learning can
be attributed to improvements in three key areas: first, gains in the production process from
worker productivity and overall manager experience; the second to changes in the product
itself such as re-design, standardisation and innovation of the technology; the third to changes

in input prices for materials and labour (Rubin et al., 2015; Samadi, 2018).

Learning rates have been used across different technologies and industries (Yeh and Rubin,
2012). Most learning rates in the literature employ a one-factor approach, in this case only one
independent variable (usually the installed capacity or cumulative manufactured capacity) is
used to explain cost changes over time (Samadi, 2018). A very small number use a two-factor
approach factoring in other parameters such as R&D spending, economies of scale and other
public policies (Samadi, 2018). Although the multi-factor approach is more appealing in
calculating the ‘true’ learning rate, these learning rates are difficult to calculate due to data
limitations (Rubin et al., 2015; Samadi, 2018). The estimates of learning rates for Lithium-lon
EV battery packs vary from 6% to 18% (Nykvist and Nilsson, 2015; Schmidt et al., 2017).
Comparing this to other industries, estimates for solar PV range from 8% to 17%, onshore wind
from -3% to 12% and offshore wind from -5% to 10% (Rubin et al., 2015; Samadi, 2018). From
this, the learning rates for Lithium-lon EV battery packs are currently most comparable to solar

PV.

? Rivian have announced they are manufacturing a 180 kWh Electric SUV that will shortly be available
(see https://products.rivian.com/suv/).
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An extensive literature examines the future of EV battery costs. Many of these studies consider
the benchmark of $100/kWh. Tesla estimates that this could be reached for their battery packs
in 2020 (Holland, 2018). McKinsey (2018) uses market expertise to estimate this to be reached
between 2020 and 2030. Beckermans et al. (2017) uses combine process-based cost modelling
with learning curves finding that the 100S/kWh sales barrier will be reached between 2020
and 2025. Nykvist et al. (2019) analyse historic costs to find that by combining the ‘best’ cost
estimates and the average learning rate the benchmark will be reached in 2025. The battery
cost projections from BNEF (Bloomberg New Energy Finance), the industry authority that
produces the annual battery price survey, estimate that using a learning rate of 18% the

100S/kWh will be reached before 2024 (Goldie-Scott, 2019).

As the demand for EVs grows, the manufacturing capacity of batteries must grow with it. In the
last few years, customers wishing to make the transition to electric have had issues with wait
times due to demand outpacing supply (Manthey, 2018). To remedy this, EV manufacturers
such as Tesla have built their own “Gigafactories” to ensure supply issues of batteries and

electric motors do not disrupt vehicle sales (Tesla, 2014).

At present, there are relatively few batteries for second life applications because there is a
delay of over a decade between vehicle deployment and scrappage. There is discussion over
whether EV batteries could have a second life as electricity grid storage especially in the future
when there is a plethora of cheap spent batteries. However, it is unlikely that large numbers of
non-uniform batteries consisting of out-dated battery technology would present an
opportunity rather than a risk for this application. Some manufacturers are using spent
batteries to balance power demand on charging hubs (ZapMap, 2018). In these situations, the
power draw for rapid chargers (=120 kW) could present a challenge for the grid in certain areas
(e.g. rural motorway service stations). Therefore, employing a second life battery to stabilise
this load when more than one vehicle plugs in to charge can be a cheap and beneficial option

compared to grid expansion.

Once the battery is spent, ideally all the battery materials would be recycled such that the
constituent parts would be recoverable at a low energy and environmental cost. Recycling of
Lithium lon Batteries is in its infancy as EV sales are ramping up and very few EVs have reached
the end of their useful life. The problem of EV battery recycling is often cited as one of the key

sustainability issues surrounding the electrification of the transport sector (Gaines, 2018).

This thesis focuses on the car market, however, there are opportunities for larger vehicles such

as buses and trucks to electrify. The weight of the higher capacity batteries in these larger
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vehicles is much greater than a traditional drivetrain, to counter this, materials such as
aluminium and carbon fibre are often used in the body. In Europe the ZeEUS project (Zero
Emission Urban Bus System) has deployed electric bus demonstration projects across ten cities
but at present over 80% of electric buses deployed worldwide are in China (IEA, 2018a). The
bestselling urban bus has a battery capacity of around 330 kWh for a range of approximately
250 km; this vehicle is manufactured by the Chinese company BYD (IEA, 2018a). Tesla and DAF
are amongst the latest companies to announce plans to start selling electric Heavy Goods
Vehicles (HGVs) (Tesla, 2018b; DAF, 2018). HGVs face the additional challenge of needing to
transport heavy loads over long distances. There are substantial air quality benefits within an
urban setting of deploying electric buses and delivery trucks. As batteries fall in price and

increase in energy density, the applications in larger vehicles will become more prevalent.
2.2.4 Charging Infrastructure: Catalyst or Magnet?

Range anxiety is closely linked to lack of accessibility to public charging infrastructure
(Sierzchula et al., 2014). EV charging infrastructure has three main characteristics: level — e.g.
power output, type — e.g. socket and connector type, and mode — e.g. communication protocol
(see Table 2-2 for details of charging characteristics by type). At present EV charging is not
standardised across the world. There are three different types of DC fast charger: Tesla
supercharger, CHAdeMo (CHArge de Move) dominant in Japan and the USA — note that the
Tesla standard is compatible with CHAdeMO, and CCS (Combined Charging System) in Europe.
It is anticipated that DC fast charging standards will not be standardised in the coming years

potentially impeding electric vehicle market growth (fleetcarma, 2018).

Different levels of charging infrastructure have a rated power that correlates to the time taken
to recharge the EV battery: this broadly falls into three categories: slow, fast, and rapid (see
Table 2.2). It is anticipated that despite advances in charging speed, EVs will primarily be
charged overnight from slow chargers with additional top-up charging either at work or during
a long journey (IEA, 2018a). This could create the opportunity for a smart grid, where EVs are
charged according to times when there is surplus energy on the grid. Vehicle to Grid (V2G) is a
possible extension of this smart grid opportunity, where EVs could be used as demand side
management for additional grid storage when there is excess renewable energy supply or
drained when there is a demand surge (Liu et al., 2013). This also raises questions surrounding

the accessibility of charging for households that do not have their own private land.

Coverage of public charging infrastructure is growing across the world. It is estimated that in

2017 public charge points grew from 2.3 to 3.5 million. In the UK this number expanded from
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Table 2-2: Charging speed table (IEA, 2018a; Lily, 2018).

Category  Level Power Approximate Connectors
Time (to
charge to 80%)

Slow Level 1 <3.7 kW (AQ) 6-12 hrs 3-Pin: 3 kW (AC)

Type 1: 3 kW (AC)
Type 2: 3 kW (AC)
Commando: 3 kW (AC)

Fast Level 2 >3.7 kW 3-5hrs Type 2: 7-22 kW (AC)
and €22 Type 1: 7 kW (AC)
kW (AC) Commando: 7-22 kW (AC)
Rapid Level 3 >22 kW and < 20-40 mins CHAdeMO: 50 kW (DC)
43.5 kW (AC)

CCS: 50 kW (DC)

<200 kW (DC) Type 2: 43 kW (AC)

Tesla Type 2: 120 kW (DC)

10 152 to 14 800 (Zap-Map, 2018); where nearly two thirds of these public charge points are
slow chargers. In Norway — the country with the highest percentage of EVs in the road fleet,
there are comparatively few public EV chargers available (0.05 public chargers per EV in
Norway compared to 0.1 for the UK) (IEA, 2018a). This means we can draw the conclusion that
a large network of public EV charging points is not strictly a precursor for high EV market

share.

The introduction of greater capacity batteries could stem issues of range anxiety and reduce
pressure on public charge points. Higher capacity batteries would give vehicles a greater range
but would increase the initial cost. As battery density increases and costs fall, EV range will
increase such that opportunity charging may become less needed. The introduction of battery
swapping could negate the need for public charging infrastructure. If EV owners were able to
switch their depleted battery for a fully charged one, this could solve issues of long charging
times and the need for public charging infrastructure. At present there are several barriers to
this solution, namely that this would require standardisation across battery types and a high
penetration of EVs in the fleet. EV batteries are not designed to be easily removed; this would

need to be a priority for EV manufacturers who would need to tailor their vehicles accordingly.
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Battery factories are already facing challenges scaling up to meet demand, this option would
require surplus batteries. Realistically, this is not an option in the short term and by the time
this is viable it is highly likely that charging infrastructure would have evolved to meet EV

needs.

2.3 ELECTRIFICATION IN THE CONTEXT OF EUROPEAN VEHICLE POLICY
AND THE MARKET CONDITIONS

2.3.1 Vehicle Testing: Rated CO,, Policy and Legislation

Across Europe, every country has its own laws regarding vehicle taxation (ACEA, 2018). The EU
has overarching legislation encompassing vehicle testing and urban air pollution that
underpins both national decisions on vehicle taxation and city level policies on transport. In
many countries across Europe, vehicle taxes are graduated by the rated CO, of the vehicle (e.g.
the manufacturer tested CO, figure published in g CO,/km) (ACEA, 2018), therefore there has
been increasing pressure on manufacturers to reduce rated CO, or risk losing market share
(Transport&Environment, 2014). As a result, rated CO, emissions of new registrations have
fallen by over 25% since 2000 (Mock et al., 2017). However, the difference between on-road
testing and rated CO, has increased from around 5% to 40% (Mock et al.,, 2017). This
discrepancy has been a result of manufacturers exploiting loopholes in vehicle testing
procedure such as reducing rolling resistance, minimising vehicle weight, and increasing the
aerodynamics of the vehicle (Transport&Environment, 2014). Until recently, manufacturers in
the EU have assessed cars for their CO, emissions on the New European Drive Cycle (NEDC).
The NEDC test cycle was widely criticised for not adequately representing real driving
behaviour, and therefore when vehicle manufacturers optimise their engine map for this drive
cycle they are not optimising their engines for real world driving (Stewart et al., 2015). Because
of this increasing discrepancy, especially with diesel vehicles (Cames and Helmers, 2013), new
European vehicle testing legislation was passed in 2015. The key changes include the
introduction of a new vehicle test cycle — the World Light Duty Testing Procedure (WLTP) drive
cycle from September 2018 — designed to be representative of real driving behaviour, and a

Real Driving Emissions test from September 2019 (European Commission, 2018b).

The introduction of the WLTP test cycle has already affected manufacturers who rely on the
company car market. Low emissions vehicles such as the Mitsubishi Outlander have been
reassessed with higher CO, emissions on the WLTP drive cycle than the NEDC drive cycle. For

this reason manufacturers are redesigning these vehicles with slightly larger batteries (13.8
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kWh instead of 12 kWh in the case of the Mitsubishi Outlander) so that the rated CO, falls
below 50 g/km — the cut off point for lower company car tax rates (Autovista Group, 2018) (see

Appendix 4-B for company car tax rates in the UK).

From 2000 to 2015, average kerbside weight of new car registrations increased by 10%, this in
turn affects vehicle fuel economy (ICCT, 2017b). The key reasons for this result from the body
requirements for crash testing approval as well as the increasing electrification of accessories
in the vehicle that would have historically been manually adjusted (e.g. windows and seats).
New materials could be used to reduce body weight such as carbon fibre and magnesium, but
this change would increase vehicle costs (Lewis et al., 2014). Additionally, if policy were ever
introduced to account for cradle to grave vehicle emissions (as opposed to purely tailpipe
emissions), such a shift would be untenable as these materials have higher embodied

emissions (Schmidt et al., 2004).

Manufacturer fleet average emissions were legislated for in 2014 (European Commission,
2018d). This law mandates that the average rated CO, of all cars sold by a manufacturer (of a
size greater than annual production of more than 300 000 vehicles per year) must be below
95 g CO2/km by 2020 (European Commission, 2018d). There are certain caveats to this law,
such as every BEV sold counts as five BEVs sold, referred to as super credits. This legislation
reduces the incentive to sell low carbon vehicles, sanctioning OEMs to continue to sell their

less fuel efficient luxury vehicles.

Vehicle emission Euro standards were introduced in 1995 to curb tailpipe pollutant emissions.
For each of the progressing Euro standards (see Table 2-3 for details of vehicle Euro
standards), a smaller ceiling was placed on the maximum amount of each specific tailpipe
pollutants (e.g. NO,, PM etc) that could be emitted over the standard NEDC test cycle.
Different Euro standard limits apply to cars, LCVs, buses and HGVs split further by weight class
(Dephi, 2017). The increasingly stringent limits have been designed to solve the problems of
urban air pollution across European cities, especially from diesel vehicles - the highest polluter
of harmful emissions such as NO, (Moody and Tate, 2017) — note that network level vehicle

emissions are investigated in Chapter 6 of this thesis.

In diesel vehicles, NO, is produced when the air-fuel mixture is combusted in the engine. The
amount of NO, varies with peak combustion temperature: the higher the temperature the
greater the rate of NO, formation. Higher temperatures occur with higher engine loads,
therefore by lowering the combustion temperature and using after-treatment devices, NO, can

be minimised. Most modern diesel vehicles utilise exhaust-gas recirculation (EGR) systems into

20



Table 2-3: Limits for different pollutants over all Euro standards (Note petrol standard/diesel standard when two values given) (Dephi, 2017).

EU1 EU2 EU3 EU4 EU5a EUSb EU6b EU6c/dT/d
Type Approval  July 92 Jan 96 Jan 00 Jan 05 - Sep 11 Sep 14 -/Sep17/Jan 20
New vehicles Jan 93 Jan 97 Jan 01 Jan 06 - Jan 13 Sep 15 Sep 18/Sep 19/Jan21
THC (mg/km) - - 210/- 100/- 100 100 100 100
NMHC (mg/km) - - - - 68/- 68/- 68/- 68/-
NO, (mg/km) - - 150/500 80/250 60/180 60/180 60/80 60/80
CO (mg/km) 1000 1000 1000 1000
HC+ NO, 970 500/700 -/560 -/300 -/230 -/230 -/170 -/170
(mg/km)
PM (mg/km) -/140 -/80 -/50 -/25 5.0 4.5 4.5 4.5
PN# (el1 - - - - - - 6.0 6.0
Nb/km)
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their vehicle design. EGR systems recycle a portion of the exhaust gas back into the
combustion chamber; this reduces the oxygen content and increases the water vapour content
of the combustion mixture reducing peak combustion temperature. Two methods are used in
diesel vehicles to control NO, after the exhaust has exited the engine. A lean NO, trap (LNT)
uses a catalyst to store NO, from the exhaust temporarily. By increasing the proportion of the
fuel in the air-fuel mixture, the exhaust gas has less oxygen and more unburned hydrocarbons.
The stored NO, at the catalyst then reacts with hydrocarbons in the exhaust to produce
nitrogen and water and/or CO,. Selective catalytic reduction (SCR) systems reduce NO, over a
catalyst using ammonia as the reductant (ICCT, 2019). LNT systems are generally cheaper and

less effective than EGR or SCR systems (ICCT, 2017a).

Studies such as Hagman (2015) have found that when testing diesel cars in real driving
conditions, they emit 20 to 40 times more NO, than petrol cars with similar sized engine. Even
diesel cars which have passed the Euro 6 limit have been found to be producing more than ten
times the limit when tested in real world environments (Baldino et al., 2017). There are
several reasons for this including: decline of emission-control system components over the
vehicle’s lifetime; using the vehicle’s ECU for deliberate cheating on vehicle certification tests;
removing or tampering with components of the emission-control system; or utilising a
certification test that is unreflective of operating conditions encountered in real on-road
driving (ICCT, 2019). This is one of the reasons that despite increasingly stringent policy, NO,
levels on key urban arterials have remained static over the last decade. City level policies such
as Low Emission Zones, Clean Air Zones, and congestion charging have been introduced to
attempt to curb pollutant emissions from diesel vehicles (Holman et al., 2015). Because of the
issues of transport related air pollution and carbon dioxide emission outlined in this section,
this thesis explores how more hybrid and electric vehicles in the vehicle fleet, along with an
increasing number of Euro 6 petrol and diesel vehicles, can lead to reductions in CO, and NO,

emissions at a network level.

The research in this thesis focuses primarily on vehicle exhaust CO, and NO, emissions.
Particulate emissions originate from both the exhaust and the brakes. As technology improves
to deal with PM emissions from the exhaust, non-exhaust emissions from the tyre wear, brake
wear, road surface wear and resuspension of road dust will most likely become the primary
cause of these vehicle emissions (Thorpe and Harrison, 2008). With the electrification of the
road fleet, there is evidence that EVs have higher PM emissions from regenerative braking
than ICEVs (Timmers and Achten, 2016). Non-tailpipe emissions (e.g. emissions from tyres and

brakes) are challenging to model accurately and therefore have not been considered within
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Figure 2-2: Dieselisation (percentage of total registrations) comparing European countries

(European Environment Agency, 2018).

the scope of this thesis.

2.3.1 The Rise of Diesel Cars

The initial development and adoption of diesel cars in the 1990s originated from their higher
fuel efficiency; diesel cars produce approximately 15% less CO, than a like-for-like petrol car
(Hagman, Rolf; Gjerstad and Amundsen, 2015). However, research has shown that if OEMs had
invested in reducing petrol vehicle fuel efficiency as they had in diesel vehicle fuel efficiency

then the average CO, emissions of petrol vehicles would have improved by similar percentage
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Table 2-4: Country level commitments to move from ICEVs to EVs (IEA, 2018a). PLDV denotes

Passenger Light Duty Vehicle.

Country ICEV car ban EV target

China 5 million EVs by 2020, including 4.6 million
PLDVs, 0.2 million buses and 0.2 million trucks.
New energy vehicle (NEV) mandate: 12% NEV
credit sales of passenger cars by 2020.
NEV sales share: 7-10% by 2020, 15-20% by
2025 and 40-50% by 2030.

Finland 250 000 EVs by 2030.

France 2040

India 30% electric car sales by 2030.
100% BEV sales for urban buses by 2030.

Ireland 2030

Japan 20-30% electric car sales by 2030.

The Netherlands 2030 10% electric car market share by 2020.

New Zealand

Norway

Korea

Slovenia

UK

United States
(selected states)

2025 (PLDVs, LCVs
and urban buses)

2030

2040 (Scotland
2032)

100% electric public bus sales by 2025 and 100%
electric public bus stock by 2030.

64 000 EVs by 2021

75% EV sales in long-distance buses and 50% in
trucks by 2030.

200 000 EVs in PLDVs by 2020.

396 000 to 431 000 electric cars by 2020.

3 300 000 EVs in eight states combined by 2025.

ZEV mandate in ten states: 22% ZEV credit sales
in passenger cars and light-duty trucks by 2025.

California: 1.5 million ZEVs and 15% of effective
sales by 2025, and 5 million ZEVs by 2030.
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as that seen by diesel vehicles (Cames and Helmers, 2013). The greater cost of the diesel
engine — approximately £1500 — is offset by increased fuel efficiency within approximately

10 000 miles (Wu et al., 2015), this is backed up by the analysis in Chapter 3 and 4 of this

thesis. Hence, diesel vehicles are usually purchased as high mileage vehicles and represent a
greater percentage of road traffic (Society of Motor Manufacturers and Traders, 2017). Diesel
cars also tend to be higher power and weight than conventional petrol cars: between 2001 and
2011, the average petrol engine power increased by 7.5% but the figure for diesel is much

higher at 22% (ICCT, 2017b).

Dieselisation of the car fleet is a problem across most of Europe with the market share of
diesel cars ranging between 30-80% at its peak in 2016 (see Figure 2-2 for diesel car market
share across European countries). Conversely, in the USA and Japan, market share of diesel
cars is below 0.1% (Cames and Helmers, 2013). Stemming from a push to reduce CO, emissions
from the transport sector, in the EU diesel vehicle purchases were incentivised with lower fuel
and vehicle taxes. Four key reasons have been identified for the different levels of dieselisation

across Europe; the impact of national car/supplier industry, the degree of ecological

modernization, fuel tourism, and states with preferential relations with industry (Cames and
Helmers, 2013). All these factors play a part in how persistent diesel car sales have been in a
particular region. Without a strong car industry, but with poor ecological modernisation

momentum, in the UK diesel vehicle market share has persisted even in recent years.

The dieselisation of the car fleet in the UK is more prevalent in the size segments that are
dominated by company or business car purchases. For example, market share of diesel cars in
the executive size segment (where the split of private to business registrations is 29% to 71%)
rose to 81% in 2018, whereas in the mini size segment diesel cars only represent 15% of new
registrations (this is discussed further in Section 2.3.3 where the UK vehicle market is analysed
in depth). The rise of diesels in the small vehicle size segments is more concerning as the types
of catalysts used in smaller vehicles, such as Lean NO, Trap (LNT) as opposed to Exhaust Gas
Recirculation (EGR) or Selective Catalytic Reduction (SCR), tend to be cheaper and less

effective at removing NO, from tailpipe emissions (ICCT, 2017a).

In 2017, the diesel market share of new car sales dropped from 47% to 42% as a result of
changing public opinion. New European legislation has been introduced to ensure that Diesel
Particulate Filters (DPFs) are properly tested during a vehicle’s MOT (Evans, 2018). The high
cost for DPF replacement means that it often is not cost effective for older vehicles to replace

their broken DPFs, therefore these high polluting vehicles are more likely to be scrapped, and
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consumers are less likely to risk purchasing older diesel vehicles. The VW scandal also affected
consumers trust in the auto industry (Markowitz et al., 2017). In 2015 VW was fined $4.3
billion by the US government for fitting emissions test cheating software in their vehicles, it is
estimated that the cost of fixing cars, buying back cars, clean air fines, penalties and
compensation cost the company over $20 billion. There is still ongoing cases in Europe where

consumers have brought civil lawsuits against the company (BBC, 2018).

Consumers have lost trust in diesel vehicles and government advice (as evidenced by market
share peaking). Many environmentally conscious consumers chose a diesel vehicle in the early
2000s to reduce their emissions and within a decade the official advice had reversed,
condemning diesel vehicles and increasing prices accordingly (Cames and Helmers, 2013). As a
result, some countries have stated they will stop new registrations of conventional diesel (and
in some cases petrol) cars by a certain year (see Table 2-4 for summary of announcements of
national EV deployment goals), this comes hand in hand with targets for EV sales. Additionally,
OEMs have started to move away from diesel cars: Fiat Chrysler have announced they will
phase out diesel models by 2022, Toyota have committed to stop selling diesel cars in Europe

by 2018 and Subaru will withdraw diesel car production and sales by 2020 (IEA, 2018a).

2.3.1 The UK Vehicle Market in Detail

This thesis focuses on the UK vehicle market, but many of the conclusions drawn will be similar
for other countries in Europe. The spread of market share across different vehicle size
segments is similar for the UK and the rest of the EU, with the majority of the same models of
HEV, PHEV and BEV available (Thiel et al., 2015) (see Appendix 2-A for details of size segments
for USA, UK and EU). By analysing historic hybrid and electric vehicle sales conclusions can be
drawn about future adoption of these vehicle types across the fleet (see Figure 2-3 for UK car
market share split by purchase and fuel type). The mid-sized (C/D) car segments account for
the majority of historic HEV sales (64%). The Toyota Prius was originally a medium car (C)
segment (2000-2004), moving into the large car (D) segment after its redesign in 2004. In the
last decade Toyota have diversified their hybrid range to include a wide range of models all
utilising the HSD system originally developed for the Toyota Prius. This is one of the reasons for
plateauing sales of the Toyota Prius, despite total Toyota hybrid market share increasing every
month. Since the Toyota Yaris Hybrid came onto the market in 2011, the supermini (B)

segment shows significant HEV sales (2.4% market share).
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Figure 2-3: UK market share of HEVs, PHEVs, and BEVs Jan 2000 - Dec 2017. (Data sourced
from SMMT (Society of Motor Manufacturers and Traders, 2017)) Note that A/B (small), C/D

(medium), E/F (large) and H/I (Multi/Dual Purpose Vehicle) vehicle segment size.
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The Multipurpose vehicle (H) segment accounted for 51% of PHEV sales in 2016 (mainly
attributable to the Mitsubishi Outlander), but despite a late introduction in 2015 PHEV market
share in the executive (E) segment car sales are rising fast resulting in 24% of total PHEV
market share. At present PHEV models do not exist in the mini (A) or supermini (B) segments.
This is mainly because the combination of the two drive trains with a large battery leads to

increased vehicle weight and cost making it uneconomical to produce a ‘small’ PHEV.

Supermini (B) and medium (C) car segments are most popular for BEVs with these size
segments representing 56% of BEV market share. BEV models have not been introduced in the
executive (E) or luxury (F) car segments because of the expense due to the large battery size
required. The Tesla models have been classed at sports vehicles, this segment (G) accounts for
around 20% of BEV sales, but only accounts for 1.8% of total market share. It is worth noting
that supermini (B), medium (C) and large (D) vehicle size segments together account for over

70% of total car market share.

Fleet and business car purchases account for approximately half of new vehicle sales in the UK
(see Figure 2-3 for UK car market share split by purchase type and fuel type, see Appendix 2-B
for definitions of business, fleet and private purchases). This figure is similar for other
European countries such as Germany and France (PWC, 2015). Historically, ‘fleet’ purchases
have accounted for a slightly higher proportion of HEV sales (around 57% in 2008) than the
private market but private HEV purchases are now growing at a faster rate as a result of low
taxes compared to petrol cars. Private purchases account for a small percentage of PHEV

market share (14.9%).

PHEVs are very expensive due to their large battery but tend to have very low emissions for
their size. Company car tax is graduated by vehicle CO, emissions therefore PHEVs are a
favourable choice for fleet purchases — this cost comparison is explored in Chapter 4 of this
thesis. Conversely, there is a higher proportion of BEVs in the private market (53.8% of BEV
market share) than for PHEVs or HEVs. This is to be expected because smaller size segment
vehicles are more popular with private purchasers than business purchasers. In other
countries, such as The Netherlands and Germany business purchases account for between 90

to 95% of BEV and PHEV purchases (Rijksdienst voor Ondernemend Nederland, 2015).

In the UK, PHEV sales have grown much faster than HEV sales when they were first introduced,;
HEV sales took around a decade to reach 1% market share whereas PHEVs reached this within

four years. This is partly as a result of availability of technology models across marques
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(Department for Transport, 2015d). BEV sales have increased at a similar rate to HEVs, with

BEV market share reaching 0.5% within 6 years.

2.4 DECARBONISATION OF THE TRANSPORT SECTOR: OTHER OPTIONS
AND PERTINENT FUTURE FACTORS

2.4.1 Other Options for Transport Decarbonisation

With the growing problem of climate change, the continuing urban pollution issues and
changing vehicle testing policies, there has been a shift towards electrification of the transport
sector (IEA, 2018a). Cynics of electrification always quote that EVs are only as clean as the
electricity they use. This is true, but EVs offer the opportunity to reduce pollution in cities —
where 55% of the global population lives (United Nations, 2018), and utilise the increasing
share of renewables on the grid. Many governments have chosen technology neutral policies —
they do not ‘pick winners’, therefore other low carbon fuels including Liquid Petroleum Gas
(LPG), Compressed Natural Gas (CNG), and Hydrogen Fuel Cells (HFCs) have been deployed to
decarbonise the transport sector. In the future when there is excess renewable energy, these

fuels could be manufactured synthetically as electrofuels.

LPG technology suits road vehicles of all sizes. LPG cars are usually retrofits and only constitute
1-2% of new registrations across Europe (ICCT, 2017b). It costs up to £2000 to retrofit a
conventional petrol car to run on LPG, with an approximate fuel saving of £600 per year (based
on annual mileage of 10 000 miles) due to the lower fuel price of LPG despite a decrease in fuel
efficiency of around 15-20% due to lower energy density (RAC, 2018b). CNG is a technology for
larger vehicles, such as buses and trucks, which can reduce CO, emissions but incurs a
significant cost to install the technology (Alternative Fuel Systems Inc., 2015). However,
Natural Gas is still a fossil fuel that contributes to climate change — even as an electrofuel,

therefore these are only temporary measures in the future decarbonisation of road transport.

The development of HFC vehicles to power vehicles is still in an earlier stage of technological
advancement than EVs (Xu et al., 2017). Most hydrogen is currently sourced from reforming
natural gas (Nikolaidis and Poullikkas, 2017), however, there is the opportunity that hydrogen
could be formed using excess electricity from the grid. Hydrogen powered vehicles face a
similar chicken and egg problem with refuelling infrastructure. The electricity network is
widespread, enabling a simple transition without the necessity of public charging

infrastructure, whereas hydrogen fuel cell vehicles will have to have newly purpose-built
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refuelling stations. HFC vehicles have the advantage of only producing water vapour from the

tailpipe. HFCs could be well suited to large vehicles that face electrification challenges.

Biofuels are often considered a low carbon alternative that could cut the carbon footprint of
road transport without needing to change user behaviour. Biofuels encompass several
different feedstocks, but advanced biofuels are being developed that will have a lower impact
on agriculture, deforestation and climate change. Many countries are blending biofuels such as
FAME (Fatty Acid Methyl Ester — biodiesel) and bio-ethanol with conventional petrol or diesel
in small percentages. Brazil has the highest market share of bioethanol vehicles, with around
23 % of the energy for road transportation coming from biofuels (Cruz et al., 2014). The EU
mandates that all petrol and diesel transport fuel is blended with a small percentage of biofuel
by 2020 (10% bio-ethanol for petrol and 7% FAME for diesel fuel) (European Commission,
2018a). Historically, there have been problems with sourcing sustainable biofuels with early
policy leading to deforestation, land grabbing and the destruction of peoples’ and animals’
livelihoods, therefore despite an initial push in this direction, EU policy has not favoured
biofuels as it once did (Todts, 2017). In the near term, electric mobility is in the strongest

position of any of the low carbon fuels to decarbonisation the road fleet.
2.4.2 Revolutions Affecting the Future of Transport

In the future, there are generally regarded to be three ‘revolutions’ that will change road
transport: electrification, automation and Mobility as a Service (MaaS) (Sperling, 2017).
Electrification of the road fleet is already happening with increasing adoption, falling battery
prices and installation of public charging infrastructure, but automation and MaaS are
considered long-term trends. Automation and Maa$S will no doubt be introduced in large cities

first, eventually reaching rural areas.

Autonomous vehicles are currently being built and tested on road by OEMs and start-ups such
as Uber, FiveAl and BMW (UBER, 2018; BMW, 2018; Smale, 2018). These vehicles use a range
of technologies such as GPS, radar, LiDAR, and optical sensors to continually assess vehicle
position in relation to pedestrians, bikes and other vehicles; evaluate external information
such as signage and traffic signals; and drive the vehicle amongst other vehicles in normal
traffic conditions. To date, over ten million autonomous vehicle miles have been logged by
companies such as Waymo, FiveAl and Uber, but the timescale for significant numbers of
Autonomous Vehicles on road in cities is unclear (Hawkins, 2018). It is anticipated there will be
a mix of vehicle types on the road in big cities by 2050 and the potential impact of these

autonomous vehicles is uncertain (Bansal and Kockelman, 2017). Several different scenarios
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are considered where if Autonomous Vehicles were shared and electric, the transport system
would be cheaper, more accessible, and with a lower environmental impact. However, if
Autonomous Vehicle ownership follows historic private vehicle ownership trends then the
problem of ‘ghost’” miles could create congestion, pollution and entrench societal issues
(Sperling, 2017). There are many other anticipated consequences to vehicle automation, such

as increased road safety, vehicle efficiency and accessibility (Milakis et al., 2017).

Maas is the concept that transport will move away from conventional car ownership models to
predominantly ride-sharing (Jittrapirom et al., 2017). Most vehicles spend on average 96% of
the time unoccupied (Kempton and Tomi¢, 2005), therefore MaaS would reduce the vehicle
fleet to smaller number of high mileage vehicles with a faster turnover. Maa$S could provide
benefits for both the supply and demand side; with lower cost, time reduction, and improved
user experience (Kamargianni et al., 2015). Already, using a ride-hailing service such as Uber or
Lyft, can in fact be cheaper than owning a car if the annual mileage is less than 9000 miles
(Davidson, 2015). Trends of private vehicle ownership are already reversing, with young
people less likely to have a driving licence and own a car than at any other point in the last
twenty years (Morley, 2017a). Ride-sharing is gradually introduced in ride-hailing companies
such as Uber and Lyft, but this is currently only in selected cities. Although many people are
sceptical that there could be a shift to a mobility subscription service rather than an individual
opting to have the freedom of their own car, even a decade ago it would have been
unthinkable that people would switch from owning music to streaming services such as

Spotify.

Modal split has stayed fairly constant over the past twenty years, but the introduction of
electric bikes could increase the share of bike trips. Electric bikes have only been introduced
into the mass market in the last couple of years, typically with a range of 50 miles, but research
has already found that acceptance has been greater than conventional bikes (Guo, 2017).
Subsidies are available in several countries, similar to electric cars, as battery price falls, the

Manufacturer Suggested Retail Price of these bikes will fall and sales will grow.

2.5 SUMMARY AND CONCLUSIONS

This chapter finds that the adoption of hybrid and electric vehicles is still in the early stages,
however, numbers are growing across vehicle markets indicating that electrification of the
transport sector is happening, for this reason future scenarios of the vehicle fleet will be
explored later in this thesis. Even if the share of these vehicle types is still low at present,

governments across all habited continents have incentives in place to encourage adoption of
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low carbon vehicles, this is investigated in the next chapter of the thesis in the context of
vehicle ownership costs. These measures range from financial subsidies (e.g. purchase rebates,
free parking or reduced taxes) to non-financial incentives (information services, access to HOV
lanes or bus lanes); all aimed at addressing the main barriers to adoption. In vehicle markets
such as Norway and Japan there has been a significant rise in the number of hybrid and electric
vehicles in the last five years and evidently there are lessons to be learnt from this trend. The
increasing proportion of hybrid and electric vehicles will contribute to decarbonisation of the
road fleet and reductions in urban air pollution, the extent of which will be modelled on a

network level in Chapter 6 of this thesis.

The key barriers to adoption of hybrid and electric vehicles are upfront cost, range anxiety (for
BEVs only) and uncertainty in new technology. Purchase choice is not purely rational or
entirely based on cost; often purchase decision is motivated by image or intrinsic
environmentalism. The links between cost and adoption are however explored further in the
next chapter of the thesis. The rise of companies such as Tesla showcasing desirable EVs has
changed the public’s perception of this vehicle type. Accessibility of charging infrastructure is
growing, with the charging network expanding each year. Coverage is varied, and there will be

challenges in deployment of EVs for longer journeys as well as in rural areas.

Since hybrid and electric vehicles were introduced onto the mass market, technology has
advanced: battery prices are dropping as is the cost of the electric powertrain. New
opportunities for battery second life and recycling are starting to emerge. Although these
processes are still very much in immaturity, this is the time in which regulation and
standardisation can encourage battery designs that are simple and cost effective to
disassemble. The rise of Autonomous Vehicles and Mobility as a Service could change personal
mobility within the next thirty years. At present, the impacts and timeframe are uncertain,
although it is agreed that by 2050 there will be a mix of vehicle types on the road in major

cities.

In the next chapter, the incentives for hybrid and electric vehicles across several key markets
and different continents will be examined in the context of vehicle ownership costs. Although
vehicle ownership cost is only one factor in purchase decision, upfront cost is the greatest
barrier to the switch from a conventional petrol/diesel to a hybrid or electric vehicle. The
chapter will examine what lessons we can learn from HEV adoption and can apply to EV

adoption to stimulate sales in countries without a strong EV sales record.
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CHAPTER 3: HISTORIC TOTAL COST OF OWNERSHIP FOR
HYBRID AND ELECTRIC VEHICLES

3.1 INTRODUCTION

With a larger battery and features such as regenerative braking, engine stop-start and a novel
transmission system (Hutchinson et al., 2014), hybrid and electric vehicles have a higher
manufacturing cost than conventional vehicles (Wu et al., 2015). Conversely, running costs are
often lower stemming from cheaper annual fuel costs, taxes and maintenance. Many countries
have offered subsidies or reduced taxes for low emission vehicles to reduce this price premium
and stimulate adoption: for example the plug-in vehicle grant in the UK (GOV.UK, 2018), the
clean vehicle rebate project in California (California Air Resources Board, 2016), and the green
vehicle purchasing promotion measures in Japan (Japan Automobile Manufacturers

Association, 2016a).

The focus of this chapter is an investigation of the Total Cost of Ownership (TCO) of hybrid and
electric vehicles. The vehicle TCO accounts for all consumer related vehicle costs and therefore
this calculation can determine whether subsidies and lower running costs can offset the
associated price premium. This section compares the TCO of hybrid and electric vehicles across
different vehicle markets and for an extensive timespan. It builds on work from the first year of
the PhD where the cost of the Toyota Prius was compared across different vehicle markets for
each year that a new generation of Prius was released (e.g. 1997/2000, 2003/4, 2009/10).
Initially the motivation for this work stemmed from an assessment of technological readiness
of different low carbon vehicles. Without properly defined definitions of technological
readiness when technology was beyond the traditional ‘Technology Readiness Levels’ used (for
example see Sauser et al. (2006)), it soon transpired that this was an impossible task to

undertake analytically and thus the comparison of vehicle TCO emerged.

The key aim of this chapter is to assess if higher hybrid and electric vehicle market share in
vehicle markets such as Japan and California is primarily due to cheaper costs and therefore
whether adoption of hybrid and electric vehicles in less developed markets such as the UK
market can be stimulated on this basis. To address this aim, this chapter provides a more
extensive TCO assessment of conventional petrol/diesel cars, HEVs, PHEVs and BEVs in three
industrialized countries — the UK, USA (using California and Texas as case studies) and Japan -

for the time period 1997 to 2015. Finally, the link between HEV TCO and market share is
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analysed with a panel regression model — the time frame for running this analysis for BEVs or

PHEVs was deemed insufficient.

This section contributes to the literature in three key areas: investigating how TCO has
changed historically, examining how TCO varies across different geographic regions and
analytically assessing the relationship between hybrid vehicle TCO and adoption. To assess the
robustness of the cost model a sensitivity analysis is conducted for variation in mileage, fuel

price, depreciation rate, ownership period and discount rate.

The contents of this chapter has been published as a peer reviewed journal article in Applied
Energy (Palmer et al., 2018), featuring as one of the most downloaded papers of the journal in
2018. This article has received significant media attention with coverage in the Guardian
(Carrington, 2017), The Daily Telegraph (Davis, 2018), MIT Tech news (MIT Technology Review,
2017) and a number of other news outlets (Sputnik News, 2017; Cooke, 2017; Futura Tech,
2017; Arab Forum for Environment and Development, 2017; Boada, 2017; Livedoor News,
2017; The Marker, 2017; Joseph, 2017; Sanchez, 2017; Guess, 2017; European Commission,
2018c; Hull, 2018) , and as a result was the basis for winning the Piers Sellers Prize for

exceptional PhD research (2018 PhD category®).
3.2 TOTAL COST OF OWNERSHIP LITERATURE

Many TCO calculations have been published to assess the cost effectiveness of new vehicle
technologies such as electric commercial vehicles (e.g. Falcdo et al. (2017)), electric buses (e.g.
Li et al. (2017)), and plug-in hybrid trucks (e.g. Vora et al. (2017))). As early as 2001, Lipman &
Delucchi (2001) compared the cost of different degrees of hybridisation across multiple vehicle
size segments. Since then, many other publications (see Table 3-1 for review of key studies in
TCO literature) have compared the ownership costs of battery and hybrid electric vehicles.
Many of the studies focus on a full spectrum of PHEVs with different battery sizes; to assess
whether the cheaper costs of running a PHEV with a higher battery storage capacity offsets the
larger initial battery price (for example Al-Alawi and Bradley (2013b) and Hutchinson et al.
(2014)). The studies in the literature largely conclude that without government support hybrid

and electric vehicles are still more expensive than conventional petrol or diesel cars.

Previous published TCO calculations usually only consider vehicle ownership costs in one
country or geographic region (e.g. Gilmore et al. (2016) considers passenger vehicle TCO in

India, and Diao et al. (2016) consider private car TCO in China, Hagman et al. (2016) consider

* Details available at http://climate.leeds.ac.uk/opportunities/piers-sellers-prize/
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passenger car BEV TCO in Sweden, and Fontainhas et al. (2016) consider a similar TCO for the
Portuguese private car market). Hutchinson et al. (2014) is the only study which compares HEV
TCO across more than one country, concluding that the relatively high fuel price in the UK
leads to a shorter pay back of less than 2.6 years for HEVs compared to 6.7 years in California.
HEV TCO can vary substantially over different countries and American states as a result of
varying fuel price, availability of low-emission vehicle incentives and region dependent average
mileage. Levay et al. (2017) compare BEV and PHEV TCO across several European markets
concluding that at present subsidies allow vehicles in certain size segments to be cheaper. Fuel
price, average annual mileage, annual taxes and insurance prices along with driving style and
congestion levels are state/country dependent (e.g. Saxena et al. (2014)), therefore

conclusions of studies from different geographic regions are not necessarily transferable.

As vehicle technology matures manufacturing costs decrease, therefore TCO calculations
become outdated. For this reason, it is difficult to directly contrast and compare the findings of
multiple publications with different base years. With over 15 years of HEV cost data, this raises

questions over how vehicle ownership costs have changed as the market has developed.

TCO methodology has not been standardised in the literature (see Table 3-1 for details of
components included in key published studies). Two different approaches exist: either top
down or bottom up (usually utilising an incremental cost model). It is apparent that factors
such as maintenance, tax costs and vehicle resale are often excluded despite there being
variation between vehicle types. Over a long time period such as that of this study, policies and
cost incentives that play a crucial role in adoption of new technologies, particularly during the
initial stages of deployment can also change. In this chapter, we build a comprehensive model

taking all significant vehicle ownership costs including financial incentives into account.

Regression analysis is a common approach to assessing the strength of the relationships
between different variables. Relatively few studies have used regression analysis to explore
the factors contributing to adoption of new powertrain technologies. Studies such as Diamond
(2009) use panel regression, examining both fixed and random effects, to assess the impact of
incentives on vehicle adoption across different American states concluding that fuel price
affects vehicle adoption more than incentives. Gallagher and Muehlegger (2011) use a fixed
effects model to consider the effect of incentives across different US states concluding that the
type of incentive offered is as important as the size of it. Shewmake and Jarvis (2014) analysed
the link between HEV adoption and High Occupancy Vehicle (HOV) lane access using a
parametric regression model estimating Willingness-To-Pay figures for HOV lane access.

However, studies from the TCO literature (see Table 3-1) have not used this approach to assess
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Table 3-1: Total Cost of Ownership literature summary.

Lipman & Al-Alawi & Bradley = Hutchinson et al. Wu et al. (2015) Levay et al. This study
Delucchi (2006) (2013b) (2014) (2017)
Vehicle class Compact or Compact car, Mid-  Mid-sized car Small, Medium and  Small, Mid —sized car
mid-sized large sized car, Mid-sized Large cars Medium and
car, pickup, SUV, Large SUV Large cars
minivan, SUV
Powertrain Five degrees of HEV, PHEV 5-60 Mild, HSD, Two- BEV, PHEV, HEV BEV, PHEV, BEV, PHEV, HEV
type hybridization Mode, Inline Full, ICE
Plug-in HSD, Plug-in
Series
Purchase 2000 2010 2013 2015 2014 1997/2000-2015
year
Economicyr 2000$ 20108 2013$ 2015€ 2014€ 2015f
Economic USA USA USA and UK Germany NO, NL, FR, UK, USA
country HU, IT, DE, PL (California, Texas),
Japan
Annual Not specified - 12 000 miles/yr for 130 000 miles over  Three cases: 7484 12 000 km 10 400, 11 071,

vehicle miles

travelled

decreasing

with age

cars decreasing with

age

lifetime

km, 15 184 km and
28 434 km

15641, 6213 for
UK, CA, TX and JP.
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Table 3-1 continued...

Lipman & Al-Alawi & Bradley Hutchinson et al. Wuetal. (2015) Levayetal.  This study

Delucchi (2006) (2013b) (2014) (2017)
Vehicle life 15 years 5and 13 years 130 000 miles 6 years 4yrs 3 years (ownership

period)
Fuel EPA adjusted  EPA adjusted Fuel saving tests for Literature. Manufacturer Spritmoniter
economy urban and highway reported
figures
Gasoline 1.46 Forecasted over 3.20, 7.70 for USA,  Own forecast 2014 country Forecast over
price model  (S/gallon) vehicle life UK (S/gallon) prices vehicle lifetime
Incremental MSRP used EPRI (2001); Brooker et al. Yes, derived. MSRP used MSRP used
cost model Kalhammer et al., (2010); Clearly et al.
(2007) (2010)

Salvage None Vehicle resale Vehicle resale Yes Vehicle resale Vehicle resale
Maintenance Yes Yes None No None Yes
Insurance Yes Yes None Yes None Yes
Tax model Yes Yes None Yes Tax Yes
Discount rate None 6% None 4.1% 1% 3.5 % (UK, Japan)

4% (US states)
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the effect of changing vehicle costs on sales, instead they have generally only focussed on

costs at a single point in time.

3.3 COST CALCULATION METHODS AND DATA SOURCES

3.3.1 TCO Model Overview

A cost comparison of a representative HEV, PHEV, and BEV has been performed across four
different geographic regions. The Toyota Prius was first introduced in Japan in 1997 with HEVs
now accounting for over 30% of new vehicle purchases (Japan Automobile Manufacturers
Association, 2016c), for this reason Japan is included in this comparison. Like Japan, California
has a history of adopting low carbon policies years ahead of other states in the USA (Greene et
al., 2014). Consequently, hybrid and electric vehicles have been more popular in California
than anywhere else in America (Muller, 2013). The state of Texas has also been included to
provide a contrast to the Californian state because hybrid and electric vehicle sales are lower
but average income is similar (United States Census Bureau, 2016). In most other markets, EV
market share has been lower. The UK has been included as a country where EVs still have low

market share (below 2%) despite high fuel prices.

This study considers the Toyota Prius (HEV), the Toyota Prius plug-in model (PHEV), and the
Nissan Leaf Electric model (BEV), and contrasts these with the Toyota Corolla (petrol only) for
Japan, California and Texas, and the Ford Focus (petrol and diesel) for the UK. The
conventional vehicles for comparison were chosen based on a combination of high market
share, size and a vehicle power similar to the Toyota Prius (comparative vehicle specifications

can be found in Appendix 3-A).

The TCO analysis in this Chapter will only consider private ownership. In Japan non-private car
purchases account for less than 5% (International Fleet World, 2016). In the USA and UK this
figure is approximately half of new vehicle registrations (Bureau of Transportation Statistics,
2016; Society of Motor Manufacturers and Traders, 2017). In the following chapter UK
company car costs will be calculated across different vehicle size segments, but this analysis

was deemed too difficult in light of data requirements for the US and Japanese market.

The three year vehicle ownership length was chosen in line with average new vehicle
ownership length in the UK (Leibling, 2008). This assumption is explored in a sensitivity
analysis. A Consumer Price Index based GDP deflator for each country is used to bring all costs
in line with 2015 prices (United States Department of Agriculture Economic Research Service,

2015; Department for Transport, 2016c).
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A discount rate is applied based on the social discount rates (see Section 2.2.2 for discussion of
discount rates). The discount rates applied are taken as 3.5%, 4% and 3.5% for Japan,
California/Texas and UK respectively (Zhuang et al., 2007; HM Treasury, 2015). The social
discount was chosen for a number of reasons. The individuals’ rates are not consistent
between studies (see Table 3-1), this is an area, which needs improvement, and therefore we
use social discounts as a proxy. The three countries considered all have post-industrial
economies with growth rates in the range of 1-3%. In the climate of low interest rates with
subdued economic growth, it is reasonable to assume a slightly lower discount rate than the
4-6% range used in previous TCO studies (see Table 3-1). The effect of the selected discount
rate on TCO is also explored further in the sensitivity analysis; with the short TCO ownership
period of three years assumed here it was found that changing the discount rate does not have
a significant impact on the resultant TCO (the difference in TCO calculated is less than 1%).
Note all calculations are kept in the original currency to mitigate changes in exchange rate
causing false correlations in results. The payback period is defined as the time it takes for the
lower operating costs of the EV to offset the higher initial costs, therefore when calculating

this payback period the costs used are not discounted.

The Total Cost of Ownership was calculated using the following formula,

3
TCO _Z(lc_sc)*dtc+fctchxe+act+nct+xct
4 (1+7)t

where [ = Initial Price, d = depreciation rate, t = time (yr of ownership), f= annual fuel price, m
= annual mileage (miles), e = vehicle fuel efficiency (litre/mile), a = annual maintenance
inclusive of vehicle testing, n = annual insurance, x = annual tax, s = annual subsidy, r =
discount rate for geographic region c. This formula was chosen in line with other key studies in
the TCO literature such as Al-Alawi & Bradley (2013b), Wu et al. (2015) and Levay et al. (2017),

such that the results of these calculations would be comparable.

Many other economically rational and irrational factors play a role in vehicle purchase
decisions, such as brand loyalty, spatial effects and availability of refuelling infrastructure. Such
factors are difficult to accurately quantify and track over time, therefore the modelling in this

chapter does not include these factors but focuses on vehicle TCO.
3.3.2 Initial Vehicle Costs, Depreciation and Subsidies

With a larger battery and features such as regenerative braking, engine stop-start and a novel

transmission system, hybrid and electric vehicles have historically been associated with a
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manufacturing price premium over conventional petrol and diesel cars (Lave and MacLean,
2002). As HEV powertrain technology has matured, the price premium of development and
manufacture has reduced with a proportion of this cost reduction passed on to the consumer.
For BEVs and PHEVs the battery is still associated with a significant proportion of this

incremental cost, therefore future vehicle prices will be closely linked to falling battery prices.

A country specific Manufacturer Suggested Retail Price is taken as the initial vehicle cost
(Edmunds, 2015; RAC, 2015; RAC and Yourfleet, 2015; Goo-net-exchange, 2015) with
depreciation rates from Storchmann (2004). Storchmann compares depreciation rates of cars
across different vehicle markets indicating that vehicles in the USA, UK and Japan depreciate at
approximately the same rate (16.9% annually). Depreciation is defined as the percentage that
the vehicle decreases in value each year. Therefore, the value of depreciation is greatest in the
first year of ownership and decreases over time. The same depreciation rate is assumed across
all vehicle types. As the HEV and EV markets mature, there is more data available to calculate
how HEVs and EVs depreciate. Gilmore and Lave (2013) found that HEVs have comparable
vehicle value retention rates in California when calculating Willingness To Pay for HOV lane
access. Tal et al (2017) investigated the second hand EV market in California, taking state,
federal, and local authorities’ subsidies into consideration. This study found that different EV
models held value differently in 2015, ranging from 43% (the short-range 2011 Nissan Leaf) to
99% (2014 Toyota Prius plug-in). Schoettle and Sivak (2018) investigated the resale value of
PHEVs and BEVs in comparison with ICEVs using manufacturer's suggested retail price and
resale values estimated by Kelly Blue Book for model years 2011-2015. They found that PHEVs
retained resale value as well as their ICEV counterparts. Guo and Zhou (2019) investigated the
residual value of EVs taking into account federal incentives and using true market value data
from Edmunds.com. They found that long-range, high-performance Tesla BEV models hold
value better than other classes of vehicle. In addition, PHEVs and HEVs have similar declines in
residual value to each other, which are slightly greater than for ICEVs. Finally, they also found
that short-range (< 125 miles) BEVs hold significantly less value compared with ICEVs, HEVs,
and PHEVs but this gap is narrowing for newer models. Because of the uncertainty of the
depreciation rate, the assumption that all vehicle types depreciate at the same rate is explored

by a sensitivity analysis.

The number of consumers purchasing vehicles with finance in the UK over the past decade has
grown from 45% of new registrations in 2006 to 86% in 2016 (Finance and Lease Association,
2017), however, the amount paid by the consumer over the three years is comparable to the

vehicle depreciation assumed in this study. For example, for the Toyota Prius over the three
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year period £13980 would be paid on finance whereas the vehicle depreciates by
approximately £13 196. Liao et al. (2018) found that at an aggregate level vehicle leasing does

not affect EV adoption.

Initial vehicle subsidies were applied before depreciation was calculated, as it is reasonable to
assume that a proportion of the cost savings will be passed on when the vehicle is sold. Several
countries have levied subsidies to increase market share of low emission vehicles (see Figure
3-1 for timeline and size of incentives over the regions considered). Japan brought in the Clean
Energy Vehicle Subsidy in 1998; this consisted of a subsidy along with tax cuts for low emission
vehicles. This was superseded by the Eco-Car subsidy available between April 2009 to
September 2010 and December 2012 to September 2013, varying between ¥100 000 to
¥250 000 (approximately £700 to £1700) depending on whether the new vehicle replaces an
existing vehicle or not (Alhulail and Takeuchi, 2014). For this analysis, it was assumed the new
vehicle was a replacement. In 2013, a plug-in vehicle subsidy was introduced where two thirds
of the incremental cost of the plug-in vehicle compared to a similar conventional petrol vehicle
was funded (Nelson and Tanabe, 2013). In the USA, the Clean Fuel Vehicle deduction was
introduced in 2001 providing a $2000 initial cost reduction for the first 60 000 vehicles sold by
each manufacturer. This was replaced with a hybrid tax credit (part of the Energy Policy Act) in
2006, which was phased out by the end of 2007 (Sallee, 2011). The Car Allowance Rebate
System (often referred to as Cash for Clunkers) ran in 2009 and provided a subsidy of between
$3500 and $4500 towards fuel efficient vehicles such as HEVs (U.S. Department of
Transportations Federal Highway Administration, 2015). In Texas the AirCheckTexas Drive a
Clean Machine Program introduced in 2013 provides up to $3500 subsidy towards hybrid or
electric vehicles providing certain replacement and income criteria are met (Texas Commission
on Environmental Quality, 2016). For plug-in vehicles, a federal income tax credit was
introduced based on battery capacity in 2010, but an additional smaller state incentive (Clean
Vehicle Rebate Project) is available in California (California Air Resources Board, 2016). In
addition to financial incentives, in California HOV lane access stickers were sold to HEV owners
from 2005-2011, and PHEV and BEV owners 2005 to present (Shewmake and Jarvis, 2014).
With consumers able to apply for stickers for retrospective HEV purchases e.g. pre-2005, the
ability of this incentive to stimulate new HEV purchases was limited. However, Shewmake and
Jarvis (2014) found by utilising historic vehicle resale value and market share data that this
incentive corresponded with a Willingness-To-Pay (WTP) for HOV lane access at nearly $1000.
In the UK, the plug-in places grant applies to BEVs and PHEVs with different subsidy amounts
available depending on CO, tailpipe emissions, this does not extend to HEVs (GOV.UK, 2018).

For more information on subsidies in different countries see studies by Jenn et al. (2013),
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Alhulail and Takehuchi (2014) and Zhang et al. (2014). In developed countries such as those
considered in this study the new vehicle market is primarily a replacement market, therefore
electric vehicle adoption will predominantly displace purchase of petrol or diesel vehicles
(Millard-Ball and Schipper, 2011). From Figure 3-1, PHEV and BEV incentives have a higher
financial value than HEV incentives in all countries. Japan, California and Texas all offer
significant HEV subsidies and tax breaks of a similar magnitude, however, in the UK the

financial incentives are much smaller.

3.3.3 Fuel Costs

Annual fuel cost is usually the largest operating cost, therefore it is important to use
representative real driving fuel consumption figures (Mock et al., 2017). Real-world fuel
consumption figures have been sourced from Spritmoniter (2018) with electric-only range
efficiency figures from The Idaho National Laboratory (2014). Vehicle fuel efficiency is assumed
to be the same across all regions. There is difficulty in obtaining real world fuel efficiency
statistics for a large sample size across the different regions to evidence how driving styles
change in different regions. Different driving styles can lead to variation in fuel efficiency of up
to 25% (Mierlo et al., 2004), therefore the error margin for different drivers will most likely be

greater than the variation in average fuel efficiency across different regions.

Electricity is taxed at a lower rate than motor fuel and combined with the increased efficiency
of the electric drive powertrain during urban driving, annual fuel costs are usually cheaper for
BEVs and PHEVs (depending on the percentage of driving in fully electric mode) than a
conventional internal combustion engine (ICE) vehicle. The all-electric range of the Toyota
Prius PHEV is 12.3 miles (Idaho National Laboratory, 2014). Despite 70% of trips in the USA
being under 10 miles (U.S. Department of Transportations Federal Highway Administration,
2009), Tal et al. (2014) found that the average percentage of battery-only driving for PHEV
vehicles was 26% of vehicle miles travelled. The average PHEV driver clearly does not fully
utilise the electric-only drive capability for every trip. In the UK the number of trips under 10
miles is considerably lower than the USA at approximately 30% (Department for Transport,
2015c), but without evidence of the average percentage of electric mode driving for these
other regions the same ratio of battery to internal combustion engine driving has been

assumed for all the regions in this study.

A region specific average annual mileage is assumed in the TCO calculations. This varies from a
minimum of 6213 miles/yr in Japan, 10 400 in the UK, 11 071 in California, to a maximum of

15 641 miles/yr for Texas
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Figure 3-1: Timeline of financial incentives available for HEVs and EVs. (Compiled from (Sallee, 2011; DMV.ORG, 2015; Texas Commission on Environmental Quality,

2016; Japan Automobile Manufacturers Association, 2016a; DMV.ORG, 2016; GOV.UK, 2017b; GOV.UK, 2018)).
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(Millard-Ball and Schipper, 2011; Department for Transport, 2013;
U.S. Department of Transportations Federal Highway Administration, 2017) (see Table 3-1 for all
regional mileage). The annual mileage used here is the average mileage over the first three years
of ownership. Average annual vehicle mileage decreases with age therefore it is important to use
figures that are representative of new vehicle purchases (Department for Transport, 2016a). With
BEV range exceeding 100 miles, the restricted vehicle range does not necessarily pose an issue for
the average car trip distance of 16 miles as found in the UK national travel survey (Department for

Transport, 2016a) , therefore it is appropriate to assume the same annual mileage for all vehicle

types.

Historic fuel prices were sourced from the International Energy Association (IEA, 2015) for Japan,
the U.S. Energy Institute Administration (U.S. Energy Information Administration, 2017) for
California and Texas, and the Department of Energy and Climate Change for the UK (Department

for Business Energy and Industrial Strategy, 2017).

3.3.4 Maintenance and Insurance Costs

An average annual maintenance cost for each vehicle type is included. Costs are lower for electric
vehicles due to less wear on the brakes and fewer moving parts. Vehicle model specific costs were

sourced from CAPP automotive consulting (The Money Advice Service, 2015).

The Prius is classed as an average vehicle for insurance purposes (Carbuyer.co.uk, 2015).
Therefore, the average comprehensive cover is considered to adequately represent insurance
costs for all vehicle types. Estimates are used for Japan (Akita-ken, 2015) assuming that real costs
have remained constant over the study timeframe. For the Californian model, the comprehensive
average premium for California is used for years 2003-2012 (Consumer Watch Dog, 2007;
Insurance Information Institute, 2009; Insurance Information Institute, 2013; National Association
of Insurance Commissioners, 2014; Insurance Information Institute and The Public Policy Institute
of New York State, 2015). Insurance costs for the Texas model are estimated as a proportion of
Californian prices (Insure.com, 2017). For the UK model, the British Insurance Premium Index is

used (The AA, 2015).

3.3.5 Vehicle Tax
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Vehicle tax systems have changed over the time period of the TCO model in this study. In Japan,
three different taxes are payable: an acquisition fee is dependent on the Manufacturer Suggested
Retail Price of the vehicle, every two years a weight tax is owed, and an annual tax must also be
paid (Alhulail and Takeuchi, 2014). In the USA, a state dependent registration and title fee is
payable (GOV.UK, 2018). In the UK the only vehicle tax is the annual Vehicle Excise Duty (VED)
payment. A new CO, emissions-based VED system was introduced in 2001 (GOV.UK, 2017c) and
this has changed in April 2017 — as discussed in the next Chapter (GOV.UK, 2017b).

3.3.6 Regression Methods

To analytically assess the link between historic TCO and market share across the different
geographical regions a fixed effects panel regression model was developed. The fixed effects
specification was chosen instead of random effects to control for cross-sectional model variance
and unobserved effects between the different geographic regions. The panel regression took a
multivariate linear form with parameters fitted using the Ordinary Least Squares method. The
regression was run primarily for HEVs because market share and TCO input data was available for
16-19 years whereas for BEVs and PHEVs there is insufficient data (<6 years of annual data) for

reliable regression analysis.

Three forms of the general regression model were chosen for comparison to determine the
relationship of best fit between the independent cost variables and the dependent market share
variable. The initial model (Model 1) takes a linear specification between the TCO ratio defined as
the total three-year TCO of the HEV to the total three year TCO of the conventional vehicle, such
that:

Sct =%c+ PrTee + &t (Model 1)

where S is vehicle market share, T is defined as the ratio of the TCO of the HEV to the TCO of the
conventional petrol vehicle, § is the variable dependent coefficient, a is given as the geographic
region-specific intercept, € represents the residuals, ¢ is a proxy for the geographic region and ¢

represents the year.
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The second model form (Model 2) compared the same variables but took a log-log specification in
line with other studies (see Diamond (2009), Bajic (1988), and Gallagher and Muehlegger (2011)),

such that:
log S, =X+ 1 log T, + €t (Model 2)

The final model specification (Model 3) split the TCO into initial cost and running cost components.

This took the form:
logS; =+ f1logl,; + By logR.: + €, (Model 3)

where [ is defined as the ratio of the initial cost of the HEV taking subsidies into account to the
initial cost of the conventional vehicle and R is defined as the ratio of the running cost of the HEV
vehicle over the three year ownership period to the conventional vehicle. This model specification
is tested with and without inclusion of the Willingness to Pay for HOV lane access in California (in
line with results from Shewmake and Jarvis (2014)) and for different TCO ownership periods. The
HOV lane WTP is included in the regression model by including it in the TCO calculation for the
appropriate years (see Section 3.3.2 for details of how the HOV lane permit scheme operated and

the WTP figures).

The Engle ARCH and Durbin Watson tests were conducted on each model to check for
heteroscedascity and autocorrelation respectively. Although evidence has shown that household
income is a factor in low emission vehicle purchase decisions (Ozaki and Sevastyanova, 2011), it
was not included in the model because it is difference stationary and therefore can cause spurious
regression. The market share data was sourced from Japan Automobile Manufacturers Association
for Japan (2016b), IHS Markit for the two US states (2017), and the Society of Motor
Manufacturers for the UK (2017). This data was split annually for each region broken down by

powertrain type.

3.4 RESULTS OF THE TCO MODEL

3.41 TCO Components

Cost components were found to vary over country, vehicle type and purchase year; however, the

greatest cost to the consumer has always been vehicle depreciation (see Figure 3-2 for TCO
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Figure 3-2: TCO component breakdown fo

breakdown, costs table can be found in Appendix 3-B). This is most pronounced for BEVs and
PHEVs due to the greater initial purchase cost coupled with low running costs. In Japan, insurance
featured as the second greatest percentage cost, but for the UK, California and Texas annual fuel

cost contributed a greater percentage of the vehicle TCO for petrol, diesel and hybrids.

3.4.1 Geographic TCO comparison

The HEV cost ratio (defined as HEV TCO divided by Petrol TCO) has reduced in all regions from
introduction to 2015. This is most pronounced in Texas where the cost ratio has dropped by 0.23
in 15 years. Even in the UK where subsidies were absent, the cost ratio has fallen by 0.09. Between
the years 2000 and 2015, the lowest average cost ratio for HEVs is in the UK at 1.03. The cost ratio
for PHEVs is greater than for HEVs in all regions considered except Japan. Conversely, in California,
Texas and the UK subsidies have enabled BEVs to reach cost parity. The lowest average cost ratio

for BEVs across the regions considered is the UK (0.89). For PHEVs, the lowest average cost ratio is

in Japan (0.97).
3.4.2 Region Specific TCO Trends Over Time

For Japan, the HEV cost ratio varied between 0.85 to 1.17 (see Figure 3-3 for Cost ratio and market
share over time). Vehicle cost initially decreased from 1997 to 1999 leading to a lower cost ratio

and increased market share. In 2009 greater tax cuts and an initial vehicle subsidy was introduced
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such that HEVs were cheaper than conventional vehicles for the first time; this was met with a
peak in HEV market share. With the Japanese tsunami in 2011, Toyota experienced
manufacturing disruptions which propagated down the supply chain and caused shortages
(Toyota, 2011). Despite this, market share in Japan still rose. In 2013, the cost ratio dropped
due to a second wave of subsidies, which again corresponded to a peak in market share. With
fuel price falling in 2014 and 2015, the cost ratio increased and HEV market share levelled out.
The PHEV cost ratio varies between 0.82 and 1.28 whereas the BEV cost ratio varies between
0.84 and 1.32. This indicates that the large subsidies have brought PHEV and BEV TCO in line

with conventional vehicles in Japan.

For California, the HEV cost ratio varied between 0.9 to 1.25. The cost ratio decreased from
2001 to 2005 as a result of rising petrol price despite the value of incentives falling. The Car
Allowance Rebate System subsidy in 2009 (see Figure 3-1) results in a clear dip in HEV cost
ratio and spike in market share. The supply disruption from the Japanese tsunami led to a dip
in market share in 2011 and a return to 2009 market share levels by 2013. Larger subsidies for
BEVs than PHEVs (e.g. approx. $10 000 for BEV versus $2500 for PHEV) led to a lower TCO ratio
for BEVs of 0.94 compared to 1.14 for PHEVs. As a consequence, BEV market share is almost

double that of PHEV market share.

For Texas, the HEV cost ratio varied between 1.02 to 1.14. The market share time series is
similar in shape but roughly half the size of California. The cost ratio curve is also very similar
to that of California, exhibiting the same dips and peaks for the same reasons (primarily fuel
price and subsidy changes). Higher mileage (15 641 versus 11 071 miles per year) offsets the
lower price of petrol in Texas compared to California leading to a similar annual fuel cost
(approximately $1353 and $1191 respectively). The drop in cost ratio in 2014, attributed to the
introduction of an initial vehicle subsidy incentive, has not stimulated HEV sales in 2014/15. In
Texas a subsidy is available in equal value for all low emission vehicles (AirCheckTexas Drive a
Clean Machine) therefore HEVs are cheaper than PHEVs and BEVs. The state financial subsidies
available for BEVs in Texas are smaller than California ($3500 versus $10 000) leading to a

lower cost ratio.

The HEV cost ratio varied between 0.91 to 1.14 in the UK. The initial fall in the cost ratio,
comes as a result of the change in the vehicle excise duty tax in 2001. This new Vehicle Excise
Duty system differentiated annual charges based on NEDC CO, emissions figures in contrast to
the flat rate system it replaced (this was a two tier system based on engine power). The cost
ratio remained fairly constant from 2002 to 2007 in line with stable fuel prices. With the fuel

price increase in 2010, the cost ratio dropped, with a corresponding increase in market share.
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Table 3-2: Regression results.

Model 1 Model 2 Model 3 Model 3 + HOV Model 3
lane WTP
Ownership Period 3yr 3yr 3yr 3yr lyr
Indep. variable Coeff. (Std. Coeff. (Std. Coeff. (Std. Coeff. (Std. Coeff. (Std.
error) error) error) error) error)
(HEV TCO/ICE TCO) -33.9 - - - -
(10.0)***
Log (HEV TCO/ICE TCO) - -13.0 - - -
(2.22)%**
Log (HEV IC Cost/ICE IC) - - -10.0 -3.56 (1.42)*** -8.01
(1.93)%** (2.15)**
Log(HEV RC/IC RC) - - -5.52 -7.73 (2.37)*** -5.90
(2.13)** (1.90)***
N 67 67 67 67 67
R? (overall) 0.360 0.512 0.583 0.455 0.600
Adjusted R? 0.319 0.481 0.549 0.411 0.567
Durbin Watson 0.359 1.07 1.30 1.30 1.31

statistic

Note: ** and *** denote significance at 5% and 1% respectively. RC = Running Cost, IC = Initial

Cost.

Conversely, the fuel price slump in 2015 led to an increased cost ratio coupled with a
surprising increase in market share. This surge in sales is most likely a result of the pending
Vehicle Excise Duty changes in 2016. The new Vehicle Excise Duty system will involve a CO,
emissions based initial charge of up to £2000 followed by a flat annual cost of £140 per year
for all vehicles except those with zero emissions (GOV.UK, 2017b) — the effect of this new tax
system on vehicle TCO will be analysed in Chapter 4. Diesel vehicles were found to have a
lower TCO than petrol vehicles, to the point that the TCO model calculated that HEVs have
never been cheaper than diesel vehicles over the time period considered. In the UK, the TCO
ratio is lower for BEVs at 0.88 than PHEVs at 1.24. This is mainly a result of the plug-in vehicle
grant that allocates a larger subsidy to BEVs (£4500) than PHEVs (£2500).

3.4.3 Panel Regression Analysis

The regression analysis evidences a historical link between HEV TCO and market share for the
four geographic regions (see Table 3-2 for regression results for the three models specified in
Section 3.3.6). The linear model form, which treats the independent variable as TCO and the

dependent variable as market share, has a low value of R? (0.319) with large standard errors.

> The Durbin Watson statistic produces a value between 0 and 4, where 0 indicates very high negative
autocorrelation, 4 indicates very high positive autocorrelation, and 2 indicates no autocorrelation.

50



The value of the Durbin Watson statistic shows that with this model specification there is very
high negative autocorrelation. This indicates that the model is mis-specified because it does

not sufficiently explain the variation of market share over the given time period.

Comparing the linear form (model 1) with the log-log specification (model 2) (see Section 3.3.6
for details of regression equations), the R? value increases in value from 0.319 to 0.481
indicating that model 2 is a better fit than model 1. The standard error reduces from 10.0 for
the TCO component for model 1, to 2.22 for the TCO component for model 2. The coefficient
also increases from -33.9 for the TCO component in model 1, to -13.0 for the TCO component
for model 2. The value of the Durbin Watson statistic indicates that autocorrelation in model 2
is lower than in model 1, therefore this is a better model specification. Overall this model
specification is significantly better (p < 0.01) than the initial model evidencing the link
between vehicle cost and market share. A similar result stating that a link between TCO and

market share exists was found by Levay et al. (2017).

By splitting the TCO into its constituent components: initial cost (including subsidy) and
running cost, the R? value increases again from 0.481 to 0.549. The standard error reduces
from 2.22 for the TCO component for model 2, to 1.93 for the initial cost component and 2.13
for the running cost component in model 3. The coefficient also increases from -13.0 for the
TCO component in model 2, to -10.0 for the initial cost component and -5.52 for the running
cost component in model 3. By accounting for the different cost components separately, the
model is anticipated to improve. Toyota initially subsidised the Prius model to ensure it was
cost-competitive on the market, and as initial prices increased government subsidies were
introduced to encourage uptake. In this model the initial cost coefficient is more significant
(p < 0.01) than running cost (p < 0.05). The initial cost coefficient indicates that a one
percent reduction in the cost ratio leads to a 10% increase in market share, whereas a one
percent reduction in running cost ratio leads to a 5.5% increase in market share. This directs us
to the conclusion that at an aggregate level HEV purchases are more sensitive to changes in
subsidies and vehicle price (e.g. the initial cost components) than fuel price change (e.g. the

running cost component with most variation over time).

Changing the ownership period from three years to one year improves the fit of the model
slightly (increasing R? from 0.549 to 0.567). The initial cost component coefficient increases
from -10.0 to -8.0 with an increase in standard error from 1.93 to 2.15. The running cost
component coefficient decreases slightly from -5.52 to -5.90 with a decrease in standard error
from 2.13 to 1.90. The most marked effect of this model comparison is the increasing

significance of the running cost component (from p < 0.5 to p < 0.01) with lower standard

51



HEV/PHEV/BEV to Petrol TCO ratio

1.3
1.2

1.1}

°
©

© °o 4
® ©

1.1

0.6
0.5

HEV.

HEV = = Japan
California

..........

150

50 100

Petrol price (p/l)

150

5 10 15 20 25 10
Annual Mileage (Thousand miles)

15 20 251
Annual Depreciation rate (%)

Figure 3-4: TCO sensitivity analysis for base year 2015, cross (X) indicates baseline value.

52

3 5 7 9 1"
Ownership period (yrs)



error; whereas the initial cost coefficient decreases in significance with larger standard error.
The inclusion of Willingness-To-Pay for HOV lane access for California did not improve the
model fit but increased the standard error for the running cost coefficient. Considering cost on
an annual basis, model 4 does not have an adequate resolution (e.g. annual rather than

monthly) to account for purchasers who adopt HEVs for HOV lane access.
3.4.1 Sensitivity Analysis of Cost Parameters

Several input variables were investigated to assess the model sensitivity to their variation.
These variables include; fuel price, discount rate, annual mileage, vehicle depreciation rate,

and TCO ownership length (see Figure 3-4 for Sensitivity Analysis Results).

The discount rate assesses a person’s revealed time preferences, with a higher rate indicating
that a person’s opportunity costs are greater. Studies in the literature (see Table 3-1) use
significantly different rates and because of this inconsistency, this variable has been
investigated using a sensitivity analysis. Generally, the greater the discount rate the greater
the variation in cost ratio over the time period considered. The effect of varying the discount
rate was negligible over the three-year ownership period. For example, increasing the discount
rate from 2 to 11% caused the cost ratio to only increase by approximately 0.2%. For a longer
ownership period, it is anticipated that varying the discount would have a greater effect on the

TCO ratio.

Fuel price is arguably the most important variable input to the model. Clearly historical
changes in fuel price have had a significant impact on HEV cost ratio and vehicle market share
(as discussed in Section 3.4.3). A higher fuel price creates more favourable conditions for
HEV/PHEV/BEV adoption. The fuel price sensitivity in this study examines the 2015 fuel price
for each region +££0.50, whilst maintaining a fixed electricity price. From Figure 3-4 it is clear
that the regions with higher average mileage such as Texas are more sensitive to changes in
fuel price. BEVs and PHEVs are more sensitive to changing prices than HEVs. For example, a

10p increase in fuel leads to a 0.2 drop in cost ratio for HEVs, but 0.4 for BEVs.

In the standard TCO calculation, annual mileage has been assumed to be constant for the
geographic region. However, this is highly variable among different drivers and therefore this
sensitivity analysis demonstrates different use cases. For example, higher mileage cars such as
taxis or business travellers may find hybrid and electric vehicles (note range limitations) more
cost effective because of fuel cost savings. For HEVs, the UK has the lowest break-even mileage

at approximately 15000 miles. This figure exceeds 20000 miles in the other regions
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considered. The break-even mileage of PHEVS is greater than HEVs in all regions except Japan
where annual mileage of around 4000 miles equates to cost parity. BEV subsidies mean that
BEVs break-even at a lower average mileage of around 7000 miles for the UK, California and

Texas, but are always the lower cost option in Japan.

Depreciation is the greatest component of TCO across all geographic regions. Varying the
annual depreciation rate from 15% to 20% leads to an increase of cost ratio of approximately
0.17 across all regions (see Figure 3-4). This figure is greater for PHEVs at 0.2 because the initial
purchase cost constitutes a greater percentage of TCO than HEVs. However, this figure is
slightly lower for BEVs at 0.15 due to subsidies bringing the initial cost in line with HEVs (see
Figure 3-3).

As previously discussed, low emission vehicles are associated with a price premium that can be
offset by lower running costs over a certain time period. In this study, the baseline TCO was
taken as three years in line with average length of UK and Japan new vehicle ownership.
Generally, this ownership period is longer in the USA therefore the impact of a longer
ownership period has also been investigated. The longer the ownership period the lower the
TCO ratio (see Figure 3-4). Because this study took vehicle salvage value into account when
calculating TCO for different ownership lengths, the TCO ratio was not found to be particularly
sensitive to changing ownership period with a drop in TCO ratio of approximately 0.01-0.02

with each additional year of ownership.

3.5 DISCUSSION OF OTHER FACTORS AND COMPARISON TO THE TCO
LITERATURE

3.5.1  Factors Affecting Adoption Rates

This chapter aims to compare historical TCO of BEVs, PHEVs and HEVs across countries with
different levels of hybrid and electric vehicle uptake. As previously discussed in Section 3.4.4,
regression analysis reveals that there is a clear link between changing HEV TCO and market
share. First, these results are significant because they can inform the setting of policies to
stimulate HEV adoption in regions where market share is lacking. Second, the approach and
results may be applicable to future BEV and PHEV vehicle adoption. These vehicle types have
been available on the market for a shorter amount of time and currently represent very low

fleet share in most vehicle markets.
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This analysis has focused on assessing the link between HEV TCO and market share. This
enquiry has isolated ownership costs as the most pertinent time-dependent variable affecting
adoption rates for HEVs. There is considered to be no underlying drivers that have caused a
false correlation. However, several variables which could affect HEV adoption, such as HEV
depreciation rates, income and HOV lane access, have changed in the time period considered

and will be discussed in more detail in this section.

With depreciation as the largest cost to the consumer, sensitivity analysis found that vehicle
TCO was highly sensitive to changing depreciation rates (see Section 3.4.5). Depreciation rates
of low-emission vehicles are uncertain even for HEVs, which have been available on the
second-hand vehicle market for over a decade. HEVs in California historically have had an
inflated vehicle retention value due to supply issues and HOV lane access (Gilmore and Lave,
2013; Shewmake and Jarvis, 2014). However, results from Lebeau et al. (2013) found that
BEVs, PHEVs and HEVs depreciated quicker than conventional vehicles in the Belgian vehicle
market. The newest Tesla EV battery degrades by less than 10% over 160 000 miles (Lambert,
2018c). Along with uncertainty over diesel ICEV depreciation rates with the introduction of
Clean air zones and Ultra-low emission zones, this evidence indicates that in future HEVs,

PHEVs and BEVs will not depreciate at a faster rate than ICEVs.

A key factor in the high adoption rates of low emission vehicles in California compared to other
states is the comparative wealth. The median income in California is $64 500 (the 10th richest
state) whereas in Texas this figure is $55 653 (23rd richest state) compared to the US average
of $55 775 (United States Census Bureau, 2016). As a result of this wealth, many more
residents can afford the additional incremental cost of a low emission vehicle. Average income
has increased over time, but this variable has not been included in the regression analysis as it

is a non-stationary variable that results in spurious regression.

In California, low-emission vehicles have access to HOV lanes (Shewmake and Jarvis, 2014).
Such incentives are difficult to financially quantify (although Willingness-to-Pay figures were
estimated by Shewmake et al (2014)). Vehicle owners who had already purchased HEVs could
apply for HOV lane access stickers, although these were only available for a limited number of

vehicles.

With the highest count of Green Party registered voters (both as total number and as a
percent of total registered voters) (Green Party US, 2017), Californians are evidently more
environmentally aware than voters from other states. Kahn et al. (2007) found a link in

California between green party voting and HEV adoption, therefore it reasonable to assume
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that high HEV market share in California can partly be attributed to environmentally-friendly

attitudes.

Other factors have also contributed to high HEV market share in Japan. Japan has a history of
innovation in this field, and represents the domestic Prius market where the vehicle model was
first developed and tested (Toyota, 2012). The majority of vehicles purchased in Japan are
domestic brands, with only a small percentage imported from the USA and Europe (Lee, 2011).
With small roads and low annual mileage, the Japanese tend to favour smaller cars. Evidence
for this can be found in the high market share of the Prius compact which is now one of the

best selling cars in Japan (Lee, 2011).

The availability and accessibility of charging infrastructure is a barrier to BEV adoption.
Although most BEV and PHEV owners have access to a home charging point (evidenced in the
Nordic countries (IEA, 2018b)), public charging points are important for visibility as well as
practical use for both short and longer trips (Bakker and Jacob Trip, 2013). In California the
number of public charging stations has increased to 3820 whereas in Texas this number is
lagging behind at 885 (US Department of Energy, 2016). Japan has chosen to invest heavily in
charging infrastructure, aiming to stimulate uptake (Smith, 2013). In the UK, EV charging
infrastructure has been installed strategically in dozens of cities (see Section 2.2.4 for more

details).

Since Toyota introduced the Prius to the global market in 2000, many vehicle manufacturers
have developed hybrid models. Toyota still maintains market dominance with over 50% of HEV
market share, having diversified their hybrid range to include vehicles across most size
segments. As the number of hybrid models across different size segments and brands
diversifies and capacity to supply vehicles grows, it is anticipated that HEV market share will
continue expand. The PHEV market is dominated by vehicles from larger size segments (such
as SUVs) (Society of Motor Manufacturers and Traders, 2017), such that the Toyota Prius is one
of the smallest PHEV available. It is anticipated that as the number of PHEV models expands its
market share will also grow. It is also worth noting that in the UK additional competition exists

from diesel vehicles which are more cost efficient than petrol vehicles at high mileages.

Many of these additional factors discussed in this section are difficult to quantify for all
geographic regions and across the time period considered. The variables discussed are not
deemed to be variable or significant enough to have caused a false correlation in the HEV

TCO/market share regression analysis.
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3.5.2 Payback Periods Compared to Other TCO Studies

The studies in the literature largely reached the same conclusions as this chapter; that the TCO
of HEVs, PHEVs and BEVs without subsidies is still greater than that of conventional vehicles.
The historical analysis in this chapter shows that incremental vehicle cost varies depending on
the vehicle purchase year (see Figure 3-3), this is echoed by the conclusions of other papers in
the TCO literature. The payback period of a new technology compared to its conventional
counterpart is a common metric in the cost analysis literature. When comparing electric
vehicle payback periods, unless a vehicle depreciation or loan model is used to represent initial
vehicle costs, the calculated payback periods will be unrepresentative of the true payback

period.

Al-Alawi and Bradley (2013b) estimated a HEV payback period of approximately 8 years when
considering the vehicle salvage value in the TCO model. For a base year 2010, the payback time
in this study is shorter at approx. 3 years for Texas and 4 years for California. Al-Alawi and
Bradley (2013b) find a PHEV with a 10 mile electric range (similar to the Toyota Prius which has
an all-electric range of 12.3 miles) has a shorter payback period of 