UNIVERSITY OF LEEDS

This is a repository copy of Total cost of ownership and market share for hybrid and
electric vehicles in the UK, US and Japan.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/123991/

Version: Accepted Version

Article:

Palmer, K, Tate, JE orcid.org/0000-0003-1646-6852, Wadud, Z
orcid.org/0000-0003-2692-8299 et al. (1 more author) (2018) Total cost of ownership and
market share for hybrid and electric vehicles in the UK, US and Japan. Applied Energy,
209. pp. 108-119. ISSN 0306-2619

https://doi.org/10.1016/j.apenergy.2017.10.089

© 2017, Elsevier. Licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Kate Palmer, Zia Wadud, James E Tate, John Nellthorp

Total Cost of Ownership and Market Sharefor Hybrid and Electric

Vehiclesin the UK, US and Japan

Kate Palmer, Corresponding Author
School of Chemical and Process Engineering,
University of Leeds,
Leeds, LS9 2JT, UK

Tel: +44 (0)113 343 2556 Email: pmkhp@leeds.ac.uk

JamesE. Tate
Institute for Transport Studies,
University of Leeds,
Leeds, LS9 2JT, UK

Tel: +44 (0)113 343 6608 Email: j.e.tate@leeds.ac.uk

ZiaWadud
Centre for Integrated Energy Research
Institute br Transport Studies and School of Chemical and Process Engineering,
University of Leeds,
Leeds, LS9 2JT, UK

Tel: +44 (0)113 343 6610, +44 (0)113 343 7733 Email: z.wadud@leeds.ac.uk

John Néellthorp
Institute or Transport Studies,
University of Leeds,
Leeds, LS9 2JT, UK

Tel: +44 (0)113 343 6613 Email: j.nellthorp@its.leeds.ac.uk



Kate Palmer, Zia Wadud, James E Tate, John Nellthorp
ABSTRACT

New powertrain technologies, such as Hybrid Electric Vehiclas &grice premium which can often
be offset by lower running costs. Total Cost of Ownership combines these puacitlasperating
expenses to identify the most economical choice of vehicle. This is a valsabsment for private
and fleet purchasers alike. Studies to date have not compared Total Cost dflf@wenaoss more than
two vehicle markets or analysed historic costs. To address this gap, thishrgeesides a more
extensive Total Cost of Ownership assessmémbnventional, Hybrid, Plug-in Hybrid and Battery
Electric Vehicles in three industrialized countriethe UK, USA (using California and Texas as case
studies) and Japan - for the time period 1997 to 2015. Finally, the link Ipeitlybeid Electric Vehicle
Total Cost of Ownership and market share is analysedapémel regression model.

In all regions the incremental Total Cost of Ownership of hybrid and electridesbbmpared
to conventional vehicles has reduced from the year of introduction and 2015.rYgearoHybrid
Electric Vehicles Total Cost of Ownership was found to vary lieagie UK due to the absence of
subsidies. Market share was found to be strongly linked to Hybrid Electric ¥ehithl Cost of
Ownership through a panel regression analysis. Financial subsidies have enal@sd Bedttric
Vehicles to reach cost parity in the UK, California and Texas, iighmot the case for Plug-in Hybrid
Electric Vehicles whichaven’t received as much financial backing. This research has implications for
fleet purchasers and private owners who are considering switching to a low-emislsicle. The
findings are also of interest to policymakers that are keen to develop effewasures to stimulate

decarbonisation of the fleet and improve air quality.

Keywords: Hybrid Electric Vehicle, Battery Electric Vehicle, Total Cost@ivnership, Consumer

demand, Technology adoption
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1. INTRODUCTION

Electrification of the transport sector offers the opportunity to utilise theasurg share of renewable
energy generation whilst reducing national oil dependency. Urban air pollutisn & serious concern
for residents in many cities across the world. Poor air quality claims/éseof over seven million
people annually worldwide [1]. Different types of electric vehicles suchater$ Electric Vehicles
(BEVSs), Plug-in Hybrid Electric Vehicles (PHEVs) and Hybrid Electrighi¢les (HEVS) emit lower
levels of carbon dioxide and air pollutants than conventional petrol and diesel vdRid@gs
contributing to the decarbonisation of road transport and improving unbauradity. Growing the fleet

share of these low-emission vehicles is therefore of interest to policymakers.

With a larger battery and features such as regenerative braking, engine stop-start and a novel
transmission system [4], hybrid and electric vehicles have a higher manufacturing cost than
conventional vehicles [5]. Conversely, running costs are often lower stemming from ciueayper
fuel costs, taxes and maintenance. Many countries have offered subsidies or reduced taxes for low-
emission vehicles to stimulate adoption: for example the Plug-in vehicle grant in the Uk [6], th
Clean vehicle rebate project in California [7] and the Green vehicle purchasing promotion measures
Japan [8]. Total Cost of Ownership (TCO) calculations can determine whether subsidasesin
running costs can offset this price premium. Vehicle ownership costs are important in vehicle
adoption choice for both private and business purchases. This is evidenced by stated and revealed
preference surveys (for example see Ozaki et al. (8)¢r the past decade there has been a&rise
the number of vehicles bought through finance especially in the UK [10], however, the amount paid
through a typical three year finance model is comparable to the vehicle depreciation (see Section 3.2).

The Toyota Prius was one of the first hybrid cars developed. It was released exclusively to the
Japanese market in 1997 [11]. The diversity of the hybrid market has grown suadleatstfifty
different models are available in the US vehicle mafiiaeh a range of brands [12]. In countries such
as the UK and Japan, plateauing Prius market share may be attributedgreater availability of
different hybrid models such as the Auris, Yaris and Aqua. Evidence for thesssdbess of the Toyota

Agua in the Japanese market [13].
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This study contributes to the literature in three key areas: igaéisy how TCO has changed
historically, examining how TCO varies across different geograpégions and analytically
assessing the relationship between hybrid vehicle TCO and addpyidouilding a comprehensive
TCO model for several different geographic periods over a timegefil6 years (the period when
data was available for all geographic areas), a panel regression masiedl i®0 assess the effect of
changing ownership costs on market share. The conclusions from the HEV TCO/markanshgsis
aim to inform how policies can be introduced to stimulate HEV, PHEV and BEV uftakessess the
robustness of the cost model a sensitivity analigstonducted for variation in mileage, fuel price

depreciation rate, ownership period and discount rate

2.LITERATURE REVIEW

Many TCO calculations have been published to assess the cost effectivenesw ekhicle
technologies such as electric commercial vehicles (e.g. Falcao et al. [14i)¢ dleses (e.g. Li et al.
[15]), plug-in hybrid trucks (e.g. Vora et al. [16]) and vehicle automation (eaglud/[17]). As early
as 2001 Lipman & Delucchi [18] compared the cost of different degrebagboidizations across
multiple vehicle segments. Since then, many other publications (see Table 1 for rekemstfdies

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 sizassess whether the cheaper
costs of running a PHEV with a higher battery storage capacity offsets dbe ilsitial battery price
(for example Al-Alawi and Bradley [19] and Hutchinson et al. [4]). The studitreifiterature largely
conclude that without government support hybrid and electric vehicles arestilarpensive than
petrol or diesel cars.

Previous published TCO calculations usually only consider vehicle ownership rcasts i
country of geographic region (e.g. Gilmore and Patwardhan [23] considers passenger @Diale T
India, and Diao et al. [24] consider private car TCO in China). Hutchinsain [d{ is the only study
which compares hybrid vehicle TCO across more than one geographic region concludinghigét the
fuel price leads to a shorter pay back of less than 2.6 years for HEVs in tbenyilared to 6.7 years

in California. HEV TCO can vary substantially over different countries and Ameliatas @S a
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TABLE 1: Total Cost of Ownership literature summary

Lipman & Thiel et al.[21] Al-Alawi & Bradley Hutchinson etal. [4] Wou et al.[22] This paper.

Delucchi [20] [19]
Vehicle class Compactor  Compact car Compact car, Mid- Mid-sized car Small, Medium and Mid -sized car

mid-sized large sized car, Mid-sized Large cars

car, pickup, SUV, Large SUV

minivan, SUV
Powertrain  Five degrees o BEV, PHEV, HEV HEV, PHEV 5-60 Mild, HSD, Two- BEV, PHEV, HEV BEV, PHEV, HEV
type hybridization Mode, Inline Full,

Plug-in HSD, Plug-in
Series
Purchase yee 2000 2010 2010 2013 2015 1997/2000-2015
Economic yr 2000% 2010€ 2010% 2013% 2015€ 2015£
Economic USA Europe USA USA and UK Germany UK, USA (California, Texas), Jap:
country
Annual Not specified - 15 000 km 12 000 miles/yr for 130 000 miles over  Three cases: 7484 10 400, 11 071, 15 641, 6213
vehicle miles decreasing witl cars decreasing witl lifetime km, 15 184 km and miles/yr for UK, California, Texas
travelled age age 28 434 km and Japan.
Vehicle life 15 years (payback time) 5 and 13 years 130 000 miles 6 years 3 years (ownership period)
Fuel EPA adjusted NEDC European EPA adjusted Fuel saving tests for Literature. Spritmoniter
economy average urban and highway
Gasoline 1.46 Assumed 60% tax Forecasted over 3.20, 7.70 for USA, Own forecast Forecasted over vehicle lifaie
price model ($/gallon) on top of European vehicle life UK ($/gallon)
oil price projections
Incremental MSRP used Yes EPRI, 2001; Brooker et al. 2010; Yes, derived. MSRP used
cost model Kalhammer et al.,, Clearly et al. 2010
2007

Salvage None None Vehicle resale Vehicle resale Yes Vehicle resale
Maintenance Yes None Yes None No Yes
Insurance Yes None Yes None Yes Yes
Tax model Yes None Yes None Yes Yes

Discount rate None 5% 6% None 4.1% 3.5 % (UK, Japan) 4% (US states
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result of varying fuel price, availability of low-emission vehicle imioges and region dependent
average mileage. Fuel price, average annual mileage, annual taxes and insuranceopgiceghal
driving style and congestion levels are state/country dependent (e.g. Saxena et,ahdgspre
conclusions of studies from different geographic regions are not necessarily transferable.

As vehicle technology matures manufacturing costs decrease, therefore TCG@tioakul
become outdated. For this reason, it is difficult to directly contrast and compare thgsfioidmultiple
publications with different base years. With over 15 years of hybrid cost dataiies questions over
how vehicle ownership costs have changed as the market has developed.

TCO methodology has not been standardised in the literature (see Table 1 fer afetai
components included in key published studies). It is apparent that factors suaeimtenamce, tax
costs and vehicle resale are often excluded despite there being variation etelentypes. Over
a long time period such as that of this study, policies andirmosttives that play a crucial role in
adoption of new technologies, particularly during the initial stagetepfoyment can also change.
In this paper we deal with this by building a comprehensiveeitaking all significant vehicle

ownership costs including financial incentives into account.

Regression analysis is a common approach to assessing the strengttelattitreships
between different variables. Relatively few studies have used regressigsigt@mexplore the
factors contributing to adoption of new powertrain technologies. Stad@sas Diamond [26] use
panel regression, examining both fixed and random effects, to ass@sgp#tt of incentives on
vehicle adoption across different American states concluding that fuel ffécesavehicle adoption
more than incentives. Gallagher and Muehlegger [27] use a fixedsefifeciel to consider the
effect of incentives across different US states concluding that the@typeentive offered is as
important as the size of it. Shewmake and Jarvis [28] analysed tHmeltiwken hybrid vehicle
adoption and High Occupancy Vehicle (HOV) lane access using a pdraregtession model
estimating Willingnes3-o-Pay figures foHOV lane access. However, studies from the TCO
literature (see Table 1) have not used this approach to assess thefeffiectging vehicle costs on

sales, instead they have generally only focussed on costs at a single poiat in t
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3. METHODSAND DATA
3.1 TCO Model Overview
A cost comparison of a representative HEV, PHEV, and BEV has been performed acrdgtefent
geographic regions. The Toyota Prius was first introduced in Japan in 199Y.HBEA{s now
accounting for over 30% of new vehicle purchases [29], Japan is included in this compakieon. Li
Japan, California has a history of adopting low carbon policies years ahead of other states in the USA
[30]. Consequently, hybrid and electric vehicles have been more popular in Californiaytihéen
else in America [31]. The state of Texas has also been included to contratstew@tlifornian state
because HEV/PHEV/BEYV sales are lower but average income is similar [38bdinother markets
electric vehicles have been less successful. The UK has been included as a countryesfniere el
vehicles still have low market share (below 2%) despite high fuel prices.

This study considers the Toyota Prius (HEV), the Toyota Prius plug-in model (Phiitithe
Nissan Leaf Electric model (BEV), and contrasts these with the Toyota &&ollapan, California
and Texas, and the Ford Focus for the UK. The conventional comparison vehicles were chosen based
on a combination of high market share, size and vehicle power similarity to theaTeyias
(comparative vehicle specifications can be found in Appendix A).

In Japan non-private car purchases account for less than 5% [33]. In the USA tiglfigiire
is approximately half of new vehicle registrations [34,35]. The fringe benefits ofghaucess to a
company car, such as use for private trips, are taxable by the UK and US govehnitientJK the
main additional cost for company car owners is the benefit in kind (BIK) tdiedpp these vehicles.
This is calculated on vehicle carbon dioxide emissions rating. The tax is spkeimetibe employee
and employer [36]Because company car costs are based on a number of additional variables, such as
annual mileage driven for business and leisure, the TCO discussed in this studhes favate
consumer.

The three year vehicle ownership length was chosen in line with average newaehtship
length in the UK [37]. A Consumer Price Index based GDP deflator for eachycmunsed to bring

all costs in line with 2015 prices [38,39]. A discount rate is applied based on thledssount rates
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which are available for each case of 3.5 %, 4 % and 3.5 % for Japan, Califexam/dndUK
respectively [40,41]. The three countries considered all have post-industrial econatmigsowth
rates in the range of 1-3%. In the climate of low interest ratés suibdued economic growth, it is
reasonable to assume a slightly lower discount rate than the 4-6% range useiburs Gre® studies
(see Table 1). The effect of the chosen discount rate on the cost is expldredifuthe sensitivity
analysis, but with the short TCO timeframe it was found that changing tlreidigate does not have
a significant impact on the resultant TCO (see Section M@&e all calculations are kept in original
currency to control for changes in exchange rate causing false correlations in results.

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

3
TCO :Z(Ic_Sc)_(Ic_Sc)*dtc+fct*mc*e+act+nct+xct
¢ o 1+7)t

wherel = Initial Price,d = depreciation rate,= time (yr of ownership)f= annual fuel pricen =
annual mileage (milesy, = vehicle fuel efficiency (litre/mile)g = annual maintenance inclusive of
vehicle testingn = annual insurance, = annual tax, s = annual subsidy; discount rate for
geographic region c.

Many other rational and irrational factors play a role in vehicle psecHacisions, such as
brand loyalty, spatial effects and availability of refuelling infragtites Such factors are difficult
to accurately quantify and track over time, therefore the modellingsmpaper does not include

these factors but focuses on vehicle TCO.

3.2 Initial Vehicle Costsand Subsidies

With a larger battery and features such as regenerative braking, engineadtagmdt a novel
transmission system [4] electric vehicles have historically been assowittieall manufacturing price
premium over conventional petrol and diesel cars [5]. As HEV powertrain techri@sgpatured, the
price premium of development and manufacture has reduced with a proportionaaisthisduction

passed on to the consumer. For BEVs and PHEVs the battery is still associated wiiificargig
proportion of this incremental cost, therefore future vehicle prices will selgldinked to falling

battery prices.
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A country specific Manufacturer Suggested Retail Price (MSRBkén as the initial vehicle
cost [42-45] with depreciation rates from Storchmann [46]. The sameedigpion rate is assumed
across all vehicle types as evidenced by Gilmore and Lavel[d&lnumber of consumers purchasing
vehicles with finance in the UK over the past decade has grown from 4&&wakgistrations in 2006
to 86% in 2016 [10], however, the amount paid by the consumer over the three years is congparable
the vehicle depreciation assumed in this study. For example for the Toyota Prius dhezdhgear
period £13 980 would be paid on finance whereas the vehicle depreciates by approximately £13 196.

Initial vehicle subsidies were applied before depreciatiaa calculated as it is reasonable to
assume that a proportion of the cost savings will be passedemtiadivenhicle is sold. Several countries
have levied subsidies to increase market share of low-emissionegefseke Figure 1 for timeline and
size of incentives over the regions considered). Japan broudpiet @i¢an Energy Vehicle Subsidy in
1998 which consisted of a subsidy along with tax cuts for low-emnisg&hicles. This was superseded
by the Eco-@r subsidy available between April 2009 to September 2010 and Dec@®b2 to
September 2013, varying betwe&h00 000 to 250000 depending on whether the new vehicle replaces
an existing vehicle or not [48]. For this analysis isveasumed the new vehicle was a replacement. In
2013 a plug-in vehicle subsidy was introduced where two thirdse incremental cost of the plug-in
vehicle compared to a similar conventional petrol vehicle faaded [49]. In the USA, the Clean Fuel
Vehicle deduction was introduced in 2001 providing a $20@licost reduction for the first 60 000
vehicles sold by each manufacturer. This was replhaith a hybrid tax credit (part of the Energy Policy
Act) in 2006, which was phased out by the end of 2007 [50]. The G@awakice Rebate System (often
referred to as Cash for Clunkers) ran in 2009 and providadbsidy of between $3500 and $4500
towards fuel efficient vehicles such as HEVs [55]. In TekastirCheckTexas Drive a Clean Machine
Program introduced in 2013 provides up to $3500 subsidy towards hybrétwicelehicles providing
certain replacement and income criteria are met [51]. For plugkiitles, a federal income tax credit
was introduced based on battery capacity in 2010, but an addlismaller state incentive (Clean

Vehicle Rebate Project) is available in California [7]. In &ddito financial
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FIGURE 1 Timeline of financial incentives available for Hybrid Electric Vehicles (HEWd)Plug-in Electric Vehicles (PEVs e.g. Battery Electric Vehicles and

Plug-in Hybrid Electric Vehicles). (Compiled from [6,8,53]) [whole page figure]
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incentives, in California HOV lane access stickers wetd & HEV owners from 2005-2011, and
PHEV and BEV owners from 2005 to present [28]. With consumerstalaeply for stickers for
retrospective HEV purchases e.g. pre 2005, the abilifyi®fncentive to stimulate new HEV purchases
was limited. However, Shewmake and Jarvis [28] found bysimtiji historic vehicle resale value and
market share data that this incentive corresponded with a Walssgio-Pay for HOV lane access at
nearly $1000. In the UK, the plug-in places grant applies to BEVs and PHBVHliffirent subsidy
amounts available depending on £Q@ilpipe emissions, this does not extend to HEVs [6]. For more
information on subsidies in different countries see studies by Jenn et alAlfEdil, and Takehuchi
[48] and Zhang et al. [57]. In developed countries such as these considered in thisestgdy vehicle
market is primarily a replacement market therefore electric vehicle adopiibpredominantly
displace purchase of petrol or diesel vehicles [58]. From Figure 1 it is cEaPtEV and BEV
incentives have a higher financial value than HEV incentives in all countrjgmn,J@alifornia and
Texas all offer significant HEV subsidies and tax breaks of a similar tagnihowever, in the UK

the financial incentives are much smaller.

3.3 Fuel Costs

Annual fuel cost is usually the largest operating cost, therefore it &rfami to use representative real
driving fuel consumption figures [59]. Fuel consumption figurevehdeen sourced from
Spritmoniter [60] with electric-only range efficiency figareom The Idaho National Laboratory [61]
Vehicle fuel efficiency is assumed to be the same across all 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 areyushadper for BEVs
and PHEVs (depending on the percentage of driving in fully electric mode) tbamentional Internal
Combustion Engine (ICE) vehicl€he all-electric range of the Toyota Prius PHIEM 2.3 miles [62].
Despite 70% of trips in the USA being under 10 miles [63], Tal et al.ffi#jd that the average
percentage of battery-only driving for PHEV vehiclezs®6% of vehicle miles travelled. The average
PHEYV driver clearly does not fully utilise the electric-only drive taliig for every trip. In the UK the

number of trips under 10 miles is considerably lower than the USA at apprelir8aéo [65], but
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without evidence of the average percentage of electric mode driving for theseegfions the same
ratio of battery to internal combustion engine driving has been askton all the regions in this
study.

A region specific average annual mileage is assumed in the TCO calculations. Thifearie
a minimum of 6213 miles/yr in Japan, 10 400 in the UK, 11 071 in Califdam@&maximum of 15 641
miles/yr for Texas [58,66,67] (see Table 1 for all regional mileageth BEV range exceeding 100
miles, the restricted vehicle range does not necessarily passuarfor the average daily commuter,
therefore it is appropriate to assume the same annual mileagevehialke types.

Historic fuel prices were sourced from the International Energy Assaci@i® for Japan, the
U.S. Energy Institute Administration for California and Texas [69], and the Departfnenergy and
Climate Change for the UK [70]. Future fuel prices for all regiomese derived from UK price

projections [70] and the average price difference from historical data.

3.4 Maintenance and I nsurance Costs

An average annual maintenance cost for each vehicle type is included. Costs were found to be cheaper
for electric vehicles due to less wear on the brakes and fewer moving partsde\febdel specific

costs were sourced from CAPP automotive consulting [71]

The Prius is classed as an average vehicle for insurance purposes [72]. Theredoeratie
comprehensive cover is considered to adequately represent insurance costs for alltyymdscle
Estimates are used for Japan [73] assuming that real costs have remained cvestira study
timeframe. For the Californian model, the comprehensive average premium for@alis used for
years 2003-2012 [#48]. Insurance costs for the Texas model are estimated as a proportion of

Californian prces[79]. For the UK model, the British Insurance Premium Index is used [80]

3.5 Vehicle Tax
Vehicle tax systems have changed over the time period of the TCO mduslstudy. In Japan, three
different taxes are payable: an acquisition fee is dependent on the Manufacturer Sugdestedde

of the vehicle, every two years weight tax is owed, and an annual tax must bé&8paid fhe USA,
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a state dependent registration and title fee is payable [6]. In the Witlheehicle tax is the annual
Vehicle Excise DutyVED) payment. A new C@®emissions-based VED system was introduced in

2001 [81], but vehicle taxes will change again in 2017 [53].

3.6 Regression Methods

To analytically assess the link between historic TCO and market sharetherdgterent geographical
regions a fixed effects panel regression model was developed. The fixed effectsagmecivas
chosen instead of random effetdscontrol for cross-sectional model variance and unobserved effects
between the different geographic regions. The panel regression took a multivagatddirm which
fitted the parameters using the Ordinary Least Squares method. The regression puisaniyg for
HEVs because market share and TCO input data was available for 16-19 lyearasifor 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 mairgetée
relationship of best fit between the independent cost variables and the dependerghmasekedriable.
The initial model (Model 1) takes a linear specification between the TGdefined as the total three
year TCO of the HEV to the total three year TCO of the conventional vehicle, such that

Set =X+ L1 e + €t (Model 1)
where S is vehicle market share, T is defined as the ratio of theoT @@ HEV to the TCO of the
conventional vehicleg is the variable dependent coefficient,is given as the geographic region
specific intercepts represents the residuals, ¢ is a proxy for the geographic region and t represents the
year.

The second model form (Model 2) compared the same variables but took a log-lagapecif
in line with other studies (see Diamond [26], Bajic [82], and GallaghekMamthlegger [27]), such that

log S.s =+ By log Ty + &gt (Model 2)

The final model specification (Model 3) split the TCO cost into initiat emsl running cost

components. This took the form,

lOgSCt =0CC+ ﬁl lOg ICL' + BZ IOcht + gCt' (Model 3)
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where | is defined as the ratio of the initial cost of the HEV taking digssinto account to the initial
cost of the conventional vehicle and R is defined as the ratio of the rwoshgf the HEV vehicle
over the three year ownership period to the conventional vehicle. This modédtagieaifvill be tested
with and without inclusion of the Willingness-Pay for HOV lane access for California (in line with
results from Shewmake and Jarvis [28]) and for different TCO ownership periods.

The Engle ARCH and Durbin Watson tests were conducted on each model to check for
heteroscedascity and autocorrelation respectively. Although evidence hasisatdwousehold income
is a factor in low-emission vehicle purchase decisions [9], it was not includleed model because it
was found to be difference stationary and therefore caused spurious regression kKéhshraee data
was sourced from Japan Automobile Manufacturers Association for Japan [88)atKiSfor the two
US states [84], and the Society of Motor Manufacturers (SMMT) for the UK [84§. data was split

annually for each region broken down by powertrain type.

4. RESULTS

4.1 TCO Cost Components

Cost components were found to vary over country, vehicle type and purchase year; howeneatgste g
cost to the consumer has always been vehicle depreciation (see Figure 2 for Tkefoviomeaosts
table can be found in Appendix B). Thgsmost pronounced for BEVs and PHEVs due to the greater
initial purchase cost coupled with low running costs. In Japan, insurance fesuhedsecond greatest
percentage cost, but for the UK, California and Texas annual fuel cost contribuéaden gercentage

of the vehicle TCO for petrol, diesel and hybrids.

4.2 Geographic TCO comparison
The HEV cost ratio (defined as HEV TCO divided by Petrol TCO) édsaed in all regions
from introduction to 2015. This is most pronounced in Texas where the cost ratio hasl drppp2s3

in 15 years. Even in the UK where subsidies were absent, the cost ratio has fallen by 0.09. Between
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FIGURE 2: TCO component breakdown for 2015 across all regions [single column figure]

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 ehegepi.
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 is the UK (0.89). EdisPtie lowest average

cost ratio is in Japan (0.97).

4.3 Region specific TCO trends over time

For Japan, the HEV cost ratio varied between 0.85 to 1.17 (see Figure 3 for Castdatiarket share

over time). Vehicle cost initially decreased from 1997 to 1999 leading to adosiEatio and increased
market share. In 2009 greater tax cuts and an initial vehicle subsidy vembigetd such that HEVs

were cheaper than conventional vehicles for the first time, this was mea wébk in HEV market

share. With the Japanese tsunami in 2011, Toyota experienced manufacturing disruptions which
propagated down the supply chain and caused shortages [85]. Despite this, market sharetith Japan s
rose. In 2013 the cost ratio dropped due to a second wave of subsidies, again thisncrdespa

peak in market share. With fuel price falling in 2014 and 2015, the cosnaeased and HEV market

share levelled out. The PHEV cost ratio varies between 0.82 and 1.28
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whereas the BEV cost ratio varies between 0.84 and 1.32. This indicates thajersukmidies have
brought PHEV and BEV TCO in line with conventional vehicles.

For California, the HEV cost ratio varied between 0.9 to 1.25. The cost ratio dedreased
2001 to 2005 as a result of rising petrol price despite the value of inceatliras fThe Car Allowance
Rebate System subsidy in 2009 (see Figure 1) results in a clear @ icddt ratio and spike in market
share. The supply disruption from the Japanese tsunami led to a dip in markit 2@4feand 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 cost ratio for BEVs of €oddpared 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 sharerigsesse
similar in shape but roughly half the size of California. The cost ratio ¢aleo very similar to that
of California, exhibiting the same dips and peaks for the same reasorarilgrivel price and subsidy
changes). Higher mileage (15 641 versus 11 071 miles per year) offsets the lowef petrol in
Texas compared to California leading to a similar annual fuel cost ($13%3 28 respectively). The
drop in cost ratio in 2014, attributed to the introduction of an initial vehicle subsidytiveehas not
stimulated HEV sales in 2014/15. In Texas a subsidy is available in equal vahlieldar-emission
vehicles (AirCheckTexas Drive a Clean Machine) therefore HEVs are citbapedPHEVs and BEVSs.
The state financial subsidies available for BEVs in Texas are sniadierQalifornia ($3500 versus
$10 000) for this reason the cost ratio is lower in California than Texas.

The HEV cost ratio varied between 0.91 to 1.14 in the UK. The inglklrf the cost ratio,
comes as a result of the change in the vehicle excise duty tax in 2001. This newesatideleduty
system differentiated annual charges based on NEDCe@@sions figures in contrast to the flat rate
system it replaced. The cost ratio remained fairly constant from 2002 tor200& with stable fuel
prices. With the fuel price increase in 2010, the cost ratio dropped, with a corregpimtdéase in
maket share. Conversely, the fuel price slump in 2015 led to an increased cost rdiad edtipa

surprising increase in market share. This surge in sales is most likely a result of the peinidieg
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TABLE 2 Regression Results

18

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

* ** and *** denote significance at 10, 5% and 1% respectively.

RC = Running Cost, IC = Initial Cost, HOV = High Occupancy Vehicle, WTP = WillingteeBsy

excise duty change in 2016. The new vehicle excise duty system will involve an@§sions based

initial charge of up to £2000 followed by a flat annual cost of £140 pergealt ¥ehicles except those

with zero emissions [53]. Diesel vehicles were found to have a lower TC@eéhahvehicles, to the

point that the TCO model calculated that HEVs have never been cheaper tehuatizdes over the

time period considered. In the UK the TCO ratio is lower for BEVs at 0.88 tHeW®at 1.24. This is

mainly a result of the plug-in vehicle grant which allocates a larger sutzsilizVs (£4500) than

PHEVs (£2500).

4.4 Panel Regression Analysis

The regression analysis evidences a historical link between HEV TCO and stakefor the four

geographic regions (see Table 2 for regression results for the three modiisdspe&ection 3.6).

The linear form model, which treats the independent variable as TCO addpiedent variable as

market share, has a poor valueréf(0.319) with large standard errors. This indicates that the model is

mis-specified because it does not sufficiently explain the variation of market share over thargiven ti

period.
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Comparing the first model to the second, where the linear form has been replacetbgith a
log specification (see Section 3.6), tkévalue increases in value from 0.319 to 0.481 indicating that
this model is a better fit than the last. The standard error for theva@able drops to approximately a
quarter of that of the first model. Overall this model specification rsfsigntly better p < 0.01) than
the initial model evidencing the link between vehicle cost and market share.

By splitting the TCO into its constituent components: initial cost (includinlgsidy) and
running cost, the&k? value increases again from 0.481 to 0.549. By accounting for the different cost
components separately, the model is anticipated to improve. Toyota initially sub#igisziis model
to ensure it was cost-competitive on the market, and as initial priceasadrgovernment subsidies
were introduced to encourage uptake. In this model the initial cost coefficientdssigoificant p <
0.01) than running cosp(< 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 gducdonhrin running cost
ratio leads to a 5.5% increase in market share. This directs us to the contlasianan aggregate
level HEV purchases are more sensitive to changes in subsidies and vehicle pribe {gitipl 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 thehi wiodel
slightly (increasingk? from 0.549 to 0.567). The most marked effect of this model comparison is the
increasing significance of the running cost component (fram0.5 top < 0.01) with lower standard
error. Whereas the initial cost coefficient decreases in significancelamijr standard error. The
inclusion of WillingnessFo-Pay for HOV lane access for California did not improve the model fit, but
increased the standard error for the running cost coefficient. With this modddle@dng cost on an
annual basis, the annual time resolution used is not adequate to accounhfasgnsrarho adopt HEVs

for HOV lane access.
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4.5 Sensitivity Analysis of Cost Parameters

Several inputs variables were investigated to assess the model sensitivigyr tvariation. These
variables include; fuel price, discount rate, annual mileage, vehicle deprecitonand TCO
ownership length (see Figure 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 1) use significantly
different rates and because of this inconsistency, this variable has been investigated usitigiy se
analysis. Generally, the greater the discount rate the greater théwmariatost ratio over the time
period considered. The effect of varying the discount rate was negligible overeegéar ownership
period. For example, increasing the discount rate from 2 to 11% caused the odstiratiease by
approximately 0.2%. For a longer ownership period it is anticipated thahgahg discount would
have a greater effect on the TCO ratio.

Fuel price is arguably the most variable input to the model. Clearly histohniaayes in fuel
price have had a significant impact on HEV cost ratio and vehicle market(salsatiscussed in Section
4.3). A higher fuel price creates more favourable conditions for HEV/PHEV/&ftion. The fuel
price sensitivity in this study examines the 2015 fuel price for each regi®50, whilst maintaining
a fixed electricity price. From Figure 4 it is clear that the regions higther average mileage such as
Texas are more sensitive to changes in fuel pB&/s and PHEVs are more sensitive to changing
prices than HEV.sFor example a 10p increase in fuel leads to a 0.2 drop in cost ratio for HE\0s4 but
for BEVs.

In the standard TCO calculation, annual mileage has been assumed to be congient for
geographic region. However, this is highly variable among different drivers amdfdte this
sensitivity analysis demonstrates different use cases. For example higlegentibirs such as taxis or
business travellers may find hybrid and electric vehicles (although thecelmpbtential BEV range
limitations) more cost effective as a result of fuel cost savings. For HE&/EIK has the lowest break
even mileage at approximately 15 000 miles, this figure exceeds 20 000 miles inetheegibns
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 m&&Vihateak-even
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at a lower average mileage of around 7000 miles for the UK, Califandd exas, but are always the
lower cost option in Japan.

Depreciation is the greatest component of TCO across all geographic regioyisag\the
annual depreciation rate from 15% to 20% leads to an increase of cost agmafimately 0.17 across
all regions (see Figure 4). This figure is greater for PHEVs at 0.2 becausetittigoinchase cost
constitutes a greater percentage of TCO than HEVs. However, this figure is sligrthféoBEVS at
0.15 due to subsidies bringing the initial cost in line with HEVs (see Figure 3)

As previously discussed, low-emission vehicles are associated with anameeim which can
be offset by lower running costs over a certain time period. In this study themédgeD was taken as
three years; in line with average length of UK and Japan new vehicle ovmne@serally this
ownership period longer in the USA therefore the impact of a longer ownersiig pas been
investigated. The longer the ownership period the lower the TCO ratio (see B)gBecause this
study took vehicle salvage value into account when calculating TCO for difftareership lengths,
the TCO ratio was not found to be particularly sensitive to changing owogmshod with a drop in

TCO ratio of approximately 0.01-0.02 with each additional year of ownership.

5. DISCUSSION

5.1 Factor s affecting adoption rates

This paper aims to compare historical total cost of ownership of BEVs, PHEVEEMSsl across

countries with different levels of hybrid and electric vehicle uptake. As prdyidissussed in Section

4.4, regression analysis reveals that there is a clear link between chaBY¥iAgi® and market share.

First these results are significant because they can inform the settingcigsptd 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 availabler@arkéefor

a shorter amount of time and currently represent very low fleet share in most vehicle markets.
This analysis has focused on assessing the link between HEVam@@arket share. This

enquiry has isolated ownership costs as the most pertinentigmendent variable affecting adoption

rates for HEVs. There is considered to be no underlying drivers which hasedca false correlation.
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However, several variables which could affect HEV adoption, such as HEMdaikon rates,
income and HOV lane access, have changed in the time periodi@®@usand will be discussed in
more detail in this section.

With depreciation as the largest cost to the consumer, sensitivity analysis founehibkst
TCO was highly sensitive to changing depreciation rates (see SectjorUdcertainty surrounds
low-emission vehicle depreciation rates even among HEVs which have beeablavail the second
hand vehicle market for over a decade. HEVs in California historically lasdean inflated vehicle
retention value due to supply issues and HOV lane access [28,47]. However, results from Lébeau et a
[86] found that BEVs, PHEVs and HEVs depreciated quicker than conventional vémitie8elgian
vehicle market.

A key factor in the high adoption rates of low-emission vehicles ifidBailh compared to other
states is the comparative wealth. The median income in California is $64 500 {tHeh&8t state)
whereas in Texas this figure is $55 653{28hest state) compared to the US average of $55 775 [32]
As a result of this wealth, many more residents can afford the addithen@imental cost of a low-
emission vehicle. Average income has increased over time, but this variables besnniotcluded in
the regression analysis as it is a non-stationary variable which results to spgiession.

In California, low-emission vehicles have acces#Hi@V Lanes [28]. Such incentives are
difficult to financially quantify (although Willingnes®-Pay figures were estimated by Shewmake et
al [28]). Vehicle owners who had already purchased HEVs could apply for HOV lane stadess,
although these were only available for a limited number of vehicles.

With the highest count of Green Party registered voters (both as total namab&s a percent
of total registered voters) [87], Californians are evidently more @mvientally aware than voters from
other states. Kahn et al. [88] found a link in California between gregnyuaitig and HEV adoption,
therefore it is reasonable to assume that high HEV market share ior@alidan partly be attributed
to environmentally-friendly attitudes.

Other factors have also contributed to high HEV market share in Japan. Japan has afhistory
innovation in this field, and represents the domestic Prius market where the veba#| was first

developed and tested [89]. The majority of vehicles purchased in Japan are domestic brands, with only
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a small percentage imported from the USA and Europe [90]. With small roads and low annua mileag
the Japanese tend to favour smaller cars. Evidence for this can benfeumthigh market share of the
Prius compact which is now one of the best selling cars in Japan [90].

Charging infrastructure is a major barrier to BEV adoption. Although BEst and PHEV
owners have access to a home charging point, public charging points are impostsitifity as well
as practical use [91]. In California the number of charging stations haasadreo 3820 whereas in
Texas this number is lagging behind at 885 [92]. Japan has chosen to invest heavilgiimg char
infrastructure, aiming to stimulate uptake [93]. In the UK, PEV charging tniidare has been
installed strategically in dozens of cities [94].

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 52¢ afiarket
share having diversified their hybrid range to include vehicles across most seghsethie number of
hybrid models across different segments and brands diversifies and capacity torehjmbdys grows
it is anticipated that HEV market share will continue to expand. The PHEkketriardominated by
vehicles from larger segments (such as SU$84], such that the Toyota Prius is one of the smallest
PHEVs available. It is anticipated that as the number of PHEV models expandskiet share will
also grow. It is also worth noting that in the UK additional competitiostekiom diesel vehicles which
are more cost efficient than petrol vehicles at high mileages.

Many of these additional factors are difficult to quantify for atbgraphic regions and across
the time period considered. The variables discussed are not deemed to Ibe easigificant enough

to have caused a false correlation in the HEV TCO/market share regression analysis.

5.2 Payback periods compared to other TCO studies

The studies in the literature largely reached the same conclusions as this pages; ICO of HEVS,
PHEVs and BEVs without subsidies is still greater than that of conventiehalles. The historical
analysis in this paper shows that incremental vehicle cost varies dependingeindteepurchase year
(see Figure 3), this is echoed by the conclusions of other papers in the TCOrditeFae payback

period of a new technology compared to its conventional counterpart is a common mégicaostt
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analysis literature. When comparing electric vehicle payback periods, unless a vehimtéatep or
a loan model is used to represent initial vehicle costs, the calculated paybas peitl be
unrepresentative of the true payback period.

Al-Alawi and Bradley [19] estimated a HEV payback period of approximately 8 ydwmns w
considering the vehicle salvage value in the TCO model. For base year 2010, the pa@ackhis
study is shorter at approx. 3 years for Texas and 4 years for Califorsidaviil and Bradley [19] find
a PHEV with a 10 mile electric range (similar to the Toyota Prius which ha#-alectric range of
12.3 miles) has a smaller payback period of approx. 7 years. The discrepancy ireslts stems
from differences in sourcing of initial vehicle cost d#&kAlawi and Bradley have used an incremental
cost model rather than the Manufacturer Suggested Retail Price.

Thiel et al [21] estimated that in 2010 the payback period for HEVs, PABEYVBEVs was 20,
22 and 23 years respectively, much greater than that calculated in this studgt Bhigdl] used an
initial cost model that did not consider important subsidies or vehicle salvagerhaps unsurprising
that the conclusions do not align with the findings for the UK in this paper.

Hutchinson et al. [4] found that the incremental cost of a HEV or PHEV depsgedylon
the style of driving. Hutchinson et al [4] conclude that in 2013 HEVs and PHEV s lpaydack period
of 6.7 and 10.1 years respectively for city driving, but do not reach adstfpa highway driving. The
greater fuel efficiency of HEVs and PHEVs in urban driving explains the shoaigdrack time
calculated in Hutchinson et al [4] compared to this paper which estimateés b@sgreater than the
vehicle lifetime in California. The conclusions from Hutchinson et al [4] areegkcimothis paper such
that in the UK HEV and PHEV TCO is closer to cost parity with conventimtatles than in the USA.

Wu et al. [22] find that in 2015 TCO depends on annual mileage driven which isediinor
our sensitivity analysis. Wu et al. [22] use Germany as their geographiaal fbfferent fuel prices
compared to the UK again limit the comparisons between the conclusions from W22} ahd this

study.

6. CONCLUSION
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Hybrid and electric vehicles offer a low-carbon, low-pollution alternative toemgional cars but at

present the fleet share in most vehicle markets is too small to make a significaahddférhis paper

establishes a clear connection between historic HEV TCO and market stiasyjidénce from regions

such as Japan and California that long term government support enables dhigiienaates. These

findings are significant for policymakers in regions around the world whader increasing pressar

to decarbonise roads and improve urban air quality. Government support for low-emidsmes

clearly needs to address financial barriers if hybrid and electric vehileet share is to break out of

the niche market. Most importantly, government support needs to be taddretuide an element to

account for the greater upfront initial vehicle cost and a subsidy to adoofurt| price variation. It is

paramount that there is a gradual phase out of incentives once technolagadieesd cost parity

especially when oil prices are low. In many countries ladiel@ble vehicle TCO information is an

additional purchase barrier, this could be addressed by creating an impartia@esschrthat potential

purchasers can at least assess their fuel saving against depreciatioiwveosheg annual mileage and

share of urban/motorway driving. With a high upfront cost and low test cycésiems, PHEV market

share is dominated by business purchase. To stimulate second hand sales as thesmeeditiem

the company to private car market, Mitsubishi have introduced a PCP finance scheme for second hand

Outlander PHEVs [95]. In light of recent evidence illustrating the eftéatgban air pollution on public

health; introducing incentives for replacing diesel vehicles with hyteiitec vehicles should be

prioritised, especially in the business market which accounts for dispoyadeidiesel market share

in the UK. An indication of lower TCO for high mileage vehicles in Lon@dK) is that the Toyota

Prius is now the most popular private hire vehicle in London [96]. Replacing high milesage diesel

vehicles with petrol-HEVs such as these should be one of the first stepsotakenrban air pollution.
Although the link between TCO and market share has been the focus of this study, TCO is not

the only factor in vehicle purchase decisions. Many other factors such as brand loyalty, distrust in new

technology and even model colour come into play at the point of purchase. This is whignemoiat

incentives such as HOV lane access, allocated parking and bus lane accespdrave play in

persuading consumers to choose a low-emission vehicle. Social costs of emissions dralagisé
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been included in this analysis. Incorporating these factors would further ienfirevpreference for

hybrid and electric vehicles.
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Appendix A: Vehicle Specification for Comparison Vehicles (2015 model year)

Powertrain Battery Power Engine Fuel Vehicle Weight
type capacity (bhp)  size (1) Economy length (kg)
(kWh) (MPG) (mm)

Toyota Corolla Conventional - 130 1.8 42.2 (A) 4638 1295
(Petrol) petrol ICE

Ford Focus (Petrol) Conventional - 103 1.6 38 (M) 4358 1270
petrol ICE

Ford Focus (Diesel Conventional - 93 1.6 51 (M) 4358 1338
diesel ICE

Toyota Prius Full parallel 1.3 120 1.8 56.7 4540 1395
Hybrid HSD

Toyota Prius Plug-in 6.4 122 1.8 90.8* 4481 1449
plug-in Hybrid HSD

Nissan Leaf electric Full Electric 24.0 107 - 141.7* 4445 1471

Sources: [42,61,97]
*MPG equivalent

A indicates Automatic transmission, M Manual transmission system. HSD stands for Hybrid Syriezgy D

Appendix B: TCO cost component breakdown for the year 2015 (accompany output to Figure 2 all costs
converted to £2015 for easy comparison)

County  Cost componen  Petrol Diesel HEV PHEV BEV
Japan Depreciation 3410 - 5648 6848 6368
Tax 1078 - 315 315 315
Maintenance 358 - 323 323 276
Insurance 2652 - 2652 2652 2652
Petrol cost 1556 - 1158 535 -
Electric cost - - - 79 796
California Depreciation 4323 - 5921 6629 4849
Tax 196 - 196 196 196
Maintenance 384 - 314 314 268
Insurance 792 - 713 792 792
Petrol cost 1821 - 1353 625 -
Electric cost - - - 98 982
Texas Depreciation 4323 - 5029 6119 7119
Tax 147 - 147 147 147
Maintenance 352 - 318 318 268
Insurance 691 - 691 691 691
Petrol cost 1602 - 1191 550 -
Electric cost - - - 90 897
UK Depreciation 6717 7223 9080 12755 9078
Tax 369 57 0 0 0
Maintenance 354 742 319 319 273
Insurance 783 783 783 783 783
Petrol cost 4062 3146 2733 1263 -

Electric cost - - - 65 653




