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Table 1.1 sets out the acronyms and abbreviations commonly used in the
report.

Table0.1 Acronyms and abbreviations

Powertrain types

Internal These are conventional petrol or diesel cars with an
combustion internal combustion engine. In the various scenarios
engine modelled there is variation in the level of efficiency
improvements to the ICE. Efficiency improvements cover
engine options, transmission options, driving resistance
reduction, tyres and hybridisation. Under our definition of
an ICE, hybridisation is limited to micro-hybrids with
start-stop technology and regenerative breaking.

Hybrid electric HEV This definition covers full hybrid electric vehicles that can
vehicles be run in pure EV mode for some time. They have a

larger battery than the micro-hybrids (that are classified
as ICEs).
Plug-in hybrid PHEV Plug-in hybrid electric vehicles have a large battery and
electric vehicle an internal combustion engine. They can be plugged in

to recharge the vehicle battery. EVs with range
extenders are not included in the study.

Battery electric BEV This category refers to fully electric vehicles, with a
vehicle battery but no engine.

Fuel cell electric FCEV FCEVs are hydrogen fuelled vehicles, which include a
vehicle fuel cell and a battery-powered electric motor.

Zero emissions ZEV Includes all vehicles with zero tailpipe emissions (e.g.
vehicle FCEVs and BEVS).

Economic terminology
A monetary measure of the market value of all final

product goods and services in the national economy
GVA A measure of the total value of goods and services in the
added economy netted from value of inputs and taxes.

Other acronyms

New European NEDC Test cycle used for the certification of cars in Europe
Driving Cycle until September 2017

Original OEMs Refers to equipment manufacturers of motor vehicles
equipment

manufacturers

Million barrels of mboe A unit for measuring oil volumes

oil equivalent

Worldwide WLTP Test cycle used for the certification of cars in Europe
harmonized Light since September 2017

vehicles Test

Procedure
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This report assesses the economic costs and benefits of decarbonising
passenger cars in Europe. A scenario approach has been developed to
envisage varioupossiblevehicle technologyutures, andthen economic

modelling has been gghied to assess impact$he studyfollowsa similar

approach tathat of the2013C dzSf £ Ay 3 9 ogdR.LISQa Cdzi dzNB

Cambridge Econometriesid Element Energwere commissioned by the
European Climate Foundatigg@ CF)o assess the likely economic impacts and
the transitional challages associated with decarbasimg theEuropearcar

fleet in the medium term (to 2030) and the long term (to 2050).

This technical report sets out the findings from amalysis It provides detad
about thechargingnfrastructure requirements, technolfy costs and
economic impacts of the transition to Ieearbon mobility. A summameport,
presenting the key messages from tsteidy,is also availabfe

Thestudyshowsthat, while there are potentially largeeconomic and
environmentalbenefitsassociatedvith decarbonisingpassenger caransport
in Europe there arealsotransitional challengewhich must be addressed if
the benefits are to be realiseth recent years, there has been a strong push
to decarbonise transport in Europacluding the publicatiom late 201 7of
draft emissions reduction targets for 2025 and 2030. There have also been
announcementgrom OEMgegardingdeployment of advanced powertrain
models across their ranges, signalliry rapidly the landscape is @hging.

The potential benefits iEuropeembraces the transition are substantial

1 Reduceduse ofoil and petroleum productwill cut energyimport
dependenceand bring aboutarge reductions icarbonemissions

1 There are et gains in value addeand empbyment gains which increase
as oil imports are reduced ovéme. By 2030, the TECH scenario would
lead to an increase in GDP of 0.622 YLJt NER g A (K landWy 2
an increase in employment of arousd 0,000 jobs.

1 There is substantigbotential forEV and grid synergiesing smart
charging strategies to shift EV charging demand away from peak periods
to periods of lowsystem demand Thiswould mitigate the challenge®
the electricity systenposedby EVs, limiting increases in peakctricity
demand

1 For the consumer he four-yeartotal cost of ownership of Zer&mission
Vehiclegs likely toconvergetowardsthat of conventional petrol and
diesel carsn the next decade

However, oumodelling in combination with insight from th€ore Working
Group also highlights aumberof transitional challenges

1 The implementation of a rapid charging infrastructure vatjuire
investments reachingeveral billion europer yearby 2030. A determined

5 Seehttps://www.camecon.com/how/ourwork/fuelling-europesfuture/
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and joint effort of the industry, government and civil society is needed to
deploy sufficient charging infrastructure. Timing, locatioapability and
interoperability are key issues.

1 The transition to lowcarbon mobility causes a wide range of impacts in
employment across several sectors. Employment in the automotive sector
Aad I fAGGHES KAIKSNI Ay 2dzNJ OSumtili NI £ &
2030,during which timeclimate goals are met through a balanced mix of
hybrids, plugn vehicles and ineasingly efficient ICEs. After 2030, the
transition to dectric mobility will increase employment in sectors such as
construction and infrastructureas well as servicebutis likely tohave an
adverse impact on employment in tlaitomotive value chain.

1 The transition poses a significant challenge timtain the
competitivenessand market sharef the European auto industripy
remaining at the cutting edge of clean technology innovation.

Cambridge Econometrics
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1.1  Background

Low-carbon In November 2013, th&uropean Parliament and the Council of the European
transport policy Unionset out legislation to limit the emissions of new vehicles. The EU CO

standards required fleetvide average vehicle emissions to be below 95 CO
perkm by 20211n 2017, theConmission announcetproposed new
standards for 2025 and 2030; a 15% reductioavarage new vehicle
emissions between 2021 and 28 and a 30% reduction imew vehicle
emissions irk030 compared to 2021. €se aim to continue to move Europe
along aow caibon pathwayandto meet EUwide targets fora 60%reduction
in transportCQ emissiondy 2050.

Announcementsn 2017by the French and UK governmetist new sales of
conventional petrol and diesel cansll be bannedby 2040have alsosent a
clear signathat change is comingis well asupporting the curtailment of

CQ emissionsthe impetus for this changs, in part, due to increasing
concern abouthe level oflocal air pollutantgsuch as NOx) emitted by
vehiclesand the negativénealth outcomes associated with this pollution
especially in densely populated urban ardélany other EU Member States
have explicit targets for EVs in the stock; Germany is aiming for 1 million in
2020, and Poland the same number by 2025.

As such, mognajor car manufacturers in Europe have developed new
product lines that are increasingly fuel efficient, and are now moving
increasingly towards electrificatiaor fuel cellsas the next step in reducing
emissions to meet the proposed targets.

Motivation for the  There has been much debate about the potential impacts of the transition to
study ZEVsThe purpose of this study is to shed light on the potential benefits and
the transitionalchallenges of decarbonisip@ssenger caf®r the European
automotive industry and the wider econongver the period to 2050In doing
so,it highlighs some ofthe key issues that policy makers should focus on
including;

1 What is the scale and pace of investment in infrastructure required?

1 How will government tax revenudx affected due to reduced fuel duty?

1 What will be in the impact on the electricity grid, and peak electricity
demand, and how could this be better managed?

The study also addresses some of the key uncertainties about the transition:

What if future oilprices are higher (or lower) than projected? What if

technology costs and battery costealifferent to expected? What RPHEVs

2NJ C/ 9+a 0S02YS GKS WiSOKy2t238 6AYYS

8 https://ec.europa.eu/clima/policies/transport/vehicles/proposal_en
Cambridge Econometrics
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1.2  Methodology

For this study, a set of scenarios were defime@vhichit wasassumel that a
certain lowcarbon vehicle technology mixould be introduced and taken up
in response tovehicle C@emissions regulation3.heparticularfactors
affectingconsumers§dlecisiongo purchase alternative vehicle technologies
were not assessed.

As shown in the graphlzelow, the methodology involvedhree key stages:

1) Stakeholder consultatioto define thescenarios and agree on the key
modelling assumptions

2) An integrated modelling framework that involved (pgication ofthe
Element ES NBwHEE stock model to assethe impacbf alternative
low-carbon vehicle sales mdn energy demand and emissions, vehicle
prices, technology costs and the total vehictestof ownershipand (ii)
application of the E3ME mod&d assess the widesociceconomic effects
of the lowcarbon vehicle transition.

3) Off-model analysisto consider the energy system and grid benefits of
increased use of BEVs and FCE¥s tferough the provision of grid
balancing services).

Figurel.1: Our approach

DATA INPUTS —_— EXPERT PANEL _— STOCK MODEL

Calculates the stock of capital
ascets & energy consumption
n annual basi

pers=ctar an @

i @A

N

SIMULATION MODEL

Reviews:

* Data
* Scenarios
* Assumptions

The two models that were applied in our framework &dé SYSy 4 9y SNHE®@
Vehicle Stock Modelnd/ | Y6 NA RIS 9E3RIEMAELS i NRA Oa Q

9f SYSy i <CThevehicle stock model calculates velifuel demand, vehicle emissions and
Vehicle Stock vehicle prices for a given mix of vehicle technologies. The model uses
Model information about the efficiency of new vehicles and vehicle survival rates to
assess how changesniew vehicles sales affect stock characteristithe
model also includes a detailed technology gubdel to calculate how the
efficiency and price of new vehicles are affected, with increaspigke of
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fuel efficient technologies. The vehicle stock model is highly disaggregated,
modelling16 different technology types across three different staands

(small, medium and largé)It differentiatestwo blocks of countriessU15 and
EU13, and accounts for the secendnd market flow between these two
regions.

Some of the outputs from the vehicleastk model (including fuel demand and
vehicle prices) are then used as inputs to EE3&h integrated macro
econometric model, which has full representation of the linkages between the
energy system, environment and economy at a global level. The high regional
and sectoral disaggregation (including explicit coverage of every EU Member
State)allows modelling of scenarios specificHarope (and allows the
disaggregation of results down to Member State level, although for this
analysis we report only two aggregated European regiand)detailed

analysis of sectors and trade relationships ig kapply chainffor the
automotiveand petroleum refining industries3MEBwvas used to assess how
the transition to low carbon vehicles affettouseholdincomestrade in oil

and petroleum consumption, GDP, employment, £80x and particulates.

For mae information and the full model manuaeewww.e3me.com A
summary description of the model is also availahl&ppendix Af this
report.

1.3  Structure of the report
The report is structured as follows:

1 Section 2setsout the scenarios that were developed to inform the
analysis and are required to answer the questions raised by the Core
Working Group

1 The main modelling assumptions and technology cost data are set out in
Section 3

1 New infrastructure requirements are a key consideration for the
deployment of zero emission vehicles, these are consider&dation 4

1 Above all, a transition requires consumers to adopt low and zero emission
cars. InSection 5we look at thecapital andfuel costsfacing the consumer
for new cars in the future

1 A transition to electric vehicldsas implications for the electricity grid. In
Section6, Element Energy has assessed the implications for the German
electricity grid of electric vehicles and the extent to which the challenges
that arise areoffset by the application of smart charging

1 The core analysis focuses on the macroeconomic impabedifference
scenarios. The net impacts and transitional challenges are set out in
Section?.

1 The main driver of low emissierars is to reduce the harmful impact that
road transport has on the local and global environment. The contribution

7 See Section 3, Table 3.1 for more details.
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of passengecars to C@emissions and local air quality pollutants is set
out in Section8.

1 The report finishes with our conclusionsSection9. These are the views
2F GKS NBLRNIQA FdziK2N&E FyR R2 y2i
European Climate Foundatiomr the members of the Core Working Group,
either individually or collectively.
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2.1  Scenario design

The analysis set out in this report is based on a set of scenarios developed by
the Core Working Group, each assuming a differeaw vehicle sales mix.

These represent a range of decarbonisation pathways and are designed to
assess the impact of a shift towards low carbon powertraimsy do not
necessarily reflect current predictions of the future makeup of the European
car fleet.Uptakeof each kind of vehicle is by assumptianplicitly we

assune that this change is brought about by policy. The five core scenarios to
be modelled for this study are summarised in the table below:

Table2.1 Description of the five core modelling scenarios

Scenario Scenario description

=
(GEEIGI))

CPI(Current
Policy)

TECHHigh
Technology)

TECH PHEV
(High
Technology,
PHEVs
dominate)

TECH OEM
(High
Technology,
Ambitious
uptake)

No change in theleployment of efficiency technology or the
sales mix from 2015 onwards

Some improvements in the fuefficiency of the vehicle stock,
due tostock turnover

Improvements to the efficiency of the€E and a modest
increase in HEV, PHEV and BEMoyment to meet 95gCAkm
EU vehicle efficiency target for 2021

No further deployment of efficiency technology or advanced
powertrains post2021

New cars mee®5gCQ@km (NEDCarget in 2021 and achieve
~77 gC@km (WLTP) in 2025 and ~57gfk (WLTP) in 2030
Ambitious deployment of fuegfficient technologies in all new
vehicles over the period to 2050.¢elight-weighting)

ICE and HEV sales are banned in 2040, consistent with polig
already announced by several Member States (e.g. France,
Netherlands, Norway)

Before 2040, BEVs deployed mostly in small and medium siz
segments in a way consistent Wwitkatest announcements
BEVs outnumber PHEVs 2:1 until 2040, where PHEV sales ¢
off

FCEVs gain market share after 2030, and are deployed in th
medium and large segments (which have higher annual
mileage)

Avariant of TECH wherPHEVs emerge #% dominant
technology to 2040and take the majority share of advartte
powertrain deploymenbver this period

PHEVs outnumber BEVs 2:1 until 2040, when PHEV sales d
off slightly

Alow carbon technology scenario with a more ambitious
deployment for advanag&powertrains as new sales of ICisp
in 203 and HEVs stop in 2040 as per the TECH scenario. Tk
in line with recent OEMinnouncementsand an ambitious view
on policy announcements

PHEV and BEV sales are equal until 2035 after which the mg
share if PHEVs decline, becoming zero in 2050

Cambridge Econometrics
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For the most part, this technical report focusses on the impact of the central
TECHcenario, but the variants are usefalthat they allow us to explore:

i the implication for jobs in the automotive supply ch&ifeCH PHEV)

1 theimpact of a rapid transition to low carbon vehicles orp €issions as
well as the associated economic risks and potential ben@fEsCH OEM)

2.2  Vehiclesales and stock

The uptake scenarios define the proportion of new sales across each

powertrain, which are then divided into fuel type (e.g. Petrol ICE vs Diesel ICE)
FYyR aS3ySyid oavYlfts YSRAdZY FYR -t NBSO
NI YIS NBVIRF Q OSKAOf Sa G2 | 002dzyd F2NJ
various powertrains. These are defined by the segment shares of the

powertrain, where longange cars are assumed to have a higher proportion

of large cars andrban cars have a higher gortion of small cars (seléigure

2.1)

Figure2.1 Segment split of Small/medium/large vehicles for long range and urtidassifications

44% I small
|:| Medium
Large

55%

Long-range Urban (Current Average
(Current petrol cars) (All cars)
diesel cars)

A simplifying assumption is that lomgnge powertrains share the
small/medium/large car shares of current diesel cars and urban powertrains
share the segment shares of current petrol cars. Over the total stock, segment
shares remainanstant (Small: 32%, Medium: 44%, Large: 24%). FCEVs are
introduced into the medium and large segments and BEVs are initially
AYOUNRRdAZOSR a4 WdzNbly @OSKAOf SaQ o0AdSo
medium segments). As the market share of BEVs becomes estaiblished,

they are increasingly taken up across both urban and-tistance modes.

REF & CPI Scenario<n boththe REF and C&denariosICEs dominate the vehicle sales mix
throughout the study period. In the REF scenario, the sales mix is held
constant from 2015, whereas in the CPI scenario there is a limited deployment
of HEVs, PHEVs and BEVs up to 2020 such that new sales meet the 95g/km
CQtarget in 2021. Once this target is met, the mix of vehicle sales, and the
deployment of fuelefficient technologies, does not change. The mix of vehicle

Cambridge Econometrics



Lowcarbon cars in Europe: A so@oonomic assessment

sales in the REF and CPI scenarios after 2021 is shdwable?.2 below.
Figure2.2 shows the EU vehicle stock by powertrain type in the CPI scenatrio.

Table2.2 Sales mix of tB REF and CPI scenarios from 2021 onwards

(= CPI
99% 95%
HEV 1% 3%
PHEV 0% 2%
BEV 0% 1%
FCEV 0% 0%

1. Figure2.2 European vehicle stock (millions) by powertrain in the CPI Scenario
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0
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B Petrol ICE HEv [ BEV
B Diesel ICE pHEV [ FCEV

The compositiorof vehicle sales and vehicle stock in the TECH, TECH PHEV
and TECH OEM scenarios are detailed in the subsections below. Whilst the
saks shares vary across the TECH scenarios, the balance between segment
sharesand the size of the vehicle stock are kept consistent between these
scenarios.

TECH Scenario Sales and stock in the TECH scenario are shofigume2.3 and Figure2.4
below. We assume a gradual increase in the share of advanced powertrains
up to 2030. Post 2030, BEV market share grows rapidly in response to an ICE
ban in 2040. AEVs and HEVs are deployed initially but HEVs are banned in
2040 and sales of PHEVs decline sharply after 2040. Sales of ULEVs (PHEVs,
BEVs, FCEVSs) account for ~10% of sales in 2025, and from 2040, ULEVs
account for 100% of new car sales.

Cambridge Econometrics
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Figure2.3 New vehicle sales by powertrain type in the TECH Scenario

pA S
50%
77%
17%
8%

2015 2020 2025 2030 2035 2040 2045 2050

PNIceE [ Hev PHEV [ BEV I FCEV

Figure2.4 European vehicle stock (millions) by powertrain in the TECH Scenario
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TECH PHEV Salesand stock in the TECH PHEV scenario are shokigure2.5 and Figure
Scenario 2.6 below. The btal share of advanced powertrains in sales is identical to the
¢9/1 aOSylFNAR2> o0dzi t1 9+a SYSNHS | a @K
become the dominant advanced powertrainefoyment of FCEVs steadily
increases throughout the time period, and FCEVs begin to gain market share
at the expense of PHEVs from 2040.
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Figure2.5 New vehicle sales by powertrain in the TECH PHEV Scenario
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Figure2.6 European vehicle stock (millions) by powertrain in the TECH PHEV scenario
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TECH OEM ScenaricSales and stock in the TECH OEM scenario are shdwguie2.7 and Figure
2.8 below. The scenario is characterised by OEMs responding to a ban on sales
of ICE vehiek by ceasing production of ICE vehicles from 2035, followed by
HEVs in 2040. This results in a more rapid deployment of advanced
powertrains with ULEV share reaching 25% in 2025 (in line with recent
announcements from some OEMs). PHEV and BEV sales @adtgiwith one
another until 2035, after which BEVs begin to dominate market share.

Cambridge Econometrics 17
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Figure2.7 New vehicle sales by powertrain in the TECH OEM Scenario

10% - 15% 8%
45%
95%
12%

2015 2020 2025 2030 2035 2040 2045 2050

"UIceE | HEV PHEV [ BEV I FCEV

Figure2.8 European vehicle stock (millions) in the TECH OEM Scenario
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2.3 Fuel demand

Figure2.9 shows the combined effectd efficiency improvements and
deployment of advanced powertrains on fuel consumption by the European
vehicle stock in the TECH scenario. By 2030, we see a sudlstadtiction in
demand for fuel, with a 30% reduction in petrol and diesel demand relative to
2015. By 205ahe demandfor petrol and dieseWill have fallen by 90%
compared to 2015 levels.

Cambridge Econometrics 18
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Electricity and hydrogen demand grows in line with rollout of the stock of
PHEVs, BEVs and FCEVs and, by @@&@h due to their higher efficiencies
their share of total energy denmal is lower than their share within the vehicle
stock

Figure2.9 Sock fuel consumption of petrol, diesel, hydrogen and electricityntpe)
220
200
180
160
140
120
100

80
60
40
20

0
2015 2020 2025 2030 2035 2040 2045 2050

I Hydrogen
- Electricity
- Petrol
I piesel

2.4 Sensitivities

Two sensitivities have been created to explore the impact of key
uncertainties. These cover the percent of miles driven under electric power
for PHEVs and the efficiency gains of ICEs

PHEV electric The carbon reductions achieved from the uptake of PHEVs is largely
mileage dependent on the percentage of annual mileage driven in electric mode. This
is highly uncertain, and standardised driving cycles (WLTP or NEDC) are not a
reliable indiation of real world driving patterns. The model instead uses
assumptions regarding the real world electric rangigure2.10 shows the
resulting electric mileage of@etrol PHEV in 2020 and 2030.

Figure2.10 Percentage of miles driven in electric mode for a petrol PHEV in 2020 and 2030 in the TECH
Scenarios

83% 82%
74% 73% \

-Small car

- Medium car
@ Large car

2020 2030
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These values are supported by a 2014 study by Fraunhofewt8th looked

at the realworld driving patterns of PHEV drivers in Germany and the USA.
The study showed that the average percentage of miles driven in electric
mode by a Chevrolet Volt and an Opel Ampera were 78.5% and 77.7%
respectively. The recorde@al world electric range for both vehicles was
around 62km, similar to the model assumptions regarding real world range of
medium and large PHEVBigure2.11 compaes the results from the

Fraunhofer study to the values used in the model for a petrol PHEV in 2020
and 2030. The agreement between the modelled and-veadld values

justifies the approach used.

Figure2.11 Comparison of real world PHEV miles driven in electric mode (Fraunhofetd$Blues
used in the vehicle stock model

[
E) 1
0.9 Chevrolet
E Volt L’M I
[} S _Cee
= 0.7 e Ampera
c S.loze
g 0.6 P O vitsubishi
S 0.5 Toyota Prius _ -~ Outlander
& 3t
1«3 0.4 7
€ 03 e [] = Real world values (Fraunhofer study)
‘G i - - . = Modelled electric mileage
S 0.2 @ - 2020 petrol PHEV (S/M/L)
S 01 @ - 2030 petrol PHEV (S/M/L)
fr 0 ’
0 10 20 30 40 50 60 70 80 90

Real world electric range (km)

There is a concern that these real data points are reflective of a niche group of
early consumers with diffent charging habits to thenass market. However,

in Norway, where electric vehicles are well established in the mass market, a
2016 consumer surveyy the Institute of Transport Economftcsuggests this

is not the case. The study estimates the total percentage of miles driven in
electric mode to be 72% for an Opel Ampgtfas is lower than the equivalent
values used in the stock model, but not drastically so.

By assuming a relatively high proportion of electric miles, we assume that the
difference in tailpipe emissions between PHBWEBEVSs is relatively small.
Consequently thelifferences in total emissions and fuel consumption in the
TECH and TECH PHEV goesare also smallThis is reinforced by a 2017
study, also from Fraunhofer ISI, which demonstrates that, accounting for
PHEVs higher annual mileage, PHEVs with avedd range of over 6&m

drive the same number of kilometres in electric mode as BIENis therefore
implies, at least initially, that their carbesaving potential could be as large as
BEVs, as they are likely to replace highileage ICE vehicles.

8 Fraunhofer Institute for Systems and Innovation Research IShwRddleconomy and CO2 emissions of ping
hybrid electric vehicles

9 Norwegian Institute for Transport Economics, Learning from Norwegian Battery Electric asid Ryumgid Vehicle
Users

Cambridge Econometrics



Lowcarbon cars in Europe: A so@oonomic assessment

There is, however, significant uncertainty in the above assumptions, especially
surroundng future vehicle attributes and consumer charging behaviour. The
future range and battery capacity of PHEVs is critical, and any variation in
these values will heavily impact the electric mileage percentage. In addition to
this, there are uncertaintiesusrounding the charging habits of consumers
without access to home charging and those who purchase PHEVSs as a result of
favourable tax regimes (rather than running cost or environmental
considerations). A low charging frequency has been demonstrated in the
Netherlands where a 2015 study by TNO showed PHEVs covered as little as
28% of total mileage in electric mode for a Chevrolet Volt, and 21% for a
Mitsubishi Outlander PHEV.

To recognise the risk that future consunwrargingoehaviour may be
different to our central assumption, two PHEV sensitivities have been created:

1 percentage of annual mileage driven in electric mode is half of the
baseline case

2 PHEVs are driven solely in fuel mode (i.e. no electric mileage)

In these sensitivities, total demand foreetricity will be lower, and total
demand for fossil fueligher, reflecting more miles driven on the ICE and less
on the electric motor.

ICE efficiency gains The technology deployment used in the TECH, TECH PHEV and TECH OEM
uptake scenarios includes aitibus efficiency gains of ICE and HEV vehicles.
Whether these improvements materialise will depend on whether OEMs
continue to invest in ICE/HEV development. There is clear uncertainty around
this assumption; it may be the case that such investment wéke (or at least
decline) as ICE sales fall.

To account for this uncertainty sensitivity has been created where ICE and

HEV vehicles do not see any improvement in fuel efficiency beyond 2020
(consistent with the CPI scenario), whereas BEVs, PHEVs and FCEVs all achieve
the continued efficiency improvements outlined in the TECplaanent

scenario. This reflects the potential impact of OEMs focusing on the

development of alternative vehicles rather than improvements in traditional
powertrains.

The resulting WLTP génmissions are shown figure2.12. The emissions
from new vehicles in this scenario closely match the draft EU emissions
targets of a 30% reduction in new car emissions by 2030 (15% by 2025)
relative to 2021. This suggests that omay of meeting these targets is
through the deployment of advanced powertrains as outlined in the TECH
scenario, with no further efficiency improvements in either ICE or HEV
vehicles after 2020.
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Figure2.12 Comparison of CO2 emissions (W) in the TECH scenario to a sensitivity where ICE a

HEVs achieve follow CPI trajectory and ttieaft EU carbon targetpost-2021announced in Novembe
2017
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This section sets out the key modelliagsumptions underpinning the
analysis.

The scenarios are defined by (i) thew sales mix by vehicle powertrain type
and (ii) theuptakeof fuel efficient technologies. Key assumptidhat are
common to all scenarios and are briefly outlinedrable3.1. The subsequent
sections provide information about our technology costs and deployment,
battery costs, fuel cell vehicle and power sector assumptions.

3.1  Common modelling assumptions

Table3.1 Key assumptions used in stock model

_ Details of assumptions used

Vehicle sales 1 Historicalsalesdatafor 20052016taken from theACEA
Passenger Car Sales statistics and the ICCT

I Total newregistrationskept constant atl6.9 millionper year
(23.5 million in EU15 and 3.4 million in EU13). Note that new
registrations in EU13 are made up of both new car sales &ho
hand imports form EU13 (s@@ade inmotor vehicleshelow)

Calculated using Ricardo9 ! Q& f I GSaid Oz2al
European Commissiéft | yR 9f SYSy i 9yS
Performance Model (for the deployment schedule of efficienc
technologies in the TECH Scenarios, see Segi#pn

Efficiency of new q
vehicles

Mileage by age i
cohort

We assume that average annual mileage falls gradually over
lifetime ofavehicle andvaries depending on size, powertrain
and region (EU15/EU13). For instanoe2015 a EUlBedium
size diesel drives 29,000 km in its firstrplete year, but only
22,000 km by year 5.

From the TRACE&Slatabase we have derived mileage factors
which show the annual mileage of each vehicle relative to a
new small petrol car sold in EU15. Considering only the relat
annual mileages allows the annual mileage for each vehicle
be scaled upwards or downwds to ensure the stock does not
exceed the total vehicle kilometres travelled (exogenously
defined). The results for a new car in EU15 are shown below
HEV/PHEVs take the same mileage factors as petrol or dies
depending on their fuel and FCEVs téke mileage factors of
diesel ICE. Small BEVs take the small petrol ICE values, larg
BEVs take the large diesel values and medium BEVs take af
average of petrol and diesel medium values.

Mileage coefficient EU15)

Small Medium Large
Petrol 1 1.2 1.33
Diesel 1.76 1.79 1.93

0 RicardeAEA (not yet published) Improving understanding of technology and costs for CO2 reductions from cars

and LCVs in the period to 2030 and development of cost curves
1 Transport data collection supporting the quantitative analysis of measuresnglet transport and climate
change, European Commission, 2013
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Total vehicle km 9 Total vehicle km travelled are increased in line with the Sulta

travelled NEFSNBEYyOS aO0SylINA2 RSaONROGS
Hnpn LLQ® ¢KA& NBadzZ 6a Ay
20152050.

Vehicle survival 1 The sirvival ratewas derived from analysis of the age

rates distribution of the total EU car stock between 260610+

(using stock data from the TRACCS database). This results
average lifetime of 19.5 years for cars bought from 2015. Th
same survival rate is used for all powertrains and segments.

Fuel prices 9 Historical data for fuel prices is taken from tBaropean
I 2YYAAaaA2yQa hAt . dzfSOAy
9 For the central scenarios, we assume oil prices grow in line
the IEA World Energy Outlook Current Policies Scenario (an
constant percentage marlp is applied to derive the petrol an
diesel fuel price)

Electricty prices 1 These asume additional capacity being delivered in line with
the PRIMES 2016 Reference Scenario

9 The electricity price for EV users is assumed to be the same
that paid by households

I The impact of additional demand on electricity prices well b
explored later in the project.

Rest of world I Rest of world assumptions on low carbon transport policy affi
the global oil price and are tested through sensitivity analysig

Value chains 9 Inall scenarios, we assume thdember Statesaptures a
consisent share of the vehicle value chain for conventional
ICEs. For the central scenarios, we assume that, for EVs, ba
modules and battery packs are assemblethie EUbut that the
battery cells are manufactured in Asia.

Trade in motor 1 We assume the same volume of vehicle imports and exports
vehicles between the EU15 and EUlrBeach scenaridl'he stock model
reflects the fact tha67% of newegistrations in EU13 are
second hand imports from EU15, and reflects the current ag

distribution of these imported vehiclés. This behaviour is
assumed to remain constant.

9 The price of vehicle imports and vehicle exports changes in |
with the change in domestic vehicle prices (reflecting that
transport policy is assumed to be consistactosshe EU).
Vehicles are exported according to their size and powertrain
proportion to their stock share.

Air quality 1 Real world NOx and PM emission factors were taken from a
EEA study using the Tier 2 emissions calculation method

Vehicle 1 We assumean annual depreciation rate of 20%

depreciation

3.2 ICE efficiency gains

Table3.2 and Table3.3 below show the assumptions used on thyetakeof

fuel efficient technologies for petrol and diesel ICEs in our TECH, TECH PHEV
and TECH OEM scenarios. This deployment schedule is taken from the
baseline scenario reported for the Ricar8&A cost curve study for the

2 Element Energy for Transport and Environment (2016) Towards a European Market for-Higuitity
13Trade data used is thapllated and estimateé & / 9 F2NJ dz&a S Ay ¢ pMo@h(EWRM)¢ NI y & LJ2 NI
4 EEA Air pollutant emission inventory guidebook 2016

Cambridge Econometrics



Lowcarbon cars in Europe: A so@oonomic assessment

European CommissiofiWhere applicale (e.g. for technologies and
measures that affect the body of the car rather than the engine efficiency),
the fuelefficient technologies are also assumed to be installed in the same
proportion of alternative powertrain vehicles.

Table3.2 Deployment of fuel efficient technologies in Medium Petrol ICEs over the period to 2050 (as
a share of all new vehicles)

Efficiency Technolog 2015 2030 2050

Combustion improvements for engines: Level 1 76% 100% 100%
Combustion improvements for engines: Level 2 20% 80% 0%
Combustion improvements for engines: Level 3 0% 20% 100%
Direct injection- homogeneous 38% 0% 0%
Direct injection- stratified charge & lean burn 16% 90% 40%
Thermodynamic cycle improvements 0% 10% 60%
Cylinder deactivation 1% 0% 0%
Mild downsizing (15% cylinder content reduction) + boost 53% 0% 0%
Medium downsizing (30% cylinder content reduction) + boost 25% 80% 0%
Strong downsizing (>=45% cylinder content reduction) + boost 3% 20% 100%
Cooled lowpressure EGR 15% 80% 100%
Camphasing 63% 0% 0%
Variable valve actuation and lift 28% 100% 40%
Engine friction reduction: Level 1 68% 0% 0%
Engine friction reduction: Level 2 14% 100% 100%
Startstop system 38% 0% 0%
Micro hybrid- start-stop, plus regenerative braking 18% 100% 100%
Automated manual transmission (AMT) 4% 0% 0%
Dual clutch transmission (DCT) 28% 90% 100%
Continuously variable transmission (CVT) 2% 0% 0%
Optimising gearbox ratios / downspeeding 46% 0% 0%

Furtheroptimisation of gearbox, increase gears from 6 to 8+ 17% 100% 100%
Mild weight reduction (10% from the whole vehicle) 14% 20% 0%
Medium weight reduction (20% from the whole vehicle) 7% 60% 0%
Strong weight reduction (30% from the whole vehicle) 1% 20% 100%
Aerodynamics improvement 1 (Cd reduced by 10%) 45% 20% 0%
Aerodynamics improvement 2 (Cd reduced by 20%) 34% 80% 100%
Low rolling resistance tyres 1 22% 0% 0%
Low rolling resistance tyres 2 20% 100% 100%
Reduced driveline friction 1 30% 0% 0%
Reduced driveline friction 2 9% 100% 100%
Low drag brakes 6% 40% 100%
Thermal management 26% 80% 100%
Thermaoelectric waste heat recovery 0% 10% 30%
Auxiliary (thermal) systems improvement 23% 100%  100%
Auxiliary (other) systems improveme 14% 60% 100%

15 Ricardo-AEA: Improving understanding of technology and costs for CO2 reductions
from cars and LCVs in the period to 2030 and development of cost curves (2015)
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Table3.3 Deployment of fuel efficient technologies in MediuiesellCEs over the period to 2050 (as

Efficiency Technolog 2015 2030 2050

a share of all new vehicles)

Combustion improvements fangines: Level 1
Combustion improvements for engines: Level 2

Mild downsizing (15% cylinder content reduction) + boost

Combustion improvements for engines: Level 3

Medium downsizing (30% cylinder contestiuction) + boost
Strong downsizing (>=45% cylinder content reduction) + boost
Cooled lowpressure EGR

Variable valve actuation and lift

Engine friction reduction: Level 1

Engine frictiorreduction: Level 2

Startstop system

Micro hybrid- start-stop, plus regenerative braking
Automated manual transmission (AMT)

Dual clutch transmission (DCT)

Continuously variable transmissi¢GVT)

Optimising gearbox ratios / downspeeding

Further optimisation of gearbox, increase gears from 6 to 8+
Mild weight reduction (10% from the whole vehicle)

Medium weight reduction (20% from the wholehicle)

Strong weight reduction (30% from the whole vehicle)
Aerodynamics improvement 1 (Cd reduced by 10%)
Aerodynamics improvement 2 (Cd reduced by 20%)

Low rolling resistance tyres 1

Lowrolling resistance tyres 2

Reduced driveline friction 1

Reduced driveline friction 2

Low drag brakes

Thermal management

Thermaelectric waste heat recovery
Auxiliary (thermalsystems improvement

Auxiliary (other) systems improvement

76%
11%
0%
53%
15%
3%
14%
9%
68%
14%
47%
22%
4%
23%
1%
62%
17%
14%
7%
1%
41%
35%
24%
26%
40%
9%
6%
21%
0%
23%
14%

100%
80%
20%

0%
80%
20%

100%

60%

0%
100%
0%
100%
0%
70%
0%
0%

100%
20%
60%
20%
20%
80%

0%

100%

0%

100%
40%
80%
10%

100%
60%

100%
100%
100%
0%
0%
100%
100%
100%
0%
100%
0%
100%
0%
100%
0%
0%
100%
0%
0%
100%
0%
100%
0%
100%
0%
100%
100%
100%
30%
100%
100%

In summary this encompasses an assumption around the hybridisation of ICE
vehicles in the three TECH scenarldsder our definition of an ICE,

hybridisation is limited to micrdybrids(MHEV)with 48V electrical systems,

start-stop technology and regenerative braking. In 2020, these hybridisation
technologies are assumed to have been deployed across ~60% of Bew IC

cars, and 100% by 2038 shown irFigure3.1.
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Figure3.1 Hybridisation of ICE vehicles in the thr8&CH Scenarios
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3.3 Vehicle costs

Table3.4 shows the cost assumptions for a medisimed vehicle of each
powertrain, reflectingthe implemenation costoutlined in SectiorB.2

Table3.4 Key assumptions for a medium sized vehicle of each powertrain type inTB€H Scenafio

Internal Petrol Price 2016EUR € HOZXZ € HOZX € HOZX

combustion Fuel consumption MJ/km 2.07 1.38 1.16
engine Diesel Price  2016EUR € HpSE € HpPE € HpS
Fuel consumption MJ/km 1.67 1.12 0.88
Hybrid Petrol Price 2016EUR € HNZXZ € HNX € HOoZ
electric Fuel consumption MJ/km 1.88 1.24 1.04
vehicle Diesel Price 2016EUR € HpX € HpX € HCZX
Fuel consumption MJ/km 1.56 1.04 0.82
Plugin hybrid Petrol / Price 2016EUR € HCX € HpX € HpZ
electric Electricity  Fyel consumption MJkm  0.54 0.26 0.21
vehicle Elec. consumption MJ/km 0.38 0.34 0.30
NEDC #ange km 60 80 80
Diesel / Price 2016EUR € HYy X € HTZX € HTZX
Electricity el consumption MJ/km 0.41 0.19 0.15
Elec. consumption MJ/km 0.39 0.37 0.32
NEDC fange km 60 80 80
Battery Electricity Price 2016EUR € o0oNnXZ € HYyZXZ € HTZ
electric Elec. consumption MJ/km 0.62 0.51 0.44
vehicle NEDC Eange km 500 630 710
Fuel cell Hydrogen Price 206EUR € o0cXZ € onX € HTZ
electric Fuel consumption MJ/km 0.91 0.77 0.68

vehicle

Note(s): Costs include both cost of vehicle manufacturing and OEM and sales margins. OEM & Sales
margins of 19%, 24%, and 29% are assumed for small, medium and large cars respectively. VAT
is added in the EBME model at the standard rii@t applies in each Member States. Energy
consumption figures shown are for real world driving, and for PHEVs include the share of
driving carried out under electric power. Consumption is presented as MJ/km for consistency
with the energy demand resultsd for comparison of the efficiency of vehicles with zero
tailpipe emissions.

6 Element Energy modelling of cars powertrain cost and performance
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3.4  Battery costsand range

Definitions A key input to the modelling of EV cost is the battery pack size (kWh). There is
currently considerable uncertaingboutfuture battery packsizes, as these
will depend both on future reductions in battery costs and OEM design
choices to balance vehicle driving ranges against, based on customer
preferences. While the plutn hybrid market shows a convergence for the
electric driving rangat around 5km, the battery electric vehicle market
shows greater diversity and speed of change. BEVs are beginning the
transition from first generation vehicles such as the Nissan Leaf and VW Golf
with driving ranges of 15@00km to second generatiomodels such as the
Chevrolet Bolt and Tesla Model 3 and new entrants from German OEMs in the
premium sector such as the Audifan/Q8 and Porsche Mission E concepts.
OEM statements suggest that medium size next generation BEVs will target
driving ranges ©320km or more, while large vehicles will have longer ranges
of 500km or more, similar to the Tesla Model S. In smaller segments, Renault
has almost doubled the range of thesBgment Zoe (to 400km NEDC) by
upgrading the battery pack size to c.d®/h.Figure3.2 plots the driving
ranges of BEVs (past models and some of the announced models). It shows an
overall upward trend, but a virtually constant range for smatksc

Figure3.2 Official driving range (km, NEDC) of battery electric vehicles introduced on the EU market
(20102017) and announced (2018020). EE compilation of publicly available data.
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Taking thesdrends into consideration] able3.5 shows the proposed battery
size assumptions for hybrid, pkig hybrid and battery electric vehicles
between 2020 and 2050.

Giventhe costs of increasing BEV driving ranges through additional battery
capacity, it is expected that OEMs will offer multiple battery configurations to
allow customers to make a traegf between vehicle price and range. This is
already seen in the Nissamraf, where 2&Wh and the newer 3@Wh are
020K 2y altSed ¢2 | OO02-0y fATDANNYMRASS 2 ¢ 9
versions of BEVs in the modelling.

Beyond 2020, we have used different assumptions for PHEVs and BEVs on
changes in battery capacity. FBHEVs, we assume that the electric range will
be increased to 8&m (NEDC) by 2025 in order to provide approximately 50
km of real world range. Beyond this point, it is assumed that OEMs maintain
this electric driving range of 8n, and decrease packzses over time as

vehicle efficiency improvements lead to reductions in energy use per km. For
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BEVs, we assume that pack sizes are held constant, and vehicle driving ranges
increase over time as improvements in battery energy density reduce pack
weight (curently over 40(kg for the 6(kWh pack in the Chevrolet Bolt) and
vehiclelevel efficiency improvements reduce energy consumption per
kilometre.

The battery sizes are intended to be representative, since in practice there are
a wide range of options and spifications available to manufacturers, leading
to a wide range of costs, performance and range.

Table3.5 Battery size assumptions

Battery sizes (kWh)

Powertrain Market 2020
segment

Small
Medium 1.00 0.86 0.81 0.77
Large 1.27 1.11 1.05 1.00
PHEV Small 4.47 451 4.25 4.03
PHEV Medium 7.62 7.58 7.14 6.77
PHEV Large 10.51 10.71 10.24 9.78
BE\¢ Short Small 21.00 21.00 21.00 21.00
range
BE\g Short Medium 28.00 28.00 28.00 28.00
range
BE\ Short Large - - - -
range
BE\¢ Long Small 45.00 45.00 45.00 45.00
range
BE\¢ Long Medium 60.00 60.00 60.00 60.00
range
BE\ Long Large 92.00 92.00 92.00 92.00
range

Costs and energy The primary influence on pldg vehicle cost and performance is battery
savings technology, sincether components such as electric motors are already well
developed and have more limited potential for future improvements. There
are four key areas of battery tenblogy where breakthroughs are needed:

=a

reducing the cost

=

increasing the specific energy (to improve vehicle range/performance for a
given battery weight or reduce weight for a given battery kWh capacity)

improving usable operational lifetime

reducingrecharging time, for example allowing rapid charging at RBG-
with no impact on battery state of health

In the short to mediunterm, lithium ion battery technology is expected to
form the principal basis of batteries fasein full HEVs and more advartce
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plugin vehicles (i.e. PHEVs, BEVs). Discussions with OEMs and cell suppliers
have confirmed there is significant scope for innovation within lithium ion
chemistries, such as increasing use of silicon in the anode, use of solid state
electrolytes and impoved packaging efficiency. In the medigenm, lithium-
sulphur and lithiummair hold perhaps the most promise (up to five and ten

times the energy density of lithium ion respectively in theory, twice and three
times in practice at pack level), but theselmologies are believed to be
relevant only in 2030 and beyond, if key challenges such as short life are
overcome.

Two scenarios are proposed for the battery cost projections. The OEM
announcement scenario is in line with OEM announcements and other

publid GA2yas FyR | Y2NEJIOZYRSNDE O3 PISNW2 ¢
a recent Element Energy study for BEUC (the European Consumer

1 3a20A1LGA2Yy 0 ¢KI O addzZRe SYaal @GR 9f S
of battery costs, which takes into account celstsoand performance

developments over timeaswell as packing costs such as thermal

management, wiring harnesses, containers and the Battery Management

System. The battery cost projections of each scenario are odtimEigure

3.3.

Figure3.3. I GG SNE &aeadSy O2a d-#angé BEY inDdthithe Batthth kp mbdelMEIS 2 v -
'OEM announcement' scenarios
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case reductions in battery costsetweennow and 2030, reaching a cost of
eMopKk] 2K T2 RNh)padk TiNsHsDasédrpo materials and
manufacturing costs plus a margin athoes not account for shotterm
strategic pricing such as incurring losses in early deployments to build market
share. These strategic pricing decisions could take place either at the OEMs or
their suppliers, for example with cell manufacturers offering larices to
build market share and maximise throughput in new plants, or OEMs-cross
subsidising zero emission models with profits from conventional vehicles.

The EementEnergycosts projections are comparable to the projections made
by battery experts AvOSy ySs K2 F2NBOIFad LI O
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EHNPKI2K AY HAHA | YR1RKHALI XD & WAL @ S
YR € Moy K {leméntBhreyfycdskeStimates).

Nonetheless, these estimates are seen as conservative compared to some
cost piojections recently published; they are therefore used for a fught
case sensitivity test.

The costs are an average taken from announcements from car OEMs, as well

as publications by the ICCT (2016) and McKinsey (2017). We asgaime t

oF GGSNE O2ada NBIFOK emonk]12K d | LI C
Hnond® ¢KAA A& SldAGlIfSyldG G2 I OKASOAY 3
in 2020. Under this scenario, only long range BEVs are assumed to be sold

since vehicles wouldebcost effective even with relatively large battery packs.

The two cost scenarios are showriliable3.6 and Table3.7.

For comparison, OEM announcements include estimates from GM that the

cost of the Chevrolet Bolt battery is $145/kWh at the cell level, equivalent to
eEMTPKI2K G F LIO] tS@St lFaadzyaAy3a GKI
cost). GM also published a roadmap for cell costs suggesting that a cell cost of
PmMnnk ]2 K 6 exgestedby 2022. Thedmos$ optimistic recent

estimates suggest that battery packs from the Tesla Gigafactory could reach
PMHpK|{2K 06& Hnun G I LI Ol tSOSt 6emm
$38/kWh for packing costs). Tesla itself expects a 33% reductiastifrom

the approximately $250/kWh pack costs in the current Model S.

Table3.6 Battery system costs OEM announcement case

Battery systemcost8 € Kk | 2 KO

Powertrain Market segment 2020 2030 2040 2050
HEV Small 490 326 256 222

HEV Medium 490 326 256 222
HEV Large 490 326 256 222
PHEV Small 274 190 173 149
PHEV Medium 274 190 173 149

PHEV Large 274 190 173 149

BE\ Short Small 176 129 118 101
BE\t Short Medium 157 115 105 90
BE\L Short Large 135 90 82 70
BE\ Long Small 141 98 89 76
BE\¢ Long Medium 141 98 89 76

BE\( Long Large 135 90 82 70
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In their 2016EV technology assessméfitthe ICCT estimates that OEMs

LINE RdzOAY 3 Ay KA IK -1BHKNtzZiSe randetby 20205 1 OK |
20236 KAt S h9aa LINPRdAzOAY 3 | (i DL@EEINI aol f
band. In the 2017 McKinsey report, battery pack costs are envisioned to fall
0St26 GUKS bPbmnnk(2K 6edpnk|{2KO GKNBaAK2C

Table3.7 Battery system costs Bottom up model case

.FGGSNE aeaidSy Oz2aita oekl2KU
Market segment 2020 2030 2040 2050
_ Small 490 326 256 222

HEV
HEV Medium 490 326 256 222
EV

Large 490 326 256 222
PHEV Small 438 295 217 160
PHEV Medium 438 295 217 160

Large 438 295 217 160
Small 279 194 143 106
Medium 249 173 127 94
Large 205 135 100 73
Small 224 146 108 80
Medium 224 146 108 80
Large 205 135 100 73

Note onpack The costs used in the scenario descriptions refer to relatively high capacity
cost across pack batteries used iBBEVsFor PHEV, batteries cost more than BEV batteries, per
sizes kWh. This is because the power requirements place a proportionallyrlarge
demand on the smaller battery pack in a PHEV, so batteries with higher power
are needed at a somewhat higher cost.

The costs presented ifiable3.6 and Table3.7 refer to both the battery and

the battery system (or pack), but not the electric drive powertra@iosts for

the latter are shown iTable3.8. The costs are therefore lower per kWh for a
large battery than a small battery. In addition, PHEV and HEV batteries cost
more than BEV battérs on a per kWh basis. This is due to the use of different
chemistries to allow high current draws from a comparatively small battery,
and the fact that fixed battery costs (e.g. thermal management, BMS) are
spread over fewer kilowathours of capacity.

17 Assessment of Nexdeneration Electric Vehicle Technologi€d,62 ICCT
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Table3.8 Electric powertrain costs (motor, inverter, booster)

9f SOGNRO LIR2GSNINIAY O2ada

Powertrain Market 2020 2030 2040 2050
segment

Small 412 328 328 328

Medium 625 499 499 499 32
Large 748 597 597 597 39
Small 541 432 432 432 27

Medium 840 670 670 670 45
Large 1937 1545 1545 1545 110

Small 1188 948 948 948 65
Medium 1914 1527 1527 1527 109
Large 2333 1861 1861 1861 134
Small 1188 948 948 948 65
Medium 1914 1527 1527 1527 109
Large 2333 1861 1861 1861 134

The powertrain costs vary by approximately a factor of two between the

powertrain required for a small HEV and a large BEV. These costs are based on
the combination of kKW assumptions (shown in the last column above) and the
system cost (motor, inverter, lwst converter) as used inAREA (2015), where

GKS 0240 3284 FTNRY | FAESR €eyy YR em
emModnnkl?2 AY HAnonod

Overall, the total battery system and powertrain costs are smowl able3.9
for the total electric system and powertrain for each of the different market
segments based on the derived battery size.

Cambridge Econometrics
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Table3.9 Total cost of electric powertrain and battery

Total cost of electric powertrain and battes)

Powertrain

HEV

HEV

HEV
PHEV
PHEV
PHEV
BE\ Short
BE\ Short
BE\¢ Short
BE\¢ Long
BE\¢ Long

BEV Long

Market
segment
Small
Medium

Large
Small
Medium
Large
Small
Medium
Large
Small

Medium

Large

2020

833

1140

1449

2462

3584

6053

4888

6314

7547

10393

14453

2030

553

773

972

1630

2382

4113

3667

4750

5336

7377

9964

2040

464

665

825

1400

2054

3621

3420

4458

4938

6847

9230

2050

424

614

755

1160

1711

3107

3074

4047

4378

6101

8196

Note(s): The cost difference between BEV and PHEV will be smaller than the battery cost difference,
since a BEV system entirely displaces an ICE, whereas a PHEV only allows for a smaller ICE
engine to support itexpect in the case of the large segment, where an overall higher kW is
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In line with recent vehicle cost modelling for ECF and BEUC (2016), we apply
State of Charge (SOC) asptions Table3.10) to derive the useable energy

of the battery. The expected rang€&gble3.11) is then derived based on the

test cycle efficiency of the vehicle (in all electric mode, undeMiwgldwide

HarmonisedLight Vehicles Test Procediffe

¥ The projected efficiency under the NEDC are converted to WLTP equivalent as per the
conversion of each efficiency measure given in Ric#@#A(2015).Starting conversion

factors for 2015 were sourced from ADAC EcoTest laboratory reShégifference in

kWh/km between NEDC and WLTP is typically around 5%.

Cambridge Econometrics
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Table3.10 Battery usable State of Charge (SOC)

Battery usable SOC for electric range (%)

Powertrain Market segment 2020 2030 2040 2050
PHEV Small 70% 72% 74% 75%

PHEV Medium 70% 2% 74% 75%

PHEV Large 70% 2% 74% 75%

BEV Small 85% 90% 90% 90%

BEV Medium 85% 90% 90% 90%

BEV Large 85% 90% 90% 90%
Table3.11 Vehicle range in full electric mode

All electric range (kg WLTP)
Powertrain Market segment 2020 2030 2040 2050
38

PHEV Small 50 50 50

PHEV Medium 60 80 80 80
PHEV Large 60 80 80 80
BE\ Short Small 202 246 260 271

BE\ Short Medium 253 313 334 353

BE\ Long Small 352 468 495 517
BE\ Long Medium 451 609 647 679

BE\( Long Large 523 710 754 791

The 2020 values ihable3.11 reflect announced ranges of next generation
models. For example, a Chevrolet Bolt or Tesla Model 3 with a range of 200
miles on the US EPA test cycle would have a range e#86Km on the

NEDC, since the NEDC gives an approximatelp%increase in range for a

given vehicl&’. Ranges continue to increase after 2020 due to improvements

in energy use per km (frotight-weighting, improved ancillaries,

aerodynamics etc.). PHEV ranges increase modestly beyond 2020 for the same
reason, but it is assumed that the majority of reduced energy consumption is
used to reduce the pack size and cost, since a range-604f is already

sufficient for a large proportion of daily driving.
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3.5 Fuel cell vehicle assumptions

The assumptions regarding FCEVs build on work carried out by Element
Energy for several national hydrogen mobility initiatives, as well as the-cross
cutting Hydrogn Mobility Europe (H2ME) demonstration project funded by

the Fuel Cells and Hydrogen Joint undertaking. They are based on aggregated
and anonymised data provided by technology suppliers and vehicle
manufacturers, data from reatorld deployments and puldhed data from

the national hydrogen mobility initiatives and academic research.

Fuel cell system The two largest components influencing the cost&GEVare the fuel cell
and hydrogen tank system and the higipressure hydrogen tank. Future values these costs are
costs subject to significant uncertainty, since they depagrdatlyon improvements
at a technology level (for example reducing the precious metal content in the
stack) and substantial increases in manufacturing volumes. For current costs,
representing very low production volumes, fuel cell costs28f0/kW are
assumed as a central estimatéigure3.4 shows the assumptions

Figure3.4 Current and projected costs of fuel cell systems

Fuel cell system cost
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volumes (<10k units /
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This is consistent with the 2010 values in the EU Powertrains8fudy
reflecting the fact thaFCE\tommercialisation is occurring approximatéiye
years later than assuedl in that analysis. Recent discussions with fuel cell
vehicle OEMs suggest that these costs reflect likely industry trends once this
five-year delay is accounted for. A coste@00/kW implies a system cost of
€20,000 for a 10kW system. This is broadtpnsistent with the retail price of
the Toyota Mirai (approximately66,000 plus taxes), but it is not possible to
derive directly the fuel cell cost based on the vehicle selling price since the
margins for these initial vehicles are unknown. Given thg \@wv sales of fuel
cell vehicles before 2020, current fuel cell cost and margin assumptions have
only a small impact on the economic modelling in the study. This uncertainty
is lower by 2030 (when FCEVs are sufficiently numerobave
macroeconomiémpacts), since the majority of OEMs have similar views on

20FCH JU (2010): A Portfolio of Powertrains for Europe: AbBaet Analysis
Cambridge Econometrics
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longterm fuel cell costs and the margins will converge with those of
conventional vehicles once high sales volumes are reached.

In 2020 and beyond, significant cost reductions in fuel cell systems are

expected due to technology improvements and increasing production

volumes. Future assumptions are based on the EU Powertrains Study and the
''YQ&a | @8RNR3IASY ¢SOKy2f238 LYyy20F0GA2Y b
by Element Energy and the Carbon Trust.sEheosts would result in a 16OV

fuel cell system costings000-6000 by 2030Figure3.5 shows the expected

cost progression of hydrogen tanks. These are based on the UK TINA and

bilateral discussions with vehicle manufacturers. Like fuel cell costs, significant
cost reductions are expected as manufacturing volumes increase, with a
reduction2 ¥ 4 fSFAad pm: NBfFIGAGBS (G2 (2RI &

Figure3.5 Hydrogen tank cost projections for full power fuel cell electric passenger cars
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Low and high estimates of fuel cell and hydrogen tank trefrdsn(the TINA)
are also provided for use in sensitivity analysis, reflecting higher and lower
sales volume assumptions from system manufacturers as shotigume3.6.
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Figure3.6 Assumed growth in global automotive fuel cell systems (units per manufacturer per year)

FC systems and tank production
per manufacturer per year (thousands)
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Fuel consumption assumptions were developed from the stated New
European Driv€ycle (NEDC) range and hydrogen tank size of current
generation FCEVs (for example the Hyund&3X This gives a current fuel
consumption of ¢.1.kg/100km for a large car, and 0.8§/100km for a

medium car such as the Toyota Mirai. Fuel consumptiexpected to

decrease in future model generations, partly due to increasing fuel cell
efficiency but also through efficiency savings at a vehicle level such as weight
reduction or improved aerodynamics. Assumed fuel efficiency improvements
are inline withthose in the European Powertrains Study, and are equivalent
to a 10% reduction per decade. The effect of #ioel cell improvements (e.g.
due to lightweighting or improved aerodynamics) is aligned with the
assumptions for all other powertrains this sudy.

Figure3.7 Fuel consumption assumptions fanedium and large=CEVékg/100km)
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The FCEV driving range between refuelling events is currently arouridv600
which is significantly higher than current generation electric vehicles. Range
assumptions and the assumed motor and fuel cell powers are shown below in
Figure3.8. As fuel cell costs decrease and fuel efficiency improves, vehicle

Cambridge Econometrics



Lowcarbon cars in Europe: A so@oonomic assessment

manufacturers may choose to increase vehicle range, or reduce hydrogen
tank sizes while keeping the range constant. This also applies to fuel cell and
motor powers, where manufacturers carade off increased power (and

hence increased performance) with cost reduction for a given performance.
These decisions will depend on perceived customer needs as well as
technology progression. A similar tradéf exists for rangeextended fuel cell
vars, where the relative sizes of the battery and fuel cell stack can be
optimised, based on the future rates of cost reduction in each technology.

As a simplifying assumption, motor/fuel cell powers are assumed to remain
constant throughout the study timefrae. This is consistent with

manufacturers favouring cost reduction to improve total cost of ownership
NBfIFGAGS (2 O2y @SyidArazylf OSKAOf Saz NI
improvements on better performance. Fuel tank sizes are assumed to remain
constant aml therefore any fuel efficiency improvements result in an

increased driving range. This increase in range is similar to a recent Hyundai
prototype (800km range), and also reflects the need to provide similar

operating range to diesel cars and maintainagerational advantage

compared with battery electric vehicles for long range duty cycles.

Figure3.8 Modelling assumptions for hydrogen vehicle range and power outputs of drive motors and
fuel cell systems

Driving range (km) Electric motor power (kW) Fuel cell system power (kW)
800 125 125

100 100
600

2015 2050 2015-2050 2015-2050
W Small FCEV B Medium FCEV @ Large FCEV

Hydrogen Hydrogen production for the transport sector is expected to be dominated by
production water electrolysers, steam methane reforming (SMR) angroguct from

industrial processes (for example chloralkali plants). These sources form the
basis of he production mix in this study. Other potential sources include
waste or biomass gasification, or SMR with carbon capture and storage. These
additional routes could potentially provide low cost, low carbon hydrogen, but
are not yet technically or econonaty proven and have not been included in
the cost assumptions below.

Hydrogen production cost data was sourced from the UK Technology
LYyy2@0FGA2y bSSRa ! 3aSaavySyidz FyR 9fSY
Development of Water Electrolysis in the European Usioily. The capital

and fixed operating costs per kg of hydrogen produced are shoWwigure

3.9. SMR and byproduct technologies are already mature, and so futurstco
reductions are assumed to be zero for this study. Current electrolyser costs

are relatively high, driven by low manufacturing volumes and relative

Cambridge Econometrics
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immaturity at the scale expected for hydrogen production (e.g. Sciikgny).
Compression, distribution @hmargin costs for SMR and-pyoduct are

specific to each supplier, the number of stations served and the geographical
distribution of refuelling stations. Values for compression costs, distribution
and margin are consistent with observed prices in fundethonstration

projects (which also show significantly higher and lower costs) and were
agreed by industry participants for the FrenEhRoute Pour un Transport
Durable! study.

Figure3.9 Capital costs, fizd operating costs and compression, distribution and margin costs in

EUR/Kg
Capital costs, EUR/kg Fixed operating costs, EUR/kg Compression, distribution
and margin, EUR/kg
1.6 6.06.0
1.2
4.04.0
0.9

3.03.03.03.03.03.0

2015 2020 2030 2040 2050 2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Notes: [ water electrolyser
Capital costs based on 90% utilisation, 20 year lifetime, 7% cost of B steam methane reforming
capital. Water electrolyser costs are based on average costs for the two [ ]By-product

main technologies (PEM and alkaline) and include costs forthe
electrolyser stack to be replaced once during the operating lifetime

The total production costs from each production route are showRigure

3.10. These costs include the feedstock costs assumptions foe §a@4(Wh

in 2015 rising t@40/MWh by 2030) and electricitg {07/MWh in 2015 rising

to €148/MWh in 2050). The results below sheignificantly higher costs for
electrolyserhydrogen compared to SMR and-psoduct. This is due to the

use of a standard electricity price in the baseline scenario that does not
account for optimisation in terms of time of day usage or the provisionidf gr
services. In some Member States such as France, electrolyser operators are
FofS G2 | O00Saa St SOGNAROAGE LINAOSa 27
competitive with hydrogen from SMR (once delivery costs for the latter are
taken into account). fle impact of lower electricity prices through optimised
use of renewables in periods of low demand will be considered as a separate
sensitivity, as this is a critical factor if electrolysers are to be competitive with
other hydrogen sources in the futur&he water electrolyser costs Kigure
3.10also include a revenue efl/kg from the provision of balancing services

to the electricity grid. This is an indicativewabased on discussions with RTE
in France and the National Grid in the UK.

21 En Route Pour un Transport Durable, European Climate Foundation, 2016

Cambridge Econometrics
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Figure3.10 Total costs of hydrogen production. Note that this includes placeholder assumptions for
gas and electricity costs whiahill continue to be refined during the study based on EU averages

Total cost - production, compression and distribution included, €/kg [I] Water electrolyser

8.3 s 8.1 7.8 [ steam methane reforming
- 7.0 [ ]By-product

5.8

2015 2020 2030 2040 2050

The hydrogen production mix in any given hydrogen market will be influenced
by relative costs of each production source, customer demand (in terms of the
carbon footprint of the hydrogerand policies such as incentives for green
hydrogen. The production mix already varies significantly between leading
hydrogen markets in Europe. For example, most, if not all, of the first 100
stations deployed by H2 Mobility Germany will use hydrogen fsteam

methane reforming or industrial bgroduct hydrogen delivered by truck. In
contrast, most of theecentstations deployed in the UK under the EU

Financed HyFIVE and H2ME projects are supplied isitowater

electrolysers. This is due in part to efilysis specialists making significant
investments in the UK (as they are in Scandinavia), but also due to the relative
ease of guaranteeing hydrogen purity from electrolysers compared with SMR
routes. The production mix used to calculate the;@®@tprint of hydrogen is
shown inFigure3.11, and shows a slight dominance of SElRived hydrogen

in 2015, with equal quantities of electrolyser and SMR hydrogen beyond 2020.
It should be noted that if the electrolyser market develapsckly, both in

terms of technology cost reductions and the ability to provide grid services
and take advantage of otherwismurtailed renewable energy, green hydrogen
could become the dominant production method during the 2020s. Grid
services can poterdlly provide up to an additional80,000 per MW capacity

per year and could prove to be a significant incentive to developing the
electrolyser market. The production mix shown below in 2020 would deliver
an approximately 50% wetb-wheel CQsaving relatre to an equivalent

diesel car (assuming the electricity supplied to the water electrolysers is
green).

Figure3.11 Assumed hydrogen production mix

«+— 100%

- Water electrolyser
- Steam methane reforming

|:| By-product

20% 20%

2015 2020 2030 2040 2050
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3.6 Power sector assumptions

The structure of the power seat@nd the renewable content of electricity
generation has three important implications for the results of the study:

1 it determines the net environmental impact of electrification of the
vehicle fleet

1 it determines the price of electricity that EV ownerdl\Wwe charged, which
has implications for the Total Cost of Ownership (TCO) for an EV relative to
a conventional ICE

1 it could affect net electricity system costs negatively (distribution costs
and additional power requirements) or positively (through syies
between EV and the power grid)

Our power sector projections are basedidorK S 9 dzNR LISty [/ 2Y YA &
PRIMES Reference Scenario 2@ to the difficulty in charging different
electricity prices to EV users and other final consumers, the price ofielgct
paid by vehicle users is assumed to be the same to the rate paid by
householdsFigure3.12 shows the evolution of average European household
prices over the priod to 2050.

Figure3.12 EU28 averagelectricity price, 205 LINJA OB&h) 6 € «
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Thissectiondescribes the definition, costdeployment of electric charging
postsanddeploymentof hydrogen refuelling stationdt also provides a
breakdown of our calculation for totahfrastructure requirements.

4.1 Definition and cost

.dZAf RAY3 2y (KS RSTAYAGA2Ya AYLI SYSy
Future study, updated with inputs fronegeral industry stakeholders part of

the Steering Committee as well as recent publications (e.g. the EC Transport
infrastructure development report), wadoptthe following definitions and

costs for charging points.

Table4d.1 represensthe range of available charge points to end users and
illustratesthe characteristics and costs of charging poighin each

Wl NOKSG @ LISQ G KSN®Bnphicad and fealufekdFr theO | v i DI NR
residential sectarthe standard option is a wall box with a Type 2 connector
and a charging rage of 3K¥W (16 amp single phase) or kW (32 amp),
though some industry stakeholders believe the latter will make up the
majority of residential wall boxes in the future. This solution is often offered
through OEM dealerships either with an OBk&nded charging point or
through a partnership with an independent provider. For example, BMW
offers the Wallbox Pure (3kAW) and Wdbox Pro (7.4W) solutions for the

i3. In some instances, consumers will choose not to install a wall box and
simply charge their EVs from a standard socket to avoid paying capacity
charges (this is the case in France).

For residential sites with naccess to a private driveway or garage, solutions
are similar to a private domestic charge point with the addition of options for
metering electricity and controlling access to authorised users. In the
workplace, we consider that double socket groemdunted charging posts

will prevail in the short term, but these could be replaced in the market by
(double or single socket) KW accelerated recharging posts in the medium
term.

For public stations in public places such astyaet parking spaces, dedicate
car parks and retail car parks, a ratel1kW or 22kW is assumed. The kW
rate is predominant in some Member States such as the Netherlands and
Germany, and reflects the transition to k¥ onboard chargers observed
among car OEMs. A RRV rate isnot relevant to many cars today because
few EV models are compatible with this rate but this could increase, with the
development of orboard chargers that can handle 3 to W8/ AC, such as
those developed by Continentél The installation rate of 2RW charging

posts has been quite high in some Member States, including France, Ireland
and the UK. As the difference betweenk\/ and 22KW posts is not

significant in terms of cost (both are based on-ph&se connection, one at 16
amp, one at 32amp), thedistinction is not made it K A & rdilelzi)eA a

22 hitps://www.continentalcorporation.com/en/press/presseleases/allchargéechnology
from-continentatmakesevsfit-for-any-type-of-chargingstation-63864
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