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186 Countries have set long term GHG targets — COP21 delivers |R
further -0.9°C in global warming — but how to adopt in transport?

Global warming predicted to be
3.6°C by 2100 prior to COP21 What are the

2.7°C with COP21 commitments (-0.9°C) implications for road
transport GHG

Europe: emissions
40% reduction in GHG by 2030 (1990 base) regulations?
89-95% reduction in GHG by 2050 (1990 base)

How can we balance

USA: the costs and benefits

26-28% reduction in GHG by 2025 (2005 base)
o across all energy

83% reduction in GHG by 2050 (2005 base) consumers?

China:
CO, to peak by 2030 Who should pay for
“best efforts” to peak earlier these reductions and
20% of energy from low-carbon sources by 2030 what is affordable?

CO,/GDP reduced by 60-65% by 2030 (ref 2005)
March 2017



Poor air quality rated as world’s largest single environmental health [ = <
risk — impact highest in Asia but significant in EU/USA

Total deaths (thousands) attributable to ambient air pollution in 2012 by

In 2012, 7 million people died region
as aresult of air po_llutlon 1,800 1.669
exposure — one in eight of all 1,600
deaths worldwide ;:‘ 1.400
ey . ]
3.7 million people died due to 9 1,200
(@]
exposure to outdoor < 1,000 236
(ambient) air pollution £ 800
: : 3 600
This compares with 1.3 >
illi i o 400
mllllgn global road accident S 176 236 203 °7°
fatalities 200 58 94 . 12 . . 68
Air pollution is now the S = T = T = T L = T
) . = 4 ' 3 ' 3 ) < -
world’s largest single < . 3 i 5 o 2 L o 2
. . O = o n = 3
environmental health risk 5 2 = = 3 5 S S
e < = EJ Lﬁ w o c
< z & E B
© w o n
LMI — Low and middle-income areas L A %’
HI = High income areas =
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Roadside NO, has been falling, but levels are still higher than those

permitted by AQ legislation — Urban PM,, now close to background

_| UK Automatic Urban and Rural Network — Average from 119 sites |

| I | | I
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year
e—e—o urban background
e—e—e yurban industrial
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Traffic congestion, pollution, parking, air quality, safety and affordability |R
are all driving demand for radical interventions

(London Smog 1952)
UK, London congestion charge & ULEZ, restrictions on diesels, alternative fuelled taxis and buses.

Germany’s Bundesrat resolution to ban the internal combustion engine starting in 2030

Hamburg plans 40% of city car free by 2034.

Vauban (Freiburg) has banned cars, residents rent a €20,000 parking space on the city outskirts
Finland, Helsinki overhauling public transport via smartphones; car ownership pointless by 2025.
France, Paris plans to ban diesel vehicles by 2020
Amsterdam is to ban city centre cars on Saturdays, to reduce motor traffic and pollution.

© Ricardo plc 2017 March 2017
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Electrification is only one part of the future transport solution —we |R
will still require low carbon liquid fuels for many decades...

Gasoline, Diesel,

Kerosene, Biomass : .
12 ’
to Liquids Sustainable Low Carbon Propulsion System
HVO (Biodiesel)
10
FAME (Biodiesel)
8 Ethanol
LNG incl. tank
6 Coal?
4

CNG (250 bar)
including tank
H, (700 bar)

including tank

0 Li-ion Batteries
Energy Density (kW.hr/kg)

© Ricardo plc 2017 March 2017



Is this really the answer for heavy duty applications?

© Ricardo plc 2017
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Estimated extra costs of compliance with Euro 6c (RDE) will add |R
significant costs — pass car diesels limited to LCV’s and large cars

significant increase :
in cost if CF ~ 1.0 I Diesels limited to
: : Light Commercial
Baseline cost varies according to individual I and large car/long
: distance applications
I where the costs are
|

more affordable

configuration and calibration strategies

Data created fjom 6]}_ range of Future Diesel Engines
8 ® emission contro .COn |gurat|0ns, W|” be Vel‘y Clean but:
O | 10% \ N cycles & vehicle classes
® NI o o Aftertreatment
=) o S S complexity will add
5 R S| L ~€500-1000 to
T <. Q1 S production cost
E S<l | I
c T2 - Diesel engines for
© | | e Se-o 1L small cars will be
2 Trend line shows : o I T unaffordable
@
S I
£ I
8 |
s
£
0
Ll

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Tailpipe NOx Emissions; RDE:Cycle Conformity factor
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Future gasoline engines technologies — sophisticated highly downsized |R
miller cycle &/or various levels of electrification to enhance functionality

E-Boost and 48 Volt Micro Hybrid
Aggressively downsized gasoline engine (50%)
E-Boosting for transient response
10-15kW BSG:
Kinetic energy recovery & improved driveability
Route to ~ 70 g/km CO, in C class vehicle

High Efficiency
High Dilution (EGR/Lean) combustion system
40% Brake thermal efficiency
Central DI and highly developed combustion system
25+ Bar BMEP (depending on fuel octane)
275 g/kWh @2000rpm 2bar BMEP

© Ricardo plc 2017 March 2017
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ICE thermal efficiency remains a significant area for research ~60% |R
may be possible for future heavy duty products

Peak Shaft Thermal Efficiency (i, %)

© Ricardo plc 2017

70 &
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US DoE

US DoE Target for
Combustion engine

HD Diesel

. —.~_Heat Recovery

+ 1st Gen Ex
Heat Recovery

Recuperated Split

Cycle has significant

further potential

Recuperated

Target including use o Split-Cycle
waste heat

+ 2nd Gen EXx

LD Diesel

Gasoline
DI - Dilute

1st Gen includes:
Turbocompound — electrical

S| Efficiencies converge
towards Cl DI levels

or mechanical
Nnitial Rankine Cycles

2nd Gen includes:
Optimised Rankine cycles
Heat to power systems
Thermo-electric systems

Air Quality Emissions reduced to *virtual zero® TN

20

Time / Product Generations

>
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To accelerate EV/PHEV penetration and move beyond the innovator/early |[J<IR
adopter market, focus on “User Centric” attributes and requirements

EV use currently
limited to the
‘innovator” market
Attitudes & behaviours
not representative of

majority

© Ricardo plc 2017

Early adopters attracted
by “new” launches and
environmental image —
willing to adapt to new
behaviours

Early
Adopters
13.5%

Innovators

Early majority much more
likely to driven by practical
utility and economic drivers
Sceptical of range/ recharge

\claims

Late majority more
likely to follow

everyone else and
follow “consensus”

Lgte_ Laggards don’t
Majc:)rlty like change -
At will only modify
behaviours

Laggards when forced to

16% -~

Reaching the early and
late majority market:

Focus on “User
Centric” approach

A more attractive
EV/PHEV experience
for consumers:

Ease of charging —
wireless?

Improving charge
availability?

More connected?

Preferential usage
— HOV lanes/
Parking etc.

New ownership
models?

March 2017 16



New EV’s - with ranges < 200 miles by 2018 — Implications for mass
market battery supply, recharging and life cycle/environmental impacts

Chevrolet Bolt 2016 238

Hyundai loniq 2017 110

Ford Focus 2017 110

Fisker E-Motion 2017 400

Renault Zoe 2017 186

Tesla Model 3 2017-8 200

Audi etron SUV 2018 310

Aston Martin Rapid E 2018 200

Jaguar |-Pace EV 2018 220

Faraday Future FF91 2018 378

122:2 IF\RAzzceITtgr ;818 388 Are Electric Vehicles really “zero” emissions?
Mercedes Generation EQ 2019 300 To reach 2030 targets, EU will need equivalent
Volvo full size 2019 200 of 12x Li-ion Battery Gigafactories to make
Audi A9 etron by 2020 300 cells & packs

Nissan Leaf by 2020 200 Need to focus on total environmental impacts
Porsche Mission E by 2020 310 Life Cycle Analysis — embedded CO, etc.
VW |.D. Concept by 2020 240 .

BMW i5 SUV 2021 300 Material & waste from battery manufacture

© Ricardo plc 2017 March 2017 17
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Long distance battery electric travel will remain a logistical challenge |R
for many decades — ICE/BEV re-fuelling/charging not comparable

UK M25 Cobham Service Station
M25 - 150,000 vehicles/day
24 fuel dispensers
3,400 venhicles a day
(140 vehicles/hour)
Power Transfer
~ 600 megawatts peak ~ 50 MW average

UK M40 Tesla Supercharger Station
M40 - 65,000 vehicles/day
6 chargers
144 vehicles a day (max)
(6 vehicles/hour — assuming 80% charge)
Power Transfer (120 kW/station)

~ 1 megawatt peak
March 2017
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Auto Industry concerned that Infrastructure will l[imit market penetration |R
— Supply/Network operators currently unconvinced about early action

To achieve EV market uptake, need longer range and improved
charging facilities

Local urban/city networks are insufficiently sized to support even
low uptake of EV’s and Plug-in vehicles

Average electricity demand will only increase gradually but “peak”
demand will be an issue (EV owners all charge at same time)

Network Operators believe that power demand for xEV’s will be

et : — Insignificant before 2030
R e There is no business case for recharging facilities, particularly
j;*‘: e SR . ¥ W fast charge — all will need high subsidies
BB Do s
i s e ; Local network issues will be resolved by demand control and
S T | strategic positioning of recharge facilities

© Ricardo plc 2017 March 2017 20
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Ricardo view of the 2030 passenger vehicle electrified powertrain mix  ||IFIR

- penetration rates by powertrain type will vary by segment
Powertrain mix 2030 — developed markets — high level of charging infrastructure retir)

Vehicle segment

PP
[ W ¥

© Ricardo plc 2017

L-Cat

City Pod

Powertrain mix by manufacturer >

ine with mild
hybridisation
(MHEV, HEV)
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Ricardo view of the 2030 passenger vehicle electrified powertrain mix

- penetration rates by powertrain type will vary by segment RICARDO
Powertrain mix 2030 — developed markets — Limited charging infrastructure retir)
Vehicle segment Powertrain mix by manufacturer >
‘3‘.» L-Cat
;gg City Pod
e A
or— B oline with mild

hybridisation
(MHEV, HEV)
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2017 ERTRAC Electrification roadmap — business as usual forecast <20% by 2030 but IR
>60% if target cost reductions achieved - little agreement for published sales forecasts

EV+ PHEV sales forecast 2020-2030

100,00%
: . .. : . e  |EA (2011)
== Assuming CO, targets achieved via improvements in ICE-based vehicles and hybridisation . .
90,00% ® CE Delft (2011): ‘Most realistic
Assuming breakthrough in energy storage cost reduction and major infrastructure ® CE Delft (2011) "ICE breakthrough’
80,00% investments for re-charging | CE Delft (2011) 'EV breakthrough’
® JRC (2011) EU -15 Low
70,00% Ricardo view from industry feedback ¢ JRC (2011) EU -15 Modium
£0.00% post “Dieselgate” is that planned xEV 4 JRC (2011) EU -15 High
manufacture & sales significantly higher ® AT (Kearny 2012)
: c h
50,00% than Business as Usual (red line) *Chmoma RetN Tach 2
# Camecon (2013) Tech 3
40,00% A McKinsey (2014) Below 10
® McKinsey (2014) Below 40
30,00% McKinsey (2014) Below 100
° . b+ Wyman (2015) - 'Slight Change'
20,00% ‘ — Wyman (2015) - 'Awareness'
+ ® Wyman (2015) - 'Green world"
% —
1600 ? : SCelecTRA (2015)
0.00% e l ® ACEA (2016)
2015 2020 2025 2030 A Roland Berger (2016)
© Ricardo plc 2017 March 2017 24




Electricity for road transport will slowly increase - fossil fuels likely to |R
dominate in foreseeable future — EU passcar diesels will halve by 2025

Today 2025-2030 Electricity <
Natural Gas (Inc Powerto Nat Gas
oth Liquid Electricity — 2 Liquid Gas: Hy*CH,) ’ Liquid
thers = Fossil Biofuels Fossil Biofuels "Fossil

(including gas) (including gas)

Whilst liquid fossil fuels dominate at present, electricity & alternatives more significant by 2025
EU pass car diesel share likely to reduce from ~50% to ~25% by 2025 — mainly large car/SUV
Natural gas growth dependent on price relative to diesel - potential “clean” fuel for city buses/taxis
Biofuel (drop-in) likely to increase but limited by feedstock and waste conversion costs

Hydrogen:

Engineering & vehicle cost challenges will be overcome but renewable H, supply not certain

“Hydrogen will always be the fuel of the future”

© Ricardo plc 2017
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