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The transition in the automotive industry is driven by ...

(1) Legislative boundary conditions targeting to a reduction of emissions
(2) Digitalization & automation

(3) New mobility concepts & business models

=> |n this lecture, the focus is on propulsion technologies on the way to
carbon-neutral mobility
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Legislative boundary conditions targeting to a reduction of
exhaust emissions
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Reduction of greenhouse gases
e.g. EU “Green Deal” targets:
CO, reduction of

* 50%in 2030
* 100% in 2050

...in all branches.
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Legislative boundary conditions targeting to a reduction of
exhaust emissions

Emitted CO, — emissions

in the EU since 1990
(1990 = 100%)

Reduction of greenhouse gases Proposed technologies:

e.g. EU “Green Deal” targets: :t * “Green” electricity production

Electrification of mobility (cars, trucks)

CO, reduction of

* 50%in 2030
* 100% in 2050

....in all branches.

Hydrogen as a fuel (cars, trucks, ships)

Transport

Synthetic fuels (trucks, ships, aviation)

Carbon capture & storage (industry)
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Worldwide CO,-impact of the transportation sector

GLOBAL ANTHROPOGENIC TRANSPORT EMISSIONS ROAD TRANSPORT
EMISSIONS =~ 8.8 Gt CO, EMISSIONS
~ 38 Gt CO, ~ 6.5 Gt CO,

Transport

23%

LEGEND

B RAIL [ AVIATION ROAD I MARINE I HEAVY-DUTY B LIGHT-DUTY
VEHICLES VEHICLES

= ca. 17% CO, from road transportation
... 8% CO, commercial transport
... 9% CO, individual mobility

Source: ICCT
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Legislative boundary conditions:
Trends of CO, fleet-emissions of personal cars

CO, [g/km]
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—— Indiscussion in EU:

2025 99,4 9/kmin 2030
(37,5% reduction
of 95 g/km)

== USA —f=F -—@-Japan -@=China
2000 2005 2010 2015 2020
95 g/km CO, — 4.1 liter per 100km Gasoline

59.4 g/km CO,

— 3.6 liter per 100km Diesel fuel

— 2.6 liter per 100km Gasoline
— 2.3 liter per 100km Diesel fuel

Source: ICCT, EU

M. Hirz
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Penalty payments in the EU

Penalty payment for car manufacturer that do not reach
the CO, - target:

* 95 € per Gramm CO, target violation per car sold
and registered in the EU in a year

* Phasing-in regulations 2021 - 2023, special credits
for eco-innovation

* Pooling is allowed (group-wide consideration)

e Reliefs for small manufacturers

Strategies of the automotive industry:

Short term (- 2027 ):

— Optimization of combustion engines
— “Smaller” combustion engines
— Electrification (HEV / PHEV / BEV)

250
230
210

190
170 -
150
130

CO, [g/km]

110
90

Mid-

=a=USA =@-EU —@-Japan =@=China
et
2000 2005 2010 2015 2020 2025

/long term ( 2030 + ):

— Electric cars
— Hydrogen vehicles
— Synthetic fuel applications

M. Hirz
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Comparison of propulsion technologies
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The physics: driving resistances

Driving resistances:

Braking force:
Rolling resistance:
Air drag:

Climbing resistance:

Acceleration resistance:

Rges = Fg + Rg + Rair + Rc + Rycc

Fp = (Fgp + Fgr)

R ~ g My, g cos B sign(v)
Ruir = 1/2 Cair Ap pL V'V

R¢ = mrpo g sin f;

R =My, d Y Irea
Acc To “Veh s = Pt
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The physics: driving resistances
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Overview of propulsion technologies

Conventional drive systems

+ Established technologies, low costs
+ Quick fuel-filling, large driving distances
+ Potential for further improvements

Electric drive systems

+ Most efficient propulsion technology
+ No local emissions
+ Quiet technology, high driving comfort

Hybrid drives

+ Combination of conventional
and electric drive systems
+ Good efficiency possible
+ No driving range limitation
+ Specific test-procedures defined (for PHEV)

Thermodynamically bad efficiency
Local exhaust emissions

- Direct dependency on crude oil (today)

Expensive & complex battery systems
Short driving distances, long charging times
Environment-friendliness depends on the
technology of electric power generation

- Complex technology, integrating two
propulsion systems

- CO, reduction potential is significantly
influenced by user pattern / customer
behavior

M. Hirz
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Architectures of hybrid- and battery-electric drive trains

Overview of hybrid drive train configurations

* Different combinations of ICE and
5 E & E B e-drive possible
" Gea, " - * Different levels of hybridization
enerator i Power h devi
=32 5 3 BT (MHEV, HEV, PHEV)
5, © ) =
= 55 M or/ Motor / 2 . .
%E c~ z * CO, —reduction potential between
motor i
5% and > 50%, depending on the
l ) I l l I l user behavior
Serial hybrid Parallel hybrid Cocr::fiir;il:aht\i/::d . . .
P 2o, P Battery-electric drive trains
Motor - Inverter- System
. . . Power
* Simple mechanical powertrain Electronics boition
]
Electric =>4 DC R . (gpeed)
.. but complex E/E systems greray U$ N l
-HV DC AC oW
* Key components: e e 1 I—II—T
Uoc g
O Battery .ntel'..‘flace Controls mm .
o Inverter I/ _ Temperature Final Drive
o Electric motor I * Poston (Speed
Torque
Command
12
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Internal combustion engine vs. electric motor

ICE 250
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———=— Engine trailing torque

Engine torque
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=
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Electric drive trains: reduction of complexity

ICE

- Crankcase
- Crankshaft

- Piston

- Connecting rods

- Running axles

- Cylinder head

- Valves

- Camshafts

- Camshaft adjustment
- Bearings and lubrication
- Cooling circuit

- Supercharger

- Motor control

- Casing

- Gears

- Switchgear
- Ball bearing
- Lubrication

- Disc clutch

- Hydrodynamic converter

Bl Fuelsystem =

- Tank

- Fuel pump

- Injection system

- Performance system

= Exhaust System

- Exhaust manifold / pipes

- Three-way catalytic converter
- NOx catalyst
- SCR-System

BEV

Electric Motor

- Stator

- Rotor

- Inverter

- Charging technology

High-voltage system
- Fuse protection / wiring
- DC-DC converter (12V)

s Traction Battery n

- Battery cells

- Battery management
- Casing

- Charging unit

But: high effort for
battery production

Source: Semmer

M. Hirz

14




FT

Ty

Cost comparison of propulsion technologies

Direct costs in thousand €

20

—
ul

—
o

ul

Cost breakdown, compact SUV

20.3 t€
16 t€
14 t€ 14.6 t€
5 2.1
1.8 2 1.9 2
ICEV BEV ICEV BEV
2020 2030
O Others O Assembly @ Chassis B Exterior
M Interior O Powertrain @ E-Drive MW Engine/Battery

Source: Kénig et.al, TU-Munich

M. Hirz
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CO, —impact of propulsion technologies
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Well-to-tank & tank-to-wheel emissions

CO, equivalent emissions include:

* Production of fuel (electric energy): WTT (well-to-tank emissions) ... not considered

in fleet-related CO,-legislation
e Conversion of energy in the car: TTW (tank-to-wheel emissions) ... => fleet emission targets
e Sumof WTT & TTW: WTW (well-to-wheel emissions)

Fuel/energy generation Fuel/energy storage in car Fuel/energy conversion
for propulsion

= Lo\

Oil refining Tank refueling Car driven by internal

combustion engine
iy
aed » » a}‘
pu—y 7 Yo' Yo
Electric power

generation Battery charging Battery-electric car

Well-to-Tank (WTT) Tank-to-Wheel (TTW)

»'e
>4

.._“_"
i, JETRRn—.

Well-to-Wheel (WTW)

A
L A
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Well-to-tank & tank-to-wheel emissions

CO, equivalent emissions include:

* Production of fuel (electric energy): WTT (well-to-tank emissions) ... not considered

in fleet-related CO,-legislation
e Conversion of energy in the car: TTW (tank-to-wheel emissions) ... => fleet emission targets
e Sumof WTT & TTW: WTW (well-to-wheel emissions)

250
E 200 O tank to wheel
RV
& 150 +— E well to tank
+—
c
L 100
©
2
> 50
)
c
C_) 0 T T T T T T T T T T 1
(%]
2!
S
o 50
(o]
O
O -100
-150
Gasoline Diesel Ethanol RME CNG Hybrid Hybrid EVGerman EVEU mix EV Austria EV Austria
Biodiesel Gasoline Diesel mix mix Okostrom
mix

CO, equivalent emissions of a midsize car
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Key role: electric energy production
Different technologies have different CO,-impact
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Technology of electric power generation
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Key role: electric energy production

Electricity mix in selected countries / regions

800 .India
Poland
0 © | Indpnesia
i China

g 600 Australia
= @ Saudi Arabia
> Korea
E 500 Japan
= Mexico © ) USA
9 400 Q@ Germany
g QO @ Russia
=2 Argentina EU 27
g 300 [ o
EJ? United Kingdom

200 Canada

100 .F Brazil

@ [rance
@ Norway
D L N N\ N O )
GO O N \) N O
N > S S $
Electric power generation in tWh per year

... a link to real-time data: https://www.electricitymap.org/map

M. Hirz
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Example:

Comparison of different propulsion technologies, WTT and TTW: Electric car vs. Gasoline / Diesel car

Remark: Calculation of CO, emissions out of fuel consumption by use of factor 26.2 for Diesel and
factor 23.2 for Gasoline fuel: liter/100km * factor = CO, [g/km]

M. Hirz 21
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Life-Cycle - related consideration of technologies

Life-Cycle Assessment (LCA): Evaluation of technologies and products under consideration of the

entire life-cycle (production, use-phase, end-of-life-phase). Standardized procedure, e.g. according
to I1ISO 14040, ISO 14044.

Technical specifications

Vehicle type, size, weight. ..
Propulsion technology
Vehicle technology
Materials

Supply of resources and energy Production and recycling

technology
« Type and amount of energy for

production and use
« High-/llow impact materials
« Raw-materials

gt Rl

« Efficient production, supplier
& logistics processes

» Design for recycling

* Recycling technologies

R

In-use phase

Transportation demands 5
User profiles, driving behavior :*

0
|
94
|
ad
|
|
$2d
|
01
|
04
|

Fuel- & energy consumption  *_|
Maintenance & service effort

TTTTTT

M. Hirz 22
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Life-cycle assessment — a tool for objective technology
evaluation

Energy & natural resources

v

v

Materials production

» Extraction of raw
materials

* Processing of raw
materials

» Materials refinement
& alloying
~+ Transportation

A

—r

Vehicle manufacturing .'

« Components, modules
& systems

» Vehicle assembling

» Production processes

« Production waste
recovering & re-usage

* Logistics

ot 2

v

v

Car usage

» Well-to-tank & tank-to-
wheel emissions

» Driving mileage
& life time

- Maintenance & service

» User behavior, driving
pattern

—p

End-of-life

« Disassembling

» Re-use of components
- Materials extraction

» Recycling

» Waste disposal

= Transportation

CO, equivalent emissions

M. Hirz
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Life-Cycle - related consideration of technologies

CO, - impact of vehicle production in comparison

200

% ﬁ f
3 175 \ ‘
@
Q
£ 150 :
2] {} Battery system
E 125 incl. charger
_g Battery system
C::'J- 100 Electric powertrain -
O 77 ' " powertrain
o
2
E S0
o

25 1

Car with internal Hybrid-electric Battery-electric
combustion car car
engine
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Battery-electric car production

Carbon footprint and 3 % 2 0.4 t Exterior 3 % = 0.4 t other Materials
. = : 4 % = 0.4 t other Metal
relevant materials s el Sl other Metals

: f - 7 % = 1.0 t Polymers

Aluminum

Exemplary compact car

Bodywork

Exterior

Interior

Electrics

Chassis

PeeTiFair: Contributions of Contributions of
car’'s main modules different materials

M. Hirz 25
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Battery-electric car usage

Energy consumption of the exemplary compact car

20T

—
&)
1
I

Driving
16 kWh / 100km

kKWh per 100 km
o
i

o
l
|

Auxiliaries 1.6 kWh / 100 km

Charging losses mix
2.4 kWh /100 km

M. Hirz 26
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Total life cycle carbon footprint in comparison

Compact cars with different propulsion technologies

Tonnes CO,equivalent emissions

. ] i ]
50 000 100 000 150 000 200 000
Life cycle driving distance [km]

M. Hirz 27
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Total life cycle carbon footprint in comparison

Tonnes CO,equivalent emissions

40 1

39 1

30

25 1

20

Compact cars with different propulsion technologies

50 000 100 000 150 000

Life cycle driving distance [km]

200 000

M. Hirz
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Total life cycle carbon footprint in comparison

40 1

30

25 1

20 -

15 7

Tonnes CO,equivalent emissions

351 =

Compact cars with different propulsion technologies

Car with internal combustion engine
Hybrid-electric car
Battery-electric car

_—

.
=
——
—

g
.
n“‘"ﬂ,’
o
—
g

: ®
— BEV in Norway: Z 16t

50 000 100 000 150 000 200 000

Life cycle driving distance [km]

M. Hirz
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Total life cycle carbon footprint in comparison

Compact cars with different propulsion technologies

M
40 T ——— cCar with internal combustion engine &z
Hybrid-electric car
35 1 V= Battery-electric car
sl
pEN==
30T < a0 L@
o 136 t
8. L2
25+ DEE e
5 T 2 &

BEV in France: £ 17 t

19—+ BEV in Norway: Z 16 t

Tonnes CO,equivalent emissions

50 000 100 000 150 000 200 000
Life cycle driving distance [km]
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Total life cycle carbon footprint in comparison

Compact cars with different propulsion technologies

40 1 ———— Car with internal combustion engine
g
Hybrid-electric car
35 1 V= Battery-electric car

m
C
R,
8 307
=
@
= 20 -
o
2 p- "é/_,_./,/—;:""
ng; BEV in France: Z 17 t
d“ tog BEV in Norway: Z 16 t
O
?ﬁ 107 £ £ £ 47
c e o & o
- -1 -
2 8 8 .
Y 4 / X ; v : ;
20 000 100 000 150 000 200 000

Life cycle driving distance [km]
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Alternative fuels: a possible solution?

M. Hirz
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Hydrogen: Fuel for a closed energy circle

Electric Energy

Electric/ mechanical
output

]

Source: Zittel

ships, (airplanes) ... research

iy
in use today: commercial vehicles, trains, (cars)

Source: Toyota

Source: Hyundai
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Fuel-cell vehicles

Fuel Cell Stack o Hydrogen is seen as the fuel for future
4T . \

Electric Traction Motor Fuel Filler mObI|Ity Advantage is the potential for
£ . “<\ CO, emission free operation.

Fuel cell systems provide good
efficiency behavior in comparison with
Fuel Tank . . .
(hydrogen)  iNternal combustion engines.

DC/DC Converter

Thermal
System

(cooling) . . .
o Main challenges for a broad application

of hydrogen as fuel are hydrogen
generation and storage.

Transmission
Power Electronic Controller

Battery (auxiliary)
afdc.energy.gov

Some numbers:
Hydrogen fuel consumption of a typical personal car: 0.7 — 1.6 kg/100km
Energy content of hydrogen:120 MJ/kg = 33,3 kWh/kg
Hydrogen costs: 6 — 10 € per kg
CO, footprint of hydrogen production from natural gas: 8.5 - 11 kg CO, per kg H,

CO, footprint of hydrogen production from wind / solar energy: potentially near zero.

M. Hirz 34
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Alternative fuels

State-of-the-art:
* GTL—gas to liquid: made of natural gas (methane, CH,)

* CTL - coal to liquid: made of coal (historical)
e BTL—biomass to liquid: made of different bio-sources

In development with future potentials:

* PTL - power to liquid: fuel (hydrocarbons) made of H,, CO, & CO by electrolytic conversion of water
(production of H,) and synthesis of CO, & CO.

result is synthetic fuel that can have similar characteristics as gasoline or diesel.

use of existing tank systems and infrastructure possible

different application possible, e.g. cars, trucks, ships, airplanes, construction machines
electric energy is needed (a lot); use of green electric energy results in sustainable fuel

+ + + + o+

=> CO2 reduction out of the atmosphere ... theoretically CO2 neutral fuel possible.

- Worse production efficiency, high electric energy

consumption X @
enewable power
- market-relevant volumes after 2030 expected (@ Shell) ge"efatw" >. .

CO,-neutral
fuels

Co, from
atmosphere

M. Hirz 35
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Alternative fuels

Exemplary study:

Audi e-diesel plant Laufenburg

1. Renewable electricity Chemical synthesis
Renewable energy obtained In the first step, hydrogen and CO,
from hydropower. are converted to synthesis gas

in the reverse water-gas shift reactor.

The Fischer-Tropsch reactor then
uses this te build hydrocarboen chains.

2. Electrolysis
Electrolysis splits water
into hydrogen and oxygen.
Oxygen dissipates into
the surrounding air.

CO, from sustainable

o sources or from the air.

Infrastructure compatibility
e-diesel is compatible with

existing infrastructure and

engine technologies,

It replaces fossil fuel.

3. Conversion

A two-step process turns
CO, and hydrogen
into hydrocarbon chains.,

Heat for use in residential
areas or in industry. Renewable waxes for cosmetics,

foodstuffs and chemical industries Al”']ost CO,—neut_r_al

e-diesel for mobility

Source: Audi

M. Hirz 36
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Under “Green Deal” aspects: &
WTW-efficiency of different propulsion technologies

Assumption: renewable initial energy — the “green” way

Direct chargin Hydrogen Power to liquid

battery electric vehicle fuel cell vehicle conventional vehicle

‘green’
electricity production
e.g. solar, wind, hydro

’— Electrolysis

CO:z air-capture
FT-synthesis

synthetic fuel
from CO, + H,

Well to tank

| Transport, storage
and distribution

Foetproducton 95% 61% 44%

__ Chargin
equipment(EVSE
Batter% charge
e

iciency

H2 to electricity
conversion

Tank to wheel

Inversion DC/AC

—

Engine efficiency

13%

Source: Transportation & Environment

Overall efficiency 770/0

M. Hirz 37
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Prognosis of propulsion technologies

Market expectations of powertrain technologies

=>» Most stakeholder expect that ICE-based power trains remain the major automotive propulsion
system within the next about 5 - 6 years, in combination with electric drives in hybrid cars.

=>» The marked shares of electric cars will increase steadily, and very strong from 2028/2030 on.

AVL Agora Mahle

= o m | -BE B R R .- w

- . -:’:. e 2010 2016 2021 2025 2030
u bem L] B Sascire @ Kremare Soon 0 Cuwsel B botea

Oko-institut Roland Berger
?« = [T
3" i

. 5 K0 2025 2%

- ey e & Il Ove (v K X1 RE 2017 s e [2004)

Source: Eichlseder
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Car manufacturers changed their power train

development strategies

2015 - 2018: Efficiency improvement of ICE,
reduction of exhaust emissions

* Direct fuel injection systems

* Downsizing, turbo-charging

* Reduction of engine friction

* Efficient combustion processes

* Multi-point ignition

* New combustion processes, e.g. HCCI

» Alternative fuels for clean efficient combustion

* Multi-stage catalytic converters for exhaust
gas after treatment

» Particulate filter for gasoline direct injection

* Hybrid power train systems

2022: Electrification

* Hybrid power train systems

* Electric cars

M. Hirz
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Prognosis of propulsion technologies

... taking a look into the crystal ball (1/2) ...

BEV:

Rising market shares for sure, depending on legislative boundary conditions, incentives .
90%
for customer and restrictions of ICEV.

80%

Status 2022: Largest growth is expected in Europe (especially in countries with strong o

60%

incentives, e.g. Germany). China has strong pushes in local cities / regions. In USA,

50%

Electrified

California has the highest rates of growth, with some other states following. 40%
30%

It is expected, that in Europe and China, BEV will have about 50 % sales share in 2030. —
In USA, this number might be lower with about 30 %. 10%

0%
2018 2020 2025 2030

PHEV:

PHEV have been a promising technology for car manufacturers in Europe and China, but the sales numbers stagnate this
time. In EU and China, specific legislative boundary conditions (e.g. combined test cycles for CO, emissions) supported
PHEV significantly. But it seems that customers do not make use of the possibility to charge the car at the grid. In this
way, the real-life benefits of this technology are limited. There is a trend to larger battery capacity —and consequently
larger electric driving range on PHEV, but due to the cost factor, this is applied just in some premium cars.

It is expected, that PHEV sales will not increase in a relevant way in the next years, because the (former) driving range
limitation of BEV becomes more and more obsolete.

M. Hirz 41
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Prognosis of propulsion technologies

... taking a look into the crystal ball (2/2) ...

HEV:

100%

HEV sales significantly increase this time in all markets, because OEM make use of the
relatively simple possibility to modify existing ICE-based powertrains. In addition, the

90%
80%

realization of different technological approaches enables a large variation of HEV 70%
according to the actual vehicle requirements — from mild hybrids (MHEV) to full hybrids e

50%

Electrified

(HEV) with the opportunity to drive a certain distance purely electric.

40%

30%

HEV market share will further grow in Europe, China and USA. It is expected that
Gasoline-HEV will replace Diesel engine driven cars in most segments because of

20%
10%

economic reasons and better customer acceptance. 0%
2018 2020 2025 2030

ICEV:

The sales of cars driven by ICE only will reduce in the same way as the market shares of BEV and HEV will increase. The
relatively simple and economically reasonable opportunity to electrify ICE powertrains, resulting in hybrids, leads to the
fact, that highly sophisticated (and expensive) ICE technology will less be applied — with the exception of some super
sport cars. For OEM, it is easier and cheaper to combine standard Gasoline engines with electric drive units to fulfill the
legislative targets.

In this way, new technologies and breakthroughs are not expected for ICE. Open question this time is the use of carbon-
neutral fuel. If supported by governments, this could push ICE technology for longer-lasting applications, but it is likely
that also in this way, hybrid technologies will convince.
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Thx for your

attention!

Contact:

Associate Prof. Dr. DI. Mario Hirz

Institute of Automotive Engineering
Graz University of Technology

Inffeldgasse 11/2, 8010 Graz

E-Mail: mario.hirz@tugraz.at
Web: http://www.ftg.tugraz.at
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