CO2 " Well -to- Wheel ” Analysis

Wheel Tank Well
Gasoline [IVRES B S

Diesel '%.:f@“@. 5 { N

Hybrid -
(gas/diesel) |mm sk E =

Bio-Ethanol | {mms=x 3
(sugar beet) S Absorbed by Plants -z

Bio-Ethanol | esemsae ’
(wood) . Absorbed by Plants -~

Hydrogen F/Ce g el

(Coal Gasification

Source (CO2): European Council for
Automotive R&D (EUCAR)—

assuming 12,000 km per vear usage
| | | | ]

0 50 100 150 200 CO, g/km

-2
S

Hydrogen F/Cell
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Energy Distribution in a mid-size Car

Standby
17.2(3.6)%

Accessories
2.2 (1.5)%

A

A

Fuel 100%4-—&{ Engine J

18.2%
(25.6%)

62.4 (69.2)%

Engine Losses

Mode of driving ... Urban (Highway)

Driveline Losses
5.6 (5.4)%

Aero
26(109)% [

Rolling
4.2 (7.1)%

‘>‘ DIL }_p

Kinetic -

B |

Braking
5.8 (2.2)%
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Energy Distribution in a mid-size Car
Technology Improvement Area 1

Standby Accessories Aero
17.2(3.6)% 2.2 (1.5)% = B
* ;
Rolling
P 42(71)% [T
Fuel 100%#—8{ Engine J (25.6%) { D/L
Kinetic
1
Y B |
Engine Losses Driveline Losses Braking
62.4 (69.2)% 5.6 (5.4)% 5.8 (2.2)%

Mode of driving ... Urban (Highway)

Reduced vehicle weight proportionally

less energy used !




Energy Distribution in a mid-size Car
Technology Improvement Area 2

Standby Accessories Aero
17.2(3.6)% 2.2 (1.5)% ™ 26(109% [T
A
Rolling
T 420)% |
Fuel 1 *8{ Engine J (25..6%)
Kinetic =
i |
Engine Losses Driveline Losses Braking
62.4 (69.2)% 5.6 (5.4)% 5.8(2.2)%
Mode of driving ... Urban (Highway) \
Continuously Variable Transmission CVT keep

engine operating in lowest fuel region !
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12 ' 1,2 ' 1,2
We We we
10 7’;”2% 10 Fr; o —1
02%102%T 0 '
dm? O 40 A
kJ/dm /1/‘\\ / \ kJ/dm? < 9?" / kJ,dm:T J \
0,8 ( { \ 08 "4 7 / / 08 ' '
DA / of Z .
0.6 \ % oe / 4 7 06 e /
7
10 1 ///,
o: :
04 S 04 /) 74 —_— Lowest fuel IS ,.4___
\ ‘p 0‘ . . /
o — L0 consumption region o
\L \\X ‘ ”;“ﬁ /”/, _—1
SR VNN “” T oa[f—o
AN 0,20 0.10
- ()
2000 4000 6000 2000 4000 6000 a 2000 4000 6000
n pm npm N pm

Indicated Efficlency In-cylinder X  MHechanical Efficlency = Brake Effliclency at output shaft
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CVT Potential

(XY) | 24 Mar 1999 |

40 kW g0 kW

1100 C 20 kw

1000 -

i @
[ 70 =)
000 | ‘

o ‘ ' Ideal CVT
700 — "‘d operating line

g/

NS

BMEP (kPa)

300 |-
200 |- ‘ 400

i 10 kW B —
100 |-

[ 5k

0 i . . . . ] . . . . ] . . . . | . . . . 1 . . . . |
0 1000 2000 3000 4000 5000
RPM |
Contour = Lines of constant BSFC (g/kWhr) Red = Lines of constant po.wer .
fuel consumption Green = Ideal CVT operating line

Example: Cruise on 60 kW power line at CVT speed/load point
is more efficient than at other fixed-gear-ratio speed/load points
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Energy Distribution in a mid-size Car
Technology Improvement Area 3

Standby Accessories Aero
17.2(3.6)% 2.2 (1.5)% 2.6 (10.9)%
* +
Rolling
4.2(7.1)%
18.
Fuel 1 —h—&{ Engine J (25.6 ){ D/L ;. .
Kinetic
1
Y X
Engine Losses Driveline Losses Braking
62.4 (69.2)% 5.6 (5.4)% 5.8(2.2)%
Mode of driving ... Ul way)

Downsized high specific output engine
proportionally less engine losses

y.
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Downsized High Specific Output Engine

by Tu rb&;hm-

provides reserve

. | power for performance \/u ‘
12 1,2 load demands 2 - _\

We - We we
10 — ers 10 e s s i 8 10 |— T I\
kJId'm’ / '7""3:\""9 Fo llJId.m‘ .,/ i > kJ /a' ) o \
i m
( { Downsized engine / 4 ] o221 /
06 (2 operates in higher load ‘0”0 < — 06 |— 4 Y.
higher efficiency region }—1 o] ; rqito.ao-JV
during normal driving o? / ! > ' .
04 \ T S s e 0.4 1] ~— | T — =17
4 w"’j =0, !LQS ”’,/
\\ \ -0\, /,”’ | _—
0,2 i \ \\ 02 o a0 | 0,2 |— 0,20
REZARN 0,20 0,10
- o
2000 4000 6000 2000 '4000 6000 ° 2000 4000 6000
n rpm nmpm n pm

Indicated Efficlency In-cylinder x  MWechanical Efficlency = Brake Efficlency at output shaft
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Downsized high specific output
turbo-charged engines

80 Turbo Charged ;
l l l l l l I S| Engines 5
=2L=NdINeS ﬁ - - 100
. . I
— Diesel Endines Iir:au;es : q ; ﬁi ! Futuse=Diesel
= 6017 A turbocharged — 4V-Sl Engines - _4 IIIII ﬁ; E‘
=, V¥V TC-intercooled =" =
- :¥< .E Yy Q
o =R
2 ™ Y - 60 3
S 40 \\ X A o
= - 5 =2
‘E A R - 40 5
1)
S 20 Sl I-:' u! == 2
? o / - 20
2V-S| Engines
0 - ] L 0

1930 1940 1950 1960 1970 1980 1990 2000 2010

Model Year g
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Energy Distribution in a mid-size Car
Technology Improvement Area 4

Accessories Aero

Standby
2.2 (1.5)% ™  26(109% [T

17.2(3.6)%

Rolling
™ aegm T
Fuel 100%—1-—8{ Engine /\

Kinetic

i |
Engine Losses Driveljne Losses Braking
62.4 (69.2)% 5.615.4)% 5.8 (2.2)%

Mode of driving ... Urban (Highway) \

Hybrid vehicles
idle engine shut-off, regenerative
braking

y.
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Hybrid Electric Powertrain
Fuel Economy Benefit

13-31%

)
3!
X

=
®
o
>
=
o
c
o
O
L
©
>
o
T
=
O\O

1 ]

Decel Fuel Idle Engine Downsized Regen to Regen to
Shut-off Shut-off Electric Assist Accessories  Electric Launch
and
Accessories
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Hybrid Electric Powertrain
Architecture

The Hybrid Electric System seeks to operate the
combustion engine at maximum efficiency, or shut it off

Function 1 - Engine stop-start
Function 2 - KE recovery and regeneration
Function 3 - Motor assist

Function 4 - EV drive




Energy Distribution in a mid-size Car
Technology Improvement Area 5

Standby Accessories Aero
17.2(3.6)% 2.2 (1.5)% ™ 26(109)% [T
Rolling
42(71)% [T
Fuel 100% 8-[
L
Kinetic =
]
A |
Engine Losses Driveline Losses Braking
62.4 (69.2)% %}% 5.8 (2.2)%

Mode of driving ... Urban (Highway) \

Advanced Combustion Engines CAIl / HCCI
high efficiency, ultra-low NOx
emissions

y.
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Preview of CAl / HCCI| Combustion System

Diesel
Gasoline

Kinetics

N

A

Spark Spark Ignition {8 Contf'(.)lled iuto- Compression
Ignition Wall Guided {88 A Clh/ Ignition
(.GHSO““E) (Spray GUided) omogeneous arge (DiESEI)

Stratified Compression Ignition

(Gasoline)

HCCI Requirements:
*Homogenization
*Temperature of ~1100 K

h *Cycle-to-cycle control

I parameter

Multi-ignition sites
low temperature
combustion avoid soot and
NOx formation

Key technology: EGR dilution

Confidential



>
(&)
-
i
0
o 104
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CAIl / HCCI NOx Emissions

Diesel

Gasoline Lean Burn

CAl /| HCCI Combustion

0.01 0.02
Fuel Quantity g/st./cyl

0.03




|IC Engines: the new challenge

Gasoline engine
/ CO,
JNOx

Diesel engine
/ PM
fNOx

Gasoline

Fuel consumption/ CO

darea

Bio-fuels

Adapted from AVL

b

Emissions (HC, NOx, PM)
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FUEL ECONOMY AND FUN-TO-DRIVE

200

150

Torque Nm

100

50

1000 2000 3000 4000

1.4 L Turbocharged

8-20L
Naturally|Aspirated

/

Naturally Aspirated

Engine speed rpm

‘ DOWNSIZING |

5000 6000 7000
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Downsized Engine with Turbocharger
and/or Supercharger

Advanced
valvetrain

Inter-
cooler 2

Three-cylinder DI
gasoline engine

—) Screw-type

supercharger

Fixed-geometry
turbocharger

4

Bypass valve




&
Function
/ J » Reduce the oxygen
EGR v content i!1 the
s combustible charge
EGR Cooler Inl  Lower the combustion
4 O O O temperature, avoid
Exhaus formation of NOXx

st
* Key technology in

/ :Ij—rﬂ\ | 1 CAI/HCCI combustion
/ l engines

Control valves * More effective with
cooled EGR

Exhaust Gas Recirculation EGR System for
Reduction of NOx Emissions
This i1s Essential A




¢k

EGR

o

EGR Cooler ; I""“Q >
5 O (E?(haug O g Air Cooler

)

an

/ oree
v T
Control valves P
Turbo

High Pressure
Turbocharged engine layout (with EGR system).

Duchaussoy et al. (Renault) SAE 2003-01-0629
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Turbocharged Engine with Low Pressure EGR System

Fixed or variable
Turbocharger

Intercooler |'“L ‘

DI Engine

Particulate filter

EGR Boost E—
EGR Valve
<—
Intercooler Fixed or variable
Turbocharger EGR Cooler

Source: Ricardo
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Reducing NOx and Soot emissions

with High EGR and High Boost
14 -

= NOx = Soot =— EGR + Boost

/

Constant Load = 8 bar IMEP
/V
/
/ 2000rpm; IMEP=8I
A=1.4; Displ 0,533

Swirl / T, o /Py /

. intake * ' rail /
Pilot & Main =cons

NOXx, Soot - g/h

0~
0,4 0,6 0,8 14

*) SCRHE: single cylinder

JE e on Relative Intake Pressure - bar
erc-z00ssymposium  (Singe Cylinder Engine artificially boosted) June 8% 2005 | Page - 12




Challenge

Today’s demand for high rate of EGR (40%-+)
and high Boost at the same time (technology gap)

Conventional HP system requires high Ap to
force the high% EGR against high boost pressure

High% EGR will divert the same% of engine
exhaust energy away from the turbocharger

Alternative LP system takes EGR from turbine
exit of turbocharger and with necessary Ap

Then the EGR must go into the blower entry and
both EGR & air must be boosted (bigger blower)

In both systems, EGR and Boost work awkwardly




Diesel HCCI / LTC Combustion
with Boost and Cooled EGR

Source: Miles et al., Thiesel 2004, pp. 429-447

6

5 Cooled

Equivalence Ratio
(U]

EGR “ W
1+ bypass.soot /

and NOx >000 ppm

0 formation= NOx

600 1000 1400 1800 2200 2600 3000
Temperature [K]
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A major driver for developing
Variable Engine Valvetrain is
to achieve high rate of EGR

with or without boost by
iInternal gas retention means
(internal EGR) to

supplement-orteplace.externatays

present in conventional engines

E(Ellﬁd or Variable

Valve Lift Profiles

TDC TDC TDC

Ignition
combustion

/ \

intake = compress expand exhaust
<+<—— 4-stroke engine cycle

exhaust

Exhaust Stroke

Intake Stroke |
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Variable Valve Control methods for Internal EGR
by variable interaction between exhaust and intake

valves, each valve independently controlled in lift
duration and phasing

. | sucking residual gas from —— [ift — lift
sucking residual gas  exhaust port with second EV WV
from exhaust port exhaust valve opening exhaust gas retention
optmn 1) (option 2) (option 3)
’ ! [
¥ ] R ] \
B N
Int EGR Int EGR Int EGR
exhaust re-breathing 1 exhaust re-breathing 2 residual gas trapping
late exhaust closing exhaust valve re-open early exhaust

closing
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Evolution of Variable Valve Train Capabilities

i ik S M i e Exhaust and Intake Valves
: each independently variable:

Lift - tall or short
Profile - wide or narrow

—
=

Phase - advance or retard

Valve Lift [mm]

Opening event - early and late
Closing event - early or late

De-activate —

%0 150 X0 Fd o] ct:t;tll‘ A:;:; r;’:} 5”‘.-l 570 &30
— B Degree of Freedom for Valve Train Variability
1st Generation: Valve )\ 2nd Generation: Valve Lifi{Profile 3rd Generation:
fiming % Valve/Cylinder
Deactivation Fully Variable

Mechanical

Cam Phasers  / Electrohydraulic/

Eletromechanical

y.

Confidential



Variable Valve Actuation Systems

Electro-
Electro- Hydraulic
Mechanical Mechanical camless
cam camless
driven 3 S—

valve

Drive Pston

Engina =
W ha
r k.
i _'—-—'*__'L_i
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Internal EGR
Temperature

for different
Variable
Valve Control
EGR

Strategies

uT oT Ut
/ Ve
UT oT uT

oT

Combustion Chamber EGR

Exhaust Port EGR

Exhaust Port EGR
Partly Parallel w. Intake

Exhaust Port EGR with
Dual Exhaust Opening

Intake Port EGR
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Evolution of Gasoline fuelling systems

Fuel Supply System

Intake Port Fuel Spray

- .. High pressure
D tl t
direct Injection 50 —120 bar

KN wuttipoint P

:.;:j".rt Injection: ~3 bar

Carburetor el dra mby Ap

| | | |
1970 1980 1990 2000

Year ‘
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Gasoline Direct Injection Engine
Vertical Intake Port ' N

High Pressure Pump - = ﬂ_, L

(50 BAR) 2 Us
HHIIHI_S‘\" )

; > 0

{ -

High Pressure
" Swirl Injector

S Caved Piston Head

e

it [

Engine Cross section
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DI Combustion Chamber Design

Direct injection

High
pressure
injector
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DI Stratified Charge Operation

EFLECTION/
EFLECTION

SWIRL /
TUMBLE

WALL GUIDED CHARGE MOTION /

AIR GUIDED SPRAY / JET GUIDED
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Toyota D4 DISI| Engine Combustion

Stratified Locally
Rich Combustion
Luminous Flame

Late
Injection

Stratified
Combustion

Homogeneous
Lean Combustion
Blue Flame

Early
Injection

Homogeneous

Combustion |




BSFC [g/kW-hr]

Fuel Economy / Nitric Oxide
Tradeoff

340
2.62 bar BMEP, 1500 rpm, MBT
330 |- L ,
MPI / Stoichiometric
e
(2
320 |-
Homogeneous DISI
310 |-
P " \’\0m0 Lean
300 |- -7 Stratified DISI
\ 4
. " -
25:1 AFR TR

290 B
280 30:1 AFR _ .o” .

i . =" 40:1 AFR

- e

270 1 = 1 1

0 5 10 15 20

BSNOXx [g/kW-hr]
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Comparison of PM (soot) emission
for Diesel, Stratified DISI, Homogeneous
DISI

120
100+
e
.E 80_/
3.’ |
é 60+ .

Bag 3
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|
Stratified DISI Bag 2
Homo DISI Bag 1




Gasoline Direct Injection Engine

With Sl, Gasoline DI and stratified charge has
potential of delivering 18% improvement in fuel
economy against trade-off in high NOx and soot

With CAl, Gasoline DI and homogeneous charge
could deliver similar fuel economy improvement
with extra benefits of very stable combustion,
ultra-low NOx and no soot

Therefore replace Stratified DISI with
Homogeneous DI CAl during low load operation
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Multi-mode Operation for DIS| & CAl

800 800
Early Injection Early Injection 160 knvh
600 Homogeneous 600 Homogeneous
. DIS! . DIS]
o o . 5th
x Road x ATIOHENEN % Road
8 400} Load o 400|- g 4| Load
= =
) m %
Stratified Homogeneous | |
200 200 i
%0 DIsI % DICAL_[
0 i Joor i R | 0 7 f L :'3 l ¥
1000 2000 3000 4000 1000 2000 3000 4000
Engine Speed min-1 Engine Speed min-1
DISI with Stratified Lean Burn DI with homogeneous CAI
in low load region with trade- in low load region with ultra-low

off of high NOx and soot NOx and low soot |



Advanced Diesel Combustion System

* 4 valves ) N
Trend to higher injection pressures
1000 bar

1400 bar
1800 bar

* Central injector. =\
&

* Swirl intake port

10 20
EGR - Rate

}
1

10 20 30
EGR - Rate — %
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Common Rail Fuel Injection System

Rail pressure
control valve

"G =

Air mass flow High pressufe

B pump |  Optional

low pressure

Manifold pump
pressure Electronic
Control
Unit (ECU) v " » "
Crank angle
& svnc. 3
Engine & F e[
Temperatures
| .
'II" L k ) - I

Start of Combustion Injector Control Valves !
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Flexible Performance Characteristic
Common Rail Fuel
Injection

Pilot-Injection Split-Injection

1
i
]

Meedle Lift
>
Meeadle Lift

'—H‘JL"‘—" Il

Tirm @ Tima

Rate-Shaping Multiple Injection|

7

Meedle Lift
Valee Lifl

DI

e e s —
Time Time
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bart common Rail with pilot injection

Cylinder
- pressure

Cylinder pressure

40
"""""""""""" Needle lift
0
iy Common Rail without pilot injection
Cylinder
L pressure

-
o
]

Needle lift

I I | I I I | I
- 40° -20° OT 10° 20° 30°40°
Crank angle

Cylinder pressure

o

y.
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Flexible Performance Characteristic
Common Rail Fuel

* Multiple injection tmjggtlcg&ombustion Systems

- Homogeneous Charge Compression
Ignition HCCI - Low Temperature
Combustion LTC
* Close pilot injection for noise and emission control
* Close post injection for emission control

Pilot Injection Main Injection Post Injection

Smallest injection quantity  Steep slopes of the injection rate
range 1,0 - 1,5 mm? (begin and end)

Multiple injections 2, 3, 4 or more

T injection rate crank angle —A
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Enablers for Advanced Combustion
Avoiding Soot & NOx Formation

Source: Miles et al., Thiesel 2004, pp. 429-447

6

Equivalence Ratio
(8 = W

M
T

—
1

o

600 1000 1400 1800 2200 2600 3000
Temperature [K]
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Synergy Steps for reducing emissions AVL

by EGR, Boost and Injection Pressure
SCRE* 0,5L/Cyl Class, 2000rpm, IMEP=13 bar, T, ... =const

Increasing EGR Rate \

127

I I I
\ \ Increasing Boost Pressure

\ Increasing Injection Pressure

Soot - g/kg fuel

Constant Load = 13 bar IMEP

* \0 Basis

5 10 15 20 30 35

") SCRE: single cylinder research engine NOx - g!kg fuel
ERC - 2005 SYMPOSIUM June 8, 2005 | Page-14 |,




Summary of Advanced Diesel Engine
Green Technologies

-I_Fr‘arti::ulatﬁ Trap

NOx Aftertreatment

Exhaust Gas Recircualtion

Electronic Engine Control

Charge Air Cooling

Injection, Combustion Chamber, Turbocharging, HCCI type Combustion

| | ] | | |
U5 94 US98 US04 US07 US10

'Euro 0 Euro?2 Eurol Eurod EuroS B

1980 1892 1994 1996 1998 2000 2002 2004 2004 2008 2010 2012 2014 2016
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