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GLOBAL FOOTPRINT

30 engineering locations
« >220 testbeds
« Global customer support network

EXPERIENCE 5 powertrain
70 years ! elements

ONE

PARTNER
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AVL Powertrain

A Network Of Technical Centers

Steyr, AUT Graz, AUT

Europe

Budapest, HUN Paris, FRA Reggio Emilia, ITA

Plymouth, USA Lake Forest, USA

Rasass S North America

USA
Ann Arbor, USA
South America
Brazil
Sao Paulo, BRA *Headquarters in Graz
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Austria*
France
Germany
Great Britain
Italy

Hungary
Sweden

Turkey Basildon, ™ Coventry, UK

Ingolstadt, GER Stuttgart, GER Gotenborg, SWiE Haninge, SWE

Asia
China
India
Japan
Korea

Tianjin, CHN

Tokyo, JPN

+ another
13 Engineering
Offices
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ik Legislative Requirements
Boundary conditions in India
Implications on Engine and Aftertreatment layout
Technical trends
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Bharat Stage VI Challenges

Confidential

Cold transient test, to be
considered with weighting

factors for Hot & Cold test
cycles

Weighting factor

Test Cycle operating points in real
world speed area

Engine Speed [%]

Wider engine map and non standard
ambient conditions covered

Average PM

ISC — Real Driving Emission (until end of
useful life)
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Bharat Stage VI 2020 (2023)

— Overview

Chmes o | e

Emission limits

Deterioration
factors

OBD limits

In Service
Conformity (ISC)

IUPR,,
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Sy Gy |Gy ooy Loy | 05
(g/kWh) | (g/kWh) | (g/kWh) (ppm) (g/kWh) | (#)

WHSC

WHTC

WNTE*

WHSC/
WHTC

1.3

1.50

4.00

2.00

0.13

0.16

0.22

0.40 0.01
0.46 10 0.01
0.60 S 0.016

Useful life: 700.000 / 300.000 / 160.000 km

1.5 (1.2)

Performance Monitoring (0.025)

8.0 *101!

6.0 *10%!

At type approval - emission measurements on vehicle using PEMS shall be
carried out for data collection (CF CO, THC and NOx not for PM/PN)

(0.1)

Test procedures according to
draft AIS 137 as on 1 Jan. 2017.

* Under various ambient
conditions

Alternatively min. service
accumulation period (km):
160,000: N1 & M2 vehicles
188,000: N2, N3<16T, M3<7.5T
233,000: N3>16T, M3>7.5T

Including malfunction
classification

CF factor tbd for 2023

OBD relevant, not applicable
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Legislative Requirements

3« Boundary conditions in India
Implications on Engine and Aftertreatment layout
Technical trends
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INDIA Climate Requirements

Proposed Altitude Temperature distribution
WNTE Requirements " #

Ambient conditions:

Climate Zone Map Of India

rl,/;;,"l‘f SV "l-‘o 4 250 500 miles \,\ Minimum
Altitude up to ~1680m : s 9 ot Do Temperatures

below 0°C

Temperature = -7°C
Temperature < 38°C (at sea level)
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4
/
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Reqguirement for
demonstration:

Part of certification
Test bed data (3 grids)

Minimum

Temperatures
above 0°C
Elevation
N
N Feet Meters oo
W E Over 10,000 Over 3,050 I oToRY
l 5,001-10,000 1,526-3,050 .
S 2,001-5,000 611-1,525 [ R 2
i 1,001-2,000 306-610 s S
— 10N 0-1,000 [C 1 0-305 - % 0
‘ Below sea level Below sea level . 3 cowosite
‘ A Mountain peak - ] vempenate " .
70°%E : ‘ . 3 v
B cow Y
AVL Cllmate test bed Source: Notions! Bulding Code 2005
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Typical Indian Applications

Exhaust Temperature Map [°C]

N N NN DN
o N B O
! ! !

bz cwmh: b
A O

Low heat rejection potential at high ambient
temperatures and overload

One engine to cover all applications and duty
cycles

-
o

Brake Mean Effective Pressure [bar]
X

India service network
Considering temporary use of high sulfur fuels

o N B O ©

800 1000 1200 1400 1600 1800
Engine Speed [rpm]
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Driving cycles

EURO VI driving cycles Bangalore traffic trend
45
0 ® Heawy Urban @ ACEA Cycles AVERAGE SPEED OF
4 WHVC Cycles VEHICLES IN CITY
B AVL PEMS Measurements
i 35 kmph 2005
X 30 ® Urban . 20 kmph 2010
g Construction
% 25 A [ | EL{RE) VI PEMs City 10 kmph 2014
ﬁ 20 e %tyUrban Delivery 7 kmph 2014
@ = On MG Road (20 kmph in 2010)
© nter Urban
N sub Urban @ 177U 5 kmph 2020
10 (expected)
A WHVCRual F%anli(egicmal Delivery
> CURO VI PEMS Rural EURO VI PEMs Highway
0 = l @ Long Haul
0 20 40 60 \§gVC Highway 109
Average Velocity (km/h)

Traffic conditions in India differ from Europe. Therefore the boundary conditions for the
EAS layout are significantly different between EURO VI and BS VI.
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Legislative Requirements
Boundary conditions in India

* Implications on Engine and Aftertreatment layout
Technical trends
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Overview of Emission reduction path in the AVL %
exhaust system
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Mutual dependencies between Engine and EAS IV 9,%0

FOR BS VI application

Engine-out emissions

D
Engine thermodynamic req. v
(EGR system, TC, FIE,..)
Fuel consumption \

Engine mechanical req.
(Peak firing pressure)

@”‘

Exhaust gas temperatures \

Thermal aging and damage of
EAT components

Amount of precious metal in EAT

Performance of catalysts
and liquid dosers

Volume of EAT

T

Calibration strategy

Regeneration interval for EA
components

Backpressure of EAT
Available space for EAT

OBD strategy

A system approach is mandatory in order to find the optimum balance between conflicting
targets. A separated optimization of engine and EAS leads to sub-optimal system results.
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Influence of Duty cycle on exhaust

temperature

Confidential

Engine Torque

City Bus

Time at Level classification

Urban

Transportation

Time at Level classification

Highway
Transportation

Time at Level classification

%
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DPF soot loading of reference LCV engine in

different load cycles

10

DPF Soot Loading [g/1]

Confidential

200 400 600

—— TrafficJam ——Rural

800 1000 1200 1400
Mileage [km]

——Highway ——WHTC

1600 1800

— — WHTC/City

2000

Strong dependency of DPF soot
loading on driving profile.

DPF regeneration frequency

has impact on:

* Fuel consumption

« HC doser application

« Qil change interval

« (Catalyst ageing

- DOC, DPF & SCR coating
selection

« Urea deposit formation

DPF regeneration
frequency at WHTC might
differ significantly from
target application.
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PN Number limit

1E+13 _ o
DPF is mandatory for fulfilling PN
targets.
BS VI Limit
. 1e+12 | Additionally sufficient soot loading on
£ the DPF is required to achieve PN
< filtration efficiency.
=< 1E+11
® Open Crankcase ventilation requires
5 specific blow-by oil separation
1E+10
1E+09
0 5 10 15 20 25 30

Number of WHTCs (-)
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ISC requires reliable urea dosing also in city driving

= [SC (PEMS) and WNTE are significantly extending the areas in the engine map were urea dosing is
required. —> Dosing start around 180°C is required

= Low exhaust temperatures are critical for deposit build
=  Smart mixer design which avoid deposit build up are required

= Further engine thermal measures needs to be applied in order to avoid deposits

OLYMPUS OLYMPUS

ié-@ﬁ"é'/03/21 2011.6/08/24 1033
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Optimization of NH; generation

mass [g]

injector
position

angle 51.39°

spray cone

2D NH; and NOy Distribution downstream SCR Kat

ideal case real case, no mixer real case, mixer

Mole Fraction [ppm]

min [T max

NOx

NH3_usSCR [ppm]

Measurement
flange

B
E
Bl
E)
)
B

3 & [557] |
ez I s P )
[ : YR I I X i 0
.)““‘ v et
g :3‘""9

Thermografic
measuements

> 5\\9
s O° Urea Deposits unlikely

Urea massflow

Temperature

Visual inspection

Measurement of:

* AdBlue massflow
distribution

« Droplet size distribution

« Droplet velocity

Generation of input data for

CFD

Optimization of:
« EAS backpressure
« Mass flow distribution

« NH3 concentration distribution

Risk reduction for urea deposit
formation

Validation of:

« NH3 distribution

« Temperature distribution
« Mass flow distribution

Identification of critical
operation points for deposit
formation

Calibration of dosing release
conditions

Durability testing in real driving
conditions.
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EAS Emission validation overview

6 Pillars of EAS Performance validation

)

STEP1 )) STEP2 )) STEP3 )) STEP4 )) STEP5 )) STEP6
EAS System and Synthesis Gas Bench EAS Hardware EAS Hardware EAS System Vehicle calibration
Requirements Catalyst testing verification validation performance validation and
definition (fresh and aged) on test bed on test bed prediction Fleet monitoring
= Target vehicles = Catalyst characterization = Functional test Low Load runs: = Thermal Ageing Model = Vehicle calibration
= Fluids (fuel, AdBlue, oily  (€.9- fresh and aged) (e.g. ammonia Ul) = Calibration Validation = Chemical Ageing Model validation testing
= Markets = Injector characterization = Legislative cycles (e.g. DPF Sootloading . prediction of End-of-Life * Cold/ high altitude trip

= User profiles
= Validation targets
= Aging conditions

Confidential

DPF balance point

models)

EAS Failure modes:
— Urea deposits

— HC deposits

— Face plugging

High Load runs:

Calibration Validation
EAS Failure modes:
— Thermal aging

— Chemical aging

DF runs:

DF rehearsal

Emission Performance

Hot / high altitude trip

Fleet Validation and
failure mode reporting

Frequent ISM / PEMS
measurements
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wd
- amm 6
S = NS
"5 Tighter thresholds and "~
c new monitoring demands ¥ i
o \ * :
'; ** *
© HD Highway EURO VI
8 Rule 72 > 14klbs stage G / e
— N I
o Expanded AT (DPF) ]
(8] monitoring < 14kibs EURO VI ILgPhr:?Lt;;ﬁzzlt:iion BS
. Stage A% vI-2
HD Highway
Rule 65 <14kibs
N BS VI-1
EURO V Phase V **
I . EURO IV Stage {‘
() ®

Stage 1
W / Phase IV_*

Start in
AN
1996 A > . ~ i D — o o o o o
2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Model- * Phase IV: Beijing: 2011, Nationwide: 2013
Year ** Phase V: Beijing: 2013, Nationwide: 2016

BS VI represents a big step in OBD requirements compared to BS IV
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Legislative Requirements

Boundary conditions in India

Implications on Engine and Aftertreatment layout
x‘ Technical trends
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Emission strategies for BSVI

cooled Fuel UREA
EGR injection solution R
NO
STRATEGY 1 STRATEGY II STRATEGY III STRATEGY IV STRATEGY V 5 T T Ap
NOx SCR Doc DPF
reduction by only SCR & EGR SCR & EGR SCR & EGR EGR
. DPF DPF, passive Req. . i
reh:IL{clt’iI:n b DPF, passive DPF, passive passi\’le (6EF, active 9 DPF, actl_ve
y Regeneration | Regeneration Regeneration Regeneration) Regeneration

Advanced air-
handling

Advanced
aftertreatment

S
ey |

Diesel Price 1
AdBlue Price J

NOxeo 1

Optimized
Fluid Consumption
(Fuel — AdBlue)

v
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Emission strategies for B

SVI

cooled Fuel UREA
EGR injection solution R
NOx T T Ap
DOC DPF

STRATEGY I STRATEGY II BTRATEGY III STRATEGY 1V STRATEGY V
DX SCR SCR & EGR | SCR & EGR SCR & EGR EGR
reduction by only
. . DPF DPF, passive Regq. .
PM / PN DPF, passive DPF, passive -y (635 active DPF, active

passive

reduction by} pegeneration | Regeneration Regeneration

Regeneration)

Regeneration

Required aftgrtreatment efficiency [%] (weighted hot + col

d) for

NOX [ % ]

> 97 <95 <95 <90 -
PM / PN [Y%
/ [% ~85 / > 99,9 ~90 / >99,9 ~92 / >99,9 ~95 />999 | ~98/ > 99,9
Engine-out I§mit? for: EU 6 NOx WHSC/WHTE = 0,4 / 0,46 g/kWh
NOx [g/kW 8.5 3.5/ 4.5 25 /35 1.5/ 2.0 0.3/04
PM [g/kWh < 0.03 < 0.05 < 0.06 <0.1
Challenges
heatreject.
advanced NEITLRETS I conservative » fuelcons.
SCR route with limited BRI 110 [413) + trans.NOx
efficiency temp. route w/o temp. » turbocharg.
mandatory management management + trans.
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performance
+ DPF limits

n EATSTT (>95%)
Cenrsid

Less costly, more efficient
emissions strategy
for India
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System engineering
EAS integration

OEM should have full control of complete system, thus includes the EAS integration

OEM
Q EURO VI / (DOC/DPF/SCR) accounts for up 30% of engine cost / E“g;r: +
Q “Off-The-Shelf” EAS box restricts engine operation System EAS
t
O High knowledge of system interaction is required for smart EAS integration | Integrator |<ecGcGccGm—m—m—m—) Bieusti

Benefits of having full control of EAS

O Cost focusing product needs optimization on system level (engine + EAS)

O COZ2 reduction takes place on system level

O Flexibility to source component (coating, substrate, dosing,...) from different suppliers (cherry picking)

AVL can take over role of EAS integrator to support OEM during BS VI ramp-up
O Highly experienced on System Engineering

O Special EAS Test Facilities (e.g. Synthesis Gas Bench)

O EAS Software Controls Development

O Experience with all suppliers
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