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Recent Emission Control
Developments

Gasoline Emission Control Technologies
California moving forward with LEV |ll PZEV fleet

Diesel Emission Control Technologies
LD & HD “Clean Diesels” launched in North America




Gasoline Emission Control
Technologies




LEV Il Proposal Shifts LDVs to
SULEV Fleet Average by 2022
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proposed NMOG+NO, standard




Gasoline DI Powertrains Gaining Attention
for Fuel Efficiency Gains — Audi 2.0T PZEV
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Direct Ozone Reduction Catalysts Provide Additional
Opportunities for Near-zero Emission Compliance

Medium coated with
PremAir catalyst
(e.g., AIC condenser,
automotive radiator)

Oxygen

Direction
of air flow

Catalyst coatings applied to
radiators/condensors to
destroy ground level ozone

Takes advantage of large
air flows & durable catalyst
technology

No negative impact on
radiator performance

NMOG exhaust or HC evap.
credit available with OBD

Commercial applications by
a number of OEMs




BERU/Borg Warner RIS Sensor for

Direct Ozone Reduction Catalysts

M easu ri ng Of the rad_iato r/COOIant ) 3.3 Component Mounting Location in the Vehicle
te m pe ratu re Wlth an | nteg rated th e 'm |St0r The PremAir-sensor is clipped and glued on the vehicle radiator mesh.

Internal Di agnos IS N Wﬁﬁmuﬂ.uﬂw

Communications with ECU as a
LIN bus slave

Picture 2: sensor mounting position

automotive 3 way connector

plastic housing
with PCB

V.

wire protection tube

sensor tip
with NTC resistor




A SULEV FUTURE FOR ALL
LIGHT-DUTY VEHICLES

> 50 different AT-PZEVs/PZEVs/SULEVs available:
up to 6 cylinder non-hybrid vehicles (3.8 liter Imp  ala, Grand Prix)
up to 8 cylinder hybrid vehicles (5.0 liter Lexus)

2007 MY Volvo 2.4 liter S40/V500 PZEV:

Quick light-off UHEGO
substrate with
Integrated lambda

linear sensor ] ?
sensor 7 o
R___4 iVVT

cam sensor
(fast synch)
Gas mixing (but
less heat)

HEGO binary L-Ocatalyst

lambda sensor Me60OOPE/0.04
3rd brick 2nd brick

Ce 400/4 Ce 600/3

SAE Paper No. 2007-01-1260




Cold-start Emission Reductions Facilitated

by Advanced Catalysts & Substrate Design

Open structure creates
cavities (mixing chambers)
In substrate

Perforated foils allow
communication between
channels and reduc

thermal mass

High channel density & thin walls
provides lower thermal mass,
higher converter efficiencies



Oxygen Sensor Integration Offers Sensor
Protection and Quicker Closed Loop Transition

STHLEC Exhaust system temperalures
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Equally efficient
single-substrate
system with integrated
sensor and PE design

Conventional dual-substrate cascade system
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GMC Denali Advanced Catalyst System Design
Approaches SULEV Emission Performance

900 cpsi 600 cpsi

ceramic; ceramic;

150 g/ft3, 60 g/ft3
Pt/Pd/Rh=1/16/2 Pd/Rh=4/1

Total TWC Catalyst Volume: 4.46 L (0.74 SVR)
[Ref.: SAE 2007-01-1261]




GMC Denali & Ford F-150 Fully Aged Advanced Emissio n
Systems FTP Performance - Below 50K ULEV2 Limits

FTP Emissions,
mg/mi
80 - m SULEV
70 -
60 .. BULEV2 - 50K

50 -
® Denali - adv. TWCs,

=0 fully aged

30 1 B F-150 - adv. TWCs,
20 A - fully aged

10 - ULEV2- 120K
O -

NMOG/NMHC IN[@)%

Denali Results Include Modified Calibration Strategy;
F-150 Results Using Stock Engine Calibration




1/10 SULEV Achieved on Gasoline Vehicle with

Advanced Engine and Emission Controls

Outline of the Measures

(1) Reduction of
Engine-out Emissions

-Keep lean A/F at engine startup
- Promote in-cylinder oxidation

(2) High Exhaust Gas
Temperature

- Retarded ignition combustion
at engine startup

(3) Quick Light-off
Close-coupled Catalyst

- Minimize the heat loss of exhaust gas

- Suppression of thermal degradation

(4) High Conversion Efficiency
Underfloor Catalyst

- Control the temperature of
underfloor catalysts

Switching
valve passage
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High Efficiency DPFs Significantly Reduce
Diesel Particle Number-Based Emissions

Filter Opportunity on Future GDI Vehicles??

EUFO 5b in Factor of 500 —-1000 between DPF & Non-DPF Diesel:

(9/2011-1/2013)
Particle Number

Standard: 6X10/km,
diesel only
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Reference: EC JRC, ETH Nanoparticle Conference 8-06




Diesel Emission Control
Technologies




US 2010 HD Engines Launched
with DPF+SCR Systems

2010 DPF+SCR HD System

» Zeolite-bhased SCR with
low NH; slip

cishicreuion [T S | L (& « Achieves 0.2 g NOX
fxl— - sy o L 2010 EPA standard

ammaonia reacts with
NOx to form nitrogen

sl 1. - __ * DEF usage of 1.5-2% of
. i ' ! diesel fuel usage (10

gal. of DEF for about

- - X F | Yy , 5,000 miles)
DEF converts to ammaonia i . Diesel Particulate
in Enhaust heat e } Filter (DPF) traps soot

which is passively ° Up to 5% lower diesel

regenerated during fuel consum ption

Diesel Exhaust Fluid |DEF) is injected into ' ' . vehicle operation
the post DPF exhaust stream |

e Lower PM load on DPF

Source: Volvo Truck EPA 2010 Presentation




First Generation NA Light-Didyt¢|€abDiPsete S TH P Peeidomaanee
Ranges: 30 to 50 mg/mi NOXx; 12 to 23 mg/mi NMHC

DPF+SCR DPF+LNT DPF+SCR DPF+LNT

Current best in class: 50 mg/mi NMHC+NOx
(compare to 30 mg/mi NMHC+NOXx for Bin 2 or SULEV)

CARB certification data




Zeolite SCR Catalysts Developed with Broad
Temperature Windows and Good Thermal Stability

SV=30Klhr, NO=350ppm, NH3=350ppm, Aging =670C/64h
100 ——Catalyst B Fresh //ﬁ
=l //

//

e
(=]

=+=Cu Based

NOx Conversion (%)
[
(=]

== Fe Based

0

e
c
0
0
-
0
>
c
0
8
X
0
2

190 150 200 250 300 350 400 X{] 500 5
20

\

40

Temperature (C)

300 400 SCR catalysts aged

50 hours at 700C
Temperature (C)

Reference: DEER 2008




Oxi-cat

Hydrolysis Oxidation
catalyst catalyst




NGK/Continental Smart NOx Sensor:
Basic technical characteristics

Measuring principle:

Triple output signal:
Supply voltage:

Data link:

Sensor protection cover:

Self-diagnosis:

Application temperatures:

Measuring range:

Multilayer ceramic sensor fabricated from Yttria Stabilized
Zirconia (YSZ) with integrated heater and 3 oxygen pumps

NOX, binary | , linear | (O, concentration)

12V or 24V

CAN 2.0, SAE J1939 protocol

Specific for passenger car or Heavy Duty Truck
Open wires and short-circuits on data link
Environmental: -40 to 105 C (sensor control unit)
Exhaust gas: 100 to 800C

NOx: 0 to 1650 ppm

| ~1.0 to air




Accuracy of Current Smart NOx Sensor Depends on
NOx Concentration Range

Measured NOx Concentration
for Temperatures between -10 °C and 85 C

+/-15 ppm
accuracy in the
lower operating
range O to 100

ppm

Nominal
— — - Maximum

— — = Minimum

Measured NOx
Concentration (ppm)

Actual NOx Concentration (ppm)

Measured NOx Concentration
for Temperatures between -10 °C and 85 C +/-15%

- m—— accuracy in the

1~ i | upper operating
range 100 to

1500 ppm

Measured NOx
Concentration (ppm)

700 900 1100

Actual NOx Concentration (ppm)




NGK/Continental Smart NO®x Sensor:
Design Generations & Applications

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

24V-version : Diagnosis of SCR-systemn
(Euro 5) in european heavy duty t




SCR Applications Moving from
Stationary Sources to Mobile Sources

Power Plants
Tier 4 g Y
Off-Road [m@nm 0.0
Engines —
2010

Heavy Duty
Vehicles

Locomotive

_ Engines
Marine

Engines

i

Stationary 1 s

Engines &7 :

Diesel Passenger Cars




Improved LNT+SCR Systems Provides An Alternative
High Efficiency “Passive” NOx Control Option

Reformer

 During rich regeneration, LNT creates NH; without second reductant

« Ammonia is stored on zeolite in SCR and complements NOx reduction

» Achieved tailpipe emissions below ULEV NMHC/CO/NOx = 0.05/0.2/0.023
* Lower PGM emissions on LNT broaden temperature window

Ref.: Ford DEER 2009
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