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Clean Diesel Technology Driven By a Decade of
U.S. EPA Mobile Source Emission Regulations

Average Benefit:Cost = 20:1

Tier 2 Light-Duty
final rule 1999 ‘ w— . .
fully phased in 2009 ' =

Diesels held to same standards as Ocean-going Vessels
gasoline vehicles final rule 2009; IMO ECA in 2010

Diesel sulfur now 15 ppm ECA: 1000 ppm Sulfur by 2015 ;
80% lower NOx by 2016

Heavy-Duty Highway

final rule 2000 e TN

Sulfur now 15 ppm i S —
T e [ TR =4

fully phased in - 2007-2010 Locomotive / Marine Tier 4

final rule 2008

% Nonroad Diesel Tier 4 15 ppm Sulfur starting
final rule 2004 mid-2012

Sulfur now 15 ppm fully phased in 2017
“ fully phased in 2015 S—




U.S. vs. Euro Light-Dbtyyw¥Blulee
Emission Standards

Note: U.S. Tier 2, Bin 5 is_ equivalent to CARB LEV Il - LEV
B Gasoline NOx M Diesel NOx ® Diesel PM X 10
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Euro 4 Euro 5 Euro 6 U.S. Tier 2, CARB

2005 2009 2014 Bin 5 LEV 3
2007/2009 2022

Euro 5+ (2011) and 6 include 6 X 101Y/km diesel particle number limit




U.S. vs. Euro Heavy-OiuiyyHfyyiee TT sausspemnt
Cycle Emission Standards

g/kWh B Diesel NOx B Diesel PM X 100

EurolV  EuroV  EuroVI U.S. 2007 U.S.2010 U.S. 2010

2005 2008 2013 (max  (std.)
NOx)

Euro VI to include particle number limit




DOCs and DPFs Form the Technology Base for
Reducing PM Emissions from US 2007 Diesel Engines

Diesel Particulate Filters

2007 DPF Systems
Feature Active & Passive

Filter
Regeneration

Catalyzed

Significant experience base with LDD in DPF
> i >
Europe (> 6 M) & HDD retrofits (> 250 K) oat

DOC

Fuel Injection _

Unit

Diesel vapor

Crankcase Filters Provide Additional PM Control

Air Filter




U.S. 2007 HDE Emission Performance Provides
Significant Reductions in PM, CO, Air Toxic HCs

2007 EPA Standard
(¢hp-h)

Average ACES Engine
Emissions (g/hp-hr)

ACES Emissions %
Reduction Relative to
the 2007 Certification
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* Average value between 2007 and 2009, with full enforcement in 2010 at 0.20 ghyp-hr

% Lower Than 2004 Engine
Compounds Technology

16-Hour Cycle
aingle Ring Aromatics 82%
PAH 79%
Nitro-PAH 81%
Alkanes 85%
Polar 81%
Hopanes/Steranes 99%
Carbonyls 98%
Inorganic lons 36%
Metals and Elements 98%
Organic Carbon 96%
Elemental Carbon 99%
Dioxins/Furans® 99%

* Relative to 1398 Engine Technology

Source: CRC Phase 1 ACES Report

CARBx-ICT
69%
26%
49%
84%
12%
99%
78%

100%
90%
78%

100%
N/A




US Light-MDutty Cléssan Dessadts A-TTHP At tymraaoese RRaryes:
30 to 50 mg/mi NNDx; 12 to 23 mg/mi NMHC

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

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

CARB certification data




“Clean Diesel” VW Jdtdta Mamizams Sigmiicamt
Fuel Economy Benefits vs. Gasoline

EPA Fuel Economy, mpg
45 -
40 ] Differential Die;_glO:«ndatmn Catalyst
35 i o1\ o mt’ Oxygen-Sensor
30 -
25 1

*NO,- Storage

15 i | e |II 7 ,,—., .li!_l *« Catalyst NSC

Temperature
Sensors

City MPG Hwy MPG Combined MPG

W06 Jetta 1.9L TDI W09 Jetta 2.0 L TDI M09 Jetta 2.5 L Gasoline

Bin 10 Emissions Bin 5 Emissions
DOC-only DOC+DPF+LNT




Future LDD Will Combine Advanced Engine and
Emission Control Technologies

Potential Fuel Economy and Emissions
40 —

ECO
DIESEL

LHNOLOGY y
~ Oﬁ—J = \ZED

=T =

S =

ﬁ Near Zero Emissions Diesel

©
o
=
£
>
E
o
c
o]
o
[in}
©
3
o
©
Q
©
-

Production

— 2L Turbo Gasoline
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Typical T2BS position Typical E4 vehicle
~5% FE penalty due to (With DPF)
aftertreatment heating
gy
oy
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0.1L PTC1
0.6L PTC2
Zone Coated
DOC & LNT

0.00 0.10 0.20 0.30
FTP-75 NOx (g/mi)

Exhaust
Manifold

Adv. Engine Controls + Adv. Emission Controls = SULEV Emissions
2-stage sequential turbos  pre-turbo DOC

High levels of cooled EGR main DOC+LNT+DPF

Highly pre-mixed cool

combustion

Source: Ricardo 2009 DEER




SCR Applications Moving from
Stationary Sources to Mobile Sources

Tier 4
Off-Road
Engines

Heavy Duty
Vehicles

Locomotive

_ Engines
Marine

Engines

i

Stationary

Diesel Passenger Cars Engines




US 2010 HD Engines Launched
with DPF+SCR Systems
2010 DPF+SCR HD S

» Zeolite-based SCR with
low NH; slip

» Achieves 0.2 g NOXx
2010 EPA standard

Within Selective
Catalytic Reduction
|SCR) system,

skt ot ' | « DEF usage of 1.5-2% of
and water ] I* | | ._ diesel fuel usage (10
. - ,; - gal. of DEF for about

5,000 miles)

.DEF converts to ammaonia ' Y . | Diesel Particulate ' . ) .
in Enhaust heat N iy } Filter (DPF) traps soot Up to 5% IoWE_r diesel

which is passively fuel Consumpthn

regenerated during

Diesel Exhaust Fluid |DEF) is injected into | ' ' . vehicle operation 1.
the post DPF exhaust stream . | Pe— o/ Lower PM load on DPF

Source: Volvo Truck EPA 2010 Presentation




Zeolite SCIR Cattllystis Menvad tgoesat] wirttin Bhaeed
Temperature Windows and Good Thermal Stability

SV=30Klhr, NO=350ppm, NH3=350ppm, Aging =670C/64h
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Reference: DEER 2008



Zeolite SCR Technologies Exhibit Improved NH
Storage and Aged Performance

=l High acid site stability
=&~ Low acid site stability

(0]
o
!

(o2}
o
!

NOx Conversion (%)
N
o

N
o
!

- k& 670 C/64 hr
=3 - 800 C/64 hr
T T T —@—900 C/1hr

1

300 400 500 600
Time (hr)

2
3}
S
o
]

@)
o
>
&
=

n

™

I

Z
o

=

ke

o)

0

300 400 500 600
Temperature (C)

O Catalyst B (800C/64h
M Catalyst A (670C/64h

NOx conversion (%)

NOx conv bag1 NOx conv bag?2 LA-4 NOx conv

Reference: SAE 2009-01-0899




Fuel consumption increase
compared to normal engine operation [%)]

SCR Catalyst and Architecture Developments
Optimize Performance

Fe-Z in front protects Cu-Z from Exotherm, Catalyst length improved NH; utilization

Temperature Range for Conversion > 80% 100 —3 5
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Source: Ford, SAE 2009-01-0901

" BPF regeneraiion inferval 700k SCR/DPF positioning reduced fuel

for DPF-SCR; 560km for SCR-DPF

" DFF egon 85% for DFF SCR. 675 consumption by fast heat-up on

» Duration of thermal management: Short trlps and paSS|Ve regen_ Of
DPF in distance driving

Thermal management active every (x) km
Fuel consumption increase by DPF regeneration only

Source: FEV, CTl SCR Conference 4-09



Future Diesel Systems Offer Simplified
Architecture that Combine LNT and SCR
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Inlet Temperature (°C)

 During rich regeneration, LNT creates NH, without second reductant,
ammonia is stored on zeolite in SCR and complements NOx reduction

Improved LNT:
* Improved durability
» Lower desulfation temp.

» Lower PGM loading

Improved Cu Zeolite SCR:
 Improved durability
* HC poison resistant

* Low N,O yield




SCR Catalysts Are Also Being Integrated with
DPFs to Provide System Flexibilities

High NOx activity of SCR coated filters achieved for
all filter types, potential for reduced washcoat loading

100
90

80
gé‘ 70 ——SCR coated C650

Soot loading does not affect NOx activity of
SCR-DPF

=60 —=—SCR coated MSC-14
o)
7 50
g 40
S 30
520
=10
0

150 200 B0 ety (0 480 SO0 150 200 250 _300 350 400 450

Temperature (C)
Back Pressure is Dependent on Filter Type
and Washcoat Loading

—— SCR €650 Reduced WCL

NOx conversion (%)

soot loaded STR-DPF
it loadad SCR=DPFE

2008 MY SCRcoated SCRcoated SCR C650
oxidative filter C650 MSC-14 Reduced WCL
catalyst

Back pressure at 220 C (KPa)

Reference: SAE 2009-01-0910




Lean NOx Catalyst Systems Eliminate need for DEF

50 Hours Thermally Aged at 650C;
E85 Reductant

T.R.U.E. Clean § m

.
- 2 | |
l“ I i d
. ] Hi O W
Al i F sl | I ' ! &

N =

| 4
Flow Direction

Tt
_-.1'-. b Tl 4

fliciency




Clean Diesel Venhicles Include
Sophisticated Controls and Diagnhostics
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Electrode =t

Soot Sensors In
Development

Urea solution

Urea solution tank 4 . -y "' l
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SCR systzm trouble Lirea solution Lirea solwtion
Waming discriminaiion lzvel waming
Warmnmg

Urea Quality Sensor Diagnostic Systems




Availability of ULSD Enables Variety of CARB
Verified Diesel Retrofit Technologies

8 — Active On-Road DPFs (includes one PM + NOX)
7 — Passive On-Road DPFs

5 — Active Off-Road DPFs (includes one PM + NOX)
3 — Passive Off-Road DPFs

10 — Retrofit DPFs for Stationary Engines

Inlet Section Filter Section




Diesel Retrofit Technology — Wiidt'at S aimung

Marine DOC, CCV, PM & NOx Control Systems

Locomotive DOC + SCR System

On-Road DPF with Syn-Gas Regeneration

On-Road and Off-road DPF + SCR Systems for EGR and non-EGR Engines
Off-Road and On-road SCR only Systems for EGR and non-EGR Engines
On-road DPF, LNT + SCR system for EGR and non-EGR engines

From U.S. EPA’'s Emerging Technology List










