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@verview

mDieselsy MajorrsSeurce oiPlviis: N@©x

m SerouisiCencerns Remeain

= PNVINEEealth Effects

= PM Texicity

= Ozone Health Effectsi(IN@X)

= Seconday PVv2.5 Formation (NOXx)
= Vajor Regulatory Efforts ‘Underway,
m Fuel Sulfuincreasing Focus

m Retrofit of 'Existing Vehicles Growing




Features of Diesel Powered Vehicles & Their
Emissions

Higher Fuel Economy than Sl Gasoline

Lower Emissions of CO, and Greenhouse Gas Contribution
Lower Emissions of Carbon Monoxide and Gas Phase HC’s
Higher Emissions of NOx & Particulates

Ozone Soluble Organic VOC's
Fraction (SOF)

Insolubles

Total Diesel Hydrocarbon Emissions
Carbon Soot, Sulfate



Serious @zone Al Poliutien
ProblemssRemai m the US

=62 (@=hn)to 125 (G-ar)MilillenrPeeplerltivead
I NenpEAtammentAreas 1989
m EPASSTEGRecast For200v
= 28 Ozone Non-AttalinmenwATrEeas
=80 Margimal Areas
=129 MillienrPeople Living in These Areas




@zonReE PreplemsiinrEUGRE 1998
NUMBERGIAIDEYS, OVEr the LImits

Indicative Danger
Celling Limit
360 ug/m3

# of Days 1060 | 8




Nitregen: Dioxide Al @uality Iiends
iRrJapen
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Suspended Particulate: Viatter Al
Quality s rendsin Japan
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AvVerage Source Contriution e
MildteywiRrVan attan: Sie

1.0%

\Oil Combustion
Auto /

5.9%
Road Dust Long Range Transport
8.9% 21.8%

Sea Salt
5.9%

Chemical Mass Balance
AWMA 94-WP91.01




NOX EmISSIenS Erem Varous
SeuUcesTAsdapan (diens/Year)

Nationwide

Other
20.0%

Off Road Vehicles /
10.2%
2-Wheeled Vehicles
0.1%

Urban Areas

Other
Stationary Sources 4.4%
47_y7% Off Road Vehicles K

Stationary Sources
18.8% AN -
2-Wheeled Vehicles
0.1% ’

\ Gasoline Fueled Vehicles
56% Diesel Fueled Vehicles
Diesel Fueled Vehicles 32.3%
16.4%

Gasoline Fueled Vehi
9.3%




EmISSieAsYEe VEenIc)es i Japan

Number of Vehicles NOx Emissions

Diesel

Gasoline

/ 17:4% S x
: # \Diesel
Gasoline 75 0%

82.6% :
° Diesel

PM Emissions B Gasoline

Diesel
100.0%

Source: Interim Review
July 28, 2000




PIVIHOrStudy Juist Releasediin
Evrepeidzanecer VMedical Journal)

m 6% i all deathsdromrEM10

m ~Z0/000 deaths peryeatinAustia, Erance,
Switzerland; 2 times: traffic faalities

m VietorVenicles respensible er=50%

= Pegple inE@iies dietapeut 18 months
earlier thamprthey wouldietherwise

m over 300,000)Cases offehronic broREchitis;
500,000 astiima attacks; 16 million loSt
person days of activity

= Health costs from pollution from traffic
~1.7% of total GDP




Schematic of Diesel Particulate & Vapor Phase Species
(from Sawyer & Johnson)
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1998 CARB Assessment of Diesel
PIVIEPeXICIHY

n SONHUman Epldemielogicals Studiess Eelmd
LinkeBenween DieselsPNIi& EUng Cancer

= DieselfPN Declared ! Toxic*

= STAPPA/ALAPCOREpe)is ~125,000

Excess Cancers IntUS Erom Diesels




Average: ltest Angeles Basinr Cancer
RISKPAPPerIeRmeEnt

Approximate Risk = 1414 per Million

Other
11.0%

Carbony!l
3.0% @\

Benzene

e \
1,3 Butadiene
8.0% .

Diesel PM
71.0%




EPA Diesell Health Assessment
Decument=rAlgUSi 2000

mHIghilyArespiranlewithdarge stiface: area

m Excellent-earrier ferierganic aned noerganic
compoeuRds

m [oxicologically relevanierganic
compounds,includesPANs, nitre,PAHS and
oxlidized PAJEderivatives

m Chemical cempositioni& 'size vanawith
engine type; operating conditions & el

m | [kely carcinogenic to humans by
Inhalation at any exposure condition




PVIFEmISsions: i the UK - 1996

Diesel Exhaust Il Other

"Source Apportionment of Airborne Particulate Matter in the United Kingdom"




PieseliChallengesAreund World

mStupstantially s Suistantially,
Reducer2ivi Reduce NOx
= \Vass =@zone control
= Nunier ~=Secondary PV
= Toxicity. =lAclidification




Glewalbpend i Light Duny, N@x
Contrel
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ElewaNendIRrEighr DUy Pliesel
PIVIFCenirol
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GElepalnirendsimrECar Durapiiity.
REGUIFEMENS

Useful Life (Kilometers)
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GleainreRdiREHeEavA DUy VeERiclie
EMISSIGRAS
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GleainreRdiREHeEavA DUy VeERiclie
EMISSIGRAS

PM (G/KW-hr)
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DieselsEuelfSulfitirSpecifications

PPM
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EUrepean=@verview.

m[Fews Sultns Euels: DirectverAdepied

n [ghiiFHeavazDuty StandardstAdepted, PV
Eilters, N@©x Aftertreatmeni- Eikely Bsut Mid
Course Review Allewed

= Germany: PushingtEer Eewer Sulfur in
Diesel ToVAssure Feasijlity off Tight
Standards




EUepeEan CallfEaIrEVIdEence" @n
Veryrllow=sSulitn Euel

mAcrementall Benefits
n [ncrementalzReflning Cests

n PotenualFlinkage e Advanced
Tlechnelegies

= [mpact enf@ther FuelfParameters
m |_ogisticalté investmentimplications

= Overall Impact on Greenhouse Enjissions
(Well to Wigeel)




@pen.issuesiniEuiope

m SISO PPNESUltur-Cow EReuain?

m \WillSErtersror TrapsBerlUsedrAcoss the
Board iervieet PVEStandareds?

m [ Not, dimplications
= For UltrarEine PV
— For ToxIG Emissions?

= Should LightiTrucks 2& 3 Be Tightened to
Car Standards?

= Should Light Duty Diesel NOx Be
Tightened To Gasoline NOx Standards?




US Overview.

i CATAdeRTEd FEVZ2-20045 Diesel=Gasoline:
SUVI=(@ar

m Federaltier 2* StandardsrAdepieds;
Diesel=Gasoline; SUNV =@ar

m Vlassive Heavy Dulyabiesel Enforcement
Action Stimulating Pregram

= Jighter HDRRIVI & NOxeStandards Preposed
m |_ower Sulfitir in Diesel Fuel Proposed




ERPA PLOPESEdiZ007 Requirements

mN@)e =R ear g/HP-hr
. 0.25
Phase-in

= 15 PRI ESL”fiJr = o'y 22 0.2

= Add Euro Test,
OBD, Not 16
Exceed Provisions

0. 01(6) 016 0.01

July 2006
= No Crankecase e U401 —
Emissions B Gasoline

NOx NMHC HCHO




LatesitPDevelepmenis i Japan

Nfeky/erGoVermmeEnt & Couist PUshingrEer
Easterr Action on PV

= ShifEem NOX tor PV Preiy Control

m 2007 Diesel Standards BrougittEForward;
Likely NewalHeavy Duwysliransient Jest

m | ow SulfuidkEuel (< 50/ERM) Before 2005
m AggressiverRetrofit Pregram Being
Evaluated #or Tokyo
—Low Speéd Driving Conditions

- |_ow Sulfur Fuel
= NO to NO2 Shift




lekyor Eive Step “biesel NOF
Propoesal

m Blanon Sale and Useroitblesel €ars

= [ghterNewzveniclerStandards Brought
Forward

m Shift Tiax Benefit Away:Eromibiesel Fuel

m Stimulate /Advancestipliechnology o
Control Existiing Diesels and Require’its

Use

m Diesel Commercial Vehicles Replaced By
Gasoline Where Possible




Vajer Reelii-Elfert Emeraing

1| =0](0) 6)e
= Majeir@Gues in Sweden
= Germany
= UK
= US
— California
= Northeast:States (NESEAUM)
= Japan
= Tokyo
= Other




REcEnDeEVelepmeEntsHn = eng
Keng

e Incentive HK $/liter
OfferedrEor50 PPM

=uel

Likelysstrong

Retrofit Effiert to
=ollow

= [axi Fleet SArfting
From Dieselito LPG

M Base Price  Fuel Duty

© L I'N W B~ O O, N o
O rr N W NN 0O oo ~N o

.05% .005%
Sulfur Content




B Conventiona Dies
O Advanced Diesd
B Gasoline
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Particulate - NOx Trade Off Curves

and Emissions
Reduction Strategies for Diesel

=
X
=2 NOx optimized
*g -> high EGR
o
medium Oxidation
conversion needed
-> Oxidation catalyst EURO 111 Part. optimized
->|ow EGR
Standard
high Oxidation conv. ngine
Particulate reduction T Advanced
neede_d . Engine
-> Oxidation catalyst 0
-> Diesd Part. Filter ;
0 0,2 0.4 0.6 0.8 1 1.2
- NOXx [g/km]
high NOx
conversion needed med um NOx
> NOXx Trap, SCR conversion needed

-> active Lean NOx




NOx/Particulate Trade-off Curvefor Heavy Duty Vehicles

Euro 2
I |
NOx
LI Reduction
by Engine
Euro 3 | Measures /
Particulate A ' Particulate
Aftertreatment L Reduction
Engine Measures

Particulates [g/kWh]

Euro 4 (2005)

lNOX Aftertreatment

1 2 3 4 5 6 7 8
NO, [g/kWh]



Modern Diesel Oxidation Catalyst

Design Features.
» Low temperature activity + thermal stability
» Maximize oxidation of carbonaceous materials
* Minimize oxidation of sulfur and nitrogen species
» Resistant to plugging from oil and ash deposits
« HC trapping before light-off and release to active catalyst components

Component Strategy:
* Precious Metal loading dependent upo~ ~~~" " _2==*_==~"atures
 Flow-through monolith having cell der " //’cpsi
« Low sulfating washcoat components - .~ :
o Zeolitefor HC trapping
« BMO for oxidation of SOF




Diesel Exnaust Gas Afierireairnent Sysiems

Engine

|

(HC) Passive (Active)
Lean NOx Cat

) State-of-the-Art

S o \OXi Cat ? PM Trap Oxi Cat ?

-~ J—:E IR m—
NOx Adsorber

[
Eﬁ:f _:|:Cat S —
E, —

Reducing Agent

S~ I SCR Cat
S~ | [
Cont. Regen. Trap (CRT)

(Non Th. Plasma / PM Trap Device)

Reducing Agent
PM Trap NOx Cat




Overview and Efficiency of Diesel Particulate Filters

Ceramic Traps

Glass Ceramic Traps

Silicon Carbide Traps

@ IDI with Sintered -
Metal Trap

B TDI with Ceramic
Honeycomb Trap

o)
it

Glass or Metal Fiber
Worn Coils

N
-

Knit Fibers

Sintered Metal Traps

N
e

Grav. Filter Efficiency [ % |

Structures Similar
to Wire Mesh

©

ECE EUDC Const. Speed
120 km/h




Diesel Particulate Fllter Rageneration Strategias

Active Measures

Burner
Electrical Heater \ _
" Combined Systems’

Engine Process
Modifications . Catalytic effects

Passive Measures * Engine process modifications
Fuel Additives
Filter Coating

Reactive Species
Generation




Diesel Particulate Filter - System Integration

Criteria for determining the necessity of DPF regeneration
« Maximum soot loading governed by:

— filter properties
« Maximum backpressure governed by:

— acceptable fuel penalty

— acceptable loss in full load or acceleration performance

Required actions:
« Monitoring DPF Loading
o Start/Stop regeneration activity




Particle Number [L/cm 7]
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Possible M easures for NOx Reduction in Diesal Vehicles

NOX Reduction

Enging Meastres

EGR

VGT-Charger

Injection Timing

Aftertreatment Measures

Urea-SCR-Catalyst @ NOx-Adsoroer [ Active HC-DeNOX




NO, Adsorber Technology

NO, Adsorber Catalysts

Very high NO, Conversion Rates

NO, Conversion Window Between ~ 200°C and more than 500°C
Lowest Fuel Penalty at Comparable Conversion Rates
Combination of Oxidation and NO, Reduction Catalyst

Single Injection System

Low HC Concentrations in Exhaust Gas
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Diesel Engine Operation for NO, Adsorber
Sulfur Effects

Catalyst Characteristics and Issues:

Oxidized Fuel Sulfur (SO,) is Further Oxidized to BaSO,

BaSO, “Irreversibly” Occupies Catalyst Sites and Reduces
NO, Reduction Potential and is not Removed During “normal”

Rich-Mode Operation

Desulfurization Process of NO, Adsorber Catalyst at High
Temperatures and Rich Conditions Possible

Desulfurization Results in SO, and/or H,S Emissions




Urea-SCR Lean NO, Catalyst

Urea-SCR
The technology is proven to yield high NOx conversion ratios
with the following considerations for engine/vehicle integration:

* One significant advantage is that it can be considered a
retrofit system
e Can be nearly self contained with no impact on the EMS
e The primary disadvantages include:
» Storage volume of onboard urea-water solution for
satisfactory refill intervals
» Urea-water refill logistics (refill only urea-water solution or
refill fuel and urea-water solution at each filling)




Fundamentals of Urea-SCR Lean NO, Catalyst

Catalyst:
Volume: 7.4
Y Substrate: 200 cpi

Active Compounds: V,0Oc
TiO,

00)
o

o)
O A

Reductant:
Urea - Water Solution
34.4 wt.-% Urea
65.6 wt.-% Water
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Boundary Conditions:

Speed: 2000 rpm
Load: Variable




Potential of NO, Reduction M easures

Potential of NOx reduction

Change of fuel consumption
compared to Euro Il [%)]

Valuation
Euro IV potential

Compared to Reachable NOx | 5g/kWh NOx | 3,5 g/kWh NOx
Euro 11 [%] limit [g/kWh]

Retarded injection 25 5,0 8-14 not possible no potential

Retarded injection + 33 4,5 6-12 not possible no potential

pilot injection

EGR 50 3,3 2-4 4-8 potential, but ©®

HC-DeNOx 35 4,3 5-7 10-15 potential, but ®

(HC:NOx = 3:1)

Urea-SCR 75 1,7 at least at least potential, but®
uneffected uneffected

Water injection 50 3,3 at least at least potential, but®
uneffected uneffected

@ Increase of fuel consumption; 2,0 g/kWh not reachable.
@ additional 5 % urea referring to fuel capacity necessary
® additional 30 % water referring to fuel capacity necessary, 2,0 g/kWh not reachable.

Reference: Ricardo, AVL (1996)




SCR with a Solid Reductant

Reductant

Pump %

|

SCR Catalyst Oxidation Catalyst

Reductant required for 30.000 km Mileage(NOx Conversion approx.. 65 %):

Urea/Water Solution Solid Reductant




SCR Catalyst (S)

4NH, + 4NO + O, ® 4N, + 6H,0

Urea
(N H2)2CO

Exhaust |::> V
Gas

Oxidation Catalyst (V)
2NO + O, ® 2NO, Oxidation Catalyst (O)

4HC + 30, ® 2CO, + 2H,0 4NH, + 30, ® 2N, + 6H,0

Hydrolysis Catalyst (H)
NH,),CO + H,O ® 2NH, + CO




Summary

Applicability of DeNOx Technologies for Passener Cars and Light Duty Vehicles

NOx Emissions [g/km]
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Conclusions

m PlegIess, on New\Vehicle Coniiols
Ocecuiring Worldwide

= | owiSulftr Fuel SpreadingrRapidiy.
m Aggressive RetrofiitEfoerts Undemnvay

x RemainingrQuestions:

—|s Europe Emished o Will Tighter
Fuels/\Vehiele Standards Be Needed

=Will US ERPA Proposal Prevail?

= How Suceessful Will Global Retrofit Efforts
Be?
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