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Diesel emission control technology is making
significant progress

Diesel regulations are getting tighter in all sectors. Diesel will not be
“done” until emissions are near zero.

Filter technology

— Regeneration methods are getting sophisticated. Future
regeneration methods will be accommodated by advanced
combustion methods.

— Improvements continue on filter properties and ash management.
NOXx solutions

— SCR interest in the US and Japan is increasing. LT performance is
key.
« HHDD and LDD
— NOx adsorbers are still developing rapidly
— LNC is showing “renewal”
Integrated solutions

— LNT+DPF has synergies, and are bringing LDD to Bin 5 and
perhaps beyond

— SCR+DPF is progressing
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Regulations and Approaches
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Heavy-duty diesel highway regulations will force PM or NOx control in
October 2005 and both NOx and PM, perhaps in 2008
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New non-road regulations in place

NONROAD EMISSION REGULATIONS: 50 - 750 HP

Tier 1 Tier 2 Tier 3 Interim Tier 4 Final Tier 4
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NONROAD (US) 3500 ppm sulfur

NONROAD (EU) 10 - 2000 ppm

ONROAD (US) 500 ppm

ONROAD

(EU) 10 - 350 ppm

*|

P|15 ppm
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5 Courtesy of John Deere
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Light-duty diesel post-2005 regulation is being
developed in Europe

Euro 5 Scenarios Proposed By
Commission For Diesel Cars
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Survey of stakeholders on potential seven Euro V levels was done.

Results show diverse opinions of Greens and OEMs.

Discussion is mainly on NOXx;
significant PM reductions are
directionally agreed upon,
absolute levels being
negotiated.

DPF tax incentives are likely
in Europe before finalization
of Euro V, perhaps as soon
as next year

Proposal “requested” by y.e.
2004; outlook is questioned

Particulate number protocol
is fixed and vehicles are
being tested. “Draft
regulation” is in the works for
discussion purposes.

Implications to US: Loose
NOx standards in Europe
would remove synergies, and
make US stand on it's own in
the diesel infancy
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DPF Incentives are of significant interest in Europe

Status of tax incentives for diesel cars with traps

in european countries (07/2004)

Country Incentive Main requirement Starting from |Remarks
France Up to 800 € Low fuel consumption plus 20057 Plans withdrawn ?
“trap”
Germany [300/600 €] release of [PM < 8,5/2,5 mg/km], 2005/2008 |Stages in parallel or
annual tax based on EURO 5 7 n succession ?
Netherlands  |400 — 500 € reduction of  |*“With trap™, 2005 Planned,
VAT or PM < 5.0 mg/km ? compensation of trap
system price
Sweden Change n circulation tax  |t.b.d.. t.b.t. Under discussion
suggested based on EURO 5 ?
Switzerland  |Bonus of import tax of ca. |Stringent PM emission 2007 7 Under discussion
2 — 4 % related to car price |limit including PM number
limit
UK Up to 75% of retrofit trap  |Related to certain since 2000  |CleanUp-Programme
system price (max. 3890 €) |technologies, different for commercial
1.e. for taxis requirements vehicles

German UBA, July 2004
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Diesel retrofits are taking off in a big way

Status of US EPA's Voluntary
Diesel Retrofit Program

Total: 129906

Idling Controls
8.1%

Biodiesel
10.2%
Fuels, Additives, SCR
3.7%
Early Retirement
5.7%

PM Filter, Low Sulfur Fuel
49.9%

Engine Repower
0.4%

Engine Mods
19.3%

Catalyst
2.8%

6/3/2003

» Tokyo requires clean diesel

*Swiss have retrofit all
construction equipment

*US school buses could have
$30MM in funding over next
two years

*NYC requiring all construction
vehicles in government
contracts to be retrofit

*Developing countries are
starting model programs

«California mandating
replacement or retrofit

*EPA wants to expand beyond
school buses: filters across
board in 2015

*11MM engines in US alone
CORNING



Diesel Oxidation Catalysts
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DOCs in DPF systems show some aging
effects for HCs; New formulations improving
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Some toxic air contaminants increase with DPF aging.
PSA taxis. Lines represent two different vehicles.

PSA, IPF, SAE 2004-01-0073
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Aged 80,000 km in 50 ppm sulfur fue. NO2 performance
dropped only 10%, vs. 40% for previous formulations

JMI, SAE 2004-01-0072
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Recent developments in PM control

11

Filters can take diesel out of the PM inventory
Technology is the state of optimization and cost reduction

— Regeneration
« LDD and MDD: engine management
 HDD: auxiliary exhaust injection

— Reduced back pressure and size
— Ash management
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Passive regeneration uses NO, as the oxidant,
formed by the oxidation of NO

NO + 1/202 = NO2
NO2 + C=NO + CO

- Flow resistance reduction [mbar-hfm?*] in 10 minutes
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Passive regeneration requires appropriate Engine Speed (rpm)
temperature. Too hot, and NO2 can not be
formed. Too cold and kinetics of oxidation Above the “balance line” is passive regeneration using DOC+CSF.

1.9 liter CR DI engine, D-Class vehicle, 10 minute backpressure

are too slow. Caterpillar ATA TMC 6/03 changes at 10g/liter soot. Fiat FISITA 5/04.
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NO, has a big influence on soot oxidation, as
does the presence of catalyst

0.00018 -
T Spicihic rate of sool oxndalion vs Specific rate increase
temperatune undel differant axdeing = 0.00016 = dire to the presence of
almosphienes (40 NL%, 10 mg sool, scol = wi FEC f 1| additives on C-NO-0
conversion = 24 %) E 0.00044 o 1 H;O reaction
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15 Other Results:
NO, and oxygen synergies exist (top set of lines vs. * OSC materials enhanced the soot oxidation reaction,
middle and bottom sets). Fuel borne catalyst helps in and showed strong synergies with NO,

both conditions, . . g
* LNT catalysts had little influence on oxidation rates

_ » Hypothesis: the presence of C (O) complexes are
13 Univ Haute, PSA SAE 2004-01-1943 important in soot oxidation CORNING



Active regeneration Is needed If passive
regeneration is not acceptable

L
=)
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additiv supported regeneraﬁn:unJ ﬁ C + 02 = COZ

i,
=0y dA N,

/ » Heat needs to be actively added
100 to increase temperature to get fast
/ / oxidation.

P
(%]
=]

Average soot oxidation rate [g/h]

50 Wl .
/ *Uncatalyzed filters need T>600C
_/ uncatalysed filter
0 . ! : * Fuel borne catalyst systems need
Lt — i) = 600 T>300-500C depending on

Temperature in front of DPF [*C] formulation

*Catalyzed soot filters need T>300-

CSF oxidize soot at 50 - 100C less than FBC and 150C less  450c depending on formulation.

than uncatalyzed systems; 75 g/ft3 pt. Umicore, SAE 2003-01-3177
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Flat describes a comprehensive approach
towards CSF regeneration

- Adr Flaw

i Meter T Extra-urban Driving
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F*geﬁ-j:}at T ertane o:GF{ optirnizaliont ; : E:ﬂ;}'lé;cit‘;an
: 1Y Sensar = Boost pressure opt. = ¥ P .
L Main- | Catalyzed Soot i
= Cat Filter (CSF) S P" = post injection
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Esjr:lrir ”«.\ g :::1 . M « EGR optimization » EGR optimization
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35
. Regenerat|0n takes about 12 minutes at 130 ;é“ 30 j:_ _._._ xZ::z::g: ::::5 .........................
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w g 7 7
« Significant soot oxidation begins at 350C ﬁ'; 20 b =
. . . + fog “~iAshes
-Strategy maximizes passive regeneratlon % 15 ; s L
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aging. g L EN load | ;

*Complete regenerations occur only under

efficient conditions
15

Fiat FISITA May 2004

Urban Driving

........

[(P)M g;l

Torque & Power

100 000
Mileage (km)

150 000 200 000

r



Burner system Is described for regenerating filters

Delivery Truck (7 L DI/TCI Diesel Engine)
T = 1200

EnI ine spee.;l Temperature maintained at
/ BL0°C regardless of driving
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Alternative combustion strategies are moving forward
and delivering T and HCs when needed

AVL DEER 9-03

Comparison HCCI, DCCS, HPLI and HCLI Combustion
(n=1500, p=4bar}
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» HC levels are rather high for alternative
combustion strategies (3+ g/kW-hr)

*NOXx is relatively low (<0.8 g/kW-hr)

BMEP - bar

*Temperatures are generally higher

S 0 B -Gasis generally lean CORNING

Engine speed = rpm



A prototype system is near Bin 5 at 120,000
miles for a LDT

0.08

.06

.04

PM {g/ mi)

0.02

LI
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Full Size Truck 1300

Current Status -
120K Mile Aged

— I — —

Approximate
Engine-Out

Diese] Emissions

BJRO 4

l D Er_a'lel
‘K Bns | el

| Tier? Bin 10 | El'j-!ﬁfff
|| | I———— (===
Y 0o

LA | 0.2 0.3 04
T

NO, {9/ mi)

03 06 0T 0.8

GM Vienna Motorsymposium 4-04

US FTP Bin 5 can be
hit, engine-out only,
using advanced
combustion strategies.
Platform unknown.
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New DPF catalysts formulations are dropping
PGM levels

Back Pressure (Bar)
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JMI, SAE 2004-01-0072
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On-road performance of low-PGM filter systems shows stable
backpressure. 50% of time >220C; 30%>250C, 10%>270C;

System

CR-DPF

Oxicat + CSF @ 100%
Oxicat + CSF @ 25%
Oxicat + CSF @ 5%

10 liter bus engine

Oxicat Filter

18.5 liters 17 liters
4.25 liters 17 liters
4.25 liters 17 liters
4.25 liters 17 liters



DPNR catalyst Is improved

PM passage) o 2.0-L engine , 1600rpm . Ga=1%g/sec o
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New catalyst coating method drops back
pressure by 25% Toyota, SAE 2004-01-0577
oyota, -01-
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New SIC DPF composition has improved
durability

Visible Visible Visible Visible
. Crack limit Crack limit crack limit crack limit
SiC grain 14.5g4 Q490 =159 L 13gL

Diffused
Boundary neck -
Between 3
SIC grains 'E
(a) Conventional R-SIiC TE‘
SIC grain E
Developed neck
By new technique
(b} Mewly developed R-SiC SRD-:::I cmr—:::“d De;:? Si-SiC
SiC DPFs are improved by increasing 9u mAPh 0ump0% 204 m/50% e
bonding region of grains. New material has same soot load capacity as original,
while maintaining favorable porosity characteristics.
1300 Note: Material Soot loading : 10g/L
1200 Pore dia.porosity O segment evaluation plots: 720deg.C~>R. T. Ibiden SAE 2004-01-0954
té, " B Full filter evaluation plots: 600deq.C--»idle
g 1100 [~
v 1000 F ™ Maximum temperature during
E ----- regeneration is largely
8_ gﬂu | TLLLTETE LT R R T LT Iy EREEEAEE LT
g Critical line for catalyst deterioration dependent on thermal
4 800 f conductivity for similar thermal
| Cordierite SiSiC SiSiC RSIC R-5iC masses. For reference, new Si-
700 fmm_ =, 55% m"fh w . mtm SiC at 10 micron/45% has
600 conductivity of 40 W/mK (NGK
0 10 20 30 40 50 60 2004-01-0951) CORNING

Thermal conductivity @ 25deq. C  {W/mk)



Results on PSA taxis with DPFs at 80,000 km
are reported
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increase, but are still very low. Reason is unknown.
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Cordierite DPFs retrofitted onto delivery trucks
show good performance out to >360,000 miles

BP, SAE 2004-01-0077 5903
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Two common filter systems still perform well after
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>360,000 miles of duty in a regional class 8 delivery truck

NO FUEL PENALTIES, NO BACK PRESSURE
BUILD-UP OVER THE USE OF THE FILTERS
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Three new filter cell geometries increase ash loading

Scot & Ash [
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Ash capacity for asymetric square cells

increases 50 to 60% relative to std.
geometry.

Corning SAE 2004-01-0948

Pressume loss &Pa

(infout)=

(Dectagon/Square)|

Conventional { ? 4
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50 100 150

Ashmass ig

Ibiden, SAE 2004-01-0949

Octasquare geometry offers 50%
improvement in capacity

CapaCity by 509%0. Pressure drop in exit cell limits improvement.

Inlet channels
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At 7 g/l soot loading and constant ash
loading, Wv3 has 50% lower back
pressure (50% higher ash capacity).

St. Gobain SAE 2004-01-0950
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C-DPFs with ULSD and low-sulfur oil still generate aerosol nanoparticles
under some conditions. Thought to be sulfuric acid, which is easily buffered

In the lung.

25

dN/dlogDp (part' ke Tuel)

Univ. MN, ETH Zurich, 8/04

1L.OE+17 -
i /\ =4[5 ppm fuel, LSO, no filter
1 50 ppm fisel, HSO, filter 1
1.0E+16 - -_{\\ PP
Heavy-duty vehicle. w15 ppm fuel, LSO, filter 1
63 mph cruise
| OE+15 - =15 ppm fuel, LSO, filter 2
1OE+13 - \ ﬂv\.\'\
1.0E+12 — n"
104

10

1000
D nm)

Another secondary emission: NO,
sIssue mainly for retrofits
*Quantification of issue being determined (CARB working group)

«Solutions exist or are in the works CORNING



The active surface area of ultrafines from LDDs with DPF is
generally lower than for aged ULEV gasoline

Active Surface Area [cm? - knT!]
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CONCAWE, SAE 2004-01-1985
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NOx Control

* In-cylinder and aftertreatment approaches are proposed for
2007; both needed in 2010

e SCR leads the NOx aftertreatment field, at least for Class 8
vehicles

 Lean NOx Traps are developing rapidly and are used in
lighter applications

” CORNING



LNT and SCR lead the field on effective NOx control, but LNC

showing improvement

System Transient Effective Swept Notes
Cycle Fuel Volume
NOXx Penalty Ratio
Efficiency
SCR, 400-csi 85-90% 1-1.5% urea 1.5 Low temp. performance
or about 0.6 to | emerging |issues. US interestin LDD
1% in US2010 and HDD. OBD and
infrastructure discussions.
LNT 80-95% 1.5 — 4% total 1.0to 2 | Desulfation strategy and
Light aging regen. + durability issues being
desulf. addressed. PGM cost
issues
DeNOx catalyst 20-80% 2 t0 6% 0.85t0 4 | Generally not sensitive to

sulfur. New concepts
emerging.
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Technical merits of LDD SCR and LNT are
compared. Cost issues are central.
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SCR has a wider temperature operating range than LNT.

Model gas work on slightly aged samples. SCR NOx is

NO+NO2. SVR for LNT and SCR = 1.
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FTP Fus| Economy Panalty (%]
LNT fuel penalties are higher than SCR

Cataly st Inlet Temperamne {'C)

SCR has better thermal durability than LNT.

Hydrothermal aging of SCR. Desulfation aging of LNT.

Green house gases:
SCR: 2.2% CO,, penalty
LNT: 7.8% CO, penalty

GM Vienna 4-04

Bin 5 Capable LDT

LDT 3 Class, 5250 Lbs IW

O Pt

] Total

Gasoline

SCR

Diesel Urea Diesel LNT
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SCR
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Low temperature SCR NOx conversion is obtained using DOC
to generate NO2 and exhaust brake for temperature control

Compresssd Air

E Inter Cooler | €4

Urea
Solution
Tank

I csae] 4 PosBitiom adaly o

Post DOC

Urea Injector

Comuion \  SCR 11—
Rail Catalyst _I—
Svatem

EGR Valve 8 EGR Cooler

12.9 liter engine; SCR=53.4 | (SVR=4.1)

win BGR, wio Post DOC
Transient Mode Total

[ !
2 M Nox PM NO, -
5 o .
2 a0f L 0 3
=z o)
2 20f 2
il : 0
o PDOC o PeDOC o PreDOC
SCR g SCRGT SRy

W/ DOC, NOx eff. improves due to NO2 formation

Mitsubishi FUSO SAE 2003-01-3248
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[Deternoration

wio EGR. wio Pre DOC, wio Past DO

r; Tevtal Nk Conversion © 35%

= |
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= 80 Average SCR Temperature
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The exhaust brake is used to increase T at no load (step 1)
and during idle (step 2); decreased NOXx efficiency with time
likely due to ammonium nitrate blocking
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Oxidation catalysts and urea hydrolysis catalysts are
used to increase SCR performance.

JO5 Transient Test — Cold Start

[ &0
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=
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SCR

OXI+ SCR

HYD + SCR

MO reduction standardized

to SCR [%]

JO5 Transient Test — Hot Start

140
S P S e e S S S SR s S S s S s S S S SE S oD S - -

100 +--

8O +--

60 ==

40 +--

20 +--

0] T T T

Under cold conditions, oxicats convert NO to NO2, which aids LT reduction, and
urea hydrolysis catalysts aid urea decomposition at about 160C. 70% NOx
efficiency is attained. At higher temperatures, performance is marginally improved.

Argillon, FISITA 6/04

SCR HYD+SCR OXI+HYD+  HYD
SCR -LT-SCR
CORNING



A new coated SCR system Is reported that has

iImpressive durability

o e ——— ECS test results on lube oil aged catalysts
[0 DOCHSCHE
QE-lm § ?u DOC+3CR A‘ H‘ # Sci O‘rlly' Fresh 1.367 82 29
b3 5 frESh lﬁ / SCR O"l;: Aged 1.483 BO:?“A)
;:: E 60 - ‘ Fi SCR DnlY'frESh ‘;OCGRH:unr:,: Aged 1.867 5. T U
® so r 1.600 Hours
00 E 40 ! 7 / Frx;i;—:t - SCRrR: 0614 92 0%
o o Vs of ° SCR only, 1600 frs. Smicar - scr e s5.1%
o 10 20 0 40 50 &0 T0 an 80 100 O 30 :
Time {Hours)
- < 20 =

Lube oil age cycle goes to B

550C. Lube oil consumption i i _ _ ,

0.075 I/hr. 350 ppm sulfur fuel. 15 200 250 300 350 400 450 JMI SAE 2004-01-1289

11 liter engine 8.5 liter SCR

Temperature (C)

SVR=0.85; Aging to simulate 1.2 million km lube oil and
300,000 km driving up to 550C

Component Dimensions Volume T 123,870 w
= |
=
E
CR-DPF Filter 12" x 157 27.5 litres § |
] e —
SCR 4 off 9.5" x 6" 27.8 litres g |
o
Clean-Up 20ff9.5" x 4" 9.2 litres oy m
Catalyst . . — — . . .
] 10 20 30 40 50 60 70 &0 90 100

For road test: 15 liter Cummins ISX; SVR:

33

DOC=0.73, DPF=1.83, SCR=1.85

Measured On-Road NOx Conversion (%)

wunavING
High efficiencies obtained with NH3/NOx=0.85; 50% time >310C



Lean NOXx Traps
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LNTs are becoming more tolerant to sulfur

Capacity @ 350C, g NO2/L

NOX Cgpacity of LNT During DeSOx Process

—4— sufation
—i- desufation

R eomep

0246810R21U416BVD2ABBIALTBORLAHLBIRASD

Oydes

IKUBY
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Engelhard, AVECC 2004

Cycle NOx Performance of Low Temp LNT

9 i/
8 \
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o4 —— after 20 DeSOx
X 3 & after 55 DeSOx
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Z 2
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0
150 200 250 300 350 400 450 500

Inlet Temperature (°C)
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Hydrogen/CO reformate significantly improves
LNT performance

Plasma reformer uses 250W to form 9% H, and 14%

CO from 35 kW of fuel; w/ DOC:20% H2

e =
/
/
./ [# Deeset mReimale

36

Exhaust Temperature - dig ©

ArvinMeritor SAE 2004-01-0582

In-line diesel fuel processors (DFP)
can also generate hydrogen and CO

DFP control
unit

DFP Fuel

5

2 4 :

o z

o3 I

5.

T
N i
0 - J -

50 100 150 200 250 300
Time, s

Catalytica SAE 2004-01-1940
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Lean NOx Catalysts
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Small amounts of hydrogen significantly
enhance Ag/Al,O, LNC performance

™ TS
a0 - a0 4
207 [i]u]
" Caz] _ 70 4
;‘-g' a0 4 % 60
IE 80 1 % 50 4
) LEJ 40 1 g 40 4
.
a0 a0
D1 20 -
Ll 10 - 2 £
o T T ] . r E Q
? = o= 0 200 400 €00 g
Temperature (°C) I emperature ("()
Small amounts (0.75%) of hydrogen significantly ETC on HD giesel en_gi-ne test showi hydfo_ge“
enhance HC utilization with AI/ALO, LNCs (right). synergy. 27% hot efficiency wio, 50% efficiency
NOx conversion efficiencies are hence enhanced. with 0.25% hydrogen. SVR =310 4

* PAH in HC found to be detrimental on Ag catalysts _
KNOWNOX Project FISITA 5/04

» Hypothesis is hydrogen either promotes reactive
C=N species, or removes poisons

38 « Nominal 3-5% fuel penalties at high efficiencies CORNING



A new LNC with double layer is reported,
run like a LNT, uses oxygen storage mechanism to dissociate NOx

Single layer

NOx M2

v

Eﬂgo:j

Single layer:

Double layer

MNOx Nz Mz

-/
I /

Pi: MOx—MNZirich -::-::lnditiow

» oxygen from NOX is stored in oxygen storage medium
* some NOXx is also stored; periodic rich to release

oxygen, releases NOXx
Double layer:

* underlying TWC react NOx during rich purge

100

aa

el I

10 b -

MOx conversion [%)

20 b - -

a

—p— 115 20({50ppm 5)
—B—-EPA (350ppm S) | © °

Test condition-1{1sec rich)

1] B 10 1B

] 26 30

Aging time [hrs]
In steady-state engine testing, 80% NOX efficiency
wgas observed at 250C inlet T; some sulfur sensitivity

10

) = ()
'f; -
g 0 F
e
2
= 40 |
=]
&

| =

0 [ 1 [l

100 20) 300 400 S0

Inlet Temperature (degC)

In model gas work, double layer LNC performs respectfully
at 200-350C

* In lean/rich cycling (20/2 sec), at 250C inlet, bed temperatures
reach 420C

*Desulfation starts at lambda=0.95 and 380C (inlet); bed
temperatures reach 600C; heavy desulfation takes 4 minutes

*SVR=1.2

Isuzu, SAE 2003-01-3241 CORNING



Integrated systems
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Engine and aftertreatment requirements are

described to hit US2010 targets

0,08 . .
Pinjmax = 2000 bar, 20 % AGR, Volllast
Npericw = 90 %
0,08
= Pinjmax = 2500 bar, 25 % AGR, Volllast
. 004 1 pene, = 80 %
T Dekion
= 1
o
TI_DPF = ED %
0,02
0,01
00 10 20 4.0 6,0 8,0 10,0

MOx - gkEWh

To hit the US2010 target of 0.013 g/kW-hr PM and 0.27 g/kW-hr
NOx, 2500 bar injection pressures, 25% EGR at full load, 80%
deNOx, and 90% DPF will be needed.

41 AVL Vienna Motorsymposium 4/04
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Refinements and further testing are reported on a LDD SCR
system. Cold start and HC issues are addressed to hit Bin 5.

Phaze 1 —‘l—— Phase 2 _I'h— Phrase 3—“
| | |

dVE Serso 1] T I I T T [
Aguesus urew R : | 1 1 1 1 1
injection SCH catabyst inkat | : : : :
|;.| lemparaira § iG] | I I I
=] _ _ - _r__ 1 _ ] - — 45~
Diesel Tuh - P — 5-: [ i i _:...-" 3
engine a 0| = ™ a gop |2 » : - % Hf: I .
(| Bood - o e T T T I SR T N =
] 1] E I I a
= | | tad pipa MOk : : Z
[
IE-' ] ; . fim L S N S e i S | SR SIS I 2%
Urea Injector Location E| Resistive Temperature Device {RTIH) E 2
E| Emission Sample Probe @ TC Location 'E 0 . J_'.-"-
- L )
o B =
DUPFE Sensor Laps 3 1
SVR SCR = 2.1 zeolite N mite st 1 ul §
o- T 1 ]
Species | Engine | Tailpipe ULEV II Efficiency g e . I'I‘“' . T e
-out [g/mi] | 50k mi PC [%] _ ut tima e _ _ _
[g/mi] Standard In LDD with fast heat-up SCR, 80% of NOx is emitted in Bag 1.
[a/mi]
NMHC 0.45 0.012 0.04 82% .
co 0.80 0.143 1.7 60% L1 I
M Ox. 0.48 0.037 0.05 920,-% | » . m|mmupn!lbﬂlbn2’_—f——'-;-§
Phase7 | 090 0082 B Zeolites Store C - /;-«:;n mllhrd'“;ﬂ'/, }
Phase2 | 047 0017 967 HCs. Fast light- LN :
i -+
Phased | 048 0.040 a2 off strategy puts . / m R
s at
"NMOG standard.____ 1S can be 1 e :
PM standard at 120k mi. minimized with 1w

ULEV2 (Bin 5) is easily hit using the SCR/DPF calibration e s
system. USO06 levels also hit. Average of five vehicle . R
fésts. Ford Focus. FTP FE 38.5 MPG. Ford SAE 2004-01-1291 Time [sec]

vehick spasd [mph]



CSF/LNT system layout is analyzed. DPRN-
type Is judged best

43

System 1

-

ll—\_.___‘_\_\_-_'

E\'-I

' Quddation Catalyst  Lean MO, Trap (LT}  Catalyssd Sool Fillsr {<DPF]
E!-.I:‘rﬁ w 1.00° Sl BE™ w G0 @AhEE" wE00"
System 2 ~1.2dw -1'.'.:||-n.J - 2.5 dm?
J—l—!—
3w
H lil i — -
L idation Catalyst LT F | A
B56E X300 BI556 X 6,007
System 3 - 1.2 den! ~ 1.5 de

A |

Péisipr =i
¥ NG, K
Oxi-Cat adeorber CDPF 4-WC
Dimension | @566 " x3" | @466 x5 | @566 x§ | 566 x6
Volume ~-1,2 dm” = 1,7 dm = 2.5 dm ~25dm”
Cell Density | 400 cpsi 400 cpsi 200 cpsi 100 cpsi
Wall ’ r .
Thickness 4 mil 4 mil 16 mil 12 mil
Substrate Ceramic Ceramic =1 Cordierite

AVL ECO TARGET engine is used: 1.2 liter 3-cyl

System1 | System2 | System3

NO.-Conversion

Rate comparable range for all systems

HC breakthrough {Ergﬁ”i‘f:;;; } high high
Suitability for low

temperature high loner high
application

E:;:;':;;‘at'm moderate lned high
Soot

regeneration good excellent excellant
capability

Risk of thermal

damage of NO, g g
adsorber during low high high
PM Regeneration

Heat calibration

effort (FM high miaderate moderate
| regeneration)

Continuous PM

oxidation within loner high moderate
OFF

;TEH"EE"“ lned high moderate

AVL SAE 2004-01-1425
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Improved DPNR system has smaller catalyst, and improved desulfation and

soot oxidation strategy for improved fuel economy.

Dhesel Throttle  —

EGR Valve

i

Inter-Cooler ——

Exhaust Port Injector

Intake Air == |

-—_

™

New Common Rail

System

Dﬂlﬂ‘ﬂl.iull lEIﬁIPa |

——— EGE Cooler

 Pressure Difference Sensor

' DPNR L:ihllﬂl(' Converter (2.0L) |, = -5_’“ ; > Gas Temperature Sensor

Exhaust Gas @'—

Air Fuel Ratio Sensor

T Oxadanon Catalytic Converter

Figure 1: New DPNR system has smaller catalyst size 30% to 2.0 liters (SVR=1), a NOx adsorber up
front to increase soot oxidation rate by 20%, improved EGR valve, higher CR pressure from 1350 to
1800 bar, and improved low-temperature combustion strategy (20 to 140 km/hr).

44  Toyota Aachen Colloguium 10-03
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Development of Tier 2 Bin 5 LDD system is
described in detall

124 i * retarded injection and
sl T _ 11 TN throttling used for fast heat-
15 -Tﬂhﬁwﬁmmm'[ up; 25 sec
T 120 -’¥rmm.m 11 \ ° faster |d|e
% - Disabi Poat Infection 'I ) * lean/rich strategy
IRV ETT — Sy development on 9 points of
1ot Lo sorad aween 097 s 0.8 engine map
1093 1N L * Fuel penalty < 5%
= P Sy -
ale] ! t
1.9 liter, 1560 kg vehicle; Precat is 50/50 PoE ST s ”‘Tm”";'] AT SIS S A B 98
LNT/DOC in system A, and 100% LNT in Stepped desulfation strategy minimizes HC slip;

B, SVR =0.7; LNT SVR=1.2; DPF 700C for 10 minutes

C\/D—1 92 Qi)

e}

co - P =
Tg/mi] | fgimi] B
() M =) i
FTP-75 test? oms [@ sues 3 15
£0 wid2 gimi O sysmi e A0
o6 | oo X 25
FEV APBF SAE 2004-01-0581 7 0
= 15
2w
Minimum . =
[ it - IJ‘I H EII::I'.,’J 2 l:l‘ﬂ& 3 l:ll::,?!l i g IG:]E-‘ﬂ'l'lﬂrl:ll‘lblﬂ'll:l‘l:l-ll‘!-.l:lI!DID!EIDQD-EISI& deSU|fatlon i ﬂlll EL'P |".:l'| E}':’I} l'_:t_l H"_[I f}li_'l- i;l'_l 2 ?_;-’I,'I T:i:l‘ g
He (g NoX fgimi) temperature is Destfhrization Tempeealure )

* EMIESE0N LIMITS AFTER 120,000 MILES 7OOC



Miscellaneous
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“Convoying” of trucks can save 10 to 15% of fuel

* Study looking at fuel consumption as a function of truck spacing.

* Both trucks benefit at the proper spacing.

10 to 15% fuel can readily be saved.

47 CE-CERT, Univ Calif., Riverside, 2004 CORNING



A new hybrid technology based on hydraulic storage of

energy, not batteries, is gaining interest

Showcasing full hydraulic
hybrid systems in an
Urban Delivery Vehicle.

Hydraulic Hybrid Configurations
T Urban Delivery Vehicle -
Mid Full Hydraulic Hybrid
Hydraulic NS we [ ] Puny &
Hybrid i L » i T L ==
(Parallel) ngine * First-ever full integrated |
hydraulic hybrid delivery
Low Pressure Accumulator vehicle, targets 70% mpg
improvement in city driving |
High Pressure Accumulator » 2-year payback has attracted
FULL serious attention from fleets
Hydraulic =i :
;};ybna' PR ... | * Partnership involving EPA,
(Series) gl Victor [ Eaton, UPS, OEM & Army
LT | * Announcement later this year
Lot Pressure Acennmlator

Given that hybridization allows engine to
operate at sweet spot and near steady-state
conditions =) HCCI

48 epa.gov/otag/technology
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New gasoline technologies are becoming more cost
competitive than diesel regarding CO,

Cost of Fuel Economy - Euro 4, C-segment vehicle

| l | ~ 25/45
Switched
Ricardo R&D — | DI

. [t w
Technologies Lean 4;|HSEIFI Diesel +
Boost ese PM trap

Di

Downsizin

L
o

kJ
on

hJ
o

~

_/ Downsized Boosted GDI (Strat)
I I
‘\*Duwnsized Boosted GDI

1
Downsized Boosted MPI

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
4v MPI Gasoline Increase in Unit Cost (%)

10

Reduction in Drive Cycle CO2 (%)

49 CORNING
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Advanced gasoline engines are being

developed that may enter HDE market

EXHALIST

* VVA gives throttless induction

* High EGR gives knock-resistant
combustion

 High boost gives efficiency

* Needs: strong ignition source

50 SwRI consortium proposal 2/04

Thermal Efficiency (BTE%)

Thermal Efficiency (%)

50 0.14
[ g1z =
45 I =
=
0.10 @
40 { 0.8 §
{004 ¢
0 g
1 0,02 w
25 L 0.00
500 600 700 800 900 1000 1100
BMEP (kPa)
50
L [CAT 3501 4L Single Cylindear
- [RPM = 1200 ITE vs IMEP
45 |-|Phi=1.0
[ [Fugl = Gasollme - a =
[ |93 0N ° - -
40 [ |Dlesel Micropilot
- T
35 I A MGyl
- & . o Equivabent
B o aoa BTE vs BMEP
i o5 ok
[ G &g Bingle-Cylinder
s - ETE vs BMEP

MEP [kPa)

1000

1100 1200 1300

* Single-cylinder
emission and
efficiency results are
favorable

* NOx levels a 30%
of US2010

«Efficiencies within
15 relative percent
of diesel

Models indicate
potential for
higher
efficiency,
bringing them
to current
diesel levels
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Progress is impressive. Competition IS
iImpressive. Future Is exciting.

51

Regulations will continue pushing diesel as low on emissions as technology will
allow.

Technology will be pushed by alternative combustion strategies and competitive
forces.

Filter regeneration is getting sophisticated. Advanced engine combustion
strategies offer opportunity.

NOx solutions are evolving rapidly.
— SCR is being optimized for low temperature performance. And size.

— LNT durability is being addressed and perform well at low temperatures.
Reductant control is important.

Integrated solutions are making HDD the environmental benchmark
— Impressive integration and advancement.
— Resources are being allocated to start in earnest towards 2008-10.
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Thank you for your attention!
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