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Discovering Beyond Imagination

Diesel emission control technology is making
significant progress

« Diesel regulations are getting tighter in all sectors. Diesel will likely not be
“done” until emissions are as low as permitted by technology.
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
— SCRinterest in the US and Japan is increasing. LT performance is key.
e 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

CORNING

S6P1- 1



MDEC 2004

Regulations and Approaches

CORNING

Discovering Beyond Imagination

Heavy-Duty Diesel highway regulations will force PM or NOx
control in October 2005 and both NOx and PM perhaps in
2008. Heading to very low numbers in major markets.
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New non-road regulations in place. Roughly a
4-year lag with highway regulations.
NONROAD EMISSION REGULATIONS: 50 - 750 HP

Fiar 1 s 2 Tiwi 3

Imsvien Tiae d Fiesiil Tiar 4
Sage | ‘Hage 1 Sagem & Fugea B ‘Hage
1 -8 2001 -4 2008 -0 ma -1l e -8
[ep—
iu L i &
1 |
£ L " "
- T T
it - e —
i | I » -
- d 4 & & 4 4 § P& | W
e g D = gk e+ HE gy g i g
T 1 ool FeH a4

2 te o e

MONAOAD (WS} 3500 ppen sulfur —’i 00 ppem | 1k ppm

HOKROAD (EU) 18 - 2600 ppm
OMROAD  (US) 500 ppm
CNRGAD  [EL 10— 350 ppm—-l

Jl“l“;"f"lln ppm 7

Courtesy of John Deere

Recent developments in PM control

* 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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Diesel particulate filters use porous ceramics and catalyst to
collect and burn the soot

Cell Plugs
Trapped soot on inlet wall surface

Place a catalyst in
front of or within filter
to oxidize NO to NO,

Exhaust
(Soot, CO, HC)
Enter

Ceramic Honeycomb
Wall with Supported

talyst
) Catalys CORNING

Regimes of passive and active regeneration are
described for a LDD

18 Flow resistance reduction [mbar-h/m?] in 10 minutes
-13

Fiat FISITA 5/04.
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Above the “balance line” is passive regeneration using DOC+CSF. 1.9 liter CR ) ) )
8 DI engine, D-Class vehicle, 10 minute backpressure changes at 10g/liter soot. LRI
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NO, has a big influence on soot oxidation, as
does the presence of catalyst
el Specific rabke of sool oxdation vi
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E o o [/ « LNT catalysts had little influence
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§ 0.00044 _ * Hypothesis: the presence of C (O)
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Fiat describes a comprehensive approach
towards CSF regeneration
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«Strategy maximizes passive regeneration and considers partial regenerations and aging.

«Complete regenerations occur only under efficient conditions

Fiat FISITA May 2004
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Burner system is described for regenerating filters

Delivery Truck (7 L DITCI Diesel Engine)
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Alternative combustion strategies are moving forward
and delivering T and HCs when needed AVLDEER 9:03

Comparison HCCI, DCCS, HPLI and HCLI Combustion
(m=1 500, psdbar)

HCC! DCCS HPLI HCLI
. =,

« HC levels are rather high for alternative
combustion strategies (3+ g/kW-hr)

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

*Temperatures are generally higher

*Gas is generally lean CORNING

S6P1 -

6



MDEC 2004

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

Full Sice Trock 1304

hit, engine-out only,
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Approximat s 1 US FTP Bin 5 can be
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Results on PSA taxis with DPFs at 80,000 km
are reported
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Ultrafine particle emissions at 80,000 km
are similar to ambient air, but nanoparticle At 30 km/hr, accumulation mode emissions
emissions are higher at 30 km/hr (perhaps increase, but are still very low. Reason is
lube oil) and 120 km/hr (perhaps sulfate) unknown.
14 PSA, IPF, SAE 2004-01-0073 CORNING
S6P1 -

7



MDEC 2004

Cordierite DPFs retrofitted onto delivery trucks
show good performance out to >360,000 miles
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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.

Univ. MN, ETH Zurich, 8/04

LOE+17
=15 ppm fuel, LSO, no filter

1 0E+16 /A\ =50 ppm fuel, HSO, filter 1

Heavy-duty vehicle, —— 15 ppm fuel, LSO, filter |

65 mph cruise
1LOE+15 =15 ppm fuel, LSO, filter 2

LOE+14

RN
Sy,

Dp (nm)

AN/dlogDp (part/kg fuel)

1000

Another secondary emission: NO,

eIssue mainly for retrofits

*Quantification of issue being determined (CARB working group)

«Solutions exist or are in the works CORNING
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The active surface area of ultrafines from LDDs with DPF is
generally lower than for aged ULEV gasoline
CONCAWE, SAE 2004-01-1985
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NOx Control

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

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

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

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

showing improvement

System Transient Effective Swept Notes
Cycle Fuel Volume
NOx Penalty Ratio
Efficiency
SCR, 400-csi 85-90% 3-5% urea in 1.0 Low temp. performance
Euro IV emerging |issues. US interestin LDD
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
DeNOXx catalyst 20-80% 210 6% 0.85t0 4 | Generally not sensitive to
sulfur. New concepts
emerging.

19

CORMNING

SCR

CORNING
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State-of-the Art SCR system has NO, generation and

oxidation catalyst to eliminate ammonia slip

Urea
(NH,),CO

SCR Catalyst (S)

4NHj + 4NO + O, — 4N, + 6H,0
2NH; + NO + NO, — 2N, + 3H,0

8NH, + 6NO, — 7N, + 12H,0

Exhaust |:>
Gas

Oxidation Catalyst (V)
2NO + 0, - 2NO,
4HC + 30, — 2CO, + 2H,0
2CO + 0, —» 2CO,

H s |o| [ D

Oxidation Catalyst (O)

4NH; + 30, — 2N, + 6H,0

Hydrolysis Catalyst (H)

Degussa, 9-99 (NH,),CO + H,0 — 2NH; + CO,

21
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Low temperature SCR NOx conversion is obtained using DOC
to generate NO, and exhaust brake for temperature control

wio EGR, wio Post DOC
Transient Mode Total

80

%

MO

Reduction
[ S

SCR “lgop SCR g SCRO T

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

Mitsubishi FUSO SAE 2003-01-3248

22

Pre DO PreDOC - PreDOC

Average SCR Temperature
1557T 167

NO, Rat

NOx Conversion %

n=l 23 0l 23
Rase Stepl

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

- wEGR, wPre.DOC, w Post DOC ]

n=1, 23
Step2

CORNING
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Oxidation catalysts and urea hydrolysis catalysts are
used to increase SCR performance.

JO5 Transient Test — Cold Start JO5 Transient Test — Hot Start
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SCR HYD+SCR  OXI+HYD HYD
SCR LT-SCR

SCR OXI+ SCR HYD + SCR

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

Argillon, FISITA 6/04 .
23 CORNING

A new coated SCR system is reported that has
impressive durability W SAE 2004011269
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10 4
0
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Temperature (C)
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20,420

Distance Accumulated (km)
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24 High efficiencies obtained with NH3/NOx=0.85; 50% time >310C CORNING
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Lean NOx Traps

CORNING

Discovering Beyond Imagination

In lean operation, the LNT converts NOx to

NO.. and stores it as a nitrate

Lean Conditions

NO + 720, co,
NO,.

@ =
BaCO,

2NO, + BaO + 1/20, = Ba(NO,),

% CORNING
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In rich mode, the nitrate dissociates to NO,, which
Is converted to nitrogen using the HCs or CO

Rich Conditions

g

BaCO,

-\ /-

Ny + CO,

27 CORNING

NOx traps can achieve 95% efficiency in steady
state tests, but have sulfur sensitivity
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NOx trap efficiency is high, but decreases with sulfur
exposure; recovery is demonstrated

DOE DECSE report, Phase 2 NOx Adsorbers, 10/00 CORNING
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LNTs are becoming more tolerant to sulfur

NOX Gapacity of LNT During DeSOx Rrocess
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29 Engelhard, AVECC 2004

CORMNING

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

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

DFP Fuel
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Lean NOx Catalysts

CORNING

Discovering Beyond Imagination

Small amounts of hydrogen significantly
enhance Ag/Al,O; LNC performance

100

Conversion (%}
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Tarpersture (°C} Temperature ('C) ETC on HD diesel engine test shows hydrogen

synergy. 27% hot efficiency w/o, 5
« PAH in HC found to be detrimental on Ag
catalysts

« Hypothesis is hydrogen either promotes reactive

C=N Species, or removes pOiSOnS KNOWNOX Project FISITA 5/04

- Nominal 3-5% fuel penalties at high efficiencies

with 0.25% hydrogen. SVR =3t0 4

0% efficiency

CORNING
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A new LNC with double layer is reported,;

run like a LNT, uses oxygen storage mechanism to dissociate NOx

Single layer Double layer
NOx Nz Nz -
\/hz / g
NOx Nz Boen PN oo
Rh,RNOX o £
5 Nox G a0 N
Rh sRhOx * x
Celz é / [} JIS 2D(50) =}
Co0® 3 =] —— (50ppm )
Pt: NOx—+NZirich | - L1 RS W EPA (350ppm S) |~ °

) Test conqition-1 [15§c rich)

a B 10 16 20 26 an
Aging time [hrs]
« In lean/rich cycling (20/2 sec), at 250C inlet, bed
temperatures reach 420C In steady-state engine testing, 80% NOx
) efficiency was observed at 250C inlet T; some
«Desulfation starts at lambda=0.95 and 380C sulfur sensitivity
(inlet); bed temperatures reach 600C; heavy
desulfation takes 4 minutes
*SVR=12
33 Isuzu, SAE 2003-01-3241 CORNING
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Engine and aftertreatment requirements are
described to hit US2010 targets

- Np— = 2000 bar,
20 % EGR at full load

- gikWh

P s = 2500 bar,

T passse = 90% | 25% EGR at full load
.= 80%

PM

M,
|

) me = 90 % for both wariants H|

4.0 5.0
NOx = g/kWh

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

35 AVL DEER 9/04 CORNING

Refinements and further testing are reported on a LDD SCR
system. Cold start and HC issues are addressed to hit Bin 5.

x"h"‘l‘mj‘r T T T & '|‘ T = T "EIES_l. 8
SCA catbzmkt | ! ! ! ! ! ! !
1 1 1 1 1 1
sl — | 1 | | 1 ] o
b e . -1
H i E
éxn 4 §‘
B Ures Injectar Laocation [] Resistive Temperature Device (RTD) Em _‘él'
Em.mmmsampu- Prabe & TCLocaion E : B
DPFE Sensor taps 'g‘cn ;;f
SVR SCR = 2.1 zeolite ™= 3 i
1o §
Species | Engine | Tailpipe | ULEVI | Efficiency
-out | [@/mi] | 50k miPC [%] .
[g/mi] Standard [ T, - ]
[g/mi] st tima {s]
NMHC 0.45 0.012 0.04* 82%
co 0.80 0.143 17 50% In LDD with fast heat-up SCR, 80% of NOx is emitted in Bag 1.
Ny 0.48 0.037 0.05 92%
Fnaser| 080 oosz ke ULEV2 (Bin 5) is easily hit using the SCR/DPF
Prase2| 047 [ o077 e system. USO06 levels also hit. Average of five
Phases| 048 | 000 o vehicle tests. Ford Focus. FTP FE 38.5 MPG.
PM 0.001 0.01°

“NMOG standard.
° BIM standard at 120k mi.
36

CORMIMNG
Ford SAE 2004-01-1291
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CSF/LNT system layout is analyzed. DPRN-
type is judged best

System 1
Systemi | System? | Systemn3
T NO.-Conversion comparable range for all systems
(O [
—_— HC breakthrough {s”;;l"ifl':c':u high high
Quidition Catalyst  Lean WO, Trap [LHTp  Catalyisd Sool Filter {cDPF] T
i a0 DA NROS  @bed xak Suitability for low
System 2 -12ow ~1.7 e - 26 dm? temperature high o high
\\ application
"BIETE . Desulfurization
, - - 2 mioderate low high
=y D Wt —— w5 | capability
W (i
Ojfation Catalyst A=ty Canatyst {4000 regeneration good excellent axcellent
System 3 ceie s capabilty
S / Risk of thermal

damage of NO,

\ A
Y,
I o T _ )
~ W~ ——F— = |adsorberduing | " high high
- FPM Regeneration
Heat calibration

effort (PM high moderate moderate
regeneration
Continuous PM
oxidation within b high moderate
DPF
PM regeneration .
interval b high moderate
AVL SAE 2004-01-1425
37 CORMNING

Progress is impressive. Competition is
impressive. Future is “exciting”.

* 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.
* NOXx 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.

38 LDORNING
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Thank you for your attention!

CORNING

Discovering Beyond Imagination
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