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Summary

Regulations
— European LDD regulations have implications to the US approach

— Europe is formally proposing Euro VI (HD) this year
« Wide range of scenarios considered — no industry consensus

— CO, regulation appears to be the most dominating long term issue
Engine strategies are making impressive progress

— HD research engines show very low PM levels under steady state full-load
conditions

— Advanced combustion mixed mode engines are emerging for LD and HD
NOx solutions are available for ultra-low emissions
— SCR is addressing cold temperature and mixing issues

— LNTs are performing well today at about 60-70% efficiency; hybrid LNC/SCR
systems emerging

DPF systems show continuous improvement
— Very sophisticated regeneration control strategies.
— New catalyst formulations add flexibility and improved performance
— HC mix from advanced combustion engines might present challenges

CORNING ‘ Corning Incorporated ‘ 2



CORNING

Regulatory Trends




To sell Euro 5 cars into the US market, a minimum of 50-60%% NOx control is
needed to hit a 42-state market (70% US). For Euro 6 (2014), 65% additional
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Ultrafine emissions regulation in Europe is moving

fo rwa rd EC JRC, PMP ETH conf 8-06
1.0E+14 5
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Euro 5.5 particle limit values of 3 mg/km; P# 5X1011/km
for 2011-12

» Best unfiltered diesel at 1013/km, so 95% number
efficiency needed.
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The EU is considering four different Euro VI
scenarios.
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NOx or PM, g/kW-hr

Scenario A Scenario B Scenario C ScenarioD Uus2010

Est. Fuel Penalty 2.3% 5-6%
vs. Euro V

neutral neutral

* Number-based PM standards considered.
 Considering also doing Euro VII, but will result in delay.

 Considering fuel consumption vs. criteria emission trade-off.
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Non-road engine and emission control systems are
described

Regulations Technology

ISO 8178 C1 Test Cycle NRTC cycle: Tier 4 & Interim Tier 4 < 560 kW
NOx+NMHC/PM [g/kW.h]
Tier2 Tier3 NOx/NMHC/PM [g/kW.h]

KW<8 * 7.5/0.8 7.5/0.4 <8
8<kW<19 * 7.5/0.8 7.5/0.4 B<kW<19

19<kW<37 * .5/0. 4.7/0.03

ISO 8178 C1 Test Cycle NRTC cycle: Tier 4 phase in / Tier4
NOx+NMHC/PM [g/kW.h]

Tier2 Tier 3 NOX/NMHC/PM [g/kW_h]

19<kW<37 cR
37<kW<56 .5/0. 4.710.3 4.7/0.03 37<kW<56 mech. FIE gasotiirne engine

56<kW<75 . 4.7}0.4 0.41‘[0.1 9"}.02 56<|(W<75 int. EGR

75<kW<130 DR 4.00.3 0.4/0.19/0.02 75<kW<130 electr. FIE,

e N EGR: Eretarded:
130<kW<560 4.0/0.2 0.4/0.19/0.02 130<kW<560 timing or ext. EGR

ooy PR oo B s [

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
*NRTC MY 2013 and later  Certification fuel sulphur content: 06/2007 500ppm 06/2010: 15ppm o e L
Certification fuel sulphur content: 05/2007 500ppm 05/2010: 15ppm

DPFs emerge only in 2014 in one small engine class.

AVL June 2007
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Non-Road has significant challenges

« US2007-like regs in 2011
— Europe and US, with Japan to be formalized
— Cooled EGR limitations

— DPFs leading concept, but some are looking a at Euro IV/V SCR
approach

« US2010-like regs in 2014
— EGR+SCR+DPF seems to be leading
— Much resistance to urea-SCR

+ Best solution seems to be mixed-mode with HC-deNOx (LNT or LNC)
and DPF

— Timing fits
* Huge watchout

— NR moves into engineering in 2009. Conflicts with US2010, Euro VI,
and US LDD

* Industry resource crunch, especially in supply chain and for dynos
* Medium sized NR companies appear behind, already
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AB 1493 forces the fleet average 21% below the
2006 EU fleet actual. 37% cut in 7 years required

275 -
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CO, grams/km
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Agreement U Target
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US and EU test cycles are not equivalent. ARB standard includes GHG losses from AC system. AB 1493 LDT2 definition includes
8,500-10,000 Ib. gvw MDPVs. Fuel economy conversions at 19.55 Ib CO,/gallon gasoline and 22.43 Ibs/gallon diesel. US fleet

X 10}
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Various approaches can be used to achieve higher fuel

€CONOMY. However, improvements get increasingly more expensive.

FEV, AVL Environ. and Motor Conf. 9/06
30 - Comment: Fuel

Advanced advanced hybrid ecpnomy or CO,
; J— gains are not

oy asoline .
2 9 , ; proportional to

co { 4 :
E 5 % i costs. Thereis a
c RIS o point of diminishing
o0 conventional Diesel returns.
d“ - ULEV emission level
O B ..
-E' v
@ 10 - Ay
™ st
= DI Turbo passenger car sedan with AT
E. humc}geneuus component cost HEY wio electric auxiliaries
(VI cost estimated for lange volume

C0O2Z emission acc. 10 AB1483 in FTRHW
. U T T T T T T T T T T T T T T T T T T T ]
conventional g 2000 4000 6000 8000 10000
Gasoline AIT

additional component costs [€]
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HDD RESEARCH ENGINES are hitting 0.5/0.015 NOx/PM on the ESC

0.050 | On average, 60
- 70% NOXx control
_ Univ WI virtual 0
0.040 X oriine of 2001 and 30% PM control
: are needed to hit
; 0.030 F steady state
X : requirements
(o)}
E“ 0.020 |
_ ESC Threshold
0.010 -

Advanced Engines

) MAN

. . . . _CTI conf.; 1/07

02 04 06 08 10 12 14 16 1.8 20
NOx, g/kW-hr
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HD research engines are showing impressive
performance under steady state conditions.

\
\
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- anly NOx values were
0.050 - \ reported. PM ranges are
L Full load v estimates.
Stanton, LW gemn. “
0.040 505 \
- = \
sl \\ C100 point
E 0.030 \  Parche, DEER
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. Shimoda, SAE e s
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oy
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Both hardware (2-stage boost) and multivariable
control algorithms help in transient control

Higher speed == Lower speed Dynamic engine behaviour like Euro 3 1 NOx

Standard B PM
Control:
Emission peak
during —
transients

Emission Stationary Substitute Cycle

‘ Reference:;

Stationary optimized
emission

=
2
7]
2
E
L

Emission-transient / Emission-stationary

MMCD: Model-Based Multivariable Controller Design

NOXx levels are about 25% and PM about 10%
higher on the US transient cycle with proper

AVL June 2007 i
transient controls.

Other findings of interest:
 Transient operating modes are closely correlated to a series of steady state points.

* % EGR may be a better transient control parameter than Mass Air Flow or EGR
valve opening. (Ford, Imperial College, SAE 2007-01-1938)

CORNING ‘ Corning Incorporated ‘ 14



SwRI/Honda describe advanced combustion strategy
for T2B5 LDD engine.

Combustion Standard

C ] Low Combustion Tlemp-eratur!e
Restrict soot Form reaction ™|
C ] Ouxi Cat. DPF LNT =, i !
. [ Soot lsland =
C ) ? 1In| P\\rE!aselilne Crlmmh;ar —j §~ -E =
l/ - Turbo g‘ & DL :;5 =L
I |nt;;i-:'::::|er u . . /-;/L 2§ gg J
Smoke £
d 2 I / K ! 3 5 : e R
T“mfﬂin“vrm %m J“ Reduce ATF ratio
: Adr furl ratic e l'm:re.::eEG::
2.2 liter engine and High EGR and local equiv ratio control (here)  Low load: High EGR to prevent
system are used to minimize soot formation under soot. Med load: EGR reduced
stoichiometric or rich conditions. Localized and local equiv. ratio (physical
control of F/A is used for rich, medium load method) is applied. High load:
and for lean operation. Standard combustion utilized.

*Retarded inj. and intake throttle are used for fast heat-up.DPF at 250C w/i 30 sec. Low NOx due

to adv. comb.

*Throttling is also used to maintain T under low load and idling conditions. Low idle speed used.
LNT regen at high load uses rich comb + post inj, if necessary. Medium load is rich comb. Low
NOx at light load: no regen. Much discussion on rich-lean mode switching.

*TWC to address cold start (Honda, SAE 2007-01-1933)
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Stoichiometric diesel is being investigated as a non-

road alternative

Stoichiometric diesel engine —
goals and potential

* Operate compression ignition engine at
stoichiometric and use three-way catalyst for
control of NOx, HC, and CO

* Use continuously-regenerating diesel particulate
filter for PM control

* Obtain superior fuel efficiency because of rapid
combustion near TDC and efficient air system with
reduced exhaust aftertreatment losses

Rated Power Peak Torque
8 ]
! L B R ' "M
u i G =
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Deere, DEER 8-07

50% load operation

Stoichiometric Operation
with some EGR

06

05 —— A

03 —&—FPM

B NOx

02

0.1 ok

'DU T T T T

1000 1200 1400 1600
Engine Speed - rpm

Issues

» Smoke and PM at ¢ =1.00

* NOx level and three-way catalyst efficiency

« High exhaust temperature

« Control to maintain stoichiometry, especially

during rapid load changes

» Transient response
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New combustion cycle injects air at TDC in a 2-stroke
cycle to improve efficiency and drop emissions

— Turbo Charger
2 ~——-NO, Limit
T
o
&l fan
5 F o el Intake Manifold
3
&
g
@
BDC TDC BDC TDC BDC
3 4
1. Exhaust Valve Open (E.V.O) 6. Air Injection Closes
2. EV.C. T. |gr|iti0n . . . .
3. Fuel Injection Starts 8 Air Injection Opens The air IS compressed in an adjacent cyllndgr. he
4. Fuel Injection ends 9. Air Injection Closes combustion cylinder runs in 2-stroke operation so the
5. Air Injection Opens number of combustion events is the same as for a
Fuel and internal EGR are compressed. Compressed air is conventional engine.
injected near TDC and after to control combustion in the T T T T T T T T o
homogeneous fuel charge. o5 I ....... ........ SUNUUN SORRR ORI NUSRORS I
o [ Conventional | | \ ------ |
—— Diesel N U R W YOO U S NS WO
[ ] H H H H H H H H H
Preliminary results show deNOx I combustion \ ______ _
needs at 30-70% and PM needs at T T T T NG N ]
50-80% efficiency for US2010. L. Sturman | N G NN i
. Combustion
0
» Technology can be retrofit T S S EE 7 (o N N E A
(0]0)200) I (I Sturman Ind. DEER 8/07 —_—— e e



CORNING




US2010 concepts involve SCR, but there are complex trade(’
offs with engine design, SCR efficiency and size, and relative
urea costs.

Optimized fuel and urea cost for US'10 (NO,= 0.2 g/bhphr)

inter Gooler :§ Urea cost = 100% fuel cost (volume based) = no EGR
urpocharger rea lan g 1 :$ : i — o FGR
_Cblop_ ‘. Turbocharger | Urea Tank - E 4:< \scn.,.;:- 5% E — m;:IE[r;REGR
( ) Temp. Sensor Urea Injection é '%_ - : \ \ |
Ops 1 N N
'8 oc| ver | | cZh s§ ~—=c
o 1 |
makehrese =111 (O L — = C o R T e
wor / o Option: 2.7 g/kWh medium EGR |
g — = |
| Cooler “Sensor o Ej:ﬁ No, engine out g/lﬁ:; °
Leading heavy-HDD US2010 system For any given engine architecture (BSFC
layout is DPF+SCR, with incremental vs. NOXx), there is a minimum operating
changes in 2007 engine technology. cost relationship with SCR efficiency

based on urea consumption.

Daimler, CT|l conference, 1-07
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State-of-the-art LD urea delivery system described

e i Ivicd =
Features: o ] Eﬁ Sy i

. : i
* no return line for ?‘iﬁ'ﬁ?ﬂi " J
simplicity and cost pom— sensor, heatipg
: L} el

! device — e
savings ;

» self-draining lines
to prevent freezing
and urea deposits

* mixer to enhance
urea decomposition

Dosing Module with
aircooling

Bosch, MinNox conf. Berlin 2-07
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Urea mixing is especially critical

Y, aerosol

exhaust gases

Vortex mixer is a thin shield in front of injector that creates

strong localized mixing.

0,9

0,8

degree of urea decomposition [-]

0,6

0,7 1

250°C .H"‘-h.
t.\ ~m
EIITEBSC
x"‘» ~".-..\h:'ﬁ"-..,‘ -
n ""-:'EI
N\ °
“
AY
N
=——pellets AN
O]

—8— AdBlue with mixer

== AdBlue without mixer

=@=AdBlue: Long mixing tube
without mixer (1070 mm)

50000 100000

space velocity [1/h]
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150000

TU Munich, MinNox Conf. 1/07

Poor urea mixing results in injector
clogging, catalyst peeling, and poor
distribution/hydrolysis of urea.

Urea is decomposed most effectively with
vortex mixer at 250C.
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Zeolite SCR catalysts perform well at LT for short
periods of time. T<200C: NHHNOa formation

DeMOx over Fe-Z3M5 at low temperatures:

Fast-SCR and NH,NC, Formation at 150 =C over Fe-Z5M5:

N = NO, = 500 ppm, NH; = 1000 pom, GHSV = 52000 k!

NO = NO, = 300 ppm, NH; = 1000 ppm, GH3Y = 52000 k!

1':”] _"_ E1|:|-|:I 1':":'
a0 ——{awrc] 90
80 80
70 70 17
& 0 ] £ 80 1 Nroaroenny]
5 50 & 50 \
2 N z \
2 40 G E—— & 40 \—
30 e — 30 - o |‘_——— =
50 90 \\ MH, N, Formation
10 10 N MNO/MNO, SCR]
= - [ ] 0 —— :
0 10 2 0 40 50 B0 0 10 20 _30 40 50 &0

Time [min]

* Ammonium nitrate formation starts at 200 °C under NO/NQ,, SCR conditions
= 4 NH, + 4 NO, — 2 NH,NO,| + 2 N, + 2 H,0

— NH,NO, < NH, = HNO,

* At 150 °C almost no NO is consumed (no NO/NO, SCR)

CORNING |

Time [min]

LT: Rate controlling step is

NO—NO, kinetics

PSI, MinNOx conf 2-07
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Fast heat-up strategy is very effective, but costs fuel.
80% cycle deNOx costs 9% FP. Baseline at 65% efficiency

_ Urea injector ~ 5 1450 kg inertia weight
— poc SCR S | copF [ 2 1 engine class 20
~0.5m ~0.5m
~ 1"V ~1.8*, T ~1EM
clnse-:mglaed B S E
— wio heating ¥ 1
E ;{5]3 ------- w! heating until 400s = 15
E : 1l——— w/ heating until 400s and after 1390s g E
W — 300 2 !.-_ © &
[=%T) =
59 280 3 4 — : g s =
[y 41 Ao i A LE Hlila 210
c o 20077 o o ey 3 3 oy =1
20 45 EHy: [N e [ c=
8 oW/ i s £
Z 1004 =9
E 50 o
& E2 5
0 =
- A
20 I — R
ex
T 25T —]—— Raw emission p b
25 spl|— i Tailpipe | — D 0 A
£5 © 7 i wio catalyst
S2 15 —- — )
EE I heating
5% 10 - —
g T — -5
=z — — ="
0 T T 50 60 70 80 90 100
0.0 .
U 2[-“] 40[} GUG 8(.:-?me I;‘]:JUD 12{10 14m 15{10 18m Nox-cunver-s'on rate ["’,‘:1] & mg FTW - all dgvie reasresd Cordderiin - na panulag ank

Fast heat-up strategy involves post-
injection, only when needed.

FEV, MinNOx conf 2-07
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Update on NOx/O2 sensor is provided

put [ppm]

SNS_NOxout

500 | < -'IT%DHrﬁ Aged(135Kmile) >
450 F = F :
E o o= -
400 //“' 2 & R<=0.998
350 [ 7 2
300 [ +10ppm = B . i
E (0 to 100ppm) e S E - 40 }
250 F yre ZZTE | >
200 | SN . S £ = 3o} P
150 +10% — E % = [ .5
o0 4 / (100 to 500ppm) | Bo 20 /
A == 3 or 4 points f NOx
50 / O 1ok concentration|in each engine
0 B .. ~ -__;, operating confiticon
0 100 200 300 400 500 RPN S S \ —
CLD NOx concentration [ppm] 010 20 30 40 =0 60
today AST, Gas analyzer
27
e @ @ P
target target ¢
Accuracy aged %
(0-100 ppm NOx)
target
Accuracy 0 km M
(0-100ppm NOx)
target

>
2004 2007 2010 2013

(today spec)

NGK CTI Conf 1-07 Corning Incorporated ‘ 24
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Ammonia sensor in development that will enable

closed loop SCR control.

50

i
—|DEAL
1 Sonsor G4

=Y

=
| I ')
T
1

[ppm]
[ ]
=

-
(=2
N [ T T T T N T T T T A T T T

MH3 Sensor
]
[=]

1+5-10 ppm accuracy on ESC test after 700 hours.

 3-5 second response time
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Interference from NO, CO, and HC is negligent

OUTPUT imV)

160 T

120 +

o
=3

410
I
50 |
NH3_LDS [ppm] o .

]  w=27.044Llnix) + 27361

R*= n.0092

® NHa ONLY
—=— 100 ppm NG
100 pprn NS 41000 ppr GO
& 100 ppm NG 21000 ppr GO0 41000 pprn HEG
& 500 pprm NO
& 1000 ppm NO
& 1000 ppm NO
& 1000 ppm HG
1000 pprn GO
—— Log. (MHa QNLY)

20

Delphi, CTI conference 1-07

40

-1} a0 100
NH3 CONCENTRATION {ppm)

* Closed loop NH3 control eliminates slip catalyst, and offers maximum
SCR efficiency, as NOx sensors have ammonia sensitivity.
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LNT can give higher efficiencies for smaller LDD. LNT
can go closer to engine due to urea mixing length requirements.

100

90
80
70.]
60
50
40

= SCR catalyst (LT)
== == SCR catalyst (HT)
LNT (LT)
————— LNT (HT)

30

A=60°C

o

NOx Conwversion Efficiency [%]

LNT

I:‘ (CIDPF |
[

]
M I SCR
S v el =

T T T T T T
100 150 200 250

T
300

|
T T T T 1
350 400 450 500

Temperature @ catalyst inlet [*C]
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FEV, MinNOx conf, 2-07

NOx conversion rate [%]

100 DOC — SCR - DPF {simulation) _—
1 L DOC — SCR — DPF {vehicle measurement)
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85 1

80+ LNT - cOPF _Agii g o
754 *

70- a

651 A ¢
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554 e © | w/o heating strategy |
5D T T T T T T T T T T T T T
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LNT deterioration is quantified. Main cause appears
to be loss of potassium at T>825C.

Univ TN, ORNL, Hannam

100 3 : : v
T aty. -— —— 3 _ * TC Univ, SAE 2007-01-0470
\ - & B"C
o '3 * T<~830C minimal loss of
it 2 NOx eff due to PGM and
[ . interi
% 50 e ——h 5 BPC adsorber sintering.
- - * severe loss of NOx eff at
:_5: a5 T>830C, mainly K
& - migration and alumina
= phase change, up to 150
an - - cycles. >150 cycles stable.
» S * T>1000C Ba-aluminate
TH ‘
(] =0 inn 1541 FLLLL ol H 1an 1500

Mumber af Aging Cyeled

NOx conversion at 400C is most significantly impacted by
increases in T from 800 to 900C. PGM grain size increases
only 15%, but K migration is main effect.
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A new double layer LNT/SCR approach is described. ceO, LNT
material has good LT activity and low sulfur affinity.

Lean{NCx adsorption)
MO, 05

(Top)

Solid acid
(Bottom) N, PHOSC
NO—NO(ad.)
NO+0,—MNO.(ad.)

Rich{MH, production&adsorption)
Reductant{CO,H.)

MH,—MH,{ad.)

CO+H,0—H,+C0,
H_+NOxjad. ) —NH,

MNH;

-1

»

Lean{NH.-SCR NOx adsorption)

MO—NGC(ad.)

MO+0—MNO(ad.)

NOx, 0, MH.{ad ) +NOx+0,
—N=H.0
\ [
™

The bottom layer acts as an LNT in lean operation, and converts NOx to NH, via the water gas shift reaction
during rich operation via the water gas shift reaction. The NH, is adsorbed by the zeolite top layer for use as

an SCR reductant.

100

Ce0; based

80 Catalyst

60

40 +

Alkaline based
20 + Catalyst

NOx conversion(%)

0

250 300 350 400
Temperature(*C)

100 1;’:0 2(IJO
The CeO, LNT material performed well at
low temperatures. System is placed in

under-body position to reduce temp.

450

NOQx conversion(%)

100

80
Alkaline
based

Ce(y
based

60

40 |

20 |

0

before removal 5004 removal

6004 removal

6504 remonval

The CeO, LNT material has a low sulfur
affinity, and thus can be desulfated at 500C. yenerate CO and H, for NH,

generation.

Honda, Aachen Colloquium, 10/06
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Increased CO supply

Post injection Rich combustion

Rich combustion is used to

2007-01-0239
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A lambda sensor after DPF is used to control the

regeneration.
1400y -
Upper limit for DPF = 10

) o 8
Eﬁ[ﬂ]l Dg concentration =7% o E E
= Upper limit =
E. e T A e O3 cnncentratlcrn =4% S S 2 .
e 1000 durability _ 0 :
E \ g 18[' :'r:nr:;ﬁr speed Air-fuel ratio
< o800f _ S 6l

€00 Base bed Temp. 2 E'] _ |

5.0 10.0 15.0 0 50 100 150 200 250

DPF bed temperature is controlled by oxygen level.
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PM Loading [g/L]

Time [zec]

Oxygen control is very good in
transient conditions.

Adaptive learning tightens A/F control and allows better soot estimation.

Nissan SAE 2007-01-1061
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Aluminum titanate filter are characterized
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Corning SAE 2007-01-0656

Filtration Efficiency [%]
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Filtration efficiency is very high, even

for filters with low soot loading.
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Soot oxidation reaction mechanisms of OSC is determined.

At T<470C reaction with lattice oxygen is key. Mazda, SAE 2007-01-1919
80
4000

- - DPM oxidation rate oA ambo

£ € a) lattice \

g 60 c 3000 1080 W LGhhhh |
) G ok

g 40 EEDDD' C‘ED1.E'D ‘r.rr_. .
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Premixed combustion results in HC species that are more
difficult to oxidize. Indications point to unsaturated HCs.
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performance.

Univ. MI & GM, SAE 2007-01-0231 Univ. MI, IJER to be published

Pt:Pd=3:1, 4.0 g/liter PGM loading,
SVR=0.73.
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Summary

Regulations
— European LDD regulations have implications to the US approach

— Europe is formally proposing Euro VI (HD) this year
« Wide range of scenarios considered — no industry consensus

— CO, regulation appears to be the most dominating long term issue
Engine strategies are making impressive progress

— HD research engines show very low PM levels under steady state full-load
conditions

— Advanced combustion mixed mode engines are emerging for LD and HD
NOx solutions are available for ultra-low emissions
— SCR is addressing cold temperature and mixing issues

— LNTs are performing well today at about 60-70% efficiency; hybrid LNC/SCR
systems emerging

DPF systems show continuous improvement
— Very sophisticated regeneration control strategies.
— New catalyst formulations add flexibility and improved performance
— HC mix from advanced combustion engines might present challenges
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