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Summarx

* Regulations
— LEVIII finalized, Tier 3? RDE in Europe developing and very important
— CARSB looking at 0.05 g/bhp-hr NOx (-75%)
— US (2025) and EU (2020) LD CO, regs finalized. 3 yr consumer payback period
indicated
« Engines
— LD gasoline diesel advancing quickly. Mild HEV, downsizing. High specific power. GDI
PN development focus in Europe.
— HD achieving 50% BTE with common themes. EGR analysis show
advantages/disadvantages.
— New engine designs. NG emerging
« Diesel emission control
— 98% deNOx desired to remove EGR. SCR systems showing continuous improvement.
Durability issues being addressed.
— DPF+SCR systems advancing
— New LD system deNOx systems coming from Japan. Stoich diesel in transients, NH3
better-controlled storage. HT NSR (LNT) system going commercial.
« HD: LNC has strong interest in Brazil.
« Gasoline emissions control
— GPF being defined. TWC on GPF shows advantages.
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CARB tightened LD fleet NMOG+NOx average ~75%
by 2025. EPA proposal (tbd) is similar

ARBLEVIIl  vs. EPATier 3

OAL approval complete; Proposalin 2012 with final rule
waiverrequest at EPA by end of 2013 (?7)

SULEV fleet ave. by 2025; SULEV fleet ave. by 2025;
start in 2015; multiple bins startin 2017 (?7); multiple bins

150K mi durability with credit 120K mi durability for lighter
weight vehicles

Extend "zero” evap.to all LD Add ARB “zero” evap. + leak

& MD vehicles detection for cert. and in-use

E10 cert. fuel (existing 20 ppm E15 cert. fuel; 10 ppm S ave.
S cap for gasoline) for gasoline

Full useful life SFTP Full useful life SFTP

Tighter MD exhaust standards Tighter MD exhaust standards
3 mg/mi PM standards starting 3 mg/mi PM standards starting
in 2017, 1 mg/mi in 2025, in 2017 + US06 PM standard

US06 PM standard, 2015
review of 1 mg/mi standard
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Euro in-use emissions regulations are being developed

“the need to bring on-road off-cycle emissions in line with those measured at type
approval”

* Very significant impacts on emissions certification and design

- LDD NOx
« Gasoline PN
» Two options being developed: random test cycle or the use of PEMS
(portable emissions measurement systems)
* Procedure development occurring in 2013
* Boundary conditions are most critical

250 :
2 25 Il Route 1 rural-motonway
’ [ Route 2 rural-urban
= I Route 3 rural-uphilffdownhil
= 200 1 1 Route 4 motarway
£ 175 1 NEDC laboraiory testing
o . Anolicable emission imit
'E 18011 Euro 3 Euro 4 Eurc 5
E 1.25
g 100 Real-world Euro 5
g o NOx emissions can NOx emissions from
£ vso be 3-4X higher than Euro 5 LDD are >NEDC
= - NEDC emissions levels 80+% in common
0.00 -
% ; 33 g ; i3 ; : ; typgs of real-world
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I

JRC, SUN Conf 9/11
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California is looking for 75% reductions in mobile NOx to meet

new ozone standards. 0.05 g/bhp-hr HD NOx standard by 2020 being
considered. Reduced VMT and in-use emissions in LD sector

BAU: NOx Mobile Source Emissions (South Coast) 100
110% Hydrogen
100% e (g - apsze) L : Passenger car NOx reductions
o 80% W Gasoline Upstream 3
= B Gasoline Vehicle E 0%
R; B0% Diesel and NG Upstream 3
s mVehicle- Rail & Other Off-Road R 60%
E 70% mVehicle- Trucks & -
ESO% EVehicle- OGV £
2 % o
o 50% (]
2 ¥ 30%
B 0% 7% NOx TargetsL—'—'—'_" o
[} 0%
mlo%. 2010 2020 2030 2040 2050
010 ' 2020 2030 2040 2050 Additional to LEVIII, CARB is looking for 20% VMT
O Emission Targets for O3 NAAOS attainment reductions and cleaning up in-use vehicles to meet
Attainment Year Reduction needed from Pollutant the ta rgetS.
BAU to achieve target in
that year® . 2050 2050
HDV Individual Measures % HDVNOx % HDV GHG
2023 65% NOx reductionsin South | reductionsstatewide
2032 30% M : : . Coast from 2010
2050 85% GHG statewide | Target reductions from zo1o (HDV “fair share”) 95 85
Business as usual (BAU) 47 -78
SCAQMD has significant challenges to meeting Fuel economy only 54 20
the ozone ambient air standards. ~75% additional New NOx standard only 72 -78
reductions are needed from all mobile sectors. Low carbon biofuclsonly 60 68
Combined fuel economy, new NOx standard, 86 80
biofuels
CARB, SAE OBD Symposium, 9/12 For trucks, CARB is looking at 0.05 g/bhp-hr NOXx

by 2020.
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Regulatorx develogments on Non-Road

« Europe is exploring the next round of NRMM emission tightening
— Likely approaches targeting PN, in-use monitoring, and
harmonization with Euro VI.
— Commission report due to the Parliament in 2014
« US EPA surprised with Tier 4f approaches without DPF
— Very concerned and exploring options
- US EPA exploring CO, regulation for non-road
— Reduced priority relative to LD emissions issues
« China has no plans for tightening on non-road
— Lower priority to on-road
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Analyses of EPA cost and CO, reduction estimates show

incremental <3 yr customer Eaxback to 2025. $4.50/gal

2016-2025: Typical Cost of CO2 Reductions
from 2010 Baseline (~3.0 liter DOHC, 4-valve)

70
60 X g
1 17@
2025 9 11 212‘ %
%) - - 8
g 50 R o Oy
= 2020 2 0%
S 40 20" X
g \ /
© %0 5076 1¢
9 20 X
52 X Incremental consumer 3-yr
10 payback points
0 T T T T T 1
0 1000 2000 3000 4000 5000 6000

Incremental OEM Cost, $

Incremental 3 yr payback points
assume $4.50/gal and 12,000 mi/yr; $
are sticker price assuming 15% margin
on hardware and dev cost

EPA420-R-12-016, 2017-25
GHG RIA; Table 1.3-8
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1. Aggr frict red, aggr shift, low drag brake,
impr eff accessories, elect PS, aero, LRR
tires, high eff gearbox, dual cam phase, 5%
WR, 6-sp wet DCT
1 + TC GDI 18 bar BMEP
2 + more aero, accessories eff., LRR tires
3 + 8-spwet DCT
4 + 10% weight reduction
5 + TC GDI 24 bar BMEP
6 + cEGR
7 + 15% weight reduction
. 8 + 20% weight reduction
10. 9 + start-stop
11.10 + secondary axle disconnect (SAX)
12. 11 + MHEV,10% wt red, -EGR, -SAX
13. 12+ cEGR
14. 13 + 15% weight reduction
15. 14 + SAX
16. 15 + 20% weight reduction
17. 16 + discreet var valve lift + ATKCS (?)

©COENOOTAEWN

» 2010 baseline 27 mpg (8.8 /100 km), 3 liter
DOHC, 4 valve, 3554 pounds (1615 kg)
» Costs are hardware + development costs

|8




Commission confirms 95 g/km CO2 limit for 2020
new cars

- Same as previous indications. 147 g/km for LCV

* Achievable, cost effective, lower costs than previous estimates, good for
Europe

Based on vehicle mass

— All other bases rejected, except footprint (like US)

— Didn’t want to change as benefits minimal

— €95/g/km penalty (vs. Euro €25-50/g/km estimated cost)

Test cycles: No change, for now

— NEDC gives different results on RDE, but the correlation is strong.
— Still developing WLTP

Super-credits to stimulate new technology

— <35 g/km gets 1.3X vehicle multiplier for fleet average

— 2020-23, but 20,000 car limit

Now goes to Parliament and Council
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China has very high levels of PM2.5 in heavily

populated regions.
Much more exposure than anywhere else in the world.

Government is Responding

« November, 2010: 12t Five-Year Plan
* 10% NOx emission reduction target
* February, 2012: New national focus on

reducing PM2.5
* February 22, 2012: Air quality discussion at the
Executive Meeting of the State Council (Prime
Minister and all the Ministers)
* February 29, 2012: MEP issued new air quality
Ve Demisleag ul ok L2N0) _ standard that includes PM2.5

« Monitors established in major cities

Graphics courtesy of ICCT
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Final CARB HD OBD Standards - General

PM
I 'Y 14MY 15MY __temy |

3x (one engine)

Current 5x (all others) < Same < Same 3x all engines
Phase-in 5x w/sensor & Same
Detect a fault at (20% of all engines)
Proposed  5x PM standards 3x all engines

Phase-in 3x w/sensor
(50% of all engines)

] 13MY 14MY 15MY 16MY

(all engines) & Same

current Detect a fault at
2% NOx stds.
proposed 3x stds. Phase in 2.5x Phase in 2.5x 2%

» Natural Gas Trucks: OBD pulled ahead from 2020 to 2018
« HD-HEV — Same engine requirements, but HEV system OBD
delayed to 2014
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Emerging health effects and atmospheric science

understanding on nanoEarticIes

« Metal oxides are toxic
— They are small (<30 nm), solid, and charged (in aqueous solutions)
— Two Chinese cities with same PM2.5 (45 ug/m3) but with 76X
difference in MeOx had very different biomarkers. (Niu, to be
published)
— Numerous studies on smelter strikes and shutdowns
— Numerous studies on Ni and V toxicity (Lippman)
* Nucleation mode condensates exhibit non-equilibrium growth in
atmosphere
— Condensation/entrapment mechanism forms “solid”. Appears not to

change after this. (Perraud, 2012)
« Hong Kong had step-change in diesel sulfur and nothing else. Mortality
dropped. (Hedley, 2004)
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Analysis of EPA CO, cost and benefit data show some very

attractive technologies. Transmission, GDI, wt. reduction, VVT, cyl.
deact, friction standout as being attractive

Cost Reduction | %CO,
back, $ per %CO,

5-speed transmission — 6-speed ($108) 0.7% - (sticker, 1 2,000 mi/yr)
6-speed trans — 6 speed dual clutch ($154) 3.7% -

V6 N.A., MPI, 31 — 14 21, TC, GDI 18 bar BMEP $113 12% $9.40 $4/gal

Dual VVT (14) — hydraulic VVT/L (Fiat) $149 7% $21 % i%z%
Cylinder deactivation $176 6.5% $27 25 58

10% weight reduction $198 7% $28 30 48

14, N.A., MPL, 2.4]1 — 14 1.61 TC GDI 24 bar $562 20% $28 40 36
Level 1 friction reduction $80 2.7% $30 $5/gal

V8, 5.41 SOHC — V6, 3.51, 2xTC, DOHC, 24 bar $825 20% $41 MPG $ per %
Level 1 friction — Level 2 friction $97 2.1% $46 20 $90

DS, TC, GDI, 24 bar — DS, TC, GDI w/ cEGR $210 3.6% $58 gg gg

MPI, 14, N.A. — LDD, T2B2 $1857 22% $84 40 45

10% wt red pkg — 20% wt red pkg $688 7% $98

MPI, N.A., 14 — BEV100 (W/10% wt red) $15, 459 100% $155

MPIL, N.A. — PHEV40 (w/o charger, 20% wt red) $12,883 63% $204 EPA, SAE 2012-01-1343
MPI, N.A., 31— 2.5 1, power split HEV, NiMH $3589 15.4% $233

MPIL, N.A. — PHEV20 (w/o charger, 20% wt red) $9724 40% $243 EPA420-R-12-016, 2017-25

GHG RIA

Mid-SUV 14 — BAS mild HEV, 14

$1726 6.8% $254




Trends in LDD engines.
Downsizing 50%, while maintaining power, 100+KW/liter, HPL and LPL

EGRi 2-stage boosti advanced control. No deNOx for Euro 6 needed.

300 ! L ! 20 00 . , _ . . ; : : -
P . .
/W—r | B Series Production Engines i ' -
0 o | ConeemeTroRes ]
200 % -.
'
2 Example 1: : : i i i i |
= 3L-class 6-Cyl. |
s 150 ¢ D-esen.aage'fc f{ass Y] 80 g ' - : ' '
@' Example 2: m_— 40 -
5 f,sf | 1.6L..2L-class 4-Cyl. | R |
JJW 20
0
1 15 2 25 3 35 4
. 0 T f T 1 T 1 T 1 1 T 1 T 1 T i T
Displacement /L 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Model Year
FEV HECS Specification: Benefits: Gen 3 HECS:
Downsized 1.6l 4-Cyl. Diesel Engine « 2500 bar FIE
5 . .
80 kW spec. Power 17% FueIIConsumptlon Reduction More friction reduction
2-.5tage bODStlng syster‘n {VS 2.2l W|th |25 kW, EU4} — liner finish and ringS
ngh and Low Pressure EGR EU 6 emissions w/o NOx . Variable oil pump
Advanced 9“3793 Cooling Concept Aftertreatment in 1700 kg Vehicle e  7H-AMT
Eogg Eaélfl'fzo = High Specific Torque and Power « 105 kW/liter
P —— Robust Combustion System with  * 220 bar PCP

Optimized Bowl with CR 15:1 Advanced Control Strategies * SULEV compliant

CORNING ‘ Environmental Technologies FEV, CTI deNOx conf 6/12

s




Gasoline powertrain improvements bring 1400 kg car to 90 g/km CO.,.
Micro-hybrid using ultracapacitors. Electric supercharger. -35% CO, vs DS 1.6 liter GDI

baseline
. . 180
Versus ES gasoline engine: 170 ISR
+ -45% CO, £ 160 _
« +75% cost (est. $750 £ 150
from EPA data) = 140
3]
o 130
EPA: TC-GDI for 13% CO, cost 2 120
at $248. Ricardo has -12% CO2 5 410
at +25% cost 3 100
8 90
80
70
-} wn L
$3 8, 3%
o2 6 % 3 8
£q t o 2 ‘0
28 Se 2%
SE g* T8

All tests are cold start (25 deg C) legislative tests
EUS emissions compliance

Ricardo, GAMC Emissions 2012,
6/12, SAE HEE 4/12
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6 speed Diesel

gearbox

s § % %, & 2 3 & % & 3o
§o ? & £2 s 2 ®¥§5 g, 3 8 %2
w £ o o £ 3 = Eg 0D - o > ®
¥ o s 3 ES = g._, s TE = £ P
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Highly downsized, DI,
Belt starter «— turbocharged engine
generator
e Electric turbo-
compound unit
energy ; po
storage & !
controller 1= ' Conventional



PN emissions are very sensitive to combustion
environment and upsets. Fuel quality injector orientation and
design, and deposits can all form PN.

200%

ha
T

T T el Most of the
i part of particulate |} .l
ission f ight i i 1 H
v | M iniekevane o L PN emission
: : is coming

B ARl fomone

intake valve

-
o
t

150% 1

100%

50%

Q;leou Coembustion Integra I"_ Diffusion Combustion [V]

Particle Number -p/s Particle Number -%

500 -

i | I'\.“Iatrj part of parti(_:ulats
el 4 = European gas station fuel A PN = 100% 0 enﬂss'?:l:fr;:; piston R 1 que to

i o European gas station fuel B PN = 172% B e e e T —-— lmproper

| & g f e g [nstallation
2,5e+10 ‘% 1007 - oo T e A SRt T of the
BILE - injector.
=

NAAbA LA
AR Y A W AR VAW e

W@ & W Tm n

1 NEDC /\_/_\_/_/_,
e N et | R T
TR T —.

] 130 20

Time —s

Differences in EU pump fuel can cause 1.7X
increase in PN

] 100 200 300 400 500 600  TOO 800 300 1000 1100 1200

ne 21-23 May, 2012, Stutigart Time [S]

o
4
a
U Vehicle Speed

L=}

AVL, IQPC Conf, May 2012
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HD EGR offers advantages in fuel and DEF consumption at

current levels of SCR cagabllltx g~4 g/bhg-hr NOxz

3% DEF/Diesel Ratio = 0.66
NO EGREngine 3% ' 5 ‘ ™ P

c Architecture LN )\,- Diesel+DEF: EGR
S g . £ 1 '~ >
E. (1 . ] © 2%, - - \
£ s Combustion g S~ o
2 . Nt Sysfem Design Sc Diese+DEF:NO EGR ™ 8
Q o . - — O &l A L T
o EGR Engine \ \"-. Fuel Injedtion 88 Diesel; EGR
g Architecture \ " System Design a 5
L 0% [ X3! =g
£ o 23
5 ¥ £
g 1% ,/\'\_{‘.’ g3
= c
O Part-Time EGR § wl: NO EGR
< = 2% T T T T
[11] []
O 2% )
o 2010 Operating Range for o -
o Low Load Factor Duty Cycles a5 ~—

39, And Vehicle Start-up "o 1 2 3 4 5 6 7 8

’ 0 1 2 3 4 5 6 7 8 Engme Out NOx (g/bhp-hr)
Engine Out NOXx (g/bhp-hr) At a DEF price ~2/3 that of diesel fuel
At current levels of SCR capability (~95% deNOx; 3-4 g/bhp- and SCR capability, EGR offer operating
hr engine out), EGR offers fuel consumption advantages. cost advantages.

Cummins, CTlI NOx Conf 6-12
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DOE SuperTruck Program participants have mostly
common themes to 50% BTE

BTE Impacts

Common

- Waste heat recovery — 2-3%
« Air handling, EGR - 2-3%

» Parasitics, friction — 2-3%

* Improved SCR, other — 1-3%

Other

* GPS integration into engine calibration
* Turbo-compounding

« Downsizing and downspeeding
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Progress is being made on the 2-stroke/opposed

piston engine.
Latest 4.8 liter 3-cyl achieves 45.6% BTE with manageable emissions.

Opposed-Piston Two-Stroke

Inlet Air Exhaust

48 /
Air Filter Afte:ﬁ'eal:mmETH 47

(OP2S) Engine
Pressume Drop Pressure Drop — a6 ' ? . —
< Calibration Optimization qdlr:de(m
_IPE | :éfn v BQ 45 :;.:ﬁ:;mmes MNew cylinder. e
Compressor Turbine % E E calibration Cptimization %ﬁm
’ 3‘ o 44 New cylinder. new pistons :)?durs
new injector nozzles, calibrstion
W < e 43 S | A
- - e
i Exhaust\la.nifoli\ 42 e I izt o a8 |-
s E 41
B3 5
EE - []54 Recirculation « Q _— 0 2 4 6 8§ 10 12 14 16 18 20
3 Development Time (Month)
Bore 102.6 mm
z2120m O,
i29mm  System has supercharger, HP EGR, Achates Power, GAMC Emissions 2012 June 2012
22 two CAC, turbine bypass. MTZ HD Conf November 2012
mbroe
Opposed piston engine has | |- "1 : I | Exhaust 4
= - i Case Brake iction |Pumping| Coolant
S/B=2.2, 3-cyl, 4.8 liter Speed |Torque | IMEP | BrMEP Thermal | Thermal [P o0|PYMPINE SO0 08t | opc | gske | Bsmon 1 BscO | BSHC
. R | Eff
Liowggss
Steady state tests show - |rpm | nm | bar | Bar | kw | Ew % % % % % | gxwh| giwn] gnown feown| grown |gw
(0]
peak BTE of 46% at A100 [ s | 1391 | 251 | 3.8 | 3.2 | 439 | 366 | 521 | 237 | 68 | 16 | 475 | 1602 | 192.2 1.633 fo.007| 0.608 | 0.46:
(o)
and 456/0 at A75 Max A75 | 1391 753 11.0 9.6 125.6 | 109.7 51.9 45.6 4.4 1.9 48.1 | 160.7 | 184.1] 2.934 §0.026| 0.212 | 0.24F
NOx of 4.5 g/kW-hr at Bs0 | 1775 431 | 68 | 55 | 951 | 802 | s28 | 430 | &7 | 31 | 472 |1s8.0|195.2] 1.178 Jo.007| 0.190 | 0.29¢
B1OO POSt turbo B7S | 1775 | 643 10.0 8.2 145.E | 119.6 52.6 43.4 5.6 3.6 474 | 158.5| 193.3| 2.046 §0.020| 0.134 | 0L.29]
temperatures 389C c25 | 2158 | 180 | 3.1 | 23 | 555 | 408 | s23 | 387 |03 | 33 | 477 |159.4| 217.2) 1621 Jo.on7| 0.573 | 0.58
(A1OO) to 244C (025) C75 | 2158 | 533 B.5 6.5 151.5 | 120.5 51.8 4l.4 6.6 3.7 48.2 | 161.2 | 202.6] 4.279 §0.009| 0.093 | 0L355




NG trucks are emerging.

This time driven by cost reduction, not emissions reduction.

Fuel Price Report

FUEL PRICES Week of Oct 8

CMNG 5237

Compressed Natural FC vs. Emission | Attractive
Gas diesel s system Segments

L!‘«JG 5292 +10-15%

Liquefied t h

Matural Gas stoic

Diesel 54.09

Gasoline $3.47* Cl-lean, Similar
diesel

*Nig=sl Sallon Equivalent pilot inj.

Diesel and gasoline data from the LS.
Energy Information Adminigtration. CNG and
LMNG data from a nationwide price survey
of Clean Energy Fuels public-access
stations.

Current differential price of CNG is $1.72/gal
less than diesel. LNG is $1.17/gal.
CleanEnergyFuels.com
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TWC

Same

Refuse
trucks,
transit buses

High-
mileage
applications

CNG preferred
Payback period on
cost 1.5to 2 yrs

Generally LNG.
Line-haul interest.
Different versions
include integrated
or different
injectors
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Cummins shows that improved SCR performance can
take off EGR and decrease fuel and fuel+DEF costs.

Drive Cycle SCR Conversion Efficiency End of Useful Life Other Improvements
Improvement Over Time No EGR  qoos \ AT System Needed for SCR

(Average of 14 drive cycles: Possible
Span 27 hp/L to 52 hp/L) " ] * Better understanding of SCR deactivation mechanisms
for EUL robustness

Fuel Economy ) )
3% — Hydrothermal, low temp. water interaction (reasonable

Closed Loop \ understanding)

" = Sulfur deactivation (less understood)
\ |t— * SCR substrate

E@ . " bickes orhger ey
—Formulation to reduce N,0 robustness to GHG regulations at
1% |- 17‘7 .................. . higher power density)
o~

* Reduced SCR NOx conversion variation
- Sensor technology
»  —SCRcatalyst part-to-part variation
I 90% 92% 94% 96% 98% 100% = (QBD
T == " - - T —— 00 = - . =
005 006 2007 200R 009 M0 2011 12 2013 MW 005 2016 Drive Cycle SCR Conversion Effl(:Iency

If SCR efficiency attains 98% (nominal 8-10 g/bhp- Closed-loop SCR control increases deNOXx

4%

Projected M

2%

g
SCR Conversion Efficiency
Compared to 2010 (%)

Reduction in Fuel Consumption

hr engine out NOx), EGR will not be needed to efficiency and decreases variability.
meet the US2010 regulations.
Closed Loop More Work Required to

Beat Back System Variation
i

100% --Dosing Control

98%
96% | -+ ! /‘e'__,__’-—
o e e R

Open Loop
92%
a0% |

0OBD Limit: .

88% | - 0.40 g/HP-hr Cummins, CTlI NOx Conf 6-12

Be% |

Aftertreatment deNOx Eff (%)

B4% |
2% |

B0%

Engine Out NOx (g/HP-hr)

Reduced variability and higher deNOx efficiency
allows significantly higher engine-out NOXx.

Dgies




SCR catalxsts are continuouslx imEroving.

—4—Reference: Aged 580C, 100h —@—Catalyst A: Aged 580C, 100h HGen5 MGend wWGen3 MGen2
~Reference: Aged 650C, 100h ——Catalyst A: Aged 650C, 100h 100
100 -
) £ 80
< 80 =
S 2
Z 60 g 60
E . Dramatie -
S 40 Durability S 40
& 20+ ‘ovement z
z © 20 -
0 T T T Z
150 250 350 450 550 0 - ;
Temperature (C) 175 200 275 525

Temperature (C)

New vanadia catalysts have improved HT durability. _
Marked improvement after 650C aging for 100 hr. Cu zeolites aged for 100 hrs at 650C.
- SV=100,000/hr

100

g"" JM, SAE HDDE Symp. 9-12
> 601

3. PGM content of

RO Gen 4 l cens NH3 §I|p catglyst

@ dropping while

301

g [l 2gme

o]
(=]

maintaining N,

=
=]

=]

00 421 195 300 421 195 300 421 202 300 420
Temperature °C Temperature *C Temperature °C Temperature °C




HC impact on CuZ and FeZ is explained.

FeZ much more susceptible, but insensitive to combustion mode. CuZ (chabazite)

more sensitive to PCCI ssmaller HCsz

100% . \..‘.,.3‘:ia 100% All curves come
— ™ so% together at a
5 » Cu Degreened 5 * Fe Degreened temperature wherein
§ 60% B Cu conv.-fouled E 60% @ Fe conv.fouled HCS begln to OXIdIZG
E Jf Cu conv.-cleaned E < Fe conv.-cleaned th th d b
= 0 ® Cu PCCl-fouled & 40% AFe PCCHouled ratner than desorp.
= ©Cu PCCl-cleaned = /\Fe PCCl-cleaned
20% 20%
0% 0%
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
temperature (°C) temperature (°C)
CuZ (chabazite) is much less sensitive to all HC poisoning than FeZ. Both recover.
PCCI HCs affect CuZ more than HCs from conventional combustion. NH3 storage

N
]
o

[y
9y

3 4 o pcai0oc | CAPACcity is not
= L J affected by HC
zs% 3 b adsorption for
2 bypca:sooc | aither zeolite.
5 | |,M|
107%U <
5
1
e

(@conv:i200c | ORNL, SAE 2012-
01-1080

Conv. PCCI Con\f- PCCI Conv. PCCI Conv. PCC

Cu Fe Cu Fe

FeZ adsorbs much more HCs. CuZ is more
sensitive to combustion source of HCs,
indicating species selectivity. CuZ has strong
HC oxidation potential.

lon 57 Counts
[normalized to max for PCCI (200Cmax) data and offset]

HC released (mmol)
'—I
93]

o
CO+CO, released (mmol)
=
o

o

(d) Conv:600°C

N B T

15 20 25 30 35 40
retention time (min)

Pyrometry GC-MS shows more small HCs for PCCI coming off
zeolite. Large HCs coming off at 600C likely from soot oxidation.
S

0




C

Hardware configuration

)

Temp. (degC)

NOx (mg/s)

Wide-range /. sensor

Stored NH3 strategy is important. NH3 sensor and two SCR are key.

Urea-dosing-injector

NHj; sensor

15 SCR (Fe-ze)

Mid-NH, System =——

204 SCR. Fe-ze)

Dosing amount

|

Urea-injector

Honda/Delphi IAV MinNOx 6-12

Honda/Delphi SULEV LDD approach much EGR, uses stored
NH, (slow SCR heat-up), and stoich DOC for deNOx

NH; ship
concentration

Urea-dosing
controller

NH,; sensor

Shightly NH; ship _

15 SCR Brick 2" SCR Brick

FTP performance
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Maximize stored NH, amount
Maximize NOx conversion efficiency

L Triple NOx Reduction Concept J

Trap slipping NH;

Consume NH; by using slipping NOx

3-way conv. of DOC

Conversion efficiency (%)

i Convert NOx and HC I

145 15
Air-fuel ratio downstream of DOC

Stoich op allows DOC 5 mg/mi deNOx
on FTP and 45 mg/mi on US06

USO06 performance
NOx conv. of SCR

t
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SCR on DPF has big light-off advantage. It can also
sustain DPF regens. deNOx possible during regen.

Cummulative NO, Emissions / g

25

- |Raw Emissions

DOC+CSF+SCR

DOC+SCRoF

0 200 400 600

800

1000

Half of the SCROF benefit vs. SCR is realized
before downstream SCR is even functioning.

NO, Conversion/ %
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_ 80

BASF, IAV MinNOx conf 6-12
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40
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Urea dosing

MO, inlet = 300ppm
NSR=5
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SV=60kh
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Time /s
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§, M SCRoF NO,/NO,
Loss in DeNO, Activity FTP72 / % ""{:— = ~10%
0
s e | 1
-5
-10
16h@ 200h@
800°C  550°C 750°C  800°C 850°C max. 1100°C
filter outlet
— gl - T
oven aging: engine bench aging: 30 repeated
10% water, 10% 100 repeated filter drop to idle
oxygen regeneration events regenerations

SCROoF catalyst can sustain 30 DTI regens and >100 regen

Temperature SCRoF / °C exposures to 800C.

NO, Conversion/ %

100
80
60
40
NH3 can be
injected during

DPF regen for
70-90% deNOx

560°C 630°C



Ammonia storage capacity is characterized as a

function of aging. Predictable from aging Erofile.

Raw Ammonia Storage Aging Data

Groupings
are aging
temperature
Bars are
time at
temperature

NH, STORAGE CAPACITY Q, molim?

1st Principle Adsorption Equations Used to Determine Aging Parameters

475°C

550°C 625°C

700°C

Preconditioned
L5
S

=5
5
3

AGING CONDITION

Fe zeolite

l,=1l,1+ e[_%i(%_%:’]

f Ed 3
{1 = Ii'} - fr . I(f‘l i {‘{ﬁfll) 0 Ilu -+ {‘x — }’;'.I]

PERCEMTAGE ERRORS
TEMPERATURE, Kelvin
Aging, Hrd 748,15 | 823,15 | 858.15 | 973.1%
2 4.5 2.6 0.4 .7
4 8.6 2.9 5.3 17.6
8 4.5 5.8
16 4.1 6.0 9.6
Average % efmor = 6.3

Comparative Errors
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Cu zeolite
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PERCEMTAGE ERRORS
TENPERATURE, Kelvin
laging, Bl 27315 | wam1s | 107315 | 1172318
2 0.0 aa 0.0
4 2.4 256 2.5
B 3.5 4.8 7.1
16 0.1 1632 15.E
A‘ﬂeme%ermr- 6.1
Comparative Errors

SwRI, SAE 2012-01-1077




Auto consortium formed to look at adsorbed NH3

Concegt. RDE, OBD, costs Eromising.

Consortium “Out of the Blue”
» Founded in summer 2010

» Members are Honda, Jaguar Land Rover, Toyota and Volvo - others are welcome!
» Purpose is evaluation of ammonia dosing and delivery system

» Sharing cost but also sharing information and working towards common solutions

Work completed so far include

+ Demonstration of Euro 6 NO, emission level

+ Demonstration of good NO, conversion rates in off-cycle conditions

* Demonstration of roebust dosing software application (minimized NH; slip)

» Feasibility study of OBD concept

+ Study of cartridge infrastructure concept (refilling, recycling)

» Discussion on standardisation, development of key compeonents and cost estimates

Future aspects of ASDS technology
+ Standardisation, safety and legal aspecis

Euro 6 target NO,: 80 mg/km | NOy NOy co, Fuel
mg/km conversion g/km 1/100km
(mg/mi) in % (g/mi) (mpg)
T [uf/\ 77 48 175 6.7
e
J'JV i 73 86 167 6.3
Y
93 194 7.2

ety g oo en

Testing conditions

« All tests with NEDC dosing calibration, aged catalysts and max 20ppm NH; slip
» Ammonia dosing release temperature set to 100°C upstream SCR

+ All tests with pre-stored ammonia

Jaguar, IAV MinNOx conf 6-12

RDE in the city shows good performance.

* NH3 storage still important, but can refill

at 100C.

*  72-91% deNOx in variety of city driving
OBD similar to current SCR. Concerns on fill
level detection.

LPG tank refill model; 42,000 km with two
tanks

Cost similar or lower than AdBlue to OEM and
users

96 181 6.7
WL T ewwa
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Some application fundamentals are described for the
Di-Air system.

HC injection control 2 00 1
-Switching strategies —— ) 1 00
between SR and DI-Air  Realistic HCI system 150 * Conditionp cond. 1
-High injection rate w5 d * N} '
with low cost L 1.2 Di-Air Condition3 & 80
= 1.00 4 c
”u === s 60
Exhaust layout design = 0.75 1 ‘-ﬁ’ﬁ‘\ »
-Installation with i 0.5 *Conditio ) Cond. 2
, . 1,50 4 > ond.
good uniformity S&R c
0.25 | _—1 9 40¢
0.00 - X
Improved NSR catalyst
o Stola s tow Y 800 1200 1800 2000 2400 2800 9 20} ]
. temperature and Di-Air Engine speed [rpm] High Low
Fgg SDe’ssgi‘ cars with low fuel penalty. 0 g , \ , ,
passeng To achieve the goal of >75% 0 1 2 3 4 5
100 deNOx with <2% FP, Di-Air is Fuel penalty [%]

needed for conditions 2&3.

X

s 801 100

2 — c Injection - '

& s a0l patterns S |Reactive HC* zzacnve

g 60r .E QI.I.I;__’ L "E

c £ 60f 3sec £

g 4of : E IR
8 40F @\\0 8 l

x P 3‘.\(\\/

O 20F g 20k we® % Conversion

=z to CO,

0 High pressure injection
2.5MPa 7.5MPa 2.5MPa a) IMPa b)2MPa c) 3MPa with short duration

. . Injection pressure
Injection pressure L L . .
HP injection of short duration increases HC intermediaries

Good mixing is important. and improves deNOXx perf.
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Passive NOx Adsorbers (PNAs) are being designed
to work better with SCR for LT deNOx.
AdsorEtion at 80Ci release starting at 250C.

250 - - a0
g. 1.2 100 750°C/5%H,0/16h aged, 5Y=30K, HO=200ppm, BO"C, lean
= NOx Feed e
5. 1 80 — 200 T e ——————— -+ 86
- 1 08 ——PNA % PNAA T}
g ' =»-Cu SCR 650C 100hr 60 .% Eﬁﬂ H----mmmmmmeeeee e Rl - g
n | -3-LTSCR o = | B
6‘ 06 > 5 — . - E
= 40 8 =100 41 S i s o T8 g
= 0"4 r w5 E
@ o
= 20 2
® 0.2 -
E
o
= 0 - - 0

100 200 300 400
Temperature [°C] Time (s)

_ PNA materials are improving. Aged samples remove
Concept is to adsorb NOx on PNA at LT, and capture  90.95% of NOx at 80C. Maintain capture efficiency
it with SCR upon passive thermal release. for ~2 minutes.

Cummins, DEER Conf 10-11

800
PNA A
8700 —
EEDD {—\ —]
PNAs have 3 4, AN
different NOx * ., /N -
(o]
JM, SAE HDDE Symp., 9-12 release i, /A NEAN
temperatures £, [ J AT~~~
and properties. §_ lf / NOXx Feed
0 _/_:«/a';c{sw,o:wn aged, SV=30K, NO, CO=200ppm, €,4=500 ppm C,, 10% O,
CORNING ‘ Environmental Technologies 50 50 280 ' ' '

350 450 §50 650
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The LNC system is of much interest in Brazil.
E93 reductant has advantage over urea in materialsi degositsi evanration.

Brazil On Highway HDD - ETC Brazil On-Highway HDD - ESC

B HC LNC ETC ) I SCRETC ) [ mEmHC LNC ESC =3 5CRESC
7. — E93 Consumpticn —— Urea Consumption 6 5 — E93 Consumption —— Urea Consumpfion 5
18 15
16 T 16 5
14 4= 14 El
1o r 4 . 4% Tenneco, Integer Conf, 6/12
i = - c -
o I - B
: | 38 2 3%
> 0.8 5 =03 5
06 T2 § 08 128
0.4 T i .1 {].4 1 1
02 02
0 0 i L 0
M 8] THC MO cO THC

Steady state results are similar between urea and E93 deNOx systems.
Transient results are better for E93.

Path IT |—+
ESC HC LNC Vs, mmm Urea NOx g/ KW-hr m HC LMNC MOx gf\W-hr GHOH oH, —» CHCH; —» CH, —» CT— CO—» C0O,
Urea == LNC Nox Reduction %  —m==UREA MNox Reduction % * / * *
— Euro V limit g/kW-hr CHO % CH —» CH, CH,
= | 4‘. CH,
CH,CHO
+ 5,
“ CH,C0 —»HC0 — GHO0—»CH,0 uo'—.‘#:m..
. |
= CH,NO,
3 J Path I
ol CHO -
108 H — H
= < N\ +
1‘! NCD—I!-I:".. —h-i‘f HO —» {-?-_:
5
LNC E93 system HeN M, N 0, — ©
, performs better in
mode 10 at HT. [ Fectants Products [ Intermedintes
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““For comparison, an 18-wheeler diesel
engine truck would have to drive 143 miles
on the freeway to put out the same mass of
particulates as a single charbroiled
hamburger patty,” said Bill Welch, the

principle engineer.
Univ Calif, Riverside Study, Sept 2012




Soot may provide synergies for NH3 storage on

SCR+DPF systems.

100 L

Soot impoact A L 12.5 9 glliter
= NO2=80% .- 0.8 glliter == SCR+DPF
= 75 = e
9 2 No soot e ——
5 5 %0.6— ) T~ .
< = . —_—Filter A without soot
> w4l | —e@—Filter A with soot (2.5g/1)
D &2 € | | —{r—Filter B without soot

- Z —m—Filter B with soot (2.5g/1)

o e SRS S 0.2 | —m—Filter B with soot (9g/)
150 200 250 300 350 | "}:==T__—_ﬁn_____'3,'3\F only
Temperature [°C] 0.0 , | :

NO2 goes to the soot preferentially over the SCR 125 150 1?5 200 225 250 275
catalyst. With CuZ on a DPF, 5 g/liter soot has no Temperature [°C]
impact on deNOx with 0% NO2, reduces deNOx _
at 50% NO2, but improves deNOx at 100% NO2. Soot on an uncoated DPF has no impact on

NH3 storage. However, it favorably affects
storage if Cu-zeolite is used.

IAV SAE 2012-01-1083
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NH; can interfere with SCR+DPF regeneration.
However, filter still regenerates on the HD FTP.

150 Actinal d1 ._.“:.:'; :
R ik el 10 - CRT

5 Sear

s I e
105 . .-...,,‘ﬁ’ M —
; F ™™ w3, SCRFEAB,C B

a0 L6
B .. - esEuw pgne g oy - TR v .,
E - Aged DOC+SCRF s==Backprassure | CCRT
f &0 w0 Coniversion i 4
§ + Preloaded @ 8 g/l CRT PRI NI
& soot ]
E + NO,/NOx ~ 40% 2+

3. Temp = 400°C . Pre-loaded with 3 g/liter soot, the successive FTP tests

15 .

Q 1l€| 2:‘3 IIU 4;1 5;1 EQ T 3:3 9IU 100
8 - FTP Cycle
o 180 360 540 T20 oo 1080 1260 1440 163  1BOO
Time (sec)
Upon urea injection, DPF regeneration SCREF can regenerate in HD FTP testing. SCRF run
for 90% deNOx
decreased. °

JM, SAE HDDE Symp., 9-12.
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A new Focused lon Beam (FIB) milling technique is used to
analyze DPFs. Insights into ash effects on soot oxidation and ash morphology.

MIT, SAE 2012-01-0836

Catalystis apparontly
masked by surface ash

1um
Gaps are apparent between catalyst
and soot. NO, recycling or O spillover.

Spm

1%{ Above: Catalyst is coated with

W ash. If heated to >800C, it can

.y densify. Left: No gap between

soot and ash indicates loss of NO,

/| recycling. No soot penetration of All analyzed ash particles were
| ash. hollow.
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New oxidation catalysts are emerging that can oxide

NO and methane at substantiallx lower temgeratures.

0.9 100
0.8
amp-down 504
0.7 -
- € ]
9 0.6 rCeMn;044 g3 c 1004
o 05 o |
5 7]
o 04 T 50+
2 03 z 1
o
0.2 © 100+
R e e .- e e e [ e | S o v, T
: : ; Q
o s GdSrCeMn; Oy g .l °
01 i 7414.83| | o .‘*
50 100 150 200 250 300 350 300 250 200 150 100 50 DW_OMQ*_ e
Temperature (°C) 150 250 350 450 550 650 750 850
Fig. 1. NO conversion versus ramp-up and ramp-down temperatures for MnCe-7:1 (®), SmMn,0 (0), e P'E'I’ﬂtLII'E' { C]
GdSrCeMn 01453 (), and Pt (). New methane oxidation catalyst T50 from
New manganese-based DOC oxidizes NO to 90% NO2, 400-500C down to 300C.
and drops optimal oxidation degree (50% NO Univ Penn, Science Magazine, 8/12
conversion) by 50°C. o 60 ’

., 310 290 270 250 230 210
T T T T T T

o Pd@Ce0/H-AlLOD,

APd/CeD, IWI

0 Pd/Ce0/ALO, IMP

Pd@can,
o

Nanostellar, Science Magazine, 8/12

"

Pd Z: {
1l8 1I9 ZID 2

A

Rate (molecules, g,," s
3

17
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PN emissions are quantified. Status quo GDI and

turbo-PFIl exceed PN regulation.
Cold start issue for GDI, high speed emissions for PFI.

10 40E+11 Id 120
EE — Particulate Number (PN) n&'s 4
T GDI sfrat, GDI turbo £ 308411 — Accumulated PN in (#km)/10 I £
1002 — = — —— EUS PN limit 8* 101 (#km)10 L B
g - MLy e+ 1 Y+ PFlturbo IS —— Vehicle Speed in kmh ﬁ 3
E ® le "' E 20E411 [ 1 3
St — EUG limit|  § .
2 I m GDI Turbo & 101 2
2 1 + GDINA s
10 / ® PFl Turbo DoESp
E I # PFI NA 4
1 PFI N.A o GDI strat. NA
10w ———HH —— 40E+11
0.1 1 10 100
Particle Mass [mg/km] a il
£ 30E418 £
At low PM level, PN can vary up to % : s
70X. Turbo PFI, and GDI exceed S20edt 2
2017 PN standard. g :
1.0E£11
o J =
IZI.':IE+IZIl§-‘-

Hyundai, IQPC Conf 5/12

1. Warm up: PFI has lower PN; GDI fails during cold start
2. Vehicle acceleration: PFI has lower PN

CORNING ‘ ST e 3. High speed: PFI has higher PN




Pressure drop (kPa)

More is learned on GPF filtration efficiency with location, soot
burn behavior and ash effects. Location matters little on €. Slightly lean
aids regen, but is not needed. Low ash load can heIE soot back pressure.

100%% 250°C

PN filtration efficiency(%

8 8
; A=1 —300C
22006 3605 2206 22066 —400C 7
80% | m— -
5 —s00C | _ 6
ol —— z
60% B = 5
e S 4
5 M g
40% Vehicle: 1.4L GDI A= Bl o z 3
Material A, w/o catalyst A =2
200 Stze: 118 4mmDu 1 2Tmmli 1,4L) i it 1 [P e 1
: o
0% 0 400 800 1200 1600 0 400 800 1200 1600
1me(sec) Time(sec)
cC UF
No significant difference in filtration Slightly lean operation aids regeneration (left), especially at the higher

efficiency with cell geometry nor location.  temperatures. Need T>500C for stoich (1-1.6% O,) and T>400C for lean.
NGK, SAE 2012-01-1241

8 [ ~—— before vehicle test
- —&—after vehicle test |
6 Soot-loaded = --@-- after oven regeneration influenced
e 2 6 by soof
5 —T  Apisinitially <. ¥
higher with £,
4 ash, but is e, 1
" then lower as 2 luenced
—CO—Ash:0g  soot is £ a
1
2 —#&—Ash:10g  |oaded. Ash
0
" O Ash:20g  keep soot. o 2 4 6 8 10 12
- #- Ash:30g  from entering Flow Rate (Nm®/min)

! ! ! ! ]

the wall.

0.0 0.2 0.4 0.6 0.8 10 200012, soot Almo_st a_II of_the loading Ap
generator contribution is soot.
Soot amount (g)




PN emissions for Tier 2 Bin 5 GDI and PFIl were measured on

the FTP and US06 cxcles on EO and E10. GPF removes 80%

'.'--' Iﬂl L | | s a0

@ | - T T T — T T T T T T T

= =2 - i

F FET GPE: 75-85% & ] E p Lsis GPF: 80-85% € 1 Environ Canada, SAE
< - 196970 @ GDI post-GPF - g I ]

s 15 / |EE] 3 3 sl 2012-01-1727
a ] -4 ]
"o /' -#- GDIpost-GPF ] = - PFI(E10) [T sloek Gl

= i / (E10) 1 z i ; (=0) ]

g W g 0r [ -<= PFI(ED) / .

5 r &= PFI(ED) ] _E r ;':II':' / Vs il GE[}IIE;D:]-:-EI-GF'F 1

H - 1 E LA / ]

-E 5 = PFI{E1D) ] E 3 _—Px; g .rr_._" /..’. SE.” post-GPF]

: i | 5 " b, = 1

‘E E _ /"’"""ﬁi": e L) ) ]

=
= 10 2 3 4 & T 51["}
Diameter {nm)

Diameter {nm}

GDI and PFI solid PN size distributions for EO and E10 on the FTP-75 and US06 test
cycles. FTP-75 has higher emissions (peak at 30 X 10'?/mile due to the cold start. High
nucleation mode (10 nm) in US06 for PFI may be due to difficult A/F control and ash.

100 [T 1004— - T
: N ! The GPF s W e ]
N wises7  Afiltration eff g E”E‘f % 3 ]
g w "’ =i%2:3 depends on g wf ¥ e ]
E -t:a state of the filter E [ temporal 255?525:
g 3 cake. In the § ' pattern g
; sof EO (FTP-75) !Eff. TD-T‘E&_E FTP, the cake ; EI}:— EO (USOB) / .J_“_:L s
5 clean GFPF oW1 builds with time. 8 | denGPR e, B R

5':’&'?1'1'10 5y islé'?é;uu 3% 4567 On the USOG, D:?nm 23 459?5100 2 3 4 587

Diameter {nm) there are Diameter {nm)

frequent losses
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Interest in metal ash emissions is emerging. Measured
for new T2B5 GDI and PFlI cars, and old Euro car.

Levels low for new cars, but high for old cars. Dev GPF is effective.

Non-viable cells

100 ; sas 1.0E49

0 Eig {pafom®) 1.0E+8 \ with thermoconditioner 300°C
z :: o 1.0E47 1 Metal
2 6o, g 1.0E+6 + oxide
- 50 @ 1.0E+5 range ‘
L 504 : +
™ 3 1omes | Renault R18 165,000 km, 50 kph;
E 30 - 'g 1'0E X 0.5 mg/km NEDC

+ 4

= i .

:: ] o) e o 1.0E+2 4 1stsample  ------- 2nd sample mmmsnncee 31 SAMPlE

0 - 1.0E+1 1 TTM, SAE 2012-01-0841

& or ©r ©% o* ) ,

cp"‘ﬂ {?pﬁ ¥ ﬁ«? ot {ﬁ:”’ 1""? e 1.0E+0 ' 4 ; — :
Subst . t rt'ciﬂr diff t 10 Diameter [nm] 100
¢ Ut s.tan}iesl n SOOCEa |cRe)s _?_ve \1/3818 ireren Although PM can be low, PN can be quite high, especially for
oxicity. Rarisson, Lhem, Res. [oX ash emissions. Older car.
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Metal oxide ash emissions are quite low from new gasoline vehicles, but can be significant under
CO high-load or acceleration (US06). GPFs have high removal efficiency. Data from Environmental Canada




First results on coated GPFs shown. PN and NOx

emissions down, even at same PGM vs. TWC system

N fi N 40

d) System 3 |Engine - System3 | 464 1 | 3Bé6 638
= = S AR YAREY Ly :
P zoming: 37 inlet 76 /%, 3 outlet 16 g % 'II "] J 11 l’ ﬂ i ("] I =t
0.0E+00 0

PGM is same for all Pd/Rh PGM cost 45813 —Feference TWC 150
. I = System
designs, except syst 4 -6% p $ £ 40E1I  — syctom2 !’_,% 160
TWC | GPF TWiL | (iPF E 5 5E+13 — System 3 o
£ / -
a) Reference |Engine [—{(JTwe) Reference | 5614 69.16 2 308413 s 1 120 3
S &
£ 2.5E+13 100
b) System 1 |Engine TWE -E System | 304 i e 16 < 2
. % 2.0E+13 ‘// / \ 0 §_
c)System 2 |Engine GPF system 2 a3 el 6237 6 E 1 5E+13 / [Toare fittor o E
% 1.0E+13 n
E
=
(&)

600 csi TWC, 300/12 cordierite GPF | ° g Mt
Umicore, SAE 2012-01-1244 GPFs greatly reduce the cold start PN. Coated
GPFs remove more (94% vs. 84% for bare GPF).
0 ¢coi
gw " e
E 5 Other: g7 | CADC Urban
F « 120 kph:Apis23  Ew
B mbar for uncoated @
£ 30 GPF syst and 48 g 40 ]
*E 2 mbar for coated.  [= ] ——
£ B +  No FC impact G S
" from GPH on o ———
0 NEDC nor CADC ST — s THE Mo
Reference bare filter cat. GPF zoned TWC Regen needed on S — TV « g

NEDC with GPF CO, THC, NOx all reduced when moving

TWC to GPF on Artemis cycle.
OO

Moving TWC from flow-through to GPF drops NOx 20% : :
on NEDC . Zone coating on TWC drops CO by 30% in back location



Trends to watch

* Regulatory
— RDE in Europe — will determine emissions architecture; could eventually
replace dyno certifications
— China PM regulatory developments — fuels, regs, technology, retrofits
— Watch metal oxides and total PN emission
— CO, vs. NOx trade-off
* Engines
— High-performance gasoline
— RCCI transition cycle developments
— NGV
— SuperTruck
* Emission control
— SCR durability and variability
— 0OBD
— SCRF
— TWC+GPF and efficiency/PGM impacts
— LT emissions reduction
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	Vehicle Emissions Review - 2012
	Summary
	Regulations
	CARB tightened LD fleet NMOG+NOx average ~75% by 2025. EPA proposal (tbd) is similar
	Euro in-use emissions regulations are being developed�“the need to bring on-road off-cycle emissions in line with those measured at type approval”
	California is looking for 75% reductions in mobile NOx to meet new ozone standards. 0.05 g/bhp-hr HD NOx standard by 2020 being considered. Reduced VMT and in-use emissions in LD sector
	Regulatory developments on Non-Road
	Analyses of EPA cost and CO2 reduction estimates show incremental <3 yr customer payback to 2025. $4.50/gal
	Commission confirms 95 g/km CO2 limit  for 2020 new cars
	China has very high levels of PM2.5 in heavily populated regions.  Much more exposure than anywhere else in the world.
	Final CARB HD OBD Standards - General
	Emerging health effects and atmospheric science understanding on nanoparticles

	Engines
	Analysis of EPA CO2 cost and benefit data show some very attractive technologies. Transmission, GDI, wt. reduction, VVT, cyl. deact, friction standout as being attractive
	Trends in LDD engines.  Downsizing 50%, while maintaining power, 100+KW/liter, HPL and LPL EGR, 2-stage boost, advanced control. No deNOx for Euro 6 needed.
	Gasoline powertrain improvements bring 1400 kg car to 90 g/km CO2.  �Micro-hybrid using ultracapacitors. Electric supercharger. -35% CO2 vs DS 1.6 liter GDI baseline
	PN emissions are very sensitive to combustion environment and upsets. Fuel quality injector orientation and design, and deposits can all form PN.
	HD EGR offers advantages in fuel and DEF consumption at current levels of SCR capability (~4 g/bhp-hr NOx)
	DOE SuperTruck Program participants have mostly common themes to 50% BTE
	Progress is being made on the 2-stroke/opposed piston engine. �Latest 4.8 liter 3-cyl achieves 45.6% BTE with manageable emissions.
	NG trucks are emerging. �This time driven by cost reduction, not emissions reduction.

	deNOx
	Cummins shows that improved SCR performance can take off EGR and decrease fuel and fuel+DEF costs.
	SCR catalysts are continuously improving.
	HC impact on CuZ and FeZ is explained. �FeZ much more susceptible, but insensitive to combustion mode. CuZ (chabazite) more sensitive to PCCI (smaller HCs)
	Honda/Delphi SULEV LDD approach much EGR, uses stored NH3 (slow SCR heat-up), and stoich DOC for deNOx 
	SCR on DPF has big light-off advantage. It can also sustain DPF regens. deNOx possible during regen.
	Ammonia storage capacity is characterized as a function of aging. Predictable from aging profile.
	Auto consortium formed to look at adsorbed NH3 concept. RDE, OBD, costs promising.
	Some application fundamentals are described for the Di-Air system. 
	Passive NOx Adsorbers (PNAs) are  being designed to work better with SCR for LT deNOx. �Adsorption at 80C, release starting at 250C.
	The LNC system is of much interest in Brazil. �E93 reductant has advantage over urea in materials, deposits, evaporation.

	PM
	Soot may provide synergies for NH3 storage on SCR+DPF systems.
	NH3 can interfere with SCR+DPF regeneration. However, filter still regenerates on the HD FTP.
	A new Focused Ion Beam (FIB) milling technique is used to analyze DPFs. Insights into ash effects on soot oxidation and ash morphology. 

	DOC
	New oxidation catalysts are emerging that can oxide NO and methane at substantially lower temperatures.

	Gasoline
	PN emissions are quantified. Status quo GDI and turbo-PFI exceed PN regulation. �Cold start issue for GDI, high speed emissions for PFI.
	More is learned on GPF filtration efficiency with location, soot burn behavior and ash effects. Location matters little on ε. Slightly lean aids regen, but is not needed. Low ash load can help soot back pressure.
	PN emissions for Tier 2 Bin 5 GDI and PFI were measured on the FTP and US06 cycles on E0 and E10. GPF removes 80%
	Interest in metal ash emissions is emerging. Measured for new T2B5 GDI and PFI cars, and old Euro car. �Levels low for new cars, but high for old cars. Dev GPF is effective.
	First results on coated GPFs shown. PN and NOx emissions down, even at same PGM vs. TWC system
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