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The US EPA (and CARB) are considering 5%/yr reduction in
light-duty (LD) CO, emissions.
By 2025, 5%/yr brings near-parity with Europe of 2020.
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[1] Based on 3% annual fleet GHG emissions reduction between 2017 and 2025 in the September 30th NOI .
[2] Based on 6% annual fleet GHG emissions reduction between 2017 and 2025 in the September 30th NOI .
[3] China's target reflects gasoline fleet scenario. If including other fuel types, the target will be lower.

CORNING |

Corning Incorporated ‘ 2

ThelCCT.org, 11/10




Options for reducing fuel consumption are evaluated using a

Specific power MetriC. Lean direct injection (DI), turbo-charged downsizing, and

Icyli(gllder cut-off help in the low-load regimes. Cooled-EGR and diesel expand benefits to higher
oads.

BSFC. g/kWih c00 Minimum BSFC as flkW/L)
Constrained by Lower Engine Speed of 1100 rpm
10 500 T F F—F F F FFT
550 480 ¢ Gasoline Boosted PFI CEGR ]
460 i 285 Diesel I
440 I
8 \
500 420 \
E 400 \
a B 450 = 380 \
% E 360 N\
o 340
[ 400 " N
2 ! g 320 N
@ |
350 @ 300
2 2 N
o EPA City + Hwy o 280 \ I
8 — () kWYL 300 w 260 N
0 10 KWIL | N I
3.26 KWIL 250 24D S V.
: : : N /‘/
0 1000 2000 3000 4000 5000 6000 T~
. Engine Speed, rpm . 220 —— 1
US CAFE points are focused on a small portion of the T
engine map. FC at 3 to 10 kW/liter specific power may 2004 2 s 4 557890 20 30 40 5060 80 100
be a good metric for evaluation of FE technologies. Engine Power/Displacement, kWL
Mini BSFC as f(kW)
Constrained b?ll_mol:vr::r Engin:‘i‘»peed of 1100 pm .
500 —rrrrer— CEGR extends FC benefit to somewhat
PFI NA il . . . .
160 \‘ —— DI Downsized & Boosted || higher loads. Diesel is a high load FC
420 \ i
a0 Y reduction strategy.
380
S 360
S 340 \, \\ ] Downsizing via
[&] .
- X 1 /1 DI and boost is a
NN [ low-load FC
8 200 N _
8o N\ J// strategy. High
i\__\__;::::_,/ BSFC at high Chrysler, SAE FE Panel 4/10
220 power levels.
200 I Downspeeding
. Corning Incorporated K]
1 2 3 4567810 20 30 405060 80100 200 300 S|m||ar. g p

Engine Power, kW



Second-generation optimized (light-duty diesel) LDD engine has 44%
thermal efficiency (BTE) - same as earlier low-FC calibration) and lower
NOx than the earlier low-NOx calibration. Opt EGR, air handling, combustion.
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Brake Mean Effektive Pressure [bar]

Turbocharged GDI BMEP is being downsized ~40% from
advanced engines of today. Low octane fuel is potential

challenge.

Focus on Low End Torque to use Iong gearing!

” 201, small TC, standard combustion system, 970°C Timine
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Low speed torque is improving.
Affects gearing. Std today with
1-stage boost is 21-23 bar. VCR
allows higher load (43 bar), but
30-35 bar is opt.
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Low RON fuel requ more
enrichment at HL. Managing for
low RON fuel is challenge
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TC cooling is one approach,
enabling low cost turbo components
that also give good response.
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At high exhaust gas recirculation (EGR) levels strong ignition
systems are needed to get stable and efficient combustion.

gISFC [(g/kvWh)
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Toyota, SAE High Eff. ICE Symp, 4/11

Toyota shows lean+EGR gasoline engine concept for
2020. Long stroke, low surface/volume, ~T2B5 engine NOx
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At low load, long stroke, VVT, EGR+lean, boosted
downsized. High-load: more EGR+lean.

Next generation Prius engine concepts.
Cooled EGR Stoichimetric Concept
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B=75mm
S=113mm
*S.1. Direct Injection V=1996cc

-Long Stroke Design (Prototype Engine)
Stroke / Bore = 1.5

*Cooled EGR (EGR Ratio >30%)
High Tumble Ratio Intake Port TTR=3.0

High Energy Ignition System  100mJ

*Lower Friction
Lower Viscosity Qil
Rolling Bearing

Later Prius engine concepts.

Turbo Lean Burn Concept

B=75mm
S=113mm
V=1996¢cc

+S.1. Direct Injection

-Long Stroke Design (Prototype Engine)
Stroke / Bore = 1.5

-Turbo Charged Air Lean with Cooled EGR
High Tumble Ratio Intake Port TTR=3.0
High Energy Ignition System  150mJ

Lower NOx Emission




Critical assessment of emerging LD engine technologies is

provided. Boost is very important consideration. Emerging PCCI and RCCI
interesting, but have trade-offs. HEDGE and diesel are most-robust.

SwRI Dual Fuel HEDGE: SwRIHCCI: Gasoline PCCI:
Heavy-Duty Load Potential Only 10.5 bar BMEP Heavy-Duty Load Potential
Available fuels Requires special fuels Requires special fuels
Low turbocharger sensitivity Low turbocharger sensitivity Extreme turbocharger sensitivity
Low NOx and PM Low NOx and PM Low NOx and PM
Turbo Efficiency
K
’ RCCI:
Only run at light loads
Best results at 7 bar EMEP
Available fuels
Probable high turbocharger
. sensitivity
42 7 Low NOx and PM
=
W40 % Traditional Diesel:
m / Heavy-Duty Load Potential
| / Available fuels
38 4 // No turbocharger sensitivity
i / Requires NOx and PM
26 / aftertreatment
34 . /. .
© o S O 2
& <®
&

SwRI Analysis of Engine Techﬁnlugies - SAE 2011-01-0358
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Future combustion systems might take advantage of
dual fuels and multiple combustion modes.

Dual-Fuel § Multi-Mode
Combustion

Dual-Fuel / Single Mode
Combustion
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Engine Hardware
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« Add spark plug in place of glow plug = Add gz!snl'ne- port fuel injection system
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= Replace HPL EGR system with LPL EGR
Aftertreatment
« DPF
Aftertrestnnent

Aftertreatment «DOC
m = TWC SwRI, SAE panel 4-10 .inT/TWE n



Plug-in HEV concepts emerge and vary according to
Strategy. Low cost battery vs. maximum grid utilization

§‘ ® Plug=in Hybnd with Blended Operaton ]
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S L /_' . - : « Largest battery but most energy off
§ :  Battery energy sole source of propulswn during EV range the grid
En;ines’ | \ Operates as an EV on ALL Cycles iﬁ
. EV Range - Il B ®° g GV sAE 2008-01-0458
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Fuel economy improvements get increasingly more expensive, with
diminishing step-by-step returns to the consumer. There is a gap in plug-in

cost vs. the benefit relative to more conventional technologies.

Normalized Fuel Economy Improvement
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# Baseline PFl Gasoline

[0 PFI dCam-Phaser Gasoline
A PFl dCam-Phaser HEDGE
O PFI VVA Gasoline

@ GDI dCam Phaser Gasoline
@ GDI VVA Gasoline

O GDI VVA HEDGE

¢ GDI VVA TC HEDGE

O PFI dCamPhase TC HEDGE
<& GDIVWATC

[0 LD Diesel T2B5 LNT+DPF
B LD Diesel T2B2 SCR+DPF
Strong Hybrid Diesel

A Strong Hybrid PFI HEDGE
@ Hybrid Prius-Type 1.3Kwh
@ PFl dCamPhase 2xTC HEDGE
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As efficiency
improves,
incremental costs
go up, but fuel
savings
decrease.

* First step: $500
OEM cost saves
$340/yr

« 2020 step,
OEM cost of
$1400 to $2900
saves ~$280/yr.



Heavy-duty (HD) engine CO, proposal calls for 3% reductions
In both 2014 and 2017 for line haul.

3-5% reductions for vocational in 2014: 2-4% in 2017.

CrIRCLAs TR ORI ERRENCECASE. Total Vehicle Reductions
HFD (32-80) Dicsel 20142016 3%
ST = Line Haul: 20%
MHD (6-7) and LHD 45 | Diesel 3014-2016 5% Vocational 7.10%
2017+ %
Gasoline 2016+ % Small trucks 12-17%
THD 703 Gasoline 3016+ 3%
Dicsel 2016+ 5%

General: Proposed engine CO, standards relative to the
2010 industry average. Heavy-HD: 3% drop in 2014
then additional 3% in 2017. Medium-HD and Light-HD:
5% drop 2014, then additional 4% in 2017.
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There are numerous opportunities for fuel savings on

commercial trucks.

Engine improvements dominate line haul, coaches, and small delivery trucks. HEV
dominates larger utility trucks and transit buses.

809 @ Aero m Engine
O Weight = Tires & Wheels
B Transmission @ Hybrid

509, - B Mgmt & Coaching

40%:

0% 4
2096 4 -
— L
- I I I
Dul"lrﬂ T T T T T T
T Box

Bucket Refuse Bus Coach 2b

FC Benefit

Fuel savings of 30-50% can be achieved on representative truck
applications. Engine benefits dominate, and then comes HEV. Note: Non-TT
(tractor trailer) applications represent ~60% of new HD vehicles.
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As the spread between diesel emissions fluid (DEF) and fuel
Increases, engine strategies will move to higher NOx
calibrations.

Cost of Fluid Consumption

Fluid Consumption by Mass 0.30 0.08
—~ 240 60 EGR + Retarded Timing + Fuel
-g'-.: + Fuel __ 029 Miller + Total 0.07
= -4~ Total < = DEF
~ | .
& 230 » DEF 50 = E 0.28 Retarded Timing 0.06
E * _% 53— Advanced Timing ‘_,IE
E. 220 4 i A T é 0.27 e  0.05 E
c ~
2 A A . S B o026 e T L 004 ¥
G il St T -3 g - -
z F 3 £ 025 003
3 . = g @ t
= 200 - s L2009 € 024 () (2
g i
5 o =) e B 6 e
5 » ™™ @ & 023 * 001
2 190 i - 10 @ i
b - o = @
d o 022 = 0.00
i ;
@ 180 = : - L 0 0 5 10 15 lg
0 5 10 15 Engine NOx Emission (g/kW-h) I

Engine NOx Emission (g/kW-h) _ _ _ _ _
Economics will help drive choices of HD engine

On a mass basis, 2.5 to 5 g/kW-hr NOx is the technology. Diesel fuel: $3.89, DEF: $2.59
optimum calibration. Note the significant slope of

the BSFC vs. NOx curve at higher NOx levels. DEF
consumption 1.1% DEF per g/kW-hr NOx

SwRI, Emissions 2011, 6/11
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Brake NOx [g/kWh]

Engine-out emissions are quite low. CO and HC less than US2010

HD Partially Pre-Mix Combustion (PPC) with gasoline
IS showing 50% BTE and low emissions.

i Const. Load & CAS0
! —
L1}
E 06
oar It must not
react during
02 .
compression
0 -E;D -5I£] ~4ID -GID -L’IIII -1ICI [I]
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Two-stage injection for HD
PPC. First one depends on

octane and EGR.
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0 -40 -20 0
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» Scania D13 engine
but only one cylinder
IS used.

* Low-Octane
gasoline, but it “is
from a refinery
stream”.

Lund Univ., DEER Conf 9/10
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HD HEVs are seeing about 20-30% FC savings, use
Li-ion batteries, and have a parallel architecture

Truck Manufacturer

Daimler

(Atego BlueTec)

MAN

(TGL 12.220)

DAF
(LF 45)

Kenworth
(T270/ T370)

Peterbilt
(330)

Hino
(Ranger)

GVW / Usage

12.0 Tonne
(Distribution)

12.0 Tonne
(Distribution)

7.5 Tonne
(Distribution)

11.5M15.0
Tonne
(Distribution)

12.0 Tonne
(Distribution)

13.0 Tonne
(Distribution)

Source-OEhtwebsites-and-publicinformation

HEV Type

Parallel (P2)

Parallel (P2)

Parallel (P2)

Parallel (P1)

Parallel (P1)

Parallel (P1)

Energy
Storage

Li-ion
Batteries

Li-ion
Batteries

Li-ion
Batteries

Li-ion
Batteries

Li-ion
Batteries

MNiMH
Batteries

System Configuration Clalmest e
Improvement
Engine downsized to 4 cylinder
44kW electrical machines 505
+60kg weight increase (total ’
vehicle)
Engine downsized to 4 6L 4 cylinder
2 and 6kWh battery options 15%

BOKW electrical machine (425Nm)
+100kg weight (reduced payload)

Engine downsized to 4 5L 4 cylinder
A44KW electrical machine (420Mm) 30%
2km full EV range (fully charged)

Paccar PX-6 engine with I1SG 20%
Eaton 6-spd ultrashift transmission
340volt Li-ion battery pack
44kW electrical macine
+200kg weight (50kg battery) 30%

Hino JOSD engine 4.7L
36kW electrical machine (350Nm) 20%
288volt NiMH battery pack

Corning Incorporated

CORNING |

Ricardo, 2010



1. Replaced water-cooled

condenser for air-cooled ‘

Second generation waste heat recovery system

shown.

Improvements gain 1.4% FC impact, on top of 6.2% for generation 1.

gained 0.2%

Ram Airflow ﬂ

1
| Radiaror
2. Replaced 2-stage, I
centrifugal pumps with | 7]+ s
single-stage positive- 1: O | arn .
displacement pump—- 1: {3 = 7.¥
. o . @ iz comp.
gained 0.6% Hﬂ,g m :g,
K-

3. Added Charge Air heat

4. 5% reduction in power

recovery — gained 0.6%

i

transfer parasitics with Power Qut

MORC

— = = = = Exhaust

Second generation Organic Rankine Cytte ( : RC)'"'"-----------'

improvements include the condenser, pumps, added heat

source, lower parasitic losses, and new working fluid.

Potential benefit of 9%

Future Directions

— System Architecture and Controls

— Turbine Expander

— Expander to Engine Geartrain

— Heat Exchangers — on and off engine

— Feedpump and instrumentation

— Fluid Development (low GWP alternatives)
— Vehicle Packaging

— Cost Focus

Cummins, Emissions 2010 Conf, 6/10

11 -

Benefi

energy from WHR. 6.2%
realized in generation 1.

Charge Air Heat
Recovery
+1.0%

Wehicle/ Component Working
Condenser Efficiencies Fluid
Capacity +1% +1% +1%



Summary

* Criteria pollutant tailpipe standards are tightening again
- CO, mandates are in place for LD and HD vehicles

— Onset of another major regulatory-driven technology
evolution

« CO2 emission improvements depend on the test cycle in
which the venhicle is run

* Light-duty diesel approaches are focusing on downsizing,
and high NOx calibrations for FC reductions

» Gasoline engines are showing significant advances in both
downsizing and in the use of cooled EGR.

« HDD engine technologies are addressing engine-out NOXx
and FC

Corning Incorporated ‘ 18
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CORNING INCORPORATED PROVIDES THIS DOCUMENT FOR
INFORMATIONAL PURPOSES ONLY, AND ANY RISK CONCERNING
THIS INFORMATION IS WITH RECIPIENT. SPECIFICALLY, CORNING
INCORPORATED MAKES NO REPRESENTATIONS, WARRANTIES,
EXPRESS OR IMPLIED CONCERNING THE INFORMATION,
INCLUDING WITHOUT LIMITATION WARRANTIES THAT THE
INFORMATION IS ACCURATE.
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