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Outline

e Introduction
— Automobiles and greenhouse gas (GHG) emissions

 Technology trends
— Near-term technologies: ~2010-2020

* Engine, transmission, accessories, air-conditioning, etc

— Mid-term technologies: ~2015-2025

» Engine, electric drivetrain, mass-reduction, etc

 Objective
— Highlight emerging technology trends

— Provide brief survey of research that could indicate where
vehicle GHG emissions are headed



Automobiles in the U.S.

e Transportation in the U.S.
— About 68% of U.S. petroleum use
— About 30-80% of urban air pollution (CO, NO, , HC, PM) —
— About 25% of energy use T Bh e
— About 25% and greenhouse gas emissions (e.g., CO,)
— Greater growth than other major economic sectors

Petroleum

e Light duty vehicle use in the U.S. 96%
— About 85% of passenger vehicle miles traveled
— About 75% of road transport energy and GHG
— About 60% of all transport energy and GHG

C.H,, +12.5(0,+3.76N,) — 8CO,+9 H,0+3.76(12.5)N, + ...

2 Increasing vehicle efficiency and CO, emissions are paramount to

climate change mitigation (and air quality and energy) goals.



Climate Change and Transportation
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In California, transportation is a
particularly large GHG contributor

» Greenhouse gas (GHG)

emissions from transportation

— World: ~20% GHGs
—U.S.: ~26-33% GHGs

— CA:

~35-40% GHGs

— GHG Emissions:

Carbon dioxide (CO,)
Nitrous oxide (N,O)
Methane (CH,)
Hydrofluorcarbons (HFC)
Black carbon (BC)

California greenhouse gas emissions

Recycling/Waste, 1%
Res & Com, 9%

High GWP, 3%

~—

Transportation, 389

Agriculture, 6%

Industrial, 19%

Electricity (Imports), Electricity (In State),
12% 11%

Source: California Air Resources Board
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Climate Mitigation in California

e e
o AB 32: “Global Warming Solutions Act of 2006”
— Statewide California law for GHG emissions

— “Scoping Plan” for achieving 2020 (Jan 2008)
» Transportation sector

— Makes up ~44% of 2020 business-as-usual emissions

— Makes up 62 out of 174 MMTCO,e (~36%) of Scoping Plan recommended
Initiative emission reductions

31 MMTCO,e

— Vehicles (Pavley | and Il):

— Fuels (CLCFS); "~

— Regional travel: 5 MMTCO.e

— Vehicle “in-use”: 4.5 MMTCO,e “LEVIII-GHG”
— Goods movement: 3.7 MMTCO.e

— Heavy-duty truck: 1.5 MMTCO.,e

— High speed rail: 1 MMTCO.,e
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Vehicle GHG emissions




Current U.S. Automobile Fleet
' .

» Automobiles have different shapes, sizes, efficiencies, impacts

* New federal U.S. standards for GHG emissions and fuel economy...
- Model year 2008 vehicle get about 26 miles per gallon and 339 gCO,/mile
- Based on the new 2016 standards, vehicles will be ~34 mpg and 250 gCO.e/mile

500 -
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E 450 | © 30 highest selling passenger car models Ford F-Series
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f‘;;, Fol Rated fuel economy (miles/gallon)



Automobile GHG Reduction Technologies
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 Near-term: Incremental, off-the-shelf
— Improved drivetrain efficiency (engine and transmission)
— Efficient accessories (A/C, electric power steering)
— Alternative refrigerant (R-134a 2> R-744, R-1234YF)

e Mid-term: Emerging
— Vehicle systems (e.g., hybrid gasoline-electric)
— Further vehicle improvements (lightweighting, aerodynamics)
— Further engine, transmission technologies
— Advanced technologies (plug-in capability, alternative fuels)
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ransmissi hicle Technologies
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GHG Reduction Technologies: Accessories
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Vehicle speed

» Improved accessory efficiency
— Electric power steering
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Column Drive Evaporator
Compressor: High performance heal exchanger
AI r_CO n d iti O n i n g Syste m S High efficiency and low leakage
— Efficient air conditioners \

— Advanced compressor
— Lower-leak air conditioners
— Improved connections, seals, hoses
— Lower global warming potential (GWP) refrigerant
— R-134a> R-744, R-1234YF
Gas cooler:

— U.S. GHG standards allow for up to 20 gCO,e/mile i periormance neatexchanger 3 el s
o umulalor lank integrated with internal heal
toward com p I lance exchanger and expansion valve
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Automobile GHG Reduction Technologies

e

 Near-term: Incremental, off-the-shelf
— Improved drivetrain efficiency (engine and transmission)
— Efficient accessories (A/C, electric power steering)
— Alternative refrigerant (R-134a - R-744, R-1234YF)

e Mid-term: Emerging
— Vehicle systems (e.g., hybrid gasoline-electric)

— Further vehicle improvements (mass reduction, aerodynamics)
— Further engine, transmission technologies

— Advanced technologies (plug-in capability, alternative fuels)

13



Technologies

D e

IR RESOURCES BOARD //0V7y . T W1/

Estimations are based on NAS 2002 CAFE; US EPA/NHTSA, 2009; NESCCAF, 2004. #

Variable valve timing 2-8% 53%
Cylinder deactivation 3-6% 6%
Engine Turbocharging 2-5% 2%
Gasoline direct injection (stoich. and lean) 10-15% 4%
Compression ignition diesel 15-40% 0.1%
Digital valve actuation 5-10% 0%
Homogeneous charge compression ignition 15-20% 0%
5 speed 2-4% 32%
Transmission 6+ speed 3-5% 21%
Continuously variable 4-6% 8%
Automated manual, dual clutch 4-8% 1%
Lightweighting 10-20% -
Aerodynamics 5-8% -
Overall Tire rolling resistance 2-8% -
vehicle Efficiency auxiliaries (steering, alternator, A/C) 2-10% -
Stop-start mild hybrid 5-7% 0.2%
Hybrid electric system 20-50% 2.2%
. * Many technologies can be combined, but percents are not strictly additive; 14
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Efficiency Technology

Mid-term engine concepts

Digital/camless valve actuation

Homogenous charge compression ignition
(HCCI)

Boosted EGR (e.g., HEDGE)
Cam-switching

2/4-stroke switching
Atkinson
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Hybrid Technology: Sales Trend

Hybrid electric-gasoline vehicles
(HEV) sales in the U.S.:

_ Honda Insight launched in 1999
__ Toyota Prius is highest seller
— U.S.is half of current world hybrid sales

_ 1.6 million total US sales through 2009

2.8% of 2009 U.S. sales
5.3% of 2009 California sales

evrolet Tahoe
Saturn Vue

p

JRCES BOA s400h

Lexu

Missan Altima

B Ford Fusion

B Ford Escape
M Honda Civic

Honda Insight

B Toyota Camry
B Toyota Highlander
B Lexus RX400h

B Toyota Prius

Annual US hybrid sales

G S I

Model year

Sources: hybridcars.com, greencarcongress.com




GHG Reduction

 Hybrid vehicle models commercialized in U.S.
— Span vehicles: compacts, sedans, crossovers, large SUVs, pickups
— Average 33% CO,/mi reduction, 50% mpg increase vs. similar non-hybrids
— Hybrids also put an upward pressure on vehicle mass (~9%)

Rated GHG emissions (2CO,/mi)
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. Forecasts

e Hybrids sales today and in the future
__ Early in technology growth period: ~3% of U.S., ~5% Calif. sales
_ However, the technology leader (Toyota) sells 11% hybrids
_ Sales share over the next decade is unknown

i, = E
1] s < Forecasts for future US hybrid sales share ©
ﬁ ~=#=Hybrid sales share in California
E 40% - === Hybrid sales share in the US
E ~48 Toyota fleet hybrid share in US %
S 30% - 8
= <
s
o 20% 1 8
=z
= <
= 8
E 10% = . o % 4§ LS
]
&% 8 o <
0%
2005 2010 2015 2020 2025
Model year 9

<> Forecasts from JD Power, Booz Allen, JP Morgan, US EIA, National Research
Council, Morgan Stanley, Kiplinger
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 Hybrids types have different capabilities
— With complexity comes more/larger components and costs

Hybrid Technology: Types

Efficiency strategies
Example CO; reduction
Hybrid type . : Electric | Companies P compared to
Engine off Motor |Regenerative models -
: . . only non-hybrid
at idle assist braking .
operation
Stop-start / Silverado, Malibu
* i - 0
mild Yes General Motors Aura, Vue 5-15%
Parallel / Honda Civic, Insight
. . # @ @ _ )
motor-assist ves ves res Mercedes S400 15-40%
Prius, Fusion,
Powersplit / Toyota, Ford,  |Camry, Altima, o
Series-parallel Yes Yes Yes Yes Nissan Escape, RX400h, 25-50%
Highlander,
General Motors, Tahoe, Silverado,
Two-mode Yes Yes Yes Yes BMW, Mercedes, [Vue, Aspen, 25-50%
Chrysler ML450, X6

r j TSNS £ =R I - .

o Rt e S s s et E S e Tl

-gli‘l -'1'$":-"' BRCES .
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Hybrid Technology: Research
e M i i

 Hybrid vehicle system and component benchmarking

— Understanding variations of existing and near-future parallel,
powersplit, two-mode, series hybrid configurations

— Previous/ongoing work: ORNL, FEV

« Advanced electric machines, power electronics research
— “Advanced Power Electronics and Electric Machines” program
* Federal funding of $17 million in 2009 (U.S. DOE / EERE)
 Targets for power electronics and motor size/cost/weight

 Other work: simulation, control strategy
— National Renewable Laboratory (NREL): computer simulation (PSAT),
component sizing
— Argonne National Laboratory (ANL): Components sizing/cost
optimization

— Past, ongoing hybrid modeling by Ricardo
21



Hybrid Technology: Benchmarking

* Hybrid vehicle system and component benchmarking

— Objective to better understand existing and near-future parallel,
powersplit, two-mode, series hybrid configurations

— Previous work: Oak Ridge National Laboratory Camry hybrid incremental cost
_ _ breakdown by component
« MY2005 Prius and MY2007 Camry hybrid

« Camry: ~$3500 direct cost increase brakes; 2% cooling; 3
— Ongoing benchmarking work: FEV |
« MY2007 Saturn Vue 42V mild-1ISG il r / Zer
inverter; olta
« MY2009 Ford Fusion hybrid 27% F val =
Genlezr;tur;
Battery;
23% Maotor ;
16%

Ford Fusion

Toyota Camry
Toyota Prius

Burress, et al, 2007. Evaluation of the 2007 Toyota Camry Hybrid Synergy Drive System,
Oak Ridge National Laboratory. ORNL/TM-2007/190. Nov. 22

References:
Duleep, K.G., 2007, Technology and Cost of MY 2007 Toyota Camry HEV,ORNL/TM-2007/132



o
Hybrid Technology: Power Electronics
_ :

« Advanced Power Electronics and Electric Machinery (APEEM)

— Program run by U.S. DOE /EERE
— Federal funding of $17 million in 2009
— Targets for power electronics and motor size/cost/weight

Requirements: 55 kW peak for 18 sec; 30 kW continuous; 15-year life; coolant (air or 105°C WEG)
Technology Targets
Traction Drive System Power Elactronics Motors
Year ($%W) | (kWikg) | (kW) | Efficiency (SW) | (eWikg) | (kWi | GSW) | (RWikg) | (kW)
2010 18 1.06 25 >90% ’\ 7.9 10.8 B.7 114 1.2 3.7
2015 12 1.2 35 »93% _l/ 5 12 12 7 1.3 5
2020 8 1.4 4 =04 % 3.3 14.14 13.4 4.7 1.6 5.7

5

23




Mass-Reduction: Fundamentals

 Vehicle mass-reduction or “lightweighting”

— Refers to reducing the mass of a vehicle without compromising other
utility factors like space, size, or structural integrity

— Core component of automakers’ efficiency efforts

— But we don’t actually “see” mass reduction in the US...
* Increases in content (e.g., safety, electronics equipment)

* Vehicles have gotten larger at the same time

« Mass-reduction techniques U Hght duty vhicles

40w

— Substitution of stronger materials

L

— Optimized vehicle system design

1500 1

* Improved structures

Vehicle test weight (1b)

* Improved bonding techniques

L

* Powertrain optimization

. A 4 Y .
e Secondary mass decompounding 1985 1990 1995 2000 2005 2010

Muodel year



Mass-Reduction: GHG Potential

 Vehicle mass-reduction or “lightweighting”

— Mass reduces the overall load of the vehicle that must be powered and
accelerated during driving

— If mass of vehicle is reduced, vehicle engine size and power can be reduced
while maintaining the same performance

o “Performance” =[0-10 mph, 0-60 mph, 30-50 mph, hp/wt]

— For constant performance vehicle
 10% mass reduction = ~6% CO,/mi increase
 20% mass-reduction - ~12% CO,/mi increase

— The effect differs:
« Greater emission reduction effect in city/stop-and-go driving
 Less emission reduction effect in highway/high-speed driving

Ricardo, 2008. “Impact of Vehicle Weight Reduction on Fuel Economy for

Reference: . ; - ke .
Various Architectures.” Prepared for Aluminum Association. Project FB769. g



e Trends in vehicle materials

— Vehicle composition has changed
substantially from MY1995 — 2007

» Lighter weight materials
 Magnesium:
e Aluminum: +22%
» Plastics/composites:
* High-strength steels: +45%

S  N=SSSSIEIPL P e —— s .
".‘:y .u_:-_u;raq.—-_-rr.,'l-r;—l.lll,- B e i
- ' '.,1.:_-‘--_'-! o G 1.4

Mass-Reduction: Material Trends

Vehicle compaosition

Regular stesl

Iron castings
Other materials
Glass
¥ Fluids and lubricants
B Textiles
B Coatings
Rubber
Other metals
B Powder metal parts
B Zinc castings
B ead

Copper and brass

.| ®Other steels

B Stainless steel
Magnesium castings

B Aluminum
Plastics/composites

B High/med strength steel

Source: Ward'’s, Motor Vehicle Facts and Figures 2009
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Toyata 1/ concepl car with carbon-ranforeed fberglass construction and R0 kg
downszoed enpane
hlitsuhisha 05 featares nylom-based plastic fenders 4 kg
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o e af - .
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Source: German, 2009.
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Mass-Reduction: Automaker Plans

« Company and fleetwide light-duty vehicle mass reductions
are expected in 2015-2020 timeframe

- Major reductions are planned over the next decade

Mass reduction Mass reduction
Announcement or : :
per-vehicle per-vehicle
Assessment 0

(Ib) (%)
Small cars — average 2016 62 2.3%
EPA estimates Large cars — average 2016 154 4.4%
for U.S. fleet Small trucks — average 2016 119 3.5%
Large trucks — average 2016 215 4.5%
Mazda — average by 2016 ~440 13%

Company Ford — across vehicle platforms by 2020 250 - 750 ~14%
plans Nissan — average by 2015 ~550 15%

Toyota — small to mid-size vehicles, 2015 ~700 10-30%

US EPA/NHTSA, 2008. Notice of Proposed Rulemaking for 28

'H.L

Reference:

MY2012-2016 GHG and Fuel economy standards. September




Mass-Reduction: Research

Major mass-reduction studies

Ford/Army “Lightweight pick-up” (2003)
— Develop/build 25% mass-reduced Ford F-150
« ThyssenKrupp AG “New Steel Body” Van (2004)
— Develop 24% mass-reduced compact van body
« EU/Automaker consortium: “Super Light Car” (2008)
— Develop 30-35% reduction for Volkswagen Golf body
 Industry “Future Steel Vehicle” project (2009-2012)
— Develop 20%+ reduction for advanced technologies

 Lotus Engineering mass reduction study (2010)

— Develop 20-33% mass-reduced crossover




Mass-Reduction: Ford Pickup Study

e
 Project:

— Develop and build mass-reduced Ford F-150
— Done by Ford, US Army, AISI, Univ. of Louisville
— Completed in 2003
 Results:
— Built 25% mass-reduced full-size pickup

:::::

— Overall: 1315-lIb reduction from the vehicle
— Kept incremental costs to a minimum ($500/vehicle)
— System, subsystem-level design optimization

— Increased use of high-strength steel, other
lightweight materials

— Technologies continue to be implemented
in vehicle fleet

Reference: Gecketal, 2007. “IMPACT Phase II - Study to Remove 25% of the Weight from
a Pick-up Truck.” Society for Automotive Engineers.” SAE 2007-01-1727 30



Mass-Reduction: “Future Steel Vehicle”

« Ongoing study
— Done by WorldAutoSteel, EDAG
 Project:

— Phase I: Engineering study of mass-reduced vehicle bodies for
advanced vehicle technologies (~2009)

— Phase Il: Concept design (in 2010)
— Phase Ill: Demonstration (in 2011)
 Phase | results:

— Developed mass-reduced vehicle
— Design for advanced vehicle powertrains

Plug-in electric, hydrogen fuel cell vehicles
— ~30-40% vehicle body structure mass reduction
— ~15-30% overall vehicle mass reduction

After increased electric drivetrain weight

31

WorldAutoSteel, 2009. Future Steel Vehicle: Phase 1. Executive Summary. Prep by EDAG.

Reference:



Mass-Reduction: “New Steel Body” Van

 Project:
— Done by Thyssen Krupp Stahl
— Opel Zafira (compact van) as reference vehicle \
— New Steel Body NSB®; Completed in 2004 \ \

e Results: é Q«Q

— Developed mass-reduced vehicle using stronger
materials, tubular materials, new forming techniques

— Examines stiffness, crash, load path, etc

— Increased use of stronger lighter materials

— Vehicle body: 24% mass reduction

— With weight optimization: ~30% mass reduction is realistic

— Approximately 3% greater cost (body structure)

32
Reference: ThyssenKrupp, 2004. NewSteelBody: For a lighter automotive future.



Mass-Reduction: Europe “Super Light Car”

e
« Major €20M study by auto industry (2005-2009)
— Consortium of automobile manufacturing companies

— With European Commission (€10.5M) funding

 Objectives

— Affordable mass-reduced vehicle of the future; improved
production/assembly; improved design modeling reliability

 Results: developed mass-reduced vehicle
— 180 kg (350 Ib) reduction from the vehicle body
— ~30-35% body-in-white, vehicle mass reduction

e Conclusions:

“Automotive light weight solutions are necessary more than ever to
reduce CO, emissions”

— “All the car manufacturers are working on advanced multi-material
concepts that better exploit materials lightening potential combining
steel, aluminum, magnesium, plastics and composites”

33

Reference: Volkswagen Group, 2008. “Super Light Car: Sustainable Production Technologies for CO2
Emission Reduced Lightweight Car Concepts.” Transport Research Arena Europe. April.



Mass-Reduction Research: Lotus Study

e
Major draft findings:

« Developed concepts for two mass-reduced vehicles
and assessed the bill-of-materials and direct costs

— Low development:

o« ~20% vehicle mass reduction

e At near-zero net vehicle cost

« Using conventional manufacturing techniques
— High development:

« ~33% vehicle mass reduction

At modestly increased net vehicle cost

 Modifications in manufacturing techniques

— Increased use of high-strength steel, aluminum,
, plastics/composites

— Suggests continuation of historical material trends
» Plus greater system optimization

Lotus Engineering, (draft). An Assessment of Mass Reduction Opportunities

Reference: .
fora 2017-2020 Model Year Vehicle Program. February.



Mass-Reduction Research: Synergies

e e
Aluminum/IBIS lightweighting studies:

* Investigate fuel economy, cost impacts of lightweight structures,
especially in hybrid and diesel vehicles.

 Findings:
— Examine lightweighting of ~11-16%, which adds cost
— Examine hybrids and diesels, which add weight and cost

— The combination of powertrain/lightweighting has synergies
* Lightweighting offsets hybrid/diesel weight penalties
 Reductions in hybrid drivetrain component size, cost
* Increase in fuel economy; reduction in GHG
* Net cost less than the sum of the two major parts (i.e., new powertrain,
lightweight material costs)

e Mass reduction could be a key to widespread hybrid deployment, as well
as further drivetrain electrification

IBIS, 2008. Aluminum Vehicle Structure: Manufacturing and Lifecycle Cost Analysis
Hybrid Drive and Diesel Fuel Vehicles. Prepared for Aluminum Assoc.

Bull et al, 2008. Benefit Analysis: Use of Aluminum Structures in Conjunction with
Alternative Powertrain Technologies in Automobiles. Prepared for Alum. Assoc.

References:



Longer-Term: Further Electrification

Nissan Leaf

Chevrolet Malibu gaanvue Toyota Prius GM Volt
Gr(iater drivetrain electrificzition _
Gasoline Mild Moderate Full Plug-in (PHEV) Battery
combustion 5L _ Electric
engine Tl Vehicle

Hybrid electric-gasoline vehicle (HEV)

Going from to right, generally we see....

* Increased electrical complexity: battery size, motor size, controls
 More frequent electric motor assist and electric-only propulsion

* Increased capacity for regenerative power during breaking

* Increased accessory electrification (air condit., power steering,...)

* Increasing use of grid electricity (or H,), low life-cycle emissions .

-
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Longer-Term: Advanced Electric Drivetrains

« Two major competing technologies

— Battery electric vehicle (BEVs)

+ Grid electricity offers GHG benefits
— 0-25% with U.S. electricity mix or ~50% coal
— 50 - 60% with California grid mix of ~10-15% coal

« Challenges: cost, range, mass
* Plug-in hybrids offer a bridge

- Lower cost, no range concerns
— A plug-in hybrid with a 40-mile range could offer

20-60% of “all-electric” range
— Hydrogen fuel cell vehicles (HFCVs)
» Fuel cells are 2-3 times more efficient than
conventional gasoline vehicles

» Hydrogen benefits depend on primary energy §

sources:
20 - 50% derived froim natural gas
50%+ derived from renewable sources

= Challenges: cost, mass, infrastructure

Toyota FCV

Fuel cell stack



tomobil

sions: Long-Term

Where might vehicle efficiency and alternative fuels get us
In terms of our deeper, long-term cuts (e.g., “80-in-50")?
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missions: Long-Term

Where might vehicle efficiency and alternative fuels get us
In terms of our deeper, long-term cuts (e.g., “80-in-50")?

- Even with major vehicle / fuel efforts, long-terms goals still a major challenge...
- Will mass reduction be necessary for advanced electric (EV, H,) drivetrains?
- Will we need to change travel behavior, land use patterns (not just technology)

Light duty GHG emissions
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Conclusions

« Transportation is a challenging sector for GHG emission
reductions and societal energy goals

« However, the transformation of vehicle technologies can be a
critical part of the solution

 Emerging technologies offer major GHG and energy benefits and
the potential for widespread adoption in the 2020-2025 timeframe.
— Advanced powertrain efficiency
— Hybrids
— Mass reduction
— Further drivetrain electrification
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