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Abstract

Abstract

This report summarizes the results of a reseaimfiram that assessed the technology of
light-duty vehicles and fuels that could be develbpnd commercialized during the next 25
years. The research was done at the Massachinsgitiste of Technology from mid-2005 to
mid-2008. Our objective was to assess and conguiens for reducing fuel consumption,
especially fuels from petroleum and greenhousg@&t5) emissions, during the production and
use of both fuels and vehicles.

This is a successor to our 2000 report, “On thadRn 2020,” which addressed similar
objectives. Since that report was written, the ddihs moved on with new vehicle and fuel
technologies, and with inexorably increasing worltkwdemand for all transportation services.
That demand lends more urgency to curbing the dgr@fvtonsumption of petroleum fuel and of
GHG emissions.

Our research for the current report was confimeiddustrialized countries, with an
emphasis on the United States but also includingeseestern European countries. We first
assessed the application of new vehicle and febht@ogies to the performance, cost, and life-
cycle emissions of individual vehicles. We thengidered the effects on the total on-the-road
fleet of introducing those technologies using pilalesassumptions about how rapidly they could
be developed, manufactured, and sold to buyerspi@ace existing vehicles and fuels or to add to
the total fleet.

We have concluded that a 30-50% reduction indarsumption is feasible over the next
30 years. In the short-term, this will come assalteof improved gasoline and diesel engines
and transmissions, gasoline hybrids, and reductiomehicle weight and drag. If these
improvements are achieved, we estimate a $1,5080@4ncrease in vehicle costs. Over the
longer term, plug-in hybrids and later still, hygem fuel cells may enter the fleet in numbers
sufficient to have significant an impact on fueéd emissions.

Alternative fuels that replace petroleum fuelsamikely to change GHG emissions
significantly. The major near-term alternatives based on fossil raw materials like the
Canadian oil sands or coal, which increase GHG famns. Some biofuels may prove beneficial,
depending on the particular biomass feedstock andersion technology. But the U.S.
emphasis on corn-based ethanol is not obvioustifialde. It has high economic costs,
guestionable GHG advantages, and other unfavoesibieonmental impacts.

No single technology development or alternativa tan solve the problems of growing
transportation fuel use and GHG emissions. Progrness come from a comprehensive,
coordinated effort to develop and market more &fficvehicles and benign fuels, and to find
more sustainable ways to satisfy transportationasets.

Detailed discussions of our research conclusiodspdlicy prescriptions can be found in
the Executive Summary (pp. ES-2 to ES-11) and tti@e 8 of the report (pp. 155-160).
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Executive Summary

ES Executive Summary

ES.1 Introduction

In October 2000, MIT issued a report, “On the Roe2D20” [Weiss et al. 2000], that
explored the potential of new propulsion system\aetucle technologies to improve fuel
consumption and reduce greenhouse gas (GHG) ensssier the next 20 years. The report used a
life-cycle analysis to include the energy consuiaredl GHG emissions produced in fuel and vehicle
production, in addition to vehicle use consump#iod emissions. It made explicit the well-to-tank,
tank-to-wheels, and cradle-to-grave componentsenbverall vehicle impact.

This new report has been written because the vmagdnoved on since 2000. Engine,
transmission, and vehicle technologies have immgtovédne development of new technologies such
as batteries and fuel cells has continued. Hylardsow in production at modest volumes.
Alternative fuels from oil sands in Canada and laissnare adding to our petroleum-based fuel
supply at the few-percent level. Over the pastyears, transportation fuel prices in the United
States have increased sharply. Yet, until the tecereases in Corporate Average Fuel Economy
(CAFE) standards, there has been little actioheninited States to develop strategies and
implement policies that would decrease the petroleansumption and GHG emissions from the in-
use, light-duty vehicle fleet.

Since our October 2000 report, we have contino@ebtk on these topics. We re-examined
the potential for fuel cell vehicles and hydrogérejss et al. 2003]. We explained how a
coordinated set of regulatory and fiscal policy suees is likely to be needed to ensure progress
[Bandivadekar and Heywood 2006]. We estimatedikbly time scales over which more efficient
propulsion systems (both improved conventionalesgstas well as new technology systems) could
be deployed. In particular, we focused on the ttypthat more fuel-efficient vehicle technologies
and alternative fuels could have on future totditliduty fleet petroleum consumption and GHG
emissions. Our studies have examined these isstlesdeveloped-world context, focusing
primarily on the United States but including a $amanalysis for major European countries. This
report, “On the Road in 2035,” describes the resaflour work over the past three or so years. We
have extended our original timeframe of 2020 o@85, some 25 years from today.

ES.2 Study objectives and approach

The overall objective of our study has been totfyethe potential future petroleum, energy
and environmental impacts of the new and improgelriologies and fuels likely to be developed
and deployed in light-duty vehicles. We have diigefor the United States, and for several
European countries where vehicle use patternsetheologies deployed, and fuel prices are
different. To quantify these impacts, we addeuninegés of production deployment schedules to
vehicle-based technology assessments. We alsagstitmow much alternative fuel from non-
conventional petroleum and from biomass would Ippked to consumers in the United States. And
we have considered the marketing issue of whetttgchke buyers would continue their longtime
preference for ever-increasing vehicle performamzksize, or shift toward vehicles with lower rates
of fuel consumption. Thus, our study involved filiwing steps:
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1.

Identifying the propulsion systems and vehicle tedbgy areas that have significant
potential for reducing fuel demand and GHG emissimrer the next 25 years. Examples
include improved gasoline engines, low-emissioselg hybrids, improved transmissions,
and weight and drag reduction.

Using engineering simulations to quantify the tmhsumption, performance, and GHG
emissions of an average car and pickup truck itJtieed States over several standard
driving cycles, assuming combinations of more psimgi technologies in current vehicles
and in 2030 new vehicles. We also assessed tht@adticosts of these improved
technologies.

Developing an in-use vehicle fleet model for lighity vehicles in developed-world markets
such as the United States and Europe, along watliha assumptions for the key issues of
growth in new vehicle sales, trends in averageclkehfetime, and travel.

Developing and then examining scenarios with varmmbinations of propulsion system
and vehicle technologies, the evolving productiolumes of these technologies, and
increasing amounts of alternative fuels. Differss#narios incorporated the trade-offs among
on-the-road vehicle fuel consumption, vehicle panfance, and vehicle size and weight.

Using these scenarios to identify options that @éesd to a significant reduction of fleet
fuel consumption and GHG emissions.

Our conclusions are summarized in the next twosegtES.3 and ES 4.

ES.3 Conclusions from vehicle technology and fuels assessments

Here we summarize the results of our vehicle tdogyaand fuels assessments:

1.

2.

Conventional naturally aspirated, spark-ignitedrinél combustion engine (SIE) technology
offers a path for continuous improvements in vehaificiency for the next few decades.
Realizing these improvements requires that teclgrcdbadvances be directed toward
reducing vehicle fuel consumption rather than ttifsg increases in performance or weight.

The efficiencies of spark-ignition and compressmgmtion (diesel) technologies will become
closer to one another in the future. In particutae,continued downsizing of gasoline
engines that is enabled by higher power densityalldw them to improve more rapidly than
diesels. At the same time, diesel vehicles mudeoohwith increasingly stringent emissions
requirements, which currently carry a fuel consuomppenalty. If knock limitations can be
overcome, turbocharged gasoline engine vehicles tm@vpotential to become almost
equivalent in efficiency with low-emission diesehicles.

Over a time horizon of 20-30 years, the gasolir®itiyelectric vehicle (HEV) offers a
promising path to cost-effective reduction in fusé. Relative to conventional spark-ignition
and diesel engines, gasoline hybrids are projactetfer increasing efficiency gains and a
narrowing price premium. At the same time, otliraaced technology vehicles, including
hydrogen fuel cell or battery electric vehicled] wontinue to suffer from high cost and other
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limitations. Their limited market penetration me#met their impact on fuel use and
emissions is unlikely to be significant over thetrfew decades.

. The plug-in hybrid electric vehicle (PHEV) offerportant advantages over the two all-
electric alternatives, fuel cell and battery-electehicles. It is no more range-limited than
existing vehicles, and requires only modest chatmiseling infrastructure for battery
recharging. The main technical challenges for jtugybrids are improving the energy
storage capacity of lithium-ion batteries, dematstg their reliability for automotive use,
and reducing their cost. These are significantleardbut they are less daunting than the
challenges facing fuel cell and battery electricicles.

Even with optimistic battery assumptions, the patddectric vehicle (BEV) is not
competitive with other options on a mass-marketllgyarticularly in comparison to the
different plug-in hybrid configurations. Configugra vehicle to offer a relatively modest
200-mile range would require a prohibitively lasged expensive battery pack. And while
the BEV completely displaces petroleum, the weijlthe battery pack significantly
increases the tank-to-wheel energy use compai@@lteg-in hybrid operating in charge-
depleting mode. With the current electric grid seumix, GHG emissions from electric
power generation and grid recharging of battegsslt in little or no reduction of well-to-
wheels GHG emissions relative to improvements inengonventional technologies.

. Our fuel cell vehicle (FCV) assessment is chareeérby a high degree of technical and
cost uncertainty with respect to both power plawt @nergy supply and storage. It is not yet
clear that fuel cell vehicles will offer the reabxd reliability and longevity that is

commonly expected of general purpose vehiclesthabithe onboard hydrogen storage
systems available will be satisfactory. Howevatpmotive fuel cell systems are not a
mature technology, and significant across-the-bmapidovements have been demonstrated
over the past several years. If this pace of dgweént continues, fuel cell vehicles could
compete with gasoline hybrid or conventional teébgies. The more daunting long-term
challenge may arise from the need to develop malsleetehicles in parallel with deploying
a new low-carbon hydrogen generation and distobutifrastructure.

. Vehicle weight and size reduction could signifitaneéduce fuel consumption and
greenhouse gas emissions. Direct weight redudiimaagh the substitution of lighter
materials as well as basic vehicle design changaisl{, for example, maximize the interior
volume for a given vehicle length and width) enageondary weight reductions as other
vehicle components are appropriately downsizeghifin vehicle size distribution away
from larger vehicles also reduces average weightratially can be accomplished by
changes in production volumes. Our estimatesatelihat sales-weighted average vehicle
weight could be reduced by 20% over about 25 yeHnse. maximum potential vehicle
weight reduction at plausible cost is 35%. Thesenates allow for the additional weight of
future safety requirements and convenience featiekicle weight reductions of this
magnitude could alone result in some 12—-20% reatuati vehicle fuel consumption.

Figure ES-1 illustrates the fuel consumption and33hnissions levels from the various
vehicle technology assessments described abovbgfaverage mid-size car sold in the
United States. The relative proportions for otredigle types are similar.
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(b) Lifecycle greenhouse gas (GHG) emissions
Figure ES-1: Vehicle propulsion technology assessment for siaé-U.S. passenger cars. Well-

to-tank energy consumption is not shown in (a)ferdifferent fuel sources, but
(b) shows the contribution of well-to-tank energgeun terms of GHG emissions.

All vehicles have same performance and interice.s2035 vehicles have more efficient transmissiaf%p lower
weight and reduced drag and tire resistances. tthiogr bars denote well-to-tank GHG emissions teceicity
generated from coal (upper bound) and naturallgasf bound). FCV well-to-tank GHG emissions assiihee
hydrogen fuel is steam-reformed from natural gadisitibuted locations and compressed to 10,000 psi

SIE = Spark-ignition engine vehicle / HEV = Hybatkctric vehicle / PHEV-30 = Plug-in hybrid with-3@ile all-
electric range / FCV = Hydrogen fuel cell vehicBEV = Battery electric vehicle / Materials = Matdiifecycle
emissions.
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9. Cost is a key factor in assessing the likelihooteohnologies becoming widely adopted.
Vehicles with turbocharged gasoline engines, diesgjines, and hybrids entering the
fleet today are estimated to cost from 5-30% mbenta baseline gasoline vehicle.
Longer-term options such as plug-in hybrids and @& vehicles would cost 25-35%
more than a future gasoline vehicle. Battery electehicles are even more costly.
Reducing weight by 20% in a future vehicle wouldstcan additional 5%; reducing
weight by 35% would cost an additional 10% of tdddyaseline gasoline vehicle cost.

Table ES-1: Incremental retail price increase of current aridre propulsion technologies,
$2007.

RETAIL PRICE INCREASE [$2007]
VEHICLE TYPE

Cars Light Trucks
Current Gasoline SIE* retail price $19,600 $21,000
Increment relative to current Gasoline SIE:
Current Diesel $1,700 $2,100
Current Turbo Gasoline $700 $800
Current Hybrid $4,900 $6,300
2035 Gasoline SIE $2,000 $2,400
2035 Gasoline SIE retail price $21,600 $23,400
Increment relative to 2035 Gasoline SIE:
2035 Diesel $1,700 $2,100
2035 Turbo Gasoline $700 $800
2035 Hybrid $2,500 $3,200
2035 Plug-in Hybrid $5,900 $8,300
2035 Battery Electric $14,400 $22,100
2035 Fuel Cell $5,300 $7,400

* SIE = spark-ignition engine vehicle

10. Relative to current SIE vehicles, only turbochar§éd cars and diesel trucks currently
recover their up-front retail price increase inl fgevings, assuming a fuel price of $2.50
per gallon and 7% discount rate over a 15-yedirite All current powertrains recover
their retail price increase at higher gasolinegsriof $4.50 per gallon. In the future,
improvements in conventional gasoline vehiclesvarg cost-effective, with a payback
period of four years at $2.50 per gallon relatva tturrent SIE vehicle. Relative to a future
SIE, hybrid vehicles pay off at $2.50 per gallomrioy5 years, but plug-in hybrid and fuel
cell vehicles do not break even until fuel pricesezd $3.75 per gallon, assuming an
electricity price of $0.05 / kwh and hydrogen fpate of $3.50 / kg. Future diesel cars
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remain expensive relative to gasoline cars, batiigucks break even relative to future
gasoline trucks at fuel prices of $2.75 per galue to their high up-front retail price,
battery electric cars require fuel prices upwarfds6o00 per gallon in order to break even
over 15 years of operation, assuming an electnwitge of $0.05 / kwh.

11.Alternative liquid transportation fuels are widefgwed as an important and growing
contribution to reducing petroleum use and GHG sioiss. Currently, the Canadian
oil-sands reserves are supplying about 3% of tdt8l fuel use. This could expand to
about 10% of total U.S. consumption in 2030, resglin a 5% increase in well-to-tank
GHG emissions. Ethanol displaces gasoline, byttwals volume for volume. The
GHG emission reductions provided by different faedks are substantially different,
however, with corn grain ethanol proving only madésiG benefits and cellulosic
biomass-based ethanol potentially providing larg33enefits, since it provides all
its processing energy requirements. Recent coa@aut environmental penalties
associated with biomass production due to landchaages suggest that presumed
biofuel benefits may not be realized to the extemtently projected. While ambitious
targets for ethanol production and use have betein slee United States and the
European Union, it is unclear whether targets &lutosic ethanol (comparable
volumes to corn ethanol by 2035) can be met, anat We GHG emissions benefits
will be.

ES.4 Conclusions from scenarios of market penetration rates

By evaluating different market penetration ratese@w propulsions systems and
various scenarios of the light-duty vehicle (LD\@dt fuel use, we find that:

1. Fleet fuel use responds with a lag of some 10 ytwachanges in the new vehicle
market. Low rates of fleet turnover mean that thed Lonsumption of mainstream
technologies will determine the near-term fleet fuse and GHG emissions. Directing
efficiency improvements toward reducing in-use fo@hsumption of high-sales-
volume vehicle technologies is therefore critidalEurope, the potential for impact
through improved mainstream engines and weightateoluis significantly less than in
the United States, due to the fact that aboutdfafurope’s new fleet is already diesel,
and vehicle size and weight are some two-thirdsvefage U.S. vehicle values.

2. As aresult of high initial cost and strong competi from mainstream gasoline
vehicles, market penetration rates of low-emissi@sels and gasoline hybrids in the
United States are likely to have only a modestugfinogrowing potential for reducing
U.S. fleet fuel use before 2025. Even with aggressiarket penetration rates of new
technologies, it will be difficult to reduce the ZDfleet fuel use by more than 10%
below fuel use in 2000.

3. The delay between the introduction of advanceddekechnologies and their effects on
total fuel use in the fleet is a necessary phaskepath to achieving long-term reductions.
In the longer term (~50 years), the impact of adedrtechnology vehicles will indeed be far
larger than the near term (~25 years) impact. &lizeethose deep reductions, advanced
vehicle technology introduction needs to startaaty@s possible.
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4. At similar levels of market penetration, gasolirydtid vehicles look promising vis-a-vis
diesels and turbocharged gasoline vehicles forciaduleet fuel use. Thus it would require
significantly greater penetration rates of turbagkd gasoline or diesel vehicles than
gasoline hybrids to achieve similar fleet fuel aomption and GHG emissions.

5. Using half of all future efficiency improvementsraduce fuel consumption rather than
emphasizing performance would alone reduce fuebyde% in 2035. Usingll future
efficiency improvements to lower fuel consumptioould reduce fuel use by 26% in 2035.
This is a slightly greater reduction in fleet fusk than in a scenario with aggressive
penetration of diesels and turbocharged gasolihieles that use half of future efficiency
improvements to reduce fuel consumption. A scerdraggressive penetration of hybrid
and plug-in hybrid vehicles using all future efficcy improvements to reduce fuel
consumption does better, and could lower totaldselby 40% in 2035, relative to no
change.

6. Developing scenarios that would halve the fuel oamgion of the new vehicle sales mix
in 2035 indicates that major changes would be requiro meet the target, two-thirds of
the efficiency improvements must be used to reflueleconsumption rather than
emphasizing performance, alongside more than 20%tleeveight reduction, and an 80%
market share of advanced powertrains. Figures BES3ZES-3 summarize fuel use and
GHG emissions from the light-duty vehicle fleetngsrepresentative scenarios based on
our assessment of plausible vehicle technologytpsian rates.

Light-duty vehicle fuel use

800 1 (in billions of liters, gasoline equivalent) No Change 765
Half of efficiency
improvements used to
700 1 reduce fuel consumption
Turb
Diesel | Plus
600 - Hybrids ¢ advanced
Plug-ins | powertrains

} Plus all efficiency
500 505 ¢ improvements used to
reduce fuel consumption

400 A

300 A

2035 Advanced Powertrain Market Shares

200 9 Turbo Gasoline Engines : 25%

Diesels 115%
Gasoline Hybrids 115%
100 { Plug-In Hybrids 17.5%

Note: Assumes 0.5% - 0.1% growth in vehicle travel and 0.8% sales growth each year

0 +—+—r+—r—r—r—+—rr—+—r—"—rrT"TrTT T T T

2000 2005 2010 2015 2020 2025 2030 2035

Figure ES-2: Representative scenario of light-duty vehicld tige with: (i) half of efficiency
improvements used to reduce fuel consumption, (ifjesntwo-thirds market share
of advanced powertrains in 2035, and then dliiefficiency improvements used
to reduce fuel consumption.
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Light-duty vehicle lifecycle GHG emissions

o500 | (Mt CO2-equivalent) No Change 2514

Advanced powertrains
with half of efficiency
improvements used to
reduce fuel consumption

2000 + B T Plus fuel mix
lPlus all efficiency
improvements use to

1667 |  reduce fuel consumption
1500 A

1000 +

Fuel Mix in 2035 (percentages on energy basis):

500
Non-Conventional Qil: 10%

Corn Ethanol: 7%
Cellulosic Ethanol: 7%

Oo+—+—r——" T TT T T T T T T T T T
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Figure ES-3: Same representative scenario of light-duty ven®@HG emissions with a fuel
mix of non-conventional oil, corn, and cellulostb@&nol.

7. Whether Europe continues further along its curdéeselization trajectory or whether
significant numbers of other advanced gasolinelddgbropulsion system vehicles enter
the fleet will have an important impact on the fetuatio of diesel-to-gasoline fuel
demand. For both of these scenarios, that ratidoeaaxpected to continue to increase for
at least the next 10 years. Given the fact thabjgeis largest markets have historically
emphasized improving fuel consumption over vehpadormance, the benefit from
further increasing this emphasis is diminished wt@mpared to the United States.

ES.5 Overall conclusions from the study

Petroleum use and greenhouse gas emissions agasimg steadily throughout the world
due to seemingly inexorable growth in demand faspager and freight transportation by all
modes. Our challenge is to first offset this gtovend then to reduce fuel consumption and
GHG emissions. This section summarizes our oveoaitlusions about how far future
technologies might take us down this fuel-sipploger-carbon path.

1. At constant vehicle performance and size,b8% reduction in the fuel consumption of
new light-duty vehicles is feasible over the ned+20 years. The greater uncertainty lies
with the time necessary to achieve these changgrrithan the technological options
available to realize them. In the near term, aldoation of improved gasoline and
diesel engines and transmissions, and gasolinedsylwan achieve reductions on this
trajectory. Vehicle weight and drag reductions cantribute in both the near and long
term. Our longer-term options for moving beyondrsimprovements currently appear to
be plug-in electric hybrids and electricity, aneélfaells and hydrogen. Compelling
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visions of efficient low GHG-emitting ways for trgportation to use these two energy
carriers have yet to be developed.

These nearer-term changes, when combined in vehigsult in cost increases between
about $1,500 and $4,500 per vehicle if producesdgnificant volumes.

It will take longer (~20 years) for more complexaolvanced technologies, such as
hybrids, to result in significant overall reductsoim fuel consumption and GHG
emissions, due to their higher cost and slowerajepént. Radically different
technologies—such as plug-in hybrids and hydrogehfael cells—could take more

than 30 years to be developed to the point wheng dine market feasible and deployed in
substantial numbers. The additional costs of thésanced vehicles are uncertain but are
anticipated to be significantly higher. The devahgmt and introduction of advanced
technology vehicles needs to move forward as guiaklpossible if we are to realize the
long-term reductions in fuel use and GHG emisstbas successful deployment would
bring.

2. Policies developed to reduce vehicle fuel comsion will need to take into account the
trade-offs among vehicle performance, size, weighd, fuel consumption. Vehicle
purchasers and users have historically shown a pteéerence for greater vehicle
performance and size, providing market “pull” fbese attributes. Automobile
companies compete with each other by offering @veneasing performance and vehicle
size, providing the “push.” In the United Statid® emphasis on enhanced
performance—and to a lesser extent, increasehicleesize—have been so strong that
no significant fuel consumption gains have beehzed over the past 25 years. In
Europe, the emphasis on performance has not bestroag, and some half of the fuel
consumption improvements that could have beenzeshhave already been achieved.

3. More alternatives currently exist for dispfagthe use of petroleum than for reducing
greenhouse gas emissions.

a. Plug-in hybrids, at present a costly and heavyooptnight over the longer term
have an important impact on reducing petroleum l$@wever, due to the likely
GHG emissions from the electricity production regdi the GHG emissions
reduction that plug-ins would achieve in the nesgen are comparable to those
available from change-sustaining gasoline hybridslawer cost.

b. In the United States, ethanol might displace ali®& of gasoline by 2025.
However, as explained above (ES.3-11), increasiagpiomass-to-liquids supply
in the nearer term might help reduce well-to-whé&G emissions, but
increased use of non-conventional oil is likelyaigely offset this effect. The
contribution of biofuels is likely to be constrathby land availability, as well as
by biomass vyields, their environmental impacts, eosts.

It is therefore important that policy efforts focsimultaneous on measures that improve
both energy security and carbon emissions.
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ES.6 Looking ahead

We conclude that fuel consumption and GHG emissadrour light-duty vehicle fleet
can be reduced significantly. How rapidly thatueiibn occurs depends on the determination of
the major stakeholder groups—vehicle and fuel sapplvehicle and fuel purchasers and users,
and governments—to vigorously undertake the actiegsired.

As worldwide demand for transportation servicesticmes to grow, we foresee no single
major development that alone can resolve the gpwinblems of vehicle fuel consumption and
GHG emissions. Therefore, progress must come §@ymprehensive effort to develop and
market more efficient vehicles and more environrainbenign fuels, find more sustainable
ways to satisfy demands for transportation seryiaed prompt all of us who use our vehicles
and other transportation options to reduce ourwmpsion. All of these changes will need to be
implemented at very large scale to achieve sigmiiceductions in petroleum, energy, and GHG
emissions. Implementing these objectives will @ase the cost of transportation to ultimate
users, and will require government policies to emage or require moving toward these goals
while sharing the burdens more equitably and atteygppo minimize total social costs.

The time scales for such changes vary, but alleeg@ Thus, a comprehensive program
should include actions designed to achieve fuelean$sions reductions in the near term (up to
15 years), as well as in the mid-term (15-30 years]) also in the long term (more than 30
years). Mid- and long-term programs require prajmy work now (e.g., appropriately focused
analysis, extensive technical research and deveoprto ensure they could be ready for
implementation when planned.

An especially promising opportunity is the devetegmt and deployment of more
efficient propulsion systems—engines and transionssi Critical here is the need to use
propulsion system efficiency gains to reduce reailgvvehicle fuel consumption, rather than
offset increasing vehicle power and size. Thisegasserious problem of marketability to
customers, given the long-term market trend towacceasingly powerful, larger, and heavier
vehicles. Changing that trend may well requirehbminufacturer and government incentives.

A second important opportunity is vehicle weigkduction. This—along with reducing
vehicle drag and tire rolling resistance—can beeadd as a result of vehicle redesign, vehicle
size reduction, and the use of lighter materialso”Athese methods will need to be
implemented. While some aspects of vehicle funetibnmay be diminished, the basic mobility
offered to consumers by personal transportatiorbeamaintained.

Alternative fuels (fuels derived from raw matesiather than petroleum) do reduce
petroleum consumption, but they are more likelintwease than decrease GHG emissions, in
the near term at least. The major near-term ate#es are derived from fossil raw materials (oll
sands, very heavy oils, coal, natural gas). Tiesiovery and refining emissions range from high
to roughly break even with petroleum, even usingaaded technologies. In principle, biofuels
can reduce GHG emissions drastically to the exdepbtential biomass supply. Biofuel
production is set by agricultural policy as welleagergy and environmental policy, however, and
the overall environmental and economic benefitsaohe biofuel approaches—notably corn-
ethanol in the United States—are increasingly goestl, as are the benefits of other biofuels in
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Europe. Itis important that we encourage reseanchdevelopment on biofuels with promising
environmental and economic prospects, and be tieadisout their potential contribution.

We will need government policies that further tverall objectives of our road
transportation system as well as reduce its enamgyenvironmental impacts. Alongside
regulatory instruments, we have reviewed the fiode incentive-based policies such as feebates,
taxes, pay-as-you-drive insurance, and scrappagatives can play. These policies should be
structured to achieve the following:

a. Push development and deployment of appropriatentdéohies—and generate market
pull for those technologies—through policies thahforce each other through
synergies. Incentives should be for outcomes nanidbe focused on particular
technologies that put other vehicles with low fusé and emissions at a competitive
disadvantage. Such policies will need to be coateid for the desired progress to
occur.

b. Be transparent and appear fair to all stakehol@ésysecially those bearing the highest
costs of the necessary transitions. Transportaiglated taxes, fees, and credits can
help balance the burden by clearly re-distributienenue equitably among
stakeholders and user groups.

c. Encourage conservation by users as they chooseeffmient ways of using their
transportation options, by, say, less aggressivendr bundling of trips, and more
carpooling.

Overall, this report reviews the many options klde for reducing petroleum
consumption and greenhouse gas emissions fromt@nivator vehicles in countries like the
United States. By exercising these options, ctigeswth patterns can be leveled off and
reversed. However, not much will happen withoydrapriate policies to push and pull
improved technologies and greener alternative fnétsthe marketplace in high volume.

Transitioning from our current situation onto ahpaith declining fuel consumption and
emissions, even in the developed world, will ta&eesal decades—much longer than we hope or
realize. We must focus our efforts on those chautigat offer the potential for substantial
impact, in both the nearer term and longer terme WAl need much better technology, more
appropriate types of vehicles, greener fuel streamd changes in our behavior that emphasize
conservation. We will need nearer-term results gleatus out of our currently worsening
situation. We will need to transition to much metestainable pathways in the longer term. And
we will need to pursue all these opportunities wdigbermination.
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Background, Objectives, and Context

1.0 Background, Objectives, and Context

1.1 Background

Personal transportation is highly dependent oratliemobile. In the United States, there
are approximately 240 million light-duty vehiclddXVs). They comprise some 135 million cars
and 105 million light trucks. The estimated fuehsomptior of LDVs in 2005 was
approximately 530 billion liters or 140 billion dgahs of gasoline. Gasoline use by U.S. cars (i.e.,
cars driven in the United States) and light trugkskups, SUVs, and vans) accounts for
approximately 44% of U.S. oil consumption and sdd& of world oil consumption [Davis and
Diegel 2007]. The U.S. Energy Information Adminggion (EIA) estimates that more than 60%
of liquid fuels used in the country will be impadtduring the next 25 years. Moreover, an
increasing fraction of this supply will come frohetMiddle East and from the Organization of
Petroleum Exporting Countries (OPEC) [EIA 2007agRrdless of its countries of origin,
pervasive use of oil means that the U.S. econommaires vulnerable to the price shocks in the
oil market.

Increasing consumption of petroleum results imeéasing emissions of greenhouse gases,
which contribute to global climate change. The $paortation sector is the largest contributor
among the end-use sectors of the economy to thesems of CQin the United States. The
emissions of C@from transport have grown by approximately 25%mfyithe period from 1990
to 2005. The tailpipe C£emissions from LDVs in 2005 were estimated to J26Q million
metric tons, or about 22% of total U.S. emission€0.. LDV energy use had been projected to
grow at a rate of 1.3% per annum, but recent faehemy legislation and estimates of higher
fuel prices have lowered expected growth to 0.3%ypar [EIA 2007a; EIA 2008]. Even taking
these factors into account, the unrelenting ine@@ashe consumption of oil in U.S. light-duty
vehicles presents an extremely challenging enangyeavironment problem. Effective measures
will have to be taken to significantly reduce faehsumption if risks to the economy and the
environment are to be reduced.

In October 2000, our Massachusetts Institute chifelogy (MIT) research group issued
a report titled “On the Road in 2020” [Weiss, 2Q0That report explored the potential of new
propulsion system and vehicle technologies for majng fuel consumption and reducing
greenhouse gas (GHG) emissions over the next 28.y&he report expanded the life-cycle
analysis methodology to include the energy consuameldGHG emissions produced in fuel and
vehicle production, in addition to vehicle use aamption and emissions. It made explicit the
well-to-tank, tank-to-wheels, and cradle-to-gravenponents of the overall vehicle impact.

The world has moved on since 2000. Engine, trassamn, and vehicle technologies
have improved. The development of new technologlie$ as batteries and fuel cells has

! In this report, we refer to “fuel consumption”thg rate of consumption (in liters per 100 km dfayes per mile)
of liquid fuels, expressed in gasoline-equivalenirts. Unless noted, this does not include energplid from
electricity or hydrogen. Note that fuel consumptisthe inverse of “fuel economy” (in miles perliga), the more
commonly used metric in the United States. “Fuel’ usfers to total fuel used (in liters or galloms)an individual
vehicle or the larger vehicle fleet.
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continued. Hybrids are now in production at modesimes. Alternative fuels from oil sands
in Canada and biomass are adding to our petroleasaebfuel supply at the few-percent level.
Over the past few years, transportation fuel pringbe United States have increased sharply.
Yet, until recently, there has been little actinrthe United States to develop strategies and
policies that would decrease the petroleum consiempind GHG emissions from the in-use
light-duty vehicle fleet.

Since our October 2000 report, our group has oaet to work on this topic, as have
many others. We have re-examined the potentidLigrcell vehicles and hydrogen [Heywood
et al. 2003]. We have explained how a coordinattf regulatory and fiscal policy measures
is likely to be needed to ensure progress [Bandikadand Heywood, 2006]. We have
estimated the likely time scales over which mofeienht propulsion systems (both improved
conventional systems as well as new technologesyst could be deployed. And in particular,
we have focused our efforts on examining the ingp#wt the many more fuel-efficient
technologies now being developed and deployed—amdhanges in fuel supplies—might have
on future total light-duty vehicle petroleum congtian and GHG emissions. We have
examined these issues in the developed-world cgrfteousing primarily on the United States,
but have also done similar analysis on major Eanom®untries. This report, “On the Road in
2035,” describes the results of our work on thasestjons during the past three or so years. As
our title indicates, we have extended our timefranmeto 2035, some 25 years from today.

1.2 Study objectives and road map

The overall objective of our study has been toetlgy a methodology that quantifies the
potential future energy and environmental impatthe technologies and new fuels likely to be
developed and deployed in light-duty vehicles. staould be done for the United States, and
several major European countries that have difterehicle use, technologies, and fuel price
contexts. Quantifying impacts requires addingnestes of production deployment schedules to
vehicle-based technology assessments. It alsesraisritical market issue: how will the vehicle
performance, size, fuel consumption reduction t@ifle-which historically has favored vehicle
performance over actual fuel consumption reductiplay-out? It also requires an assessment
of how alternative fuel streams from non-converdigretroleum sources and biomass are likely
to augment petroleum-based fuels as the futurddmforhus, our study involved the following
components:

1. Identifying the propulsion systems (improved gas®kngines, clean diesels, hybrids,
improved transmissions) and vehicle technologysa(each as weight and drag
reduction) that have significant potential for affeg the light-duty vehicles petroleum
fuel demand and GHG emissions over the next 25syear

2. Quantifying with engineering simulations the fuehsumption, performance, and GHG
emissions of an average car and pickup truck irUthiged States over several standard
driving cycles, for appropriate combinations of there promising technologies in
current vehicles and in 2030 new vehicles. We atsessed the additional costs these
improved technologies are likely to incur.
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3. Developing an in-use fleet model for light-dutyhiees relevant to the developed world,
such as the United States and Europe, along wiloppate baseline assumptions for the
key issues of growth in new vehicle sales, trendsverage vehicles lifetime and vehicle
miles (or km) traveled, and vehicle scrappage rates

4. Developing and then examining scenarios that immaie various combinations of
propulsion system and vehicle technologies, thévewpproduction volumes of these
technologies, and the anticipated growing altevedtiel streams that will augment
petroleum fuels. These scenarios have incorpoatddexamined the trade-offs among
on-the-road vehicle fuel consumption, vehicle perfance, and vehicle size and weight.

5. Using these scenarios to identify those optionswloald have a significant impact on
total fleet fuel consumption and GHG emissions, tg identify those options likely to
be most effective as we address these challenges.

6. Parallel studies of the factors that determine &nel environmental impacts in the United
States and in major European countries, which kd#ferent contexts.

These individual tasks are essential steps imasitag the potential for changing the
impact of future light-duty vehicles. Only if veles with improved technology are out there
being driven in large numbers will the impactstaige technologies on fuel consumption and
GHG emissions be substantial. The performanceatipg characteristics, and costs of the
various propulsion system and vehicle technologioop will determine their marketability, and
thus the timeframe of their initial deployment. eT$ubsequent ramp-up of production volumes
will then depend on the market attractiveness e$¢himproved-technology vehicles, the
newness of the technology (and thus its potertrainiprovement), and the rate at which
production capacity can be built up. It will thiatke several years, working at substantial
production volumes, before a significant fractidriatal vehicle travel will be with these better-
technology vehicles. Of course, we do not knoveigedy how all these factors will play out.
However, we can develop sets of plausible assumpaod build these into scenarios that we
can compare—and thereby learn what it takes to raak#erence.

The scale and timing of the impact of new and mepd propulsion system, vehicle
technologies, and fuels, on fleet fuel use and @Hssions is contingent on the fuel
consumption of individual vehicles embodying thesshnologies, their market penetration, and
their utilization. An overview of our approach Isosvn in Figure 1, in which the contents of
each report section are outlined. The remaind&eation Iprovides the system context in
which the U.S. LDV fleet operates.

Section 2ntroduces propulsion system alternatives andrdesctheir anticipated future
performance characteristics, their fuel consumpdiodd GHG emissions, and their costs.

Section 3xamines the opportunities for vehicle weight aizé reduction, and the fuel
consumption reductions and costs associated wattethehicle changes.

Section 4evaluates the trade-offs among vehicle performasize, and fuel consumption for
different propulsion systems, and introduces theept of Emphasis on Reducing Fuel
Consumption (ERFC) for quantifying these trade-offs

7
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Section Zexplains the logic of the fleet model used to gldte life-cycle energy use, fuel
consumption, and greenhouse gas emissions fromdigly vehicles. The fleet model is then
expanded on in the next sections, where we fulpla® the dynamics of the light-duty vehicle
fleet.

Section Gevaluates the impact of a changing fuel mix onlD¥ fleet petroleum displacement
and on GHG emissions. The section specificallyatals the likely impact of increasing non-
conventional oil and bio-ethanol content in thétiguty fuel mix, under different scenarios.

Section 7etails the supply- and demand-side constrainbsiilding up production of advanced
vehicle technologies, and their impact on fleetevide! use. We develop three market
penetration scenarios to illustrate the likely saaid impact of these technologies on LDV fleet
fuel use over the next three decades. Additioreth@cos are included which illustrate specific
issues, such as the impact of delays, reducingfAight-duty fleet fuel use and GHG emissions
by 2025, and doubling the fuel economy of new Vekity 2035.

Section &ummarizes the key conclusions of this reportauritines the agenda for the road
ahead.

Vehicle Technology Fleet Penetration rates (Ch. 7)
(Ch. 2,3, 4)
» Gasoline, Diesels, Hybrids, Plug-in ’ Producnor.l -bund-up 'S_SUE’S
Hybrids, Fuel Cell vehicles *  “Marketability” of vehicles
— Improvement in fuel consumption — Qualitative and Quantitative
— Relative vehicle attributes N understanding of Consumer
—  Weight Reduction demand for different vehicles
o Performance/ fuel Consumption . Plausible Market Penetration
trade-off scenarios
¢ Vehicle Production and Retirement - Lessons from Diesel growth in
— Incorporate cradle-to-grave aspects Europe
with well-to-wheels —  Flex-Fuel Vehicles in Brazil
Y Integrated
Scenarios )
A4
y
Fuel Technolo (Ch. 7) .
9y Vehicle Fleet Model .
(Ch. 6) (ch. 5) Implications
' (Ch.7&8)
e Energy and GHG impacts of
—  Gasoline, Diesel, Ethanol, | *Understand and model fleet
Electricity, Hydrogen dynamics >« Summary and
Conclusions
*  Anticipated market shares of non- « Calculate well-to-wheels and

« US LDV in the

conventional liquid fuels
global context

— Oil Sands growth in Canada
—  Survey of alternative fuels

cradle-to-grave energy and GHG
impacts for different scenarios

Figure 1 Report overview



Background, Objectives, and Context

1.3 The U.S. context

This section summarizes the context in which Udhitiduty vehicle (LDV) technology and

policy changes operate. Three topics are reviedged@he factors that drive the growth in LDV
fleet fuel use and greenhouse gas emissions, 2@ stakeholders or actors involved in this
arena, and 3) the policy alternatives availablaftect the LDV fleet fuel use and greenhouse gas
emissions. See Section 5.11 for a discussion ofthege factors relate in a European context.

1.3.1 The factors

The fuel consumption from in-use motor vehiclepad®ls on the efficiency of driving
(LPK), and the total amount of driving (VKT). Tleeenhouse gas emissions resulting from
that fuel consumption additionally depends on ti#33ntensity of the fuel (FI) as shown by the
following identity:

GHG emissions = LPK X VKT X FI (1.1)
Where,
GHG emissions = Greenhouse Gas Emissions (tary/ye
LPK = Liters per Kilometer (L/100kr)
VKT = Vehicle Kilometers Traveled (VKT in km/year
FI = GHG Intensity of Fuel (GHG tons/liter of fjie

All three factors, if reduced, contribute to retioics in GHG emissions; in addition, the
three factors may interact with one another. Fangxe, the carbon intensity of diesel fuel is
slightly higher than gasoline, but diesel-poweredigles are typically 30% more fuel efficient
than gasoline vehicles. As a result, diesel-powgedticles have a greater greenhouse gas
reduction potential than gasoline-powered vehifdeshe same amount of driving. As
experience in Europe has shown, however, sinceldiesicles are more fuel efficient, they are
likely to be driven farther than their gasoline otarparts. This “rebound effect” may reduce the
GHG emissions benefit from diesel vehicles.

Vehicle fuel consumption

The average fuel consumption of new vehicles (easured in liters of fuel consumed
per kilometer traveled) was reduced considerablyQinOs and early 1980s due to federal fuel
economy standards, as well as increased fuel pndbe aftermath of the oil shocks of 1973 and
1979. Since the mid-eighties, however, fuel condionphas stagnated at around 10 liters/100
km for new cars (23.5 mpg) and 13.5 liters/100 lbmnfew light trucks (17.5 mpg) when
adjusted for on-road performance [Davis and Di@@él7]. The sales-weighted fuel consumption
of new vehicles has been increasing during thiogdexs a result of the increasing number of
light trucks in the new-vehicle mix. As a resulte taverage fuel consumption for the light-duty
vehicle fleet remained roughly constant, at 11&td/100 km (20 mpg), as shown in Figure 2.

21 liter/100 km = 235.2 miles per gallon (mpg)
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Figure 2 U.S. Light-duty vehicle fleet fuel consumption (D8-2005)

The lack of any significant reduction in vehicleef consumption during the last 25 years
does not imply a lack of technology innovationfdnt, engine and vehicle technology improved
steadily during this entire period. Technology ioy@ments are “fungible,” however, in that
their efficiency gains can be used to enable dilnestions such as increased amenities, vehicle
power, and weight, rather than directly improve ftehsumption [Plotkin 2000; An and
DeCicco, 2007]. EPA analysis of vehicle charactessduring 1981-2003 indicate that if the
new 2003 light-duty vehicle fleet had the same agemperformance and same distribution of
weight as in 1981, it could have achieved about B&ftter fuel economy [Hellman and
Heavenrich, 2003]. These trade-offs among perfoomasize, and fuel consumption are discussed
further in Section 4.

Vehicle kilometers traveled

The total fleet vehicle kilometers traveled (VKim)the United States has more than
doubled in the past 30 years, as shown in Figya8is and Diegel, 2007]. This growth has
been steady except for the years 1974, 1979, EB9®0D1991. This large growth in VKT can be
attributed to the following factors:

Increased number of vehiclesThe number of vehicles in the U.S. LDV fleet mased from
about 110 million vehicles in 1970 to over 235 mail vehicles in 2005. Most of the growth has
come in the light trucks segment, which now acce@mt more than half of all sales, as
compared to about 15% of sales in 1970.

Increased driving per vehicle The average annual distance traveled per veinicteased
considerably from 1976-2005. This increased dgwan be attributed to growing affluence,
increasing urban sprawl and commuting distanceslativ cost of driving, and changes in
household demographics, such as age distributidren/édjusted for inflation, the cost of

10
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gasoline per liter or gallon has remained esséntahstant for the past 35 years, except during
the oil shocks of 1970s and since 2002, as showgimre 4.

Figure 3

Figure 4
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Figure 5 U.S. average vehicle travel vs. average fuel ceskjpometer [EIA 2007b]
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The average fuel consumption of cars and trucksedsed from 1976—2001. When
combined with flat cost of gasoline over this pdr{oflation adjusted), the net effect is a drop in
costs of travel per kilometer. The hypothesis thest has resulted in increased driving is known
as the “takeback” or “rebound” effect. Figure ®&fs the increase in average annual distance
traveled, while the average costs of driving evelymeter have declined for both cars and
trucks. The rebound effect has been estimated tmlike order of 20%, based on historic data
from 1970s and 1980s. More recent studies argughtbdong-term rebound effect has declined
to 10%, and may continue to fall as higher incomnes improved fuel consumption have
insulated consumers from price changes [Greenle E989; Greening et al. 2000; Small and van
Dender 2007]. Figure 5 (a) also shows that wiiéedost of driving cars in real dollars has not
changed much in the last 20 years, the averagergmbtravel per car has increased by
approximately a one-third.

Greenhouse gas intensity of fuel

Greenhouse gas intensity of fuel used in theddgtty vehicle fleet in the United States
has been essentially constant over time becauselD®s run on gasoline. The increasing
amount of ethanol blended in gasoline is, howeaiggring the greenhouse gas intensity of the
fuel. In Europe, diesel accounts for a third adlfuse in the light-duty vehicle fleet, since some
half of these vehicles use diesel engines [CONCARWE&/]. In the future, the use of diesel
and/or electricity-powered vehicles, as well asetldnt types of biofuels, is likely to increase.
However, the greenhouse gas emissions intensttyediuel may increase or decrease depending
on the fuel/electricity production pathway. Sectidhand 7 discuss the effect of a changing fuel
mix on well-to-wheel energy and greenhouse gassaoms from light-duty vehicles.

1.4 Fiscal and regulatory policy options in the United States

In the past, regulation and oil prices have bddlygx an important role in improving
vehicle fuel consumption in the U.S. LDV fleet. T$tagnation of reductions in vehicle fuel
consumption and the relentless increase in vetriglel since the early 1980s, however, suggest
that policy changes will be required in the shartd longer-term future to achieve substantial
reductions in fuel use and GHG emissions. Sevérdaleooptions available to policy makers are
reviewed in this section.

1.4.1 Fuel economy standards

Fuel economy standards are mandates placed orfactaurers that regulate the rate of
vehicle fuel consumption. In the United States,icletfuel consumption is controlled by the
Corporate Average Fuel Economy (CAFE) standardglwiias first enacted as part of the
Energy Policy and Conservation Act of 1975. Theaadards have established a binding limit
on the fuel economy of cars and light trucks inlth8. over the past three decades, as shown in
Figure 6.
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Figure 6 U.S. fuel economy standards for cars and lightksydlHTSA 2006a; 2008]

Corporate Average Fuel Economy (CAFE) standards lbaen the dominant policy
lever for reducing the fuel consumption of new wéds in the United States. Since their
enforcement, CAFE standards have played an importéain lowering the rate of fuel
consumption during the period of high gasoline ggierom 1975 to 1985, and in limiting a
rebound in increased vehicle fuel consumption tghotine 1990s, when prices were low
[Greene, 1990]. At the same time, they have begicized for bluntly enforcing fuel economy
standards while market forces have maintainedamgtpreference for larger, heavier, and
more powerful vehicles at the expense of fuel sgaui\s a result, CAFE standards remained
relatively constant for two decades, between 19872007, although light-truck standards
increased slightly in the early 1990s. In 2003, lipkt-truck standards were increased
substantially for model years 2005-2007. Proposaadairds for 2008—2011 model year light
trucks were handed back by the Ninth U.S. Circuiti€ of Appeals for not going far enough
in regulating fuel economy.

Recently, the Energy Security and IndependenceoA2007 (EISA) increased CAFE
standards for both cars and light trucks to a comtbiaverage of 35 mpg by the 2020 model
year. The new standards will be attribute-base@mmg that fuel economy requirements will
be matched to related vehicle characteristics sgaturb weight, interior volume, or
“footprint"—the area covered by a vehicle’s whealbanultiplied by its track. Attribute-based
standards were used in a previous National HighWrayfic Safety Administration (NHTSA)
rule-making for light trucks, to address safety@ams by removing the option of downsizing
as a way of meeting CAFE requirements, and to rentlbg incentive to categorize large cars
as small light trucks (NHTSA, 2006a, p. 10).

The EISA 2007 legislation also introduced a crégiting program as part of the

CAFE regulations. Manufacturers that exceed thedaenomy standard for a given model
year may earn credits that can be sold to thosefaihtb meet the requirements, provided that
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all manufacturers comply with a specified minimutanglard for cars. Automakers may also
transfer credits within their own fleets betweersdhat are made domestically, cars made
non-domestically, and light trucks. For internalding, credits may be used up to a limit that
gradually becomes more lenient from 2011-2d&0s believed that these measures will grant
auto manufacturers more flexibility in determiningw to achieve CAFE requirements within
the mix of products that they offer to consumers.

1.4.2 Feebates

Feebates are financial incentives that use angliglcale to adjust the retail price of cars
and light trucks. Under a feebate system, a reatabtracted from the price of vehicles that
consume fuel at a low rate, while a fee is addetieégorice of those that consume fuel at a
high rate. In this way, consumers are free to cedagyer, more powerful vehicles that
consume fuel more rapidly, but they must pay anaefde at the time of purchase. Others who
select fuel-sipping vehicle models are subsidizedugh a rebate on the purchase price.

Applying fees and rebates in such a manner dirtie2 of vehicle purchase induces a
response from both consumers and from auto manuést First, when fees and rebates are
applied to the price of vehicles at the time ofghase, these price changes are visible to
consumers, who shift their purchases towards vesigiith attributes that favor smaller fees or
larger rebates (i.e., lower rates of fuel consuarptir greenhouse gas emissions). Second,
manufacturers can choose to apply technologiesdaiaice the rate of fuel consumption in
order to lower the fee or increase the rebate asdesn a given vehicle.

The amount of the fee or rebate applied to a Velscdetermined by thecheduleof
the feebate. A linear schedule is the simplest tfifeebate. Here, a flat rate is applied per
unit of the attribute upon which the feebate isdobg.g. x dollars per liter/100 km, or
dollars per mpg, etc.). Feebate schedules may ampiynuously across a full range of vehicle
offerings, or they may be discretely applied ac@ésited range. Nonlinear feebate schedules
have been suggested that increase the rate of febate across the range where most vehicles
fall, increasing the impact of the policy withouaging large feebates on the few vehicles with
low or high rates of fuel consumption. Size-basdtegules have also been suggested that
would normalize feebates to some measure of vehiz&e such as interior volume [Davis et
al. 1995].

An advantage of feebates is that they can be measmue-neutral, such that the rebates
disbursed to fuel-sippers balance the revenueatelefrom the fees minus administrative
expenses. This is controlled by ghi@ot pointor zero pointof the feebate, or the point where
the feebate is zero: vehicles that do better thenpoint receive a rebate, while vehicles that
do worse than this point are levied a fee. Instdaalpoint, the pivot may be a band or range of
values across which the feebate is set to zerevdnue neutrality is desired, it is necessary to
continually adjust the zero point downward as ted Etonsumption of vehicles improves
under a feebate system.

3 Credits may be used to achieve no more than oleepmi gallon of fuel economy compliance betweehl2énd
2013. This limit is relaxed to 1.5 miles per gallmetween 2014 and 2017, and to 2 miles per gati@di8.
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Another advantage of feebates is that they dalisatriminate between vehicles that
employ different technologies, but focus on imprayfuel economy in a technology-neutral
manner. One drawback is that they require oversighbtw fees and rebates are calculated.
Modeling studies of feebates have found that ratethe order of $200 to $500 for every liter
per 100 kilometer reduction in fuel consumption suifficient to incentivize lower
consumption in new vehicles.

Surprisingly, these studies suggest that the &rgjgare of the reduction in
consumption comes not from consumers purchasirigrdiit vehicles, but rather from
manufacturers who adjust their product mixes ireotd take advantage of the feebate
incentive against the retail price of their vehsc|Pavis et al. 1995; Greene et al. 2005]. This
may, to some extent, overlook the complex trads-ofanufacturers must make against vehicle
attributes within a constrained budget [CAR, 20@#jen with a feebate incentive,
manufacturers may still prefer to direct technoésgio improve the power and size of vehicles
if the consumer willingness to pay for these atti@s is higher than the feebate incentive for
reducing fuel consumption.

1.4.3 Fuel and carbon taxes

Fuel taxes are taxes levied on the sale of gasdtiilesel, and other transportation fuels.
They are typically applied as an excise tax, exggdsn dollars per volume of fuel consumed.
Governments levy fuel taxes for a number of rea$pasry and Small 2005]. Primarily, they
are seen as an efficient way of raising revenuecén theoretically also correct for
consumption-based externalities such as localdiugon and greenhouse gas emissions
created in the consumption of gasoline and othelisfilBy increasing the price of fuel, taxes
also influence the price of travel, and can indisecorrect for externalities related to the
amount of vehicle travel, such as congestion aaifi¢rrelated accidents that consumers might
not otherwise take into account in their mobiligctsions. Finally, taxes act as a user fee for
the use of publicly provided roads and highwaysrf®o 2005; Wachs 2003].

Carbon taxes are a charge on the environmentaireaity generated by the emission
of greenhouse gases. In the transportation sep®@enhouse gas emissions are largely in the
form of carbon dioxide released from the combustibhquid fuels. Carbon taxes are used to
incorporate the costs of climate change impactstim price of activities that release
greenhouse gas emissions, such as the combusticansportation fuels. Typically, carbon
taxes are expressed in terms of dollars per m@mof carbon dioxide emissions, or simply in
terms of dollars per metric ton of carbon. Whenliggjpto fuels, carbon taxes can be converted
into a dollar-per-gallon amount that forms a portad the fuel tax. Assuming one gallon of
gasoline contains roughly 20 pounds of carbon diexa carbon tax of $100 per metric ton of
carbon (or $27 per ton of carbon dioxide) is egl@ntto a fuel tax of 25 cents per gallon of
gasoline.

Increases in the fuel tax induce two types of oesp: 1) a change in the amount of
vehicle travel, and 2) a change in the rate of é@glsumption in vehicles. As fuel taxes
increase, consumers respond by reducing vehicleltr@ihis can be done by adding or
eliminating inefficient trips, carpooling, and sehing modes of transportation (e.g., shifting
from private to public transportation). Recentrhtteire suggests that income growth and

16



Background, Objectives, and Context

improved rates of fuel consumption in vehicles hengeilated consumers from short-term
increases in fuel price, reducing this effect toragch as one-fifth of what it was in the early
1980s [CBO 2008].

When fuel price increases are sustained overgeloperiod of time, consumers begin
to change their purchase decisions in favor ofalekiwith lower rates of fuel consumption.
Manufacturers respond to this demand by implemgrtehnologies and vehicle designs that
emphasize lower fuel consumption over other attebuAs long as prices remain high for
sustained amounts of time (on the order of 10—-Ess)estudies have estimated that the
magnitude of this response may increase by thrégddimes over the longer term [Small and
Dender 2007; CBO 2008]. There is uncertainty irséhestimates, and the level of response is
likely sensitivity to a number of factors, suchimsome and the rate of fuel consumption in
existing vehicles [Hughes et al. 2007].

It is argued that fuel taxes are the most effecivay to limit fuel use and greenhouse
gas emissions from vehicles. Fuel taxes influeratl the amount of vehicle travel and the
rate of fuel consumption in vehicles, and theywmin existing on-road vehicles as well as
new automobiles entering the fleet. Studies hase estimated that fuel taxes are more cost-
effective than CAFE regulations for saving fuel pim and Dinan 2005].

The disadvantages of increasing the fuel taxtetlow-income and rural groups may
be affected disproportionately by higher fuel psicecreases are also politically sensitive,
because small changes in the fuel tax generatga sanount of revenue for the government.
At the same time however, studies have suggestadita current fuel tax is not sufficient to
fully reimburse government expenditures on vehigfeastructure and services [Delucchi
20071, nor is it enough to account for the variengernalities associated with private vehicle
travel [Parry and Small 2005]. This suggests thatd are social benefits to raising the fuel
tax, particularly if a portion of the revenue ibated to lower-income groups to offset the
regressive impact.

1.4.4 Pay-As-You-Drive and Pay-At-The-Pump charges

Motorists who drive often are more likely to getioiran accident than others who drive
less. Currently, automobile insurance is paid imanual lump-sum amount that has been
likened to an “all-you-can-eat buffet” [Bordoff atbel 2008]. Once the lump-sum amount is
paid, people tend to over-consume—in this caserivynd further than they would if the price of
insurance took into account their amount of trae&dtive to other consumers.

Measures that would roll the lump-sum cost of iagge into a variable rate based on the
distance traveled or the amount of fuel used bghacke, could correct this to a certain extent.
Figure 7 shows the costs of owning and operatinguaomobile in 2006. The cost of vehicle
insurance is roughly equal to the cost of fuelc8idepreciation is not a cash transaction,
insurance premiums have the greatest potentiahpact driving costs, followed by registration
and license fees.

A Pay-As-You-Drive (PAYD) system would correct thésa certain extent by rolling
the up-front costs of annual insurance paymentsanrice per unit of distance traveled.
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Under such a system, individuals who drive beloerage would pay lower premiums, while
those who travel more than average would pay ntbespremium of the average driver would
remain unchanged. By calculating premiums @ayas-you-drive basis, rather thanahyou-
can-drive basis, the approach would provide allatdg with a continuous price incentive to
reduce vehicle travel.

An alternative approach, Pay-At-The-Pump (PATPYghsa transfer a portion of the
fixed costs of owning and operating a vehicle t@aable cost based on fuel use. Instead of an
annual or semi-annual collection of charges sudhsagance premiums, registration fees, and
emissions-test fees, a PATP scheme collects thesges at the gas pump. The intent of PATP
charges is to discourage low-value travel and ptertiee purchase of more fuel-efficient
vehicles without raising the total costs of driviiog the average driver. PATP proposals have
been motivated more by efforts to reform auto iasge legislation rather than to correct the
pricing of auto insurance.

A major advantage of a PATP insurance schemeatsathmotorists would have
insurance. Uninsured drivers, however, often commm flow-income households, and some
households will pay much more at the pump than Wi#ysave by not paying annual registration
or insurance fees. Trial lawyers are also opposédd-fault” PATP program because they
claim these programs would limit the ability of iadividual to sue for non-economic damages
[Wenzel 1995]. Finally, insurance and registrafiees are state-dependent, so it would be
difficult to coordinate a national-level PATP scheerithis makes such schemes an unattractive
policy option at the federal level.

At the same time, although regulatory and costiéarstill exist, improvements in GPS
technology and pilot programs conducted by insweaimnpanies appear to have renewed
interest in PAYD schemes. Under PAYD, the regressiwacts on lower income households
may be less since these groups drive less thaemhigbome categories [Bordoff and Noel 2008;
Figure 3, p. 9]. PAYD could more flexibly account bther important insurance risk factors,
such as age, driving history, location, and timday [Parry 2005]. Studies have estimated that
substantial social benefits (on the order of $1b6$225 per insured vehicle) are offered by
linking insurance premiums to annual travel. Sutggepremiums are on the order of 6 cents per
mile, or $1.20 per galld{Bordoff and Noel 2008; Parry 2005; Edlin 2003].

4 Assuming the current average light-duty vehiceflfuel economy of 20 miles per gallon.
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Figure 7 U.S. automobile driving costs in 2006 (dollars pear for 15,000 miles of
travel) [AAA 2007]

1.4.5 Scrappage incentives

At the final stage of the vehicle life-cyckgrappage incentivesould provide a rebate to
vehicle owners to promote earlier retirement ohggiehicles. To the extent that retired vehicles
lead to new vehicle sales, and that these new leshii@vel farther on a liter of fuel, scrappage
programs can increase the rate at which the onfteatachieves fuel consumption reductions.
Early retirement also has a positive impact onllaggpollution, as the oldest vehicles are
responsible for a disproportionate share of tataksions.

Scrappage incentives can be combined with feelmatether differentiated vehicle taxes
in order to promote the adoption of vehicles witdwér rates of fuel consumption upon
retirement of an older vehicle. For example, Framqeoposed feebate system includes a
scrappage incentive for vehicles 15 years or dldevernment of France, 2008].

Two drawbacks to scrappage programs are that they increase the price of used
vehicles, which can affect low-income groups thgidally purchase older vehicles; also, that
they may increase the migration of older vehiclgs ithe area where the incentive is offered,
thus offsetting some of the policy’s benefits. Giedy in California found the regressive effect
of a scrappage incentive to be smaller than exgeuith average used car prices increasing by
at most 5%, or $300 per vehicle. Local emissiomiicgons were very dependent upon the
assumptions made regarding the age of vehicleswhigrate into the area—under a worst-case
assumption, the base-case emissions reductiongci@edor the incentive were offset by two-
thirds [Dixon & Garber, 2001: pp. 63-64; Table $258].
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2.0 Propulsion System Alternatives and Their Charac  teristics

2.1 Introduction

Advances in vehicle technologies and fuels areetgal to contribute greatly toward
reducing use of petroleum and £émissions from transportation. Figure 8 showittssible
evolution of vehicle propulsion systems over thetrseveral decades. The current vehicle
propulsion system is dominated by internal comloastingines (ICEs) that release the chemical
energy in fossil fuels by combustion and conveit itnechanical energy. Gasoline-powered
spark-ignition (SI) engines dominate the U.S. lighty market, but diesel-powered compression
ignition (CI) engines are widespread in Europeghtiduty vehicles, and dominate the heavy-
duty market globally.

1 current
IC% Based ’ Battery based Fuel Cell based ’7
TR — . —_—
I ~ ~ = -
d
/ N SN~
A S S
A 4 \‘ ol
| Advanced Hybrid Electric |\ S
ICE Based based 3 N\
| \ Plug-in Hybrid \
Electric based
I I Fuel cell |
\ Hybrid based]

! | \ I
Convergence | AN J/\dvanced
of Sl and CI? \ — Fuel Cell

\ Electric based
ICE: Internal Combustion Engine; \
Sl : Spark Ignition; Cl: Compression Ignition \b
Figure 8 Possible propulsion system pathways

As shown in Figure 8, there are many differenhpatys along which vehicle
technologies may evolve. It is not yet clear wkethis evolutionary process will lead to
continued use of ICE-based vehicles, or whethextrédeand/or fuel cell vehicles will replace
them over time. While the basic architecture di$thas not changed dramatically over the last
several decades, engine technology has improvadibteuring this period. These
improvements are likely to continue into the futuBecause it takes 15-plus years for the
transportation fleet to turn over, and alternapegvertrains are only just penetrating the market,
it is possible that mainstream ICEs will continaelbminate light-duty vehicle propulsion
systems for the next few decades.

Gasoline hybrid-electric vehicles (HEVS) may axtadridging technology to other
alternative propulsion technologies, or offer agdarm solution in their own right. HEVs
typically combine a high-power battery with a doveesl ICE to capture additional energy
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efficiency benefits. The existing HEVs do not h&wde charged from an external electric
supply and have little or no ability to drive thehicle in an all-electric mode. Plug-in hybrid
vehicles (PHEVs) have a larger battery pack onbteatican be charged from an external
electricity supply, and are typically capable aiolrg 20-60 kilometers on electricity alone.
Because they obtain a portion of their energy ftbenelectric grid, PHEVs move further along
the path towards vehicle electrification; as sustltcessful deployment of PHEVs may pave the
way for full electric vehicles in the future.

Fuel cell vehicles (FCVs), particularly those riumghon hydrogen, provide another non-
ICE propulsion systems alternative. Initially, FCaf® expected to be hybrids with a powerful
battery onboard, although non-hybridized versiomghtremerge several decades down the road.

This section projects the future energy use fes¢hdifferent vehicle propulsion systems
using future vehicle technology under equalizedquerance conditions and using equivalent
non-propulsion system components. We have useeya@5period—from today until roughly
2035—to0 represent a plausible time scale for ovamncg the barriers to technology diffusion
and supply-side constraints necessary to achiege-kcale deployment of these propulsion
systems alongside improved mainstream enginesransiissions.

2.2 Methodology

To compare fuel consumption reduction potentiaiierent propulsion technologies on
an equivalent basis, the size and performancetoféwehicles were held constant at the level of
representative 2005 models. The Toyota Camry, avRtb-liter engine, was used as a
representative car, whereas the Ford F-150, witl2diter engine, was selected as a
representative light-truck. This is because the aand the F-150 represent best-selling light-
duty vehicles during the model year in question.

The vehicle system simulations were performedgu8inVISOR® software. ADVISOR
is a backward-facing simulation. This means thaefeery instant of a drive cycle, the required
torque and rotational speed are first calculateéeatvheel, and subsequently traced all the way
to the engine.

Vehicle size was defined in terms of cross-seefianea—not vehicle weight. This is
because evolutionary technical improvements cceddice vehicle weight for a given vehicle
size. Performance was defined primarily in term8-e60 miles per hour and 40—60 mph
acceleration time. Additional performance critesach as grade-climbing and towing capacity,
are also very important in vehicle design. Howettegse tests are not well-defined in terms of
vehicle and gear speed. As such, they were notaugdy equalized across powertrains; rather,
vehicles were simulated to ensure that minimunsjmged, gradeability, and towing
requirements could be met.

To develop vehicle models, the evolution of indual vehicle components was first
estimated using scaling laws. This evaluation é&dan assessment of vehicle characteristics—
such as weight reduction, aerodynamic improveméingsfriction reduction, and engine and
transmission improvements, as well as electricsilesy and architecture/control improvements
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for hybrids. The resulting vehicle system was sghsatly simulated over driving patterns
(drive cycles and performance tests) to yield thal fresults.

The following propulsion systems were studied:rthturally-aspirated spark-ignition
vehicle (NA-SI); the turbocharged spark-ignitiorhiae (“turbo”); the compression-ignition
diesel vehicle (“diesel” or “CI'}; the gasoline hybrid-electric vehicle (HEV); tHegrin hybrid
(PHEV-XX, where “XX” refers to the vehicle’s elertrrange); the fuel cell hybrid vehicle
(FCV); and the battery-electric vehicle (BEV).

Several propulsion system technologies were odhittam this evaluation because an
initial review of the costs, benefits, and techhatellenges indicated that they did not offer a
high enough value proposition for a mass-markét.®. and European contexts over an
extended time horizon. These technologies inclufieel-cell vehicle using an onboard
reformer, an internal combustion engine runningoempressed natural gas (CNG), and a diesel
hybrid-electric vehiclé.Finally, only an illustrative passenger car waaleated for PHEV,
BEV, and FCV systems. The light truck results faede propulsion systems were scaled from
the passenger car results.

2.3 Opportunities for reducing vehicle fuel consumption

Figure 9 shows a representation of vehicle enlogys in a 2.5L 2005 Camry in an
urban driving cycle. Vehicle fuel consumption canrbduced by reducing losses across
propulsion and non-propulsion systems. Assumptiegarding these fuel consumption
reduction opportunities are discussed below. (Betdithese assumptions can be found in
Kasseris and Heywood [2007] and Kromer and Heyw@608].)

Standby: .
6% Aero:

F Y 7 4%
Fuel Tank: Engine 20% Driveline 16% | Rolling:

100% 9 T 5%
v Braking:

Engine Loss Drlvelln(.a 7%

74% Losses:
4%
Figure 9 Representative vehicle energy flows in an urbavirdyicycle

®> Assumed to be a turbo-charged, high-speed dingsttion diesel engine.
® In the case of the diesel hybrid, initial charaetgion showed only marginal benefit (~5%) complaie the
gasoline hybrid. Further details on these resuttsfound in Kromer and Heywood [2008].
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2.3.1 Non-propulsion system improvements
Improvements in Vehicle Aerodynamics

Since vehicle cross-sectional area was assumedacanreduction in aerodynamic drag
comes exclusively from reduction of the coefficiehtirag, ¢, through improvements in vehicle
design. Estimated annual rates of reduction fanche literature range from around 0.9% per
year to about 2.5% [An et al. 2001; SAE 1992; Wei330]. For this study, a linear annual rate
of reduction of 1% was assumed ferresulting in a 25% reduction over 25 ye#rs.

Improvements in tire rolling friction

Estimates of the rate of reduction of tire rollinigtion as expressed by the coefficient of
rolling friction (¢) range from 1.1% per annum to 1.65% per annumefifad. 2001; Weiss
2000]. A recent extensive study by the Nationaldesay of Sciences concluded that a 10%
reduction is feasible today [NRC 2006]. For thegmses of this study, a linear 1.65% per year
reduction was assumed resulting in a 33% reduciven 25 years.

Vehicle weight reduction

Size and vehicle passive safety were held conatgmresent-day levels and plausible
assumptions were made about the amount of techplzased weight reduction that can be
achieved. A 20% reduction in curb weight was assufoeall the future gasoline engine
vehicles at constant size and safety. Adjustmeetg wmade on this base assumption for the
weight of the different powertrains. Further detah vehicle weight and size reduction
opportunities are discussed in Section 3.

2.3.2 Propulsion system improvements
Transmission improvements

Transmissions will get more efficient by movingrr four and five speeds to six and
seven speeds. When coupled with improvements inrgsa gear sealing elements, as well as
hydraulics, the efficiency of transmissions is pobgd to improve from around 89% today to
94% in the future. The logic of gear selection métiiogy is outlined in Kasseris and Heywood
[2007].

Naturally aspirated spark-ignition (NA-SI) engines

Advances in future NA-SI engine technology werggated by extrapolating historical
trends for the maximum brake mean effective presguwrmalized torque) versus mean piston
speed curve, which have demonstrated improvementiseoorder of 0.5% per year for four

" Although aerodynamic design is already quite sstjtdted, there are still significant improvemethiat should be
expected. Experimental prototypes have achievegl avefficients that are 30—50% lower than the d¢oieffits
assumed for the future vehicles in this study,calth these designs ride close to the road andisaguassenger
comfort.
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valve engines [Chon et al. 2000]. Technical impraents that could be postulated for
continuing this trend include, but are not limitedthe following:

» Friction reduction opportunities, which include iraped materials and piston ring design,
camless valve actuation, synthetic lubricants, eladtrically driven engine auxiliaries,
among others.

* Smart cooling systems, which can reduce enginelbsses.

* Variable valve lift and timing (VVLT) systems, wiican adjust the open time as well as the
lift of the intake valve according to engine speeds

* Cylinder deactivation or cut-out system, which deates some of the engine’s cylinders at
lighter loads.

» Variable compression ratio engines, which can dpeaghigher compression ratios at lower
loads. They can be supercharged or turbochargetade increased power at high loads.

» Gasoline direct-injection (GDI), which allows foetter control of combustion. Engine
compression ratio can be increased using GDI dtigetgooling effect of fuel evaporation,
which protects against engine knock. Furthermoi®l, éhables effective turbocharging of
the gasoline engine.

Turbo Sl engines

Turbocharging a gasoline engine significantly @ases the maximum brake mean
effective pressure. The frictional mean effectivessure, which scales mainly with engine
speed, goes up only slightly. As a result, theltegufuel consumption map has higher partial
load efficiencies. Historically turbocharged engitiave been limited by three important factors:
* Engine knock, which limits compression ratios apdrk timing, reduces engine efficiency
* Low engine torque at low engine speeds

e Turbo lag

However, several technologies, such as GasolinecDinjection (GDI); E-boosting (i.e.,
coupling a small electric motor on the turbochasjeft); variable geometry turbines; and
variable compression ratio, offer solutions to thpsoblems in the near-to-mid-term.

Diesel engines

Diesels engines, enabled by developments sucbnasion-rail fuel injection, have
improved rapidly since the 1980s. Several techgielocould continue these improvements:

» Camless valvetrains for improved valve timing cohtr
» Higher pressure fuel injection (more than 2000 bar)
* Improved thermal and exhaust gas recirculation mamant.
* Homogeneous charge compression ignition (HCCI)
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Although control over diesel emission has beerravipg significantly, the pace of
improvement may slow in the future relative to &pignition engine technology. In addition,
meeting the U.S. criteria emissions standardslissthallenge. While particulate traps achieve
the U.S. particulate emission requirements, theyria small fuel economy penalty. Meeting
NOy standards will likely involve some degree of ittjen retard with an associated fuel
consumption penalty. Other techniques to reducgetiEmissions include low temperature
combustion with extensive exhaust gas recirculatf®R), lower air-to-fuel ratios, and NO
aftertreatment systems. These measures may direxigct fuel efficiency, while others affect
the engine’s power density; in addition, theserafatment systems may be costly, which will
increase the diesel vehicle’s price relative tamfas engines.

Batteries

Each of the “advanced” technology vehicles—the Hif¢ PHEV, the FCV, and BEV—
are assumed to use lithium-ion batteries to proeitleer power assist capability, as in the case
of the HEV and FCV; motive energy, as in the cds¢b® BEV; or, in the case of the PHEV,
both power assist and motive energy. Other enstipge technologies, such as ultracapacitors
and nickel-metal hydride (NiMH) batteries, were siolered. However, it was concluded that
the primary barriers to lithium-ion battery deplogmt in automotive applications—notably
safety and battery lifetime—are solvable in thersieam, and that they offer significant
performance, weight, and cost benefits relativim¢ombent battery technologies. Realizing
these benefits is particularly important for widesga deployment of plug-in hybrid or battery-
electric vehicles.

Although specific electrode and electrolyte matisrare not postulated for the future
battery system, the system is based on manufactatarfor the Saft VLE module, which uses a
Li[Co.2Ni.g]O2 cathode and graphite anode [Saft 2006]. Thadéumnodel includes several
adjustments to the present-day performance chaistats. First, the future battery was assumed
to maintain its rate capability at high depth-odatiarge—a development that is consistent with
recent advances in phosphate-based chemistries{@itey 2002].

Second, the future models include evolutionaryrowpments in battery-specific power
and specific energy. It is assumed that specifezgnimproves by a factor of 1.5 over present
day lithium-ion battery packs—a rate of about 2% ym&ar—for both high-power and high-
energy batteries. It should also be noted thabsolute terms, battery weight is a relatively
minor factor for all of the vehicle technologiescept the battery electric vehicle, as shown in
Table 1.

Table 1  Battery weight as a function of electric range apdcific energy

Specific Energy (Wh/kg)
Range (Miles) 100 120 150 225
0 (HEV) 10 8 7 4 38
10 32 27 21 14 | 73
30 82 68 55 | 36 =
60 165 | 138 | 110 | 73 2
200 480 | 400 | 320 | 213 =
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For each vehicle propulsion system, the pack w&slto meet both a power and energy
requirement. For hybrid systems, these factorslatated by a sustained acceleration
requirement of 20 seconds; for the plug-in hybnd &attery-electric vehicle, power is dictated
by the acceleration requirement, while energy esatied by the desired electric range. Battery
weight and cost characteristics were calculateal fasiction of the battery’s power-to-energy
ratio, which follows a uniqgue Ragone curve, asstilated in Kromer and Heywood [2008].

Gasoline hybrids (HEVS)

The HEV model is configured as a single-motor farhybrid with an advanced
transmission that can decouple engine or motoratioer from the wheels and a control strategy
that switches off the engine under low-load cowndii In addition, the vehicle braking system
was configured to direct 90% of braking energy ddlaregenerative path. The motor and
power electronics are assumed to meet U.S. Depatiofi&nergy performance and weight
targets—both of which appear feasible for thesepmmmants.

In order to investigate the effect of the sizehef electric system theybridization ratio
is defined as the maximum motor power over the mari engine plus motor power:

P
H R - max,motor (2 . 1)

Pmax,motor+engine

The hybrid system (including battery, motor, andtcoller) was sized to be powerful
enough to capture most of the vehicle’s regenezdiraking requirement under “typical” driving
conditions. In practical terms, sensitivity anasysf the HWFET, FTP, and US06 drive cycles
showed that a hybridization ratio of 25% was nemgsand sufficient to meet this requirement.

An alternative to this “full” hybrid concept ismaild hybrid approach, using a start / stop
system to eliminate engine idling, some regenegdirneaking, and an electric drive at low loads
and speeds. The benefits of a mild hybrid are abalfithose of a full hybrid and costs are
significantly lower.

Plug-in hybrid vehicles (PHEVS)

The plug-in hybrid (PHEV) is defined as a gasoliybrid electric vehicle with the
ability to recharge from the electricity grid. Thehicle uses a lithium-ion battery pack in a
parallel hybrid configuration similar to that assdrfor the conventional hybrid. While a series
plug-in hybrid architecture may be an attractivéi@p particularly for vehicles with a large
driving range under electric power, this assessmaéopts a parallel architecture as a natural
outgrowth of the already-extant hybrid market. #&a threshold battery state-of-charge, the
PHEV operates in “charge depleting” (CD) mode, mch it freely draws down the onboard
battery to meet vehicle power demands. Once dhresathis minimum state of charge (SOC)
threshold, the vehicle switches to “charge sustgih{CS) mode. Charge-sustaining mode is
functionally equivalent to vehicle operation in@gentional HEV.

The tank-to-wheels energy+{f), petroleum (ketro), and electricity (Eeg use are
calculated from the petroleum consumption in chatggleting and charge-sustaining mode, and
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the energy use in charge-depleting and chargeisiganode (PCCS, PCCD, ECS, and ECD,
respectively):

Erota = (ECD) (UF) + (ECS) (1-UF)
Epero = (PCCD) (UF) + (PCCS) (1-UF) (2.2)

Etlec = Erotal - Epetrol

The plug-in hybrid’s total power was fixed to mést US06 drive cycle in both charge
depleting and charge sustaining mode and to mesianum acceleration requirement in
charge-depleting mode.

PHEV simulations are based on a vehicle with and@-(50 km) electric range, which is
estimated to capture approximately 50% of the \felsitotal miless The vehicle’s electric
range was defined as the distance the vehicleragaltunder electric power over the combined,
adjusted FTP/HWFET drive cycle. Specific trade-offgarding how to size the system and use
stored electric energy were explored by varyinghtflaridization ratio and the vehicle control
strategy. The hybridization ratio was varied fraB®6—55%. In addition, two different control
strategies were evaluated: an all-electric strategyhich the gasoline engine remains off
during charge-depleting mode (necessitating a thigtdy hybridized vehicle); and a blended
strategy, in which the engine is available to npeztk power demands during charge-depleting
mode (allowing for a less-powerful electric propoirssystem), but remains off at other times
[Markel and Simpson, 2005]. During blended moadgjiee operation was constrained by a
minimum engine-on time as a way to minimize the hanof cold engine starts.

Downsizing the electric powertrain (using a lowagbridization ratio) is desirable
because it minimizes system cost and could hawsfarmance benefit. To meet the same
performance criteria as a vehicle using a blenaedraol strategy, an all-electric drive vehicle
would require electric propulsion that is powernbugh to meet the vehicle’s entire driving
load in addition to an engine that switches onrdyhybrid operation. On the other hand, all-
electric operation minimizes the number of coldtstand total engine operation time; as such, it
minimizes both fuel-consumption and criteria pahitemissions. A vehicle with a hybridization
ratio of 45% using a blended control strategy wseduor the plug-in hybrid vehicle
configurations [Kromer and Heywood 2008].

Battery Electric Vehicle (BEV)

The battery electric vehicle sources all of itergy from offboard electricity and is
charged from the electric grid. The BEV requiresgaificant tradeoff between cost and range.
The 400-mile range vehicle seems implausible fracost and weight perspective, and even the

8 Kromer (2008) estimated that the utility factof)d—or the fraction of vehicle miles traveled in ohe-depleting
(i.e. all-electric) mode—was approximately 50% dqgplug-in hybrid with an all-electric range of 30les, based on
the median values of a survey of several diffestudies of travel patterns in the United StatesHSA711 1999
EPRI 2001, Markel 2006, ORNL 2004].
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200-mile range vehicle is daunting. The vehicléhvai 100-mile range is plausible from both a
weight and cost perspective, but would requireuesq recharge [Kromer and Heywood 2008].

The vehicle that was modeled is configured to a2@® miles of electric range, which represents
a compromise between the utility typically expedbydconsumers, and the prohibitive cost and
weight of a vehicle capable of offering a 350—40eralectric range.

Fuel Cell Vehicle (FCV)

The fuel cell vehicle projections are based oelaicle that uses a proton-exchange
membrane (PEM) fuel-cell system to power an electrdtor in a series hybrid configuration.
The battery characteristics are based on the saghepbwer lithium-ion battery used for the
conventional hybrid vehicle model. Several différievels of hybridization were tested.

Fuel cell vehicles must overcome a number of teldgical challenges and greatly
reduce system costs before they become marketabpaarticular, power plant performance and
durability is limited by the properties of preseldy membrane materials, by catalyst
effectiveness, and by the complex systems managameded to control fuel-cell operating
conditions. In addition to improved fuel cell s$ts, developing an onboard hydrogen storage
system that offers adequate vehicle range is pnudtie.

Onboard Hydrogen Storage. No significant breakthroughs in hydrogen storgpénology

were assumed. While various solid and chemicatitigcstorage solutions continue to be
explored, barring a breakthrough, it seems unlikiefy any of these will offer the combination
of cost, simplicity, efficiency, and energy densigeded to justify their deployment [NRC 2004,
Schlapbach and Zuttel 2001]. Hence, the futuredek model is based on a vehicle that uses
onboard gaseous compressed hydrogen storage. ughthmt ideal from either a cost or
packaging point of view, gaseous storage is teeltigiteasible with present-day technology.

The combination of improved vehicle and power pkdfitiency enables a 10,000 psi storage
system to offer a driving range on the order of Adleés (combined, adjusted HWFET/FTP
cycle) with a 150-liter tank.

Fuel Cell System. The vehicle power plant consists of a PEM fudllaxed a balance-of-plant
(BOP) that manages the fuel cell's reactant flond @perating environment. The fuel cell
operating map—defined by a polarization curve,atage vs. current density plot—was derived
by postulating an improved version of a present-dtate-of-the-art system. The fuel cell stack
is assumed to meet the DOE long-term (2015) pediana target of 1500 mA/¢émat 0.65 V at
rated power [NRC 2005].

The balance-of-plant includes a water managemestesy(typically a pump and humidifier
driven by a small motor); a heat-rejection loom{@or and fan); a hydrogen pump; and a
compressor/expander module (CEM) (for the baselase) or a compressor (for the
conservative case), which is used to boost opgratiessure and manage air flows. The primary
parasitic load comes from the CEM, which was assiuitodollow efficiency and pressure ratio
(PR) targets established by the DOE in Tiax, DOBB]. The system operating conditions and
fuel-cell system characteristics are summarizethainle 2.
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Table 2  Fuel-cell system specifications

Air Stoichiometry 1.50

Fuel Utilization 100%

PR (Bar) 1.0-2.75

Inlet Temp (°C) 40

Outlet Temp (°C) 80

Min. Voltage 0.65

1, peak (system) 52%

Spec Power (W/kg) 650
Balance-of-Plant Includes Expandef
Aux Power (% of Net) ~10%

2.3.3 Vehicle manufacturing and disposal energy and GHG emissions

Complete life-cycle consideration of energy conptiom and GHG emissions from light-
duty vehicles should include not just the well-tbegl aspects which are associated with the
fuel, but manufacturing and disposal aspects ak Wete, the vehicle-cycle impact is evaluated
with Argonne National Laboratory’s Transportatioehicle-Cycle Model (GREET 2.7)

[Burnham et al. 2006; Moon et al. 2006]. GREET @ltulates the emissions and energy impact
by different stages of vehicle life-cycle, namelgterial recovery and production, component
fabrication, assembly, and disposal/recycling. Véleicle characteristics such as weight, battery,
and fuel cell type are taken from representativecles modeled by Kasseris and Heywood
[2007] and Kromer and Heywood [2008]. The distribntof materials by vehicle subsystem was
set to default GREET 2.7 values. The correspondimeygy and GHG emission factors
associated with the manufacture and disposal tdréifit vehicles are shown in Table 3.

Table 3 Energy and GHG emissions during manufacturing asplodal of LDV's

Cars Light-Trucks

Vehicle Energy GHG (metric Energy GHG (metric

(GJ/vehicle) tons/vehicle) (GJlvehicle) tons/vehicle)
Current Gasoline ICE 96.9 7.7 124.6 10.0
Current Turbo ICE 95.9 7.7 134.3 10.8
Current Diesel ICE 99.0 8.0 128.4 10.4
Current Gasoline Hybrid 113.6 9.1 144.2 11.6
2035 Gasoline ICE 114.9 9.3 159.3 12.9
2035 Turbo ICE 113.7 9.2 159.3 12.8
2035 Diesel ICE 117.4 9.5 152.2 12.3
2035 Gasoline Hybrid 134.7 10.8 171.0 13.8
Future PHEV 137.8 11.1 174.9 14.1
Future FCV 158.2 12.9 203.4 16.6

For calculating the vehicle-cycle impacts of futuedhicles, it is assumed that any weight
reduction for future vehicles is realized througle wf lightweight materials. Since lightweight
materials such as aluminum and magnesium are mergyintensive than steel, the energy and
GHG emission from vehicle-cycle for future vehicled be higher than the current vehicles. In
practice, part of the lightweighting can be realilerough downsizing and enhanced vehicle
design/reconfiguration. As a result, the energy @htfs factors in Table 3 represent upper-
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end—and therefore conservative—estimates of the @m{Ssions associated with future
vehicles. The energy and GHG emissions during theufacturing of hybrid and fuel cell
vehicles (FCVs) are larger due to use of energnsitve materials used in components such as
batteries and fuel cell membranes.

For simplification purposes, all the energy anegegghouse gas emissions associated with
vehicle manufacturing and disposal are attributetthé year in which the vehicle enters the LDV
fleet. Thus, the new light-duty vehicles entering fleet in year 2005 consumed 1.9 exajoules of
energy (0.7 EJ for cars and 1.2 EJ for light-trjycliad the resulting CQemissions were 152
million metric tons (59 mmt for cars and 93 mmt light trucks).

2.3.4 Summary of assumptions

The main assumptions used in vehicle simulatiersammarized in Table 4 and Table 5
[Kasseris and Heywood 2007; Kromer and Heywood 008

Table 4  Cross-cutting assumptions

Parameter | Units ‘ 2006 Value 2030 Value
Vehicle Parameters

Area m’ 2.49 2.49

Aero drag coefficient -- 0.28 0.21

Rolling resistance -- 0.009 0.006
Weight Assumptions

Weight Multiplier’ -

Specific Power, S kWikg 0.74 0.925

Specific Power, Diesel kWikg -- 0.715

Specific Power, Motor kWikg -- 1.1

Efficiency Assumptions

Engine indicated efficiencyspark ignition % 40% 43%

Engine indicated efficiencypiesel % 44% 48%

Reduction in fmep, Sl % -- 25%

Reduction in fmep, diesel % -- 15%

Improvement in bmep % -- 12.5%

I:)eaknMotor/ControIIer % o 95%

NTransmission % 89% 94%
Battery Assumptions

Internal Resistance mQ - ~4

Nominal Voltage \% -- 3.6

Minimum Voltage \% -- 2.7

° Additional weight beyond the 2030 base case inaur$X penalty to account for additional vehialeort

structure, etc.
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Table 5 Vehicle-specific specifications

A% | 2330 | Turbo | Diesel | HEV | PHEV-30 | BEV | FCV
Mass (kg)
Vehicle' 1571 1284 1270 1323 1290 1338 1617 1320
Cargo 136 136 136 136 136 136 13p 136
Engine/Exhaust 161 128 116 158 95 68 E
Motor - - - - 23 36 78 91
Chassi¥' 1125 929 927 935 935 947 1030 945
Transmission 114 91 91 91 91 91 4( 49
Fuel Cell - - - - - - - 93
Battery - - - - 10 61 333 14
Power
Motor (kW) - - - - 25 40 85 90
Engine (kW) 119 95 94 95 70 50 - -
Battery
Energy (kWh) - - - - 1.0 8.2 48.0 1.3
Power (kW) - - - - 28 45 150 40
Mass (kg) - - - - 10 61 333 14
Sp En. (Wh/kg) - - - - 100 135 150 100
Pwr/En (W/Wh) - - - - 28 5.5 3.0 28

2.3.5 Vehicle simulation results:

The projected improvement in vehicle fuel consumpis shown in Table 6. As evidenced by
the difference in fuel consumption between preskenytand future technologies, holding
performance and size constant enables significaptavements in fuel efficiency. Note that the
relative improvement values for cars and light kmuare calculated based on the improvement in
fuel consumption of a 2035 vehicle comparable irfiggenance to a current ICE gasoline vehicle
across the same drive cycle. Vehicles optimizeafoer applications, such as the subset of light
trucks used for heavy towing, may have more limagpgortunities for engine downsizing and
hybridization that reduce their relative improvemienfuel consumption.

The advanced technology vehicles offer a numbésasdible paths to greatly reduce petroleum
consumption: the hybrid offers a 43% reduction dtkier2035 NA-SI baseline, and a 63%
reduction over the 2005 vehicle. The plug-in hgtoifers still greater potential for petroleum
reduction, although the magnitude of this reductiepends upon the electric range of the
vehicle, as well as the control strategy and degfdwbridization. The PHEV offers a 71%
reduction in petroleum consumption over the NA-4&diae, and an 81% reduction over the 2005
vehicle.

% v/ehicle curb weight includes 136kg of cargo.
M Chassis includes the fuel tank; additional welggyond the baseline NA-SI vehicle incurs a 1.5Xaftgrto
account for additional vehicle support, etc.
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Table 6 Projected improvement in vehicle fuel consumptloriding vehicle size and
performance constant at current levels
Cars Light-Trucks
Propulsion System Cons'fjlrﬂ)tion* R(cezlljartri;itm Relzegglg ° Cons':Lsz;I)tion* R(cezlljartri;itm Relzagg/: °
(1/200 km) gasoline ICE | gasoline ICE (/200 km) gasoline ICE | gasoline ICE
Current Gasoline 8.8 1 13.6 1
Current Diesel 7.4 0.84 10.1 0.74
Current Turbo Gasoline 79 0.9 11.3 0.83
Current Hybrid 6.2 0.7 9.5 0.7
2035 Gasoline 5.5 0.63 1 8.6 0.63 1
2035 Diesel 47 0.53 0.85 6.8 0.50 0.79
2035 Turbo Gasoline 4.9 0.56 0.89 7.3 0.54 0.85
2035 Hybrid 3.1 0.35 0.56 4.8 0.35 0.56
2035 Plug-In Hybrid 15% 0.18 0.28 2.4%% 0.18 0.28

* Gasoline Equivalent.
# 0.65 1/100 km of electricity usage in addition to gasoline not included
## 1.01 1/100 km of electricity usage in addition to gasoline not included

Battery electric vehicles (BEV) and hydrogen foell vehicles (FCV) do not consume
any petroleum-based fuel during vehicle operatihma result, energy consumption per
kilometer driven is a more appropriate comparistvenvthese vehicles are included. Table 7
shows a comparison of tank-to-wheel energy consiompipressed in MJ per km of vehicle
travel for different propulsion systems.

Table 7 Tank-to-wheel energy use, holding vehicle size performance constant at
current levels
Cars Light-Trucks
gasoline ICE | gasoline ICE gasoline ICE | gasoline ICE
Current Gasoline 2.85 1 4.36 1
Current Diesel 2.38 0.84 3.25 0.75
Current Turbo Gasoline 254 0.89 3.64 0.83
Current Hybrid 2.0 0.7 3.05 0.7
2035 Gasoline 1.77 0.62 1 2.77 0.63 1
2035 Diesel 1.52 0.53 0.86 2.19 0.50 0.79
2035 Turbo Gasoline 1.56 0.55 0.88 2.34 0.54 0.85
2035 Hybrid 0.99 0.35 0.56 1.55 0.35 0.56
2035 Plug-In Hybrid 0.71 0.25 0.40 111 0.25 0.40
2035 Battery Electric 0.54 0.19 0.30 0.83 0.19 0.30
2035 Fuel Cell 0.74 0.26 0.42 1.13 0.26 0.41

1MJ/km=3.1L/100 km, gasoline equivalent
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2.3.6 Future vehicle cost estimates

Technologies that improve the efficiency of futuehicles will come at extra cost to
manufacturers. Production costs—and the assodiateshse in vehicle retail price—are a key
factor in assessing the likelihood that advancetrtelogies will be widely adopted.
Technologies that provide efficiency benefits irektively cost-effective manner will have an
advantage in penetrating into the light-duty vehit¢et.

The incremental retail price increases of diffeq@matpulsion systems relative to current
and future gasoline vehicles are shown in TablEh@se retail price estimates were based on
production cost estimates summarized in Table 9Tafde 10. Production costs describe the
costs associated with producing a vehicle at theufagturing plant gate; they include vehicle
manufacturing, corporate overhead, and producti@nt®ad. To account for distribution costs
and manufacturer and dealer profit margins, pradoatosts were multiplied by a factor of ¥4
to provide the retail price estimates.

Table 8 Incremental retail price increase* of current antiife propulsion technologies

CARS LIGHT TRUCKS
VEHICLE cuﬁz:'?ttglaesgine Relative to 2035 cusglritgaesgine Relative to 2035

ICE gasoline ICE ICE gasoline ICE
Current Gasoline ICE $0 - $0 --
Current Diesel $1,700 -- $2,100 --
Current Turbo Gasoline $700 -- $800 --
Current Hybrid $4,900 - $6,300 --
2035 Gasoline ICE $2,000 $0 $2,400 $0
2035 Diesel $3,700 $1,700 $4,500 $2,100
2035 Turbo Gasoline $2,700 $700 $3,200 $800
2035 Hybrid $4,500 $2,500 $5,600 $3,200
2035 Plug-in Hybrid -- $5,900 - $8,300
2035 Battery Electric - $14,400 - $22,100
2035 Fuel Cell -- $5,300 -- $7,400

* Retall price increases here are drawn from tolrelogy costs shown in Tables 9 and 10 below. Taese been
adjusted taepresentativeetail price levels by a factor of 1.4, but do represent the actual price that would be
arrived at in a competitive auto market.

2 The retail price factor of 1.4 was taken from Vyeisal. (2000), based on our assumption that timhucosts
include vehicle manufacturing, and corporate amdlpction overhead. This adjusts the technology twost
representative retail price levels, but does nptegent the actual retail price arrived at in a petitive auto market.
Studies often refer to these estimates as Reta@ Equivalents, or RPEs.
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If efficiency improvements provided by these tedbgas are directed toward reducing
the rate of fuel consumption, vehicles will useslegel and emit fewer greenhouse gas emissions
over a given amount of travel. Table 11 and TaBl@rbvide a summary of the reduction in fuel
use and greenhouse gas emissions of vehicles lgtinative powertrains, relative to current and
future gasoline vehicles.

It is important to note that a negative “net priceTable 11 and Table 12 does not imply
that a technology is “zero cost.” Instead of lowgrfuel consumption, efficiency improvements
can also be used to offset the effects of incremsi® size and power of vehicles. The full cost
of reducing fuel consumption would account for hdvanges in vehicle attributes such as fuel
consumption, power, and size affect the valuedbasumers derive from these products.

(See next page.)
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Table 9 Incremental production cost and vehicle weight otidn costs by powertrain type for cars (3US 28p7

CARS Current Current Current Current 2035 2035 2035 2035 2035 2035 2035
Gasoline Diesel Turbo Hybrid Gasoline Diesel Turbo Hybrid Plug-in Battery Fuel Cell
Gasoline Gasoline Hybrid Electric
Engine
NA-SI $3,000 -- $3,000 $3,000 $3,700 -- $3,700 68,7 $3,700 -- -
Diesel -- $3,700 -- - -- $4,400 -- -- -- -- --
Turbo -- - $500 -- -- -- $500 -- - - --
Ic\:/loc::':)rz)lll o - - - $1000 - - - $600 $800 $1,500 $1,600
Fuel cell -- -- -- -- -- -- -- -- -- -- $3,000
Downsizing
credit -- -- -- -$100 -- - -- -$100 -$200 -- --
Transmission
Hybrid trans.
& integration -- -- -- $400 -- -- - $300 $300 -- --
1-spd. trans. -- -- -- -- -- -- -- -- -- $200 $200
Energy storage
Battery® - - -- $2,000 - - - $800 $2,700 $12,000 $D00
H, Storagé’ -- -- -- -- -- -- -- -- -- -- $1,808
Miscellaneous
Exhaust $300 $800 $300 $300 $300 $860 $300 $300 $300 - -
Wiring -- -- -- $200 -- -- -- $200 $200 $200 $200
Charger -- -- -- -- -- -- -- -- $400 $400 --
?g%r::g'tfoﬁvf ight - - - - $700 $700 $700 $700 $700 $700 $700
TOTAL® $3,300 $4,500 $3,800 $6,800 $4,700 $5,900 $5,200 6,509 $8,900 $15,000 $8,500

3 Production cost assumptions in this table aretaedaipom Kromer 2007 (Tables 51-53, pp. 117, 1E8)ed on sources noted by Kromer in Table 51, p. 117

14 $200 + $30 per kW for current hybrid vehicle; $20815 per kW for 2035 vehicles (Kromer, 2007, el p, 117).

15 Assumes fuel cell costs $50 per kW; hydrogen gmsts $15 / kWh (Kromer 2007, Table 51, p, 117).

16 Assumes $2000 / kWh for current hybrid vehicler 835 vehicles, assumed battery costs range f@&s0 $kWh for high energy batteries to $750 / kwhHigh power batteries. Assumes 2035
hybrid battery costs $750 / kWh, 2035 plug-in hgtdvattery costs $320 / kwWh, 2035 fuel cell battagts $750, 2035 battery electric vehicle cost9$28Vh (Kromer, 2007, Table 52, p. 117).

7 Assumes $15 per kWh storage (Kromer 2007, Tahl@5117).

28 Includes NQ after-treatment and diesel particulate filter (PPF

% Assumes 20% weight reduction in 2035 vehiclesghty14% of weight reduction is achieved througherial substitution at $3 / kg; the remainder isoselary reduction at no cost.

% Total incremental production cost relative to addime vehicle cost of $10,700. Total productiostes current gasoline car is therefore: $10,7@3;800 = $14,000.
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Table 10 Production cost and vehicle weight reductiostedy powertrain type for light trucks. All cogts$US 2007.

TRUCKS Current  Current  Current Current 2035 2035 3220 2035 2035 2035 2035
Gasoline Diesel Turbo Hybrid Gasoline Diesel Turbo Hybrid Plug-in Battery Fuel Cell
Gasoline Gasoline Hybrid Electric

Engine
NA S $3,900 -- $3,900 $3,900 $4,700 -- $4,700 $4,700 ,7CRA -- --
Diesef* - $4,800 - - - $5,600 - - - - -
Turbd™ - - $600 - - - $600 - - - -
Motor / controllef? - - - $1,200 - - - $800 $1,100 $1,900 $2,000
Fuel cell -- -- -- -- -- -- -- -- -- -- $3,9G8
Downsizing credit - - - -$100 - -- - -$100 -$200 - -

Transmission
Hybrid trans. &

integration - - - $600 - - - $400 $400 - -
1-spd. trans. - - - - - - - - - $300 $300
Energy storage
Battery* - - - $2,600 - - -- $1,060  $4,006° $18,006°  $1,206°
H, Storage - - - - - - - - - - $2,760
Miscellaneous
Exhaust $300 $960 $300 $300 $300 $96d $300 $300 $300 - -
Wiring - - - $200 - - - $200 $200 $200 $200
Charger - -- - -- - - - - $400 $400 —
Weight reductiof? - - - - $900 $900 $900 $900 $900 $900 $900
TOTAL® $4200 $5,700  $4,800 $8,700 $5,900 $7,400 $6,500 8,208 $11,800 $21,700 $11,200

2 Gasoline, diesel and turbo engine costs scaletfagtor of 1.3 relative to gasoline/diesel cdrs, ratio of current gasoline car to truck (162ad@,140 kg) vehicle weight (EPA, 2007).

22$200 + $30 for current hybrid vehicle; $200 + $iE5 kW for 2035 vehicles (Kromer, 2007, Table 51157). Motor power calculated by holding powectwb weight ratio constant relative to car of
same powertrain type; curb weight scaled relativeatr by a factor of 1.3; share of power providge&bgine and motor determined by degree of hytatiin.

% Fuel cell power scaled relative to fuel cell carabfactor of 1.3.

2 Assumes $2,000 / kWh for current hybrid vehicler fture vehicles, assumed battery costs range $250 / kWh for high energy batteries to $750 hkit high power batteries. Assumes 2035
hybrid battery costs $750 / kWh, 2035 plug-in hgitivattery costs $320 / kWh, 2035 fuel cell battagts $750 / kWh, 2035 battery electric vehicle<8250 / kWh (Kromer, 2007, Table 52, p. 117).
% Battery energy storage sized by a factor of llaive to 2035 hybrid car; same ratio of hybrid rgryestorage for trucks to cars determined by Kas$2006, pp. 180, 184).

% Battery energy storage scaled by a factor of dl&ive to 2035 car of same powertrain type. Thithe ratio of energy required at the wheel by iaysuck versus cars, based on ratio of fuel
consumptions of hybrid light truck and car from Kas, 2006.

27 Assumes $15 / kWh storage (Kromer, 2007, Tablg5117). Hydrogen energy storage scaled by 1ti6, shenergy required at the wheel by trucks versars; see footnote 26.

2 Includes NQ after-treatment and diesel particulate filter (PPF

2 Assumes 20% weight reduction in 2035 vehiclesghtyu14% of weight reduction is achieved throughterial substitution at $3 / kg; the remainder iscselary reduction at no cost.

% Total incremental production cost relative to addime vehicle cost of $10,800. Total productiostad current gasoline light truck is therefore0$&D0 + $4,200 = $15,000.
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Table 11

Fuel and greenhouse gas emission savings oiitiralternative propulsion technologies relatiweurrent and

future gasoline cars. Assumes 240,000 km of veligiration over 15 years.

RELATIVHO 2035 GASOLINE VEHICLE

CARS RELATIVE TO CURRENT GASOLINE VEHICLE
Current Current Current Current 2035 2035 2035 5203 2035 2035 2035
Gasoline Diesel GTal;rcl))Ii?]e Hybrid Gasoline Diesel G-I;érokii?le Hybrid EI;SHQ Elztéfrriz Fuel Cell
Change in TTW fuel consumption [MJ / kifi]
Petroleum 0.00 -0.47 -0.31 -0.87 -1.08 -0.24 -0.20 .780 -1.27 -1.77 -1.77
Electricity -- -- -- - -- -- -- -- 0.21 0.57 --
Hydrogen -- -- -- -- -- - -- -- -- - 0.74
Total 0.00 -0.47 -0.31 -0.87 -1.08 -0.24 -0.20 -0.78 -1.06 -1.20 -1.03
Change in TTW fuel co&t[$]
@ $2.5/gal. 0 -1,539 -1,008 -2,855 -3,566 -806 -647 -2,568 -3,725 -4,556 -2,363
@ $5.0/ gal. 0 -3,077 -2,016 -5,709 -7,131 -1,613 ,293 -5,136 -7,917 -10,381 -8,189
Net price [$f*
@ $2.5/gal. 0 161 -308 2,045 -1,566 894 53 -68 2,17 9,444 2,937
@ $5.0/ gal. 0 -1,377 -1,316 -809 -5,131 87 -595 632, -2,017 3,619 -2,889
Change in WTW GHG emissiofis
Emitted [tCQe] 0 -9 -7 -19 -24 -5 -4 -17 -18 -11 -18
gbffggi?t price - 184 103 256 83 360 161 145 333 1,312 300

%L Vehicle travel is taken from NHSTA (2006, Tableari@l 8, pp. 22, 25) as the average of car andtligbk annual travel over the first 15 years ofigkhlife.
%2 Change in tank-to-wheel (TTW) fuel consumptiondach propulsion system relative to current anaréugiasoline vehicles.
% Change in TTW fuel cost is calculated using a 786alint rate (r), an electricity cost of $0.05 /kVeind a hydrogen cost of $3.50 / kg (NRC, 2004ar@e in fuel cost is calculated for two

gasoline and diesel prices: $2.50 / gallon andG5dallon.

3 Net price is equal to a propulsion technologytsiterice increase (see Table 8) plus the chang&@W fuel cost. A negative result indicates e fuel savings provided by the propulsion

technology are greater than its increase in rptaié.

% Well-to-wheel (WTW) greenhouse gas (GHG) emissiansetric tons of carbon dioxide equivalent (@)D Includes emissions from upstream fuel prodactiod downstream vehicle operation.

Does not include the vehicle material cycle.
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Table 12 Fuel and greenhouse gas emission savings ofstwitk alternative propulsion technologies relatoveurrent
and future gasoline light trucks. Assumes 240,00k vehicle operation over 15 yedPs.

LIGHT TRUCKS RELATIVE TO CURRENT GASOLINE VEHICLE BLATIVE TO 2035 GASOLINE VEHICLE
Current Current Current Current 2035 2035 2035 5203 2035 2035 2035
Gasoline Diesel G-ralér(?”?]e Hybrid Gasoline Diesel Gzléroti%e Hybrid El;ll?nl(;] Elaét(t:(tarri)c/ Fuel Cell
Change in TTW fuel consumption
[MJ / km]*’
Petroleum 0.00 -1.13 -0.74 -1.31 -1.61 -0.58 -0.42 221 -2.00 -2.77 -2.77
Electricity - - - -- - - - - 0.32 0.89 -
Hydrogen - -- - - - -- - - - -- 0.74
Total 0.00 -1.13 -0.74 -1.31 -1.61 -0.58 -0.42 -1.22 -1.68 -1.88 -2.03
Change in TTW fuel co&t[$]
@ $2.5/ gal. 0 -3,714 -2,441 -4,330 -5,306 -1,910 ,38Q -4,032 -5,880 -7,136 -3,701
@ $5.0/ gal. 0 -7,428 -4,881 -8,659 -10,612 -3,820 2,759 -8,065 -12,480 -16,262 -12,827
Net price [$]°
@ $2.5/ gal. 0 -1,614 -1,641 1,970 -3,106 190 -580 832- 2,420 14,964 3,699
@ $5.0/ gal. 0 -5,328 -4,081 -2,359 -8,412 -1,720 ,959 -4,865 -4,180 5,838 -5,427
Change in WTW GHG emissiofis
Emitted [tCQe] 0 -23 -16 -29 -36 -12 -9 -27 -28 -17 -28
%?%‘f)gm price - 89 49 217 62 177 86 118 294 1,322 268

% Vehicle travel is taken from NHSTA (2006, Tableari@l 8, pp. 22, 25) as the average of car andtligbk annual travel over the first 15 years ofigkhlife.

%7 Change in tank-to-wheel (TTW) fuel consumptiondach propulsion system relative to current anaréugiasoline vehicles.

% Change in TTW fuel cost is calculated using a 786alint rate, an electricity cost of $0.05 / kWihg @ hydrogen cost of $3.50 / kg (NRC, 2004). Ckdnduel cost is calculated for two gasoline
and diesel prices: $2.50 / gallon and $5.00 / gallo

%9 Net price is equal to a propulsion technologytsiterice increase (see Table 8) plus the chang@W fuel cost. A negative result indicates thee fuel savings provided by the propulsion
technology are greater than its increase in rptaié.

40 Well-to-wheel (WTW) greenhouse gas (GHG) emissiamsetric tons of carbon dioxide equivalent (@ Includes emissions from upstream fuel prodactiod vehicle operation. Does not include
the vehicle material cycle.
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2.4

Conclusions from vehicle technology assessments

The results of our vehicle technology assessmeggesi the following conclusions:

1.

Conventional naturally aspirated spark-ignition ieegiechnology offers a path for
continuous vehicle efficiency improvements for tiext several decades. Realizing
the potential for these improvements requires tbetinological advances be directed
toward improving fuel consumption rather than véhigerformance or size.

The efficiency of spark-ignition and diesel engteehnologies will converge in the
future. In particular, continued downsizing of giéise engines enabled by improved
power density results in the gasoline engine imprgwnore rapidly than the diesel;

at the same time, diesel vehicles must respondd@asingly stringent emissions
requirements, which carry a fuel efficiency penaltg addition, assuming that knock
limitations are addressed, turbocharged gasoliggnes have the potential to become
almost equivalent with low-emissions diesel engimeterms of efficiency,
performance and GHG emissions.

Over the time horizon in question, the gasolinerlddelectric vehicle offers a
promising path to cost-effective reductions in fusé and greenhouse gas emissions.
Relative to conventional spark-ignition and dieteglhnology, gasoline hybrids are
projected to offer substantial efficiency gains andarrowing price premium. In the
nearer term, other advanced technology vehiclelscaiitinue to suffer from high

cost and a limited presence in the market, makinglikely that they will have
significant impacts over a 20- to 30-year time honi.

The plug-in hybrid offers important advantages oveth fuel cell and battery-electric
vehicles with respect to fueling infrastructurehise range, and technological risk.
First, it does not require changes to the fuelimfgaistructure on the same scope as
either the fuel cell, which would require extensimaenp-up in hydrogen production
and distribution, or as the electric vehicle, whiebuld likely require rapid-recharge
electric fueling stations and major upgrades todleetricity generation and
distribution infrastructure. Second, it is not rargnited in the same sense as an
electric vehicle, for which increasing the elecnange appears to be prohibitively
expensive, or as a fuel cell vehicle, for which tiregeconsumer-driven range
requirements is likely to require a large and exgpem high-pressure storage tank.
The key technical challenges facing plug-in hylwgdicles revolve around
demonstrating the reliability of lithium-ion battes in an automotive context and
reducing battery size, weight, and cost. Whilerftable, these hurdles appear far
less daunting than those required to bring fudl @ebattery-electric vehicles to a
mass market.

Even with optimistic battery assumptions, the bgtedectric vehicle is not
competitive with other options in a mass-marketteat) particularly in comparison

to the different plug-in hybrid options. Configng a vehicle to offer a relatively
modest 200-mile range would require a prohibitiialige and expensive battery pack
($7,000-%$10,000 incremental factory cost). Andlevtihe BEV completely displaces
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petroleum, the weight of the battery pack signifitty increases the tank-to-wheel
energy use compared to a plug-in hybrid operatinghiarge-depleting mode.

. The fuel cell vehicle assessment is characterized high degree of technical
uncertainty with respect to both the power plard anergy storage. This technical
risk manifests itself primarily in terms of uncenty with respect to fuel cell system
costs rather than system efficiency. It is alsby®t clear that fuel cell vehicles will
offer the real-world reliability and longevity thet commonly expected of general-
purpose vehicles. However, automotive fuel cedtegns are not a mature
technology, and significant across-the-board imprognts have been demonstrated
in the last several years. If this pace of develept continues, fuel cell vehicles
could compete with gasoline hybrid or conventioe@hnologies. Although not a
focus of this report, the more daunting long-tetmltenge may arise from the
combined need for developing a marketable vehitlgarallel with deploying a new
hydrogen supply and fueling infrastructure.
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Vehicle Weight Reduction Options

3.0 Vehicle Weight Reduction Options

3.1 Introduction

Vehicle weight reduction is a well-known stratdgyimproving fuel consumption in
vehicles, and presents an important opportunitgduoice fuel use in the transportation sector. By
reducing the mass of the vehicle, the inertial ésrthat the engine has to overcome are less, and
the power required to move the vehicle is thus l@deln this section, weight reduction as a
strategy to reduce fuel consumption will be expllogimarily on the vehicle level. The effects
of weight reduction on fuel use on the light-dughicle fleet level will be examined in Section
1.

3.2 Historical vehicle weight trends

In the United States, the sales-weighted averagelight-duty vehicle weight is 1,880
kg (4,144 Ib) today, and has been increasing sldartysteadily at a rate of about 1% per year
since the early 1980s (see Figure 10 (a)). Sineenild 1980s, the popularity of larger and
heavier light trucks, especially sport utility velais (SUVs), was partly responsible for the
upward weight trend. The market share of SUVs haased by more than a factor of 10, from
less than 2% of the new light-duty vehicle markei1975 to 27% of the market today.
Conversely, the market share of new passengeaodrstation wagons has decreased by more
than 30% (Figure 10 (b)). [EPA 2007]

100% -
_ 2,000 ® Cars
2 a of |
< 1800 1 < 80% SUVs
é E 60% M Vans
% i
= 1,600 - [ 0 M Pickups
@ 1S
°© i
$ 1,400 - L 40%
> =
()] [
2 1,200 | > 20%
g 3
< 1,000 . . . = 0%
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(a) sales-weighted average new U.S. light-dutyclehieight (b) market share of new U.S. light-dugicles by segment

Figure 10 Historical sales-weighted average new U.S. lighitaehicle weight 1975-2006
[Heavenrich 2006; EPA 2007]

While the shift from smaller vehicles to largeddreavier segments is partly responsible
for the increasing average vehicle weight, weightease within vehicle classes or segments is
also taking place. For instance, the weight of\a fieyota Corolla recently introduced in the
United States is about 100 kg heavier than the saade! introduced 10 years ago (Figure 11).
One reason for this is “feature creep”; the inaregaaumber of new features that have been
introduced into vehicles that improve utility sue comfort and safety, which also add weight.
Examples include power folding seats, heated seatsgation systems, additional speakers, and
safety features like side air bags.
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Figure 11 Curb weight of Toyota Corolla models introducedha United States,

model years 1990-2006

Increasing vehicle weight has not always beenrdredt Between 1976 and 1982, automakers
reduced the weight of the average new vehiclespaese to the “energy crisis,” which saw
sudden increases in fuel prices, gasoline linesamohing, and the enactment of federal
Corporate Average Fuel Economy (CAFE) regulatidimey did so primarily by downsizing the
fleet and by shifting from heavier body-on-framdigiter-weight unibody desigri$ With new
U.S. CAFE standards now legislated, interest irnalehveight reduction is expected to
intensify.

3.3 Effectiveness of vehicle weight reduction

It is clear that vehicle weight reduction has pla¢ential to reduce fuel consumption,
but the precise relationship is not so obviousufadlL2 plots the adjusted, combined
city/highway (55/45) fuel consumption and curb wegyof all model year 2005 light-duty
vehicles offered in the United States, revealingeaeral positive correlation. On average
across all available vehicle models, every 100 legght reduction will achieve a reduction of
0.69 L/100km in fuel consumption. While these figsiiare useful to detect a general trend,
they are not normalized for performance, size,tbepattributes.

*! The body-on-frame involves mounting the separatgale body to a weight-bearing rigid frame, whitko
supports the engine, driveline and suspensionomtrast, the unibody has the vehicle body integratto a single
unit with the chassis.
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Figure 12  Curb weight and fuel consumption of U.S. model y&205 vehicles

Many studies describe the vehicle fuel consumptialuction benefit associated with
lightweighting [Wohlecker et al. 2007; NRC 2002hélreported improvement in fuel
consumption varies widely, from 4.5-8.0% for ev&d@b6 reduction in vehicle weight. Other
studies report the benefit in absolute gains, whiegemprovement in fuel consumption ranges
from 0.15-0.70 L/100km for every 100 kg of weigatluction. Factors that affect this
relationship include the size and type of vehittle,drive cycle used to evaluate the vehicle, and
the powertrain.

We are primarily interested in the effect of védiveight reduction on its fuel
consumption, at constant performance and sizéh&average new vehicles being driven in the
United States. To estimate this, simulations ofesgntative vehicle models were run using
AVLO ADVISOR vehicle simulation software. We seledtthe model year 2005 Toyota Camry
and the Ford F-150, the best-selling vehicles enlhited States, to represent the average car
and light truck. The fuel consumption of these ¢jasanternal combustion engine vehicles were
estimated from simulations that combine both diyR-75) and highway (HWFET) drive cycle
results?? The combined fuel consumption results were adjusiiéh the same correction factors
used by EPA to better reflect expected on-roadtesu

The simulations revealed that leaving vehicle lration performance and size
unchanged, for every 100 kg weight reduction, tested, combined city/highway fuel
consumption could decrease by 0.40 L/100km for,@ard 0.49 L/100km for light trucks in the
United States (see Figure 13). In other wordset@ry 10% weight reduction from the average

*2The Federal Test Procedure (FTP-75) is used by tBe Environmental Protection Agency (EPA) to igthe
fuel economy and emissions performance of conswetgcles for city driving. The highway fuel econonept
(HWFET) driving cycle is used to simulate highwayihg and estimate typical highway fuel consumptio

45



ON THE ROAD IN 2035

new car or light truck’s weight, the vehicle’s fusinsumption reduced by 6.9% and 7.6%,

respectively.
12 Average light truck
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—

— —
—
8 -
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Figure 13  Simulation results: curb weight-fuel consumptiolatienship for today’s
vehicles

3.4 How vehicle weight reduction can be achieved

There are several ways to reduce the sales-weligivierage weight of new vehicles sold
in the United States. Weight reduction can be agliidoy a combination of: 1) lightweight
material substitution; 2) redesigning the vehideninimize weight; and 3) downsizing the new
vehicle fleet by shifting sales away from larged &reavier vehicles. These approaches will be
discussed in turn.

3.4.1 Vehicle weight reduction by lightweight mater ial substitution

For an average vehicle, about three-quarters aféight is incorporated in its
powertrain, chassis, and body (Figure 14), andtlike of this is made of ferrous metals. Other
major materials found in an average automobil&@&UWnited States include aluminum and
plastics or composites, as shown in Figure 15. fitpise also shows how the use of aluminum
and high-strength steel (HSS) as a percentagdalftehicle mass has been increasing over the
past two decades, while the use of iron and médldtas been declining.

Glass Other ) .
Interior 394 4% Body in white
10% 28%
Powertrain
28% Chassis

27%

Figure 14  Vehicle mass distribution by subsystem [Stodolskgl €1995]
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Figure 15  Material composition of the average automobilenha ).S. [Ward’s 2006]

Aluminum and high-strength steel are two of selvaltarnative lightweight materials
that can be used to replace heavier steel andrirtie vehicle. Other material candidates
include magnesium, and polymer composites suclaas-gand carbon-fiber-reinforced
thermosets and thermoplastics. The relevant priegest these materials are summarized in
Table 13 below, and are discussed in turn. Mor#dycasd rarer alternative materials, such as
metal-matrix materials and titanium, are not coeed.

Table 13 Properties and prices of alternative lightweightawtive materials

Material giﬁfg'ty' Yield Tensile Elastic Eg:ag';’r‘f s
(relative) strength, MPa| strength, MPal modulus, GP4 [Powers 2000]

Mild steel 7.86 (1.00) 200 300 200 1.0

High strength steel (A606) 7.87 (1.00) 345 483 205 1.0-1.5

Iron (D4018) 7.10 (0.90) 276 414 166 -

Aluminum (AA6111) 2.71 (0.34) 275 295 70 1.3-2.0

Magnesium (AM50) 1.77 (0.23) 124 228 45 1.5-2.5

Composites Flexural:

- Carbon fiber 1.57 (0.20) 200 810 190 2.0-10.0

- Glass fiber

High-Strength Steels (HSS)High-strength steels are manufactured using éawation of

alloy compositions and processing methods to aehigyh strength with almost the same
formability as mild steel. HSS are a popular akiitre automotive material because they make
use of existing vehicle manufacturing infrastruetiand there is OEM support for near-term use.
The challenge is to develop manufacturing techrniefotp make the production and use of these
new materials economically viable on a high-volwuale, such as using tailored blanks and
tube hydroforming. Today, one-fifth of the steedéd$n the average automobile is HSS, and this
fraction has been increasing steadily. Using matiigi-phase steel, the International Iron and
Steel Institute’s Ultralight steel Auto Body (ULSABrogram demonstrated mass savings of
25% for a C-class (compact) car’s body structui®@SHks an attractive nearer-term option, due to
its relatively low cost and its accessibility.
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Aluminum. Nine percent of the mass of the average autdmobthe United States is
aluminum. Most of the aluminum is cast, and usethiyén the engine, wheels, transmission,
and driveline. The stamped-sheet aluminum bodyaafras more difficult to form than steel, and
has to be handled with care to prevent scratcleesiuse it is softer. Aluminum is a better
conductor than steel, making it more difficult posweld, so it is more likely to use more
laborious adhesive bonding rather than spot welddugker Research projects that aluminum
use in automotive applications will reach 144 kg\hicle by 2010, but is unlikely to overtake
steel, due to the higher cost of aluminum.

Magnesium Magnesium alloy is 30% less dense than alumianth75% lighter than steel
components. It is also easier to manufacture, lgaailower latent heat (it solidifies faster, and
die life is extended), and being easier to macHhitmavever, it has a lower ultimate tensile
strength, fatigue strength, modulus, and hardress aluminum. Promising automotive
applications include structural components in whidh-walled magnesium die castings may be
used. About 40% of magnesium in vehicles todays mto instrument panels and cross car
beams. Other applications include knee bolstest,fs@mes, intake manifolds, and valve covers.
Magnesium content in vehicles is expected to gmamf3.5 kg today to 7.3 kg in 2010 [Ducker
2002]. The U.S. Automotive Materials Partnershi@AMP) announced an ambitious goal of
raising this to almost 160 kg by 2020. Howevertdeglimiting the growth of magnesium by the
automotive industry include the development of pressistant alloys for high-temperature
applications, improvements in the die casting dqualnd yield, corrosion issues, and the
production of magnesium in sheet and extruded forms

Polymer composites Plastics and polymer composites currently makahout 8% of a vehicle
by weight and 50% by volume, and these numbersxgrected to increase slowly. The main
factors restricting the growth of polymer compcsite vehicles today are the long production
cycle times and the cost of the fibers. The mostroon type of automotive composites is glass
fiber reinforced thermoplastic polypropylene, whistapplied to rear hatches, roofs, door inner
structures, door surrounds, and brackets for thieument panel. Other types include glass mat
thermoplastics, sheet molding compounds made s&diaer reinforced thermoset polyester,
and bulk molding compounds or glass fiber reinfdrteermoset vinyl ester. Carbon fiber
reinforced polymer (CFRP) composites are more esigerand less popular, although they offer
significant strength and weight-saving benefit. Roeky Mountain Institute’s mid-size concept
Hypercar used CFRP to achieve a body-in-white welugt is 60% lighter than a conventional
steel one [Lovins and Cramer 2004]. However, caffil®@rs cost an inhibiting $13-$22 per
kilogram, compared to $1-$11 per kilogram of gléssrs [Das 2001]. Use is typically restricted
to low-volume applications in high-end luxury veb& One successful application in production
vehicles is the carbon fiber drive shaft. Othehtecal challenges of using CFRP include the
infrastructure to deliver large quantities of matisrand the recycling of composites at the
vehicle’s end of life.

To summarize the lightweight material candidasespmparison of these options is given
in Table 14. Of the candidates, aluminum and H®Svare cost-effective at large production
volume scales, and their increasing use in vehislékely to continue. Cast aluminum is most
suited to replace cast iron components, stampedialum for stamped steel body panels, and
HSS for structural steel parts. Polymer compositesalso expected to replace some steel in the
vehicle, but to a smaller degree given high cadsibitions.
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Table 14 Comparison of alternative lightweight automotivetenils

Material Current use Merits Challenges
Aluminum 130 kg/vehicle, 80% are cast - Can be recycled - High cost of Al
parts e.g. engine block, wheels - Manufacturers familiar - Stamped sheet is harder to
with metal forming form than steel
- Softer and more vulnerable to
scratches

- Harder to spot weld, uses more
labor-intensive adhesive

bonding
High- 180 kg/vehicle, in structural Makes use of existing - More expensive at higher
strength components e.g. pillars, rails, vehicle manufacturing volume scale
steel rail reinforcements infrastructure; there is - Lower strength-to-weight ratio
OEM support for near- compared to other lightweight
term use materials
Magnesium 3.5 kg/vehicle, mostly thin- Low density, offering - Higher cost of magnesium
walled cast parts e.g. instrumengood strength-to-weight  components
panels and cross car beams, ratio - Production of magnesium in
knee bolsters, seat frames, sheet and extruded forms
intake manifolds, valve covers
Glass-fiber Some rear hatches, roofs, door - Ability to consolidate - Long production cycle time,
reinforced inner structures, door surroundsparts and functions, so lessmore expensive at higher
polymer and brackets for the instrument assembly is required volume scale
composite  panel - Corrosion resistance - Cannot be recycled
- Good damping and NVH
control
Carbon- Some drive shafts, bumpers, Highest strength-to-weight - As with glass fiber composites
fiber roof, beams and internal ratio, offering significant - High cost of fibers ($17-22/kg)
reinforced  structures weight-saving benefit
polymer
composite

Vehicle weight reduction by redesign and secondamyeight savings

On a component level, the amount of weight saviegalting from using alternative
materials in any vehicle component depends onppécation and design intent. For instance,
for a body panel designed for strength and resistaém plastic deformation, 1 kg of aluminum
can replace 3—4 kg of steel. For a structural corapbdesigned for stiffness in order to restrict
deflection, 1 kg of aluminum replaces only 2 kgstifel. On a vehicle-level, with aggressive use
of lightweight materials, net weight savings of 28% can be obtained, as has been
demonstrated in a few concept vehicles (see Tdi)le 1
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Table 15 Concept lightweight automobiles that embody lighglie materials

Vehicle Vehicle segment Curb weight  Weight savings (%)
(kg)

Stodolsky, et al. (1995) aluminum-intensive car  ilié sedan -- 19%

DaimlerChrysler Dodge Intrepid ESX2 concept Midsize sedan 1,021 kg 37%

composite- and aluminum-intensive car

IISI ULSAB-AVC concept high-strength steel Midsize sedan 998 kg 38%

intensive car

Ford P2000 concept aluminum-intensive car Midsize sedan 912 kg 44%

(similar to Ford Taurus)

3.4.2 Vehicle weight reduction by redesign and seco  ndary weight savings

Redesigning or reconfiguring the vehicle is ano#imtegy to achieve weight savings.
For example, a marked decline in vehicle weigtihaearly 1980s was partly achieved by
changing some vehicles from a heavier body-on-freoigihter-weight unibody designs.
Although most cars already have a unibody deskgnpbtential exists for smaller sport-utility
vehicles to follow suit.

Another way to minimize weight with creative des@nd packaging is to minimize the
exterior dimensions of the vehicle while maintagnthe same interior space, or to remove
features from the vehicle. Figure 16 plots therintevolume of various midsize sedans offered
in model year 2007 with their curb weights, illading the potential weight savings using this
approach. However, it is acknowledged that the rieesafety features, either by regulation or
consumer demand, may hinder lightweight vehiclegtessing this approach.

120
¢ Approximate weight savings from redesigning a sedan

—~ 118 O while maintaining same interior volume: 12-35%
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Curb weight (kg)

Figure 16  Potential weight savings from redesigning model y&97/2008 midsize
sedans while maintaining same interior volume

Secondary weight savings can also be realizedbbmsizing subsystems that depend on
the total vehicle weight. As the vehicle weight @ases, the performance requirements of the
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engine, suspension, brake subsystems and othdmname=d, and these can be resized accord-
accordingly. Recently, researchers at the UnivediMichigan estimated a 1.25 factor for
secondary, compounded weight savings by obsertimgiass of all subsystems in 35 different
vehicle models. [Malen and Reddy 2007] That isgleery 1.00 kg initial mass change, an
additional 1.25 kg of mass savings will be realibgdesizing subsystems accordingly. It is
acknowledged in this report that their approachsdo® normalize the data for other parameters,
such as vehicle size or acceleration performanb&hacould lead to less optimistic weight
savings. For example, simulations of the Toyota yaneveal that if the car’'s body weight is
reduced by 100 kg using material substitution,ethgine weight can be lowered by only 9 kg
while delivering the same vehicle acceleration grenfance’

Reviewing these novel design options, it is ctbat the amount of weight savings using
this approach is not easily quantified and depemdthe final designs of subsystems and the
entire vehicle. The amount of secondary weightregs/possible by vehicle redesign was
moderated; we assumed it to be half the benefieaet with material substitution. So, for every
incremental kilogram of weight reduction from méaiesubstitution, one can expect to achieve a
further 0.5 kg weight savings with weight-minimiginedesign.

3.4.3 Vehicle weight reduction by size reduction

Vehicle size reduction, the third way to reduckigke weight, is distinguished from the
two weight-reduction approaches already discusgelicle size generally correlates with
weight. This can be seen in Figure 17, which sheetscle size in terms of a modified
footprint—its wheelbase multiplied by overall widt#fand curb weight of all model year 2005
light-duty vehicle models offered in the United (8t

¢ Cars © Trucks

Wheelbase x width (sg-meter)

500 1,000 1,500 2,000 2,500 3,000
Curb weight (kg)

Figure 17  Size (footprint) vs. weight of U.S. vehicles offéna model year 2005

43 Assuming a constant engine power density of OVI4k.
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By shifting sales away from larger and heavierndeltypes, reduction in the sales-
weighted average new vehicle weight can be obtaifled can be done by 1) reversing the
recent sales treracrossvehicle segments towards larger vehicles, thaelding more cars
instead of light trucks for instance; or 2) by demmng vehiclewithin each vehicle segment—
selling fewer large vehicles in each segment.

Figure 18 shows the 2005 sales distriloubibonew vehicles by a modified footprint
measurement. The distributions are distinguishé&ad®n the car and light truck segments. The
average car (1,630 kg) weighs almost 25% lesstti@average light truck (2,140 kg).
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6.00-6.24
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6.50-6.74
6.75-6.99
7.00-7.24

>7.25

Wheelbase x width (sq-meter)
Figure 18  U.S. light vehicle sales distribution in 2005 byes[data from Ward’s 2006]

Within the car segment, the average new U.S.izaras measured by interior volume
(passenger plus cargo room) has remained relativetilanged since the 1980s. The average
car size decreased in the late 1970s as a respwtise oil crisis, but returned close to the pre-
crisis levels shortly after and has been growimnghsly since (Figure 19).

If large cars were downsized to midsize, and ragl$o small (size classes as defined
by U.S. EPA), weight savings of 9-12% could be ee¢éd. For other vehicle segments
including SUVs, minivans and pickups, weight sagiog up to 26% can be seen, as shown in
Figure 20.

52



Vehicle Weight Reduction Options

1.05

1.00 -

0.95 4

0.90 -

0.85

Relative interior volume (1977)

0.80 T T T T T T
1975 1980 1985 1990 1995 2000 2005

Figure 19  Historical new U.S. car interior volume relativeli®77 values
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Figure 20  Three-year (2005-2007) sales-weighted averagevdlficle weights by EPA
size class [EPA 2007]

3.5 Brief discussion on safety

The discussion of vehicle lightweighting is notrgaete without some mention of safety
implications. There is much debate on this topic] there are studies that indicate how drivers
and occupants of smaller and lighter vehicles aeegaeater risk in crashes than those in larger
and heavier vehicles. The question of how vehideht reduction affects overall traffic safety
is not as straightforward, however, and is confaahbly other driver-, road-, and accident-
related factors.

We believe that there will be little compromisesafety standards when reducing the
weight and size of the vehicle, for two reasonsstFit is possible to design and build quality
small vehicles with similar crashworthiness ase¢amnd heavier ones. Use of new materials,
such as aluminum and some composites designs fiearsoperior cash energy absorption. By
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reinforcing the structural stiffness of the vehiatecritical points, including safety features such
as side airbags, and introducing crumple zonebgora energy in case of a collision,
automakers are already making smaller cars thaegrtheir occupants better. For example, the
MINI Cooper scored 4 out of 5 stars in the U.S.idtal Highway Traffic Safety Administration
frontal and side crash ratings.

Second, aside from the crashworthiness of thecleebnd driver safety, there are other
facets of the traffic safety discussion to be coad, including rollover risk, aggressiveness of
vehicles to other road users, and vehicle crastpatibility. Considering net or overall traffic
safety, some of the larger and heavier SUVs arklipg can actually pose greater safety risks
for their drivers and other road users [Ross €2@06]. Hence, there is little compromise in
safety as vehicle weight and size is reduced, afetysfor all might actually improve if the
heaviest vehicles could be made lighter.

3.6 Cost of vehicle weight reduction

Cost is an important consideration, because wengeeested in detailing the benefits
associated with vehicle weight reduction at an ptatgle cost of implementation. For weight
reduction using lightweight materials, automakeageéhbeen reluctant to adopt new materials
and manufacturing processes, in part because @stablished infrastructure, capital
equipment, and knowledge base to promote use ofecional materials, and also because of
the cost of substituting these alternative lightya¢imaterials.

Cost estimates of using lightweight automotiveeniats in the literature vary widely,
from $1.20 to $13.70 per kilogram of weight savingkis is not surprising, since much
depends on the type of lightweight material proploslee vehicle component, assumptions
made on the processing of the materials, and theugtion volume.

When comparing the use of lightweight materialdifferent vehicle components, we
reiterate that the weight reduction benefit deparedy much on the intended use and design.
So the substitution of a lightweight material, sdyyminum, for steel brings about a wide
possible range of weight reduction for differentngmnents. To get a sense of potential
applications of lightweight materials in vehiclegdaheir corresponding manufacturing (OEM)
costs:* results from different case studies availabléehimliterature are summarized in Table
16. Most of the case studies examined lightweigatemal applications in the body-in-white.

*4 The incremental manufacturing or OEM cost candreverted to retail price by using factors to in@ube
additional overhead. Shaw et al. [2002] used afauft2.08, including logistics. Stodolsky et dl9p5] used a
factor of 1.55-1.80, including 20% gross margin 46&c dealer discount.
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Table 16 Incremental manufacturing cost compared to congaatisteel alternative

Lightweight vehicle / component 'g;ﬁ”;ﬁg%?' r(\a/\c/iig?c:n Lﬁgﬁi;ﬁg V;él:@re Source
General lightweight vehicle - - 2.20to 3.7( - NR@02
High strength steel (HSS)-intensive

Front end -$13 11 kg -1.20 - Roth 2006
SUV frame - (-23%) 0.68 220,000 Altair 2003
Body-in-white -$32-52 52-67 kg -1.00t0 -0.47 2ZH0 Shaw 2002
Aluminum-intensive

Vehicle $661° 346 kg 1.91 200,000  Stodolsky 1995
Unibody $537 138 kg 3.88 500,000 Han 1994
Polymer composites-intensive

Body (glass fiber reinforced) $400 127 kg 3.16 000, Kang 1998
Body (glass fiber-thermoset) $930 68 kg 13.68 200,0 Dieffenbach 1996
Body (carbon fiber reinforced) - - 2.20 to 8.82 - adr001
Body (carbon fiber reinforced) $900 196 kg 4.59 ,000 Kang 1998
Body (carbon fiber-thermoset) $728 114 kg 6.39 @00,] Mascarin 1995
Vehicle (carbon fiber) $2,926 444 kg 6.59 200,000 todBIsky 1995
Body (carbon fiber-thermoplastic $1,140 145 kg 67.8 250,000| Dieffenbach 1996

In general, the cost of alternative lightweightoamiotive material technology per unit
weight savings is lower for high-strength steel §)Sand is followed by aluminum and polymer
composites. Automotive composites remain prohiblgivexpensive given high raw material
prices and long production cycle times. HSS andhalum are likely to remain popular
substitutes for steel in passenger vehicles iméza-term.

Given this review, we will assume a mid-rangereate of $3.00-$5.00 per kilogram of
weight savings by material substitution. Costs tdlon the lower end for early weight
reduction, and increase as more aggressive weadhttion is sought. Vehicle redesign and size
reduction are simply assumed to be cost-neutrdl kegpect to manufacturing costs. We assume
that design costs are already incorporated in éveldpment of new vehicle models and the

> The cost of engine downsizing that could accompaahjcle weight reduction is not included.
“® For Stodolsky’s estimates, the incremental mariufang cost is the difference in raw material cosly.
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manufacturing costs of producing a smaller or laxgicle do not differ much. As a result, the
net cost of weight reduction by all three approachkeuld be $2.00-$3.50 per kilogram shaved
off the average vehicle.

3.7 Summary on vehicle weight reduction

Reduction in vehicle size and weight can signiftbareduce fuel consumption. Every
10% of weight reduced from the average new caigbt truck can cut fuel consumption by
around 7%. The three strategies to reduce weighlarightweight material substitution, (2)
vehicle design changes, and (3) vehicle downsizing.

When alternative materials are used to performgighting, aluminum and high-
strength steel are more cost effective at largdymtion scales. Plastics and polymer composites,
which cost more, will likely take a smaller role ittWaggressive material substitution, up to 20%
of vehicle weight can be cut. Secondary weightregs/can be realized by downsizing
subsystems. It is also possible to reduce weighebdgsigning or reconfiguring the vehicle.
Creative designs can minimize the exterior dimemsiaf the vehicle while maintaining the same
interior space.

Average vehicle weight can also be reduced by d@ing vehicles. That means selling
more small vehicles and fewer large ones, bothsacaod within vehicle segments. If a buyer
were to choose a small car instead of a midsiza,midsize instead of a large car, the vehicle’s
weight could be reduced by 9% to 12%. For SUVs,vaims and pickups, the weight savings
can reach 26%.

Based on these assessments of material substjtughbicle redesign, and downsizing,
weight reduction of 20-35% is possible by 2035. &8gmate that weight reduction by all three
approaches would cost $2 to $3.50 per kilogramaifjiat saved in the average vehicle.
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4.0 Vehicle Fuel Consumption, Performance, and Size  Trade-
Offs

While engine and vehicle technology have steadifyroved over the past 20 years and
vehicles have become more efficient at utilizingitfuel’'s energy, the average fuel consumption
of new vehicles sold each year has not changedhither efficiencies achieved have been used
to offset the impacts of increasing size, weigbtyer, and other performance attributes of
automobiles. This section evaluates the tradeifi/ben the seemingly ever-increasing
performance and size of vehicles, and the penattyposes on U.S. light-duty vehicle fleet fuel use

4.1 Vehicle size, weight, power, and fuel economy trends

Since the mid-80s, the average fuel consumptidn. 8f light-duty vehicles (LDVS) has
remained nearly constant. This stagnation is aftestaken for a lack of advances in vehicle
technology. The difference between efficiency arel Eonsumption must be understood clearly in
this context. Efficiency is a measure of how effedy fuel energy is used to supply the power that
drives the vehicle. Fuel consumption is what coresgmmeasure as they drive on the road (and
what manufacturers report to the government): hidectvely a vehicle uses the energy from fuel
to travel a given distance, i.e., the liters of fumsumed per 100 kilometers of vehicle trdVéh
addition to holding other attributes constant, asithg efficiency improvements to reduce fuel
consumption, improved efficiency can also be wdiizo offset the negative impact on fuel
consumption while increasing vehicle acceleratioth power, size, weight, or some combination
thereof. An increase in vehicle efficiency can #fere be used to achieve several means:
reductions in fuel consumption may be traded-o#filasf increases in other attributes such as
acceleration, power, and size.

The overall trend in car and light-truck perforroarnn terms of horsepower, weight, size,
and acceleration can be separated into three pftasagenrich 2006; Lutsey and Sperling 2005;
An and DeCicco 2007]:

1. The first phase (1977-1981) shows a modest ded¢inarin vehicle performance (higher
0—100 km per hour time) and substantial reductioiuel consumption. The fuel con-
consumption of new cars and light trucks fell b§@&nd 22%, respectively, during this
period.

2. The second phase (1982-1987) is characterizeddéyeasal of the modest performance
reductions from Phase |, and a slight reductiolu@ consumption. New cars and light-
trucks fuel consumption decreased by 7.5% and S.d8pgectively.

3. The third phase (1988-2005) shows a steady incied4aV weight, horsepower, and
acceleration. There was little further reductiowvémicle fuel consumption during this
period.

*" Fuel economy (expressed in miles per gallon)esitiierse of fuel consumption (expressed in lipens100 km or
gallons per mile). Although fuel economy is oftesed instead of fuel consumption, fuel consumptiotihé more
basic measure for “fuel consumed” in driving a gikstance.
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The three phases of change in fuel consumptiorvahitle performance, represented by 0-100
kmph acceleration time over the last 30 yearsshosvn in Figure 21.

Acceleration (0-100 kmph) in Seconds
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Figure 21  Fuel consumption and acceleration of cars and tigicks (1975-2006)

58



Vehicle Fuel Consumption, Performance, and Size Trade-Offs

These fuel consumption and performance trendsacgely be explained by fuel prices
and CAFE standards. High fuel prices induced byl®i&0s oil crisis, and the fuel economy
regulations of the mid-1970s through the early 598d, in Phase I, to efficiency improvements
that directly reduced fuel consumption. The raticlietip of CAFE standards stopped in 1985,
just as fuel price began to decline. Taken togethese changes explain the only modest
reduction in fuel consumption in Phase Il. Fromltdte 1980s until recently, the market for fuel
consumption reduction has experienced neiheull through high fuel prices, narpush
through more stringent CAFE standards. This hasirtbat gains in efficiency have been used
to increase vehicle performance attributes sugtoager and weight, while keeping fuel
consumption constant. The same period has alsoesglift away from cars towards light-
trucks, particularly sport utility vehicles (SUVahd minivans. The combined result of these
trends has been a steady growth in US LDV fuelsirsee the late 1980s.

4.2 Emphasis on Reducing Fuel Consumption (ERFC)

What happens if the improvements in technologytinae to be utilized to improve
vehicle performance? Obviously, the fuel consunmptiend that is realized in practice will
depend on the degree of emphasis placed on rediu@hgonsumption.

Kasseris and Heywood [2007] found that if the penfance and size of the current
Toyota Camry equivalent vehicle is kept constdregntthe relative onboard fuel consumption of
such a vehicle in 2035 would be 63% of its curraitie. Note that Kasseris and Heywood
assume a 2035 vehicle that is 20% lighter tharri@oticomparable car or light truck. In
practice, however, vehicle manufacturers will coné to make improvements in performance,
size, and safety features. Thus, not all of thaggaom increased efficiency will be realized for
the purpose of reducing fuel consumption—instegahréon of the possible reduction in fuel
consumption will be offset as other attributes atsprove. For the purpose of understanding the
influence of the performance—size—fuel consumptiade-off, we introduce a variable called
Emphasis on Reducing Fuel ConsumptmmERFC for short.

Emphasis on Reducing =  Fuel Consumption (FC) Reduction Realized on Road
Fuel Consumption (ERFC) FC Reduction Possible with Constant PerformanceSanel

ERFC= I:Ct:urrent— I:Gealized (4 1)
I:Cv:urrent— l:Cpotential .

I:Crealized: I:Ccurrent— ERFC x (ngrrent— Fcpotentia)

ERFC measures the degree to which improvemenecimblogy are being directed
toward reducing onboard fuel consumption. Thu€)% &mphasis on reducing fuel consumption
would mean that the above 2035 vehicle would reaizelative on-road fuel consumption value
of 1- 0.5 x (1 — 0.625) = 0.8125, as shown in Fe2R.
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Figure 22  Average U.S. car relative onboard gasoline-equntdleel consumption at
50% ERFC

The value of ERFC also impacts the performancenagigdht of future vehicles. For
example, at ERFC value of 25%, only a quarter efglausible reductions in fuel consumption
are realized. The remaining three-quarters of titergial technical improvement is used to
increase the vehicle horsepower to weight ratiauafiqn 4.2 is used to calculate the effect of
increasing acceleration on horsepower [Heaven@ff62Santini and Anderson 1993].

t=F (HP/WT) (4.2)
where,
t is an estimate of 0-to-60 mph acceleration time
HP is engine rated horsepower
WTis the vehicle inertia weight, which is calculatesicurb weight plus 300 pounds

F is a constant; 0.892 for vehicles with automatns$missions and 0.967 for vehicles
with manual transmission

f is the exponent; 0.805 for vehicles with automaasmissions and 0.775 for vehicles
with manual transmission

While Kasseris and Heywood assume a 20% weighictexh in vehicle weight by 2035
for the 100% ERFC case, when ERFC is below 100&octinresponding weight reduction is
also scaled by ERFC. Thus, the 2035 ICE gasolihelewith 50% ERFC is assumed to be
10% lighter than the current ICE gasoline vehialed so on. The corresponding improvement in
acceleration performance can be calculated by exingtion 4.2. The results, shown in Table
17, allow us to gain a better appreciation forftred consumption benefits being traded off for
higher horsepower and acceleration.
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Table 17 Performance-fuel consumption trade-off for the agerU.S. car in 2035 at
different degrees of emphasis on reducing fuel woygion (ERFC)

(a) Passenger Car

2035
Current 25% 50% 75% 100% 120%
0,
0% ERFC ERFC ERFC ERFC ERFC ERFC
HP/WT (hp/lbs) 0.059 0.087 0.08 0.073 0.066 0.059 .058
Vehicle Weight (kg) 1620 1620 1539 1458 1377 129% 2951
0-100 kmph (sec) 8.7 6.4 6.8 7.3 8.0 8.7 9.4
Unadjusted L/100 km 8.1 8.1 7.5 6.8 6.1 55 5.0
(b) Light-Truck
Current 2035
25% 50% 75% 100% 120%
0,
0% ERFC ERFC ERFC ERFC ERFC ERFC
HP/WT (hp/lbs) 0.049 0.068 0.063 0.058 0.054 0.049 0.044
Vehicle Weight (kg) 2083 2083 2034 1927 1820 1713 7131
0-100 kmph (sec) 10.2 7.8 8.2 8.8 9.4 10.2 10.4
Unadjusted L/2100 km 10.0 10.0 9.3 8.6 7.9 7.1 6.6

4.3 European comparison

The fuel consumption versus performance traddwadfplayed out very differently in
Europe, when compared to the U.S. As describecdh#n@ et al. [2008], and shown in Table 18,
the ERFC in the four largest European passengeclegharkets (Germany, Italy, France, and
the UK) has been at or above 50%, except for ostanmce.

Table 18 Fuel consumption and ERFC in Europe’s four largestket§®

Gasoline Diesel
I:Crealized I:Cpotential ERFC I:cl:ealized I:Cpotential ERFC
(L/200km)  (L/100km) (%) (L/200km)  (L/100km) (%)
France 6.6 6.2 68 5.5 4.9 64
Germany 7.4 6.7 54 6.5 5.1 22
ltaly 6.5 6.3 83 5.7 5.0 61
UK 7.5 7.0 52 5.9 5.1 51

The other important distinctions to consider &g t1) the fuel consumption of today’s
vehicles is considerably lower in Europe, 2) tha ofivehicles in the future is expected to be

“*8 The ERFC was calculated over the period 1995—-280Brance and Germany, and the period 1995-2001 fo
Italy and the UK. Due to discontinuities in the engling fuel consumption, performance, and weigtadstarting
in 2002, it was not possible to evaluate the ER#1Qtaly and the UK through 2006.
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different, and 3) fuel consumption of these vetsatethe future will also be lower and
different than was projected in Table 6 for thetddiStates. The following six powertrain
technologies were chosen for the European coulgey models: diesel, NA gasoline, turbo
gasoline, gasoline hybrid, diesel hybrid, and casped natural gas (CNG). These
technologies were selected because they are ettinemtly sold in large numbers or, in the
case of diesel hybrids, because at least a fewrmegoufacturers have announced plans to
commercialize their technologies over the next swears [Les Echos 2008; Green Car
Congress 2007]. Fuel cell vehicles and plug-in fdgwere not considered because the
authors do not expect them to account for a sigguifi fraction of new vehicle sales (e.g., equal
to or greater than 5%) in Europe by 2035. This judgt is based on the fact that there are
currently no announced plans to commercialize eitbehnology in Europe, cost premiums are
projected to be high, and infrastructure challengese additional hurdles for adoption.

Table 19 details the current and future averagédansumption levels of the
powertrain technologies chosen for Europe. Curhegitconsumption levels were adapted
from CONCAWE et al.’s [2007] recent well-to-wheéldy. Rather than performing a separate
set of Advisor simulations, future fuel consumptlexels were estimated by applying the
relative improvement projected for the correspogdihS. powertrains to the fuel consumption
of today’s European vehiclés.

The current fuel consumption values of Europedncales are roughly 75% of vehicles
in the United States. As a result, the magnitudinefprojected changes in fuel consumption
for different propulsion systems in the future significantly less than the reductions available
from U.S. powertrains.

Table 19 Projected improvement in 2035 vehicle fuel consuompin Europe

Fuel Consumption* Relative to current Relative to 2035

Propulsion System (1/100 km) gasoline ICE gasoline ICE
Current Gasoline 6.57 1
Current Diesel (w/ DPF) 5.48 0.83
Current Turbo Gasoline 5.9 0.90
Current Gasoline Hybrid 5.02 0.76
Current Diesel Hybrid 4.51 0.69
Current CNG (dedicated) 5.82 0.89
2035 Gasoline 411 0.63 1
2035 Diesel 3.48 0.53 0.85
2035 Turbo Gasoline 3.66 0.56 0.89
2035 Gasoline Hybrid 2.73 0.42 0.66
2035 Diesel Hybrid 2.45 0.37 0.60
2035 CNG (dedicated) 3.61 0.55 0.88

* Gasoline Equivalent.

“9 Further details on fuel consumption calculatiassyell as other aspects of the European anafysisiescribed
in detail by Bodek and Heywood (2008)Emirrope’s Evolving Passenger Vehicle Fleet: Fuel bisd GHG
Scenarios Through 2035
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4.4 Summary

This section has introduced the concept of EmghasiReducing Fuel Consumption
(ERFC), which defines what percentage of the impdogfficiency from powertrain and
vehicle technology employed in vehicles is usecktiuce vehicle fuel consumption. The
impact of steadily increasing vehicle performannerehicle fuel consumption was evaluated
using this index. We found that performance improgats in the U.S. during the past 20 years
have been largely responsible for the growth in LID¥I use during that time. We have also
shown that large reduction in future LDV fuel usguobssible with mainstream gasoline ICE
vehicles alone, if the performance-size-fuel congtiom trade-off is favorably resolved. In
Europe, the relative vehicle performance increasecent years has been about half the
increase in the United States for both gasolinedaesel vehicles. Thus, the potential for
further fuel consumption reductions by moderatimgpiovements in vehicle performance and
size is significantly less in Europe than in thetda States.
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5.0 Light-Duty Vehicle Fleet Model

5.1 Structure of the U.S. fleet model

The U.S. light-duty vehicle (LDV) fleet or “car @d is composed of approximately 135
million cars and 100 million light-trucks, whichdlude pickups, minivans, and sport utility
vehicles (SUVs). New LDV sales in 2006 totaled he&6.6 million units, comprising 8.1
million passenger cars and 8.5 million light-tructs approximately 7% of the total LDV fleet.
To evaluate the impact that emerging propulsiotesys and fuels could have on total LDV fleet
fuel use and greenhouse gas (GHG) emissions, thendygs of fleet turnover and usage must be
understood. This section explains the logic ofwh®. LDV Fleet Model used for this purpose.

The fleet model is a tool to track LDV stock, tegvfuel use, and greenhouse gas
emissions. A simplified overview of the fleet mogeshown in Figure 23. A description of
previous versions of this model can be found inwieyd et al. [2004], and Bandivadekar and
Heywood [2006]. The model is composed of severakalmeets in Microsoft Excel that track
new vehicle sales, market shares of different gedpuis systems and their fuel consumption,
vehicle aging and scrappage, vehicle stock, velalel, and fuel mix. Historical data from
1960 onward is used to calibrate the model. Ingbigion we describe the details of the model’s
individual building blocks.

5.2 Data sources
Three different public sources of data on U.S. IsDhére used:

* The Transportation Energy Data Book (TEDB) compiata from a variety of trade
publications, such as Motor Vehicle Facts and Fagupublished by the American
Automobile Manufacturers Association, and Ward'ddkootive Yearbook. The TEDB data
referred to here pertains to Edition 26 of the detek [Davis and Diegel 2007].

* The EPA Light-Duty Automotive Technology and FuebBomy Trends report is a
compilation of the data that are submitted for @oape Average Fuel Economy (CAFE)
standards and gas guzzler tax compliance purpbétees/gnrich 2006].

* The U.S. Department of Transportation report on ®any of Fuel Economy Performance
compiled by National Highway Transportation ande®afAdministration (NHTSA) for
CAFE compliance [NHTSA 2008].

Wherever possible, the fleet model uses data dethfriom these three sources. Other
sources of data are listed where applicable irfdhe@wing sections. The results of the model are
calibrated against the light-duty vehicle data regmbby the Federal Highway Administration
[FHWA 2005], as compiled in the TEDB.
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Figure 23  Fleet model overview

5.3 Sales mix

The annual sales of light-duty vehicles in thetethiStates from 1970-2005 are shown in
Figure 24. The differences in the data are duéffiereint definitions and classification methods
employed by the three data sets. SpecificallyJ#BB sales numbers for light trucks include all
light trucks weighing 4,550 kg (10,000 pounds) afsg vehicle weight (GVW) or less. The EPA
and NHTSA data only include vehicles weighing liges1 3,865 kg (8,500 Ibs). The light trucks
weighing between 8,500 and 10,000 Ibs, known ass(h trucks, are estimated to account for
6—8% of total light truck sales [Davis and Tru€102]. As a result, the TEDB sales numbers for
light-trucks are substantially higher than the esponding EPA or NHTSA numbers.

Starting in 2011, NHTSA plans to include in the kEAprogram all SUVs and vans
weighing less than 10,000 Ibs, although light tanaleighing between 8,500-10,000 lbs will
remain exempt. The default setting for calculatiegicle sales in the fleet model uses TEDB data,
i.e., all light-duty vehicles weighing less thanQ Ibs.

The share of light trucks in new LDV sales hasaased from 15% in 1970 to over 50% in
2005. Much of this increase is due to increasedbausnof sport utility vehicles (SUVs) and vans
sold at the expense of small cars and wagons. velyin the light-truck category, however, has
slowed in the past few years [Heavenrich 2006]séah, it is not clear if the market share of light
trucks will continue to grow beyond the current reales market shares. According to the TEDB,
the data percentage of light-trucks in the newalelsales is currently about 55%, whereas EPA
and NHTSA data put the light-trucks market sha®08b of new vehicle sales. The default setting
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in the fleet model is to maintain the market sludrears and light-trucks at the current level. Any
change from the default level is assumed to takeeinearly.

U.S. Light-Duty Vehicle Sales (in million units per year)

12
TEDB Cars A

104 / \ /4 \ NHTSA Cars

~
NHTSA Light-trucks
EPA Light-trucks

1970 1975 1980 1985 1990 1995 2000 2005

Year

Figure 24  U.S. light-duty vehicle sales [1970-2005]

5.4 Sales growth

There are approximately 800 vehicles per thousaoglp in the United States. By
contrast, there are about 600 vehicles per thoysaople in Canada and Western Europe, and
fewer than 20 vehicles per thousand people in CRinesently, the number of light-duty vehicles
on the road in the United States exceeds the nuaillieensed drivers [Davis and Diegel 2007].
Given this unprecedented level of vehicle ownerghip unlikely that growth rate of light-duty
vehicle sales will be much faster than the ratgroivth in the U.S. population. According to the
U.S. Bureau of the Census, the average rate oftgrofthe population is likely to decrease from
0.9% in the first decade of this century to 0.75¢20640 [U.S. Census 2004]. Thus, the fleet
model assumes an average annual growth rate ovel@ale sales of 0.8% per year.

5.5 Scrappage rate

There is considerable uncertainty about the scggpates of motor vehicles. No
consistent data on survival of vehicles of diffén@odel years is available. In the literature, ¢hre
different methodologies have been used to estin@diiele scrappage rates.

Greene and Chen [1981] applied a logistic functioestimate the survival rate of light-
duty vehicles. They estimated that the medianifetof cars and light trucks from 1966—-1977
was 9.9 and 14.5 years, respectively. Using aairapproach, Feeney and Cardebring [1988]
estimated that the median lifetime of passengerioareased from about 10 years in 1971 to about
13 years by 1983. Other sources also cite an iseneahe median lifetime of vehicles, and
indicate that light-trucks last longer than pasgemgrs. Recent editions of the TEDB, however,
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report an increase in the expected median lifethpassenger cars made after 1990 to 16.9 years
[Table 20].

Libertiny [1993] applied a Weibull distribution talculate attrition rates of passenger cars,
and found no significant difference between domesid imported cars. Libertiny also concluded
that while vehicle scrappage rates decreased @abiy between 1970 and 1980, there was not
much difference in scrappage rates in the peridadan 1980 and 1990.

Table 20 Estimated median lifetime of U.S. light-duty veleisl

1970 Model Year 1980 Model Year 1990 Model Year

TEBD, TEDB, TEBD, TEDB, TEBD, TEDB,
Edition 19 Edition 24 | Edition 19 Edition 24 | Edition 19 Edition 24
Cars 10.7 11.5 12.1 12.5 13.7 16.9
Light Trucks 16.0 16.2 15.7 15.3 15.2 15.5

TEBD = Transportation Energy Data Book

Greenspan and Cohen [1999] separated the scrappagagineering scrappage and
cyclical scrappage. They defined engineering s@g@@as scrappage resulting from vehicle aging
and accompanying physical wear and tear. They répairthe median lifetime of vehicles, based
on engineering scrappage estimation, improved about 10 years for model years 1960-1963 to
approximately 13 years for model years 1977-19%@yEstimated the cyclical component of
scrappage based on income and price effects, and fbat the cyclical scrappage rates vary
inversely with the ratio of new car price to rep=osts.

NHTSA [2006b] used the data from National Vehietpulation Profile (NVPP) compiled
by the R. L. Polk and Co. to linearly regress LNN{L — Survival Rate)) on vehicle age. NHTSA
found support to the argument that attrition ratigsassenger cars post-1990 may be lower than
those of light trucks.

For the purpose of this model, the survival rdteeav vehicles is determined by using a
logistic curve as shown in Equation 5.1.

1-SurivivalRate(t) = 1 (5.1)
—B-t)
a+e

where,
to is the median lifetime of the corresponding mogsslr
t, the age in a given year
f, a growth parameter translating how fast vehiakesretired aroung t

a, model parameter set to 1
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The median lifetime is kept constant after the elgear 1990 at 16.9 cars, 15.5 for light
trucks. The growth parametgiis a fitted to 0.28 for cars and 0.22 for lightdks. For
simplification purposes, model parameteis set to 1, even though Miaou [1995] argues that
settinga to 1 is overly restrictive.

Figure 25 shows the estimated survival rates s§g@ager cars and light-trucks. Note that
NHTSA estimates suggest a faster turnover of vetiieet. The estimated model survival rates
are between the TEDB and NHTSA estimates for vehildss than 10 years old.
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Figure 25  Estimated survival rates of U.S. light-duty vehscfenodel year 1990 onward]
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5.6 Average per-vehicle kilometers traveled (VKT)

Increase in total vehicle kilometers traveled sagkace as a result of an increase in the
number of vehicles on the road and an increaséamkters traveled per vehicle. Table 21
shows the annualized growth rate in vehicle kil@retraveled (VKT) per vehicle as calculated
from the rate of growth in the stock of light-dwtghicles, and total annual vehicle kilometers
traveled (VKT) as reported by TEDB.

The long-term growth in VKT per vehicle for lightity vehicles is thus 0.5-0.6% per
year. In the future, the rate of growth in per-wkilometers traveled is assumed to decrease
from 0.5% per year between 2005 and 2020, to 0.@2&4ear in 2021-2030, to 0.1% per year
in the years after 2030. This is a simplifying amsption that prevents the distance driven per
vehicle from escalating rapidly beyond 30,000 kmymear. Note that this represents a decrease
in total annual VKT growth rate from 1.3% at pres&en0.9% by 2035, since the new vehicles
sales are assumed to grow at a rate of 0.8% a year.

Table 21 U.S. light-duty vehicle VKT growth rates (1971-3)QDavis and Diegel

2007]
Cars Light-trucks
Annual Annual Total Annual Annual Annual Total Annual

Years Vehicle Stock| VKT Growth | VKT/Vehicle | Vehicle Stock| VKT Growth | VKT/Vehicle
Growth (%) (%) Growth (%) Growth (%) (%) Growth (%)

1971-1980 3.1 1.6 -1.4 7.0 8.7 1.6
1981-1990 0.9 2.4 1.5 5.9 7.6 1.7
1991-2000 0.5 1.8 1.4 45 4.0 -0.5
2001-2005 -0.2 0.9 1.1 3.2 3.0 -0.2
1971-2005 1.1 1.7 0.5 5.6 6.2 0.6

It is assumed that in 2000, new cars are driveigZbkm (16,000 miles) in their first
year, whereas new light trucks are driven 27,37QXm000 miles) in their first year of
operatior’ After the first year, the average per-vehicle kikger travel decreases at an annual
rate (denoted r) of 4% for cars and 5% for lighieks [Greene and Rathi, 1990; NRC 2002].
Thus, the average per-vehicle kilometers of tr@velT) of a vehicle aged i years is calculated
as:

VKT =VKT _ xe” i (5.2)

¥ These assumptions are similar to NHSTA and EPA.d4iHSTA estimates new car travel at 22,675 knhén t
first year, and 25,215 for trucks in their firsiayeEPA uses 24,000 km for the first year of nemtavel and
31,375 km for light trucks below 6,000 Ibs (2,72f),kor 34,330 km for trucks between 6,000 and 8)b66@2,720
to 3,630 kg) (NHSTA 2006a; EPA 2007a).
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Based on Table 21 and Equation 5.2, the averageghécle kilometers traveled by
LDVs of different ages can be calculated. Figures@6éws the distance traveled by the new cars
and light-trucks sold in years 1970, 1980, 199@, 2000.

The total VKT for a given calendar year, |, isabed using Equation 5.3:

VKT, =N xVKT . (5.3)
. | ,

;b

Where N; is the number of vehicles of age i in calendar yeand VKT; is the average
annual vehicle travel for vehicles of age i in ypar

Passenger Car

30000 kilometers traveled per
25000 "
. 2000
- ,
1970
20000 1 .
N 19907 =
~ -
1980 N - b O
4 ~ e,
15000 L e
STl
~ T e
10000 ~
~ DT~ -,
=~ -~ S
— ;\._
5000
0 T T T T T T
0 5 10 15 20 25 30
Age
(a) Passenger Cars
30000 Light-Trucks kilometers
traveled per year
s
e
25000 | TN
\ s
\ RN
20000 1 ~ 23 500
N N K
A ~N RS
o g
.. 2000 N
] ~ ™
15000 S oasbal Ts
~ ~ N .
1970 S . Py,
- ~ S
v . ~ -
10000 - S ~ S
~ e ~ R .
el U™
..
e T~ o
5000 - R
0 T T T T T T
0 5 10 15 20 25 30
Age

(b) Light-Trucks

Figure 26  Per-vehicle kilometer traveled by model year [12BO]

71



ON THE ROAD IN 2035

5.7 Vehicle fuel consumption

Figure 27 shows the new vehicle fuel consumptiend from 1975-2005, using NHTSA
and EPA data. The EPA fuel consumption values igfgel than NHTSA reported fuel
consumption values primarily because EPA data donctude fuel economy credits from test
procedure adjustments for cars, as well as fuel@oy credits from alternative/flexible fuel
vehicles. The model assumes that the new lighksrateet the CAFE standards for years 2006—
2010. The new light truck CAFE standard in 2010 lddae approximately 23.5 miles per gallon
(10 L/2100 km), assuming no major shifts in the saex [NHTSA 2006a].

New Light-Duty Vehicle Fuel Consumption
(1/200km)

—~— e ____—._./__A_ \__—1___-\-5._:,;11_1

NHTSA L-T 108

NHTSA Cars 78

| mPG = 235.2/(liters per 100 kilometers)

1975 1980 1985 1990 1995 2000 2005
Year

Figure 27  New light-duty vehicle fuel consumption (1975-2005)

The fuel consumption values in Figure 27 are npisted for on-road performance. The
on-road fuel consumption is higher than the tektesabecause of differences between actual
driving conditions and trip patterns, and the tgsles, as well as less than ideal state of
maintenance of vehicles and aggressive drivingyaehgHellman and Murrell 1982]. Using
actual test runs of a variety of vehicles, Hellnaawal Murrell [1984] estimated the average miles
driven by vehicles per day and the fraction of ¢hosles driven in an urban environment. Using
these factors, and actual versus measured fuebeogrihey estimated an adjustment factor of
0.9 for city driving and 0.78 for highway driving/hen measured fuel economy is degraded by
using these factors, the estimate for on-roaddaehomy is about 15% lower than test results.
In other words, on-road fuel consumption of lighitydvehicles needs to be adjusted upward, by
1/0.85~ 1.17.

Mintz et al. [1993] argue that the adjustmentdegiare not stable over time, and are in
fact increasing. They claim that the 0.85 degradafictor is an underestimation, since it does
not adequately consider the impact of increasiragesbf urban driving as well as urban
congestion, and increased vehicle speed on highviéaged on the analysis of 1985 Residential
Transportation Energy Consumption Survey (RTEQ®)y estimated a fuel economy shortfall
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of 18.7% for cars and 20.7% for light trucks, arrgase in fuel consumption by 23% for cars
and 26% for light trucks from the test values.

EIA’s Annual Energy Outlook incorporates changaity/highway driving ratios,
increasing congestion levels, and rising highwagesis to modify the degradation factors, as
shown in Table 22.

Starting in model year 2008, EPA has decided éoauive-cycle average that includes an
aggressive driving cycle (US06), a cold-start cycldd FTP), and an accessories loading cycle
(SCO03) along with traditional city and highway @&lto come up with fuel economy labels
[EPA 2006]. As a result, EPA expects to report glehiuel economy values that could be lower
by as much as 25% for years 2008-2010 [Heavenflobl2 EPA 2007]. According to EPA
calculations, the average on-road fuel consumpifarew vehicles from 1986—-2005 is greater
than their test fuel consumption by 21%.

Table 22 Car and light truck degradation factors [EIA 2007c]

Cars Light Truck
Year Fuel Economy Fuel Consumption|  Fuel Economy Fuel Consumption
shortfall (%) Increase (%) shortfall (%) Increase (%)

2000 20.8 26.2 20.1 25.1
2005 20.3 254 22.7 29.3
2010 20 25 22.5 29

2015 19.8 24.7 22.4 28.5
2020 19.4 24 22.3 28.7
2030 19 23.4 22 28.2

This model uses the same value as the IEA Susiaiiobility project: an average
shortfall of 19% in fuel economy or a 22% increas&iel consumption [Fulton and Eads 2004].
For simplification purposes, it is also assumed tihea fuel consumption of vehicles remains
constant over the life of the vehicle.

Finally, EPA estimates that the fuel economy otks weighing more than 8,500 Ibs is,
on average, about 14% lower than trucks weighieg tean 8,500 Ibs [Heavenrich 2006]. Since
all Class 2b trucks are included in this modeldretassigned the same fuel economy as that of
Class 2a trucks, the net result is to underestifu@ieuse by the order of 2%.

We assume that future reductions in fuel conswnptart in 2010, since the product
plans for the next two years have already beetiZed We can estimate the potential fuel use
reductions that can materialize if more emphagmased on reducing fuel consumption in the
future, as opposed to the little or no emphasisgplaced on it today. Thus, no emphasis placed
on fuel consumption reduction (0% ERFC) becomedNmu€hangescenario As can be seen in
Figure 54, splitting the fuel efficiency benefitesly between performance and fuel consumption
reduction will level off the light-duty fleet fuelse by 2035 without any alternative propulsion
systems. This is termed tReference Scenarisjhere a modest but sustained pressure from
gasoline price, increases in fuel economy standards competitive pressures all combine to
prompt a shift away from ldo Change ScenaridJsing the information in Table 6 and Equation
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4.1c, the relative onboard gasoline equivalent éoalsumption for different propulsion systems
in theReference Scenariman be calculated for years 2010-2035, as showigire 28.
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Figure 28  Relative onboard gasoline-equivalent fuel consuompéit 50% ERFC for
different propulsion systems 2005-2035
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5.8 Fleet fuel use and greenhouse gas emissions

The fuel use of the entire fleet is calculatedsbgnming up the fuel use of vehicles using
different technologies of the same age, which in ts calculated by multiplying the number of
vehicles in service of that age and technology typthe number of vehicle kilometers traveled,
and then by their respective fuel consumption. feselis calculated separately for each
propulsion system type in gasoline equivalent units

Greenhouse gas emissions are calculated on aavetitel basis by multiplying the fuel use by
a corresponding well-to-tank and tank-to-wheel gheeise gas emissions coefficient, as
discussed in Section 6. Energy use and greenhassengissions from the vehicle manufacturing
and disposal stage are also incorporated in theeas discussed in Section 7.

5.9 Model results and comparison with DOE/EIA projections

Before comparing future projections of light-ddiiget characteristics, the model results
are first evaluated against historical trends. F@d9 shows the model calculated vehicle stock,
vehicle travel, and fleet fuel use compared withhkay statistics compiled by the Federal
Highway Administration and reported by the Transgoon Energy Data Book [TEDB]. The
number of vehicles in the U.S. LDV fleet increageun about 108 million vehicles in 1970 to
about 240 million vehicles in 2005 [Davis and Die@®07, Table 3.3]. Most of the increase in
stock came from the light truck segment. The meadekistently overshoots the data, especially
for the light trucks; this is because the modeludes all light-duty vehicles under a gross
vehicle weight of 10,000 Ibs., whereas the TEDBaddiown in Figure 29 only represents light
trucks under 8,500 Ibs.
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Figure 29  Fleet model results compared with historical dag&v0—-2005)
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Table 23 shows the average error in vehicle st@gbl;, and fleet fuel use for each
decade since 1975 relative to the TEDB data. Aaiaditily, the EPA and NHTSA also provide
vehicle sales data that differs slightly from tHeDB [EPA 2007; NHTSA 2008]. Using the
EPA and NHTSA data to calculate the light-duty eéhiuel use, the average error between data
and model is about 0.7% and 1%, respectively.

Table 23 Percent difference between TEBD data and modelilzdion

Decade Stock Difference VKT Difference Fuel Use Difference
[%] [%] [9%]
1975-1985 1.9 -3.4 -11.2
1985-1995 -11 -4.4 5.1
1995-2005 -4.9 -6.3 -4.9

Figure 30 compares the light-duty vehicle fleetl fuse calculated by using the light-
vehicle sales numbers from TEDB, EPA and NHTSA.aWerage, the TEDB fuel use
calculation results in 5.8 percent and 6.5 perhagiter fuel use than NHTSA and EPA
calculations as shown in the Figure 30. The TEDBicle sales data is used as the primary
source for calibrating and generating results ftbexMIT model.
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Figure 30  Light-duty vehicle fleet fuel use projections usifgDB, NHTSA, and EPA

sales data
Finally, the projections of the fleet model arsoatompared with the Energy Information

Administration’s Annual Energy Outlook 2007 [EIA@Pa], and the Argonne National
Laboratory’s VISION model [Singh at el. 2003] irgbre 31. While the VISION model is
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updated to include AEO data, the two models difigheir assumptions about vehicle fuel
economy under the business as usual scenario [DIE2D07].

The primary difference in the VKT between DOE/Hifojections and the MIT fleet
model is in the assumptions about vehicle kilonseteveled and the rate of growth of travel per
vehicle. While the VISION model in 2000 has a santhumber of vehicle kilometers traveled
per vehicle as the MIT model (~19,300 km/vehicle year), the long-term VKT growth rate in
VISION model is 1.7%, as opposed to 1.2% in the Nhddel. In addition, the VISION model
assumes a decline in car VKT in the early parheffiresent decade, so that the total car VKT is
at the same level as 2000 in year 2010. The cordbawult is that the DOE/EIA model
estimates of VKT and fuel use are lower than th& Mbdel until 2025, and higher after 2025.
The sensitivity of the model to various parametgishown in the next section.
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Figure 31 Comparison of Fleet Model Projections with ElArual Energy Outlook
and DOE VISION Model
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5.10 Sensitivity to selected input parameters

The growth in sales of light trucks has been drtbedrivers of LDV fuel use growth
since the 1980s. Figure 32 evaluates the impaztfofther increase or decrease in the light truck
sales fraction from today’s value of 55%. Whetliner light truck sales fraction increases linearly
from 55% to 70% or decreases linearly from 55%Q0% 2y 2035, the total fleet fuel use is
affected by less than 2% over the period underideretion. The impact of such changes in fleet
composition appears to be limited until 2035, biltlve more apparent in the decades to follow.
This is due to two reasons. First, the light-tr@XFE standards for years 2005-2010 have
narrowed the gap between passenger car and ligik fmel economy. Second, the inertia
already present in the LDV fleet means that chatigegsdo not significantly affect vehicle fuel
consumption or travel patterns will have limitedpimet on aggregate fuel use of the fleet.
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Figure 32  Effect of new light truck sales fraction on fleaef use from 2005 to 2035

Figure 33 illustrates the drivers of growth in LOIeet fuel use, viz. the increase in LDV
stock via new vehicle sales growth, and increase@rage distance traveled per vehicle. If the
sales growth of new vehicles is halved from thespne rate of 0.8% per year, the LDV fleet fuel
use in 2035 will be some 8.6% lower than indicdigdhe present growth trajectory. Halving
both the rate of growth in travel per vehicle imigidn to halving the sales growth will result in
about 13.5% savings in fleet fuel use in 2035.

Such a reduction can only be achieved by a mmade shifting, trip consolidation, and
fiscal and/or regulatory disincentives to own apérate vehicles. Of course, even with no
further growth in vehicle sales and travel, i.®.jmcrease in aggregate vehicle kilometers
traveled (VKT), total fleet fuel use will remaintie present level. Thus, even with no growth in
demand beyond present level—an unlikely prospeat+agatic reduction in vehicle fuel
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consumption will be required if the LDV fuel usetassbe brought back to the level of domestic
oil production, which is projected to be 325 bitlibters (5.6 mbd) in 2030 [EIA 2008].
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Figure 33  Light-duty vehicle fleet fuel use projections faffdrent sales and
VKT/vehicle growth rates (2000-2035)

As noted previously, the median lifetime of LD\ésimcreasing as the vehicles have
become more durable and reliable over time. Asaltghere are a greater number of older
vehicles on the road today, and they add to thetignef the vehicle fleet. Reducing vehicle
lifetime would slow down the growth in total velecttock, since more vehicles would be retired
earlier.

The effect of reducing vehicle lifetime is shownFigure 34. Reducing median vehicle
lifetime from 16.5 years to 15.2 years for carg] &mwm 15.5 years to 14 years for light trucks—
a 10% reduction in median vehicle lifetime of védscmade after model year 2000—results in
approximately 6.7% reduction in 2035 fleet fuel.uSinilarly, a 20% reduction in vehicle
median lifetime (13.5 years for cars, 12.4 yeardifint trucks) reduces 2035 fleet fuel use by
approximately 14%. Note that this calculation doesassume that each vehicle that is scrapped
from service is replaced by a new vehicle. Ratther rate of growth in new vehicle sales is
assumed to be constant. In practice, a shortechedlfietime will have the effect of stimulating
demand for new motor vehicles, and the actual e@fereducing vehicle lifetime will be much
smaller than indicated in Figure 34.
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U.S. Light-Duty Fleet Fuel Use (Billion
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Figure 34  Effect of reducing vehicle lifetime on fleet fueda

The effect of shortening the median lifetime mmitar but not exactly the same as that of
chopping off the end of the survival curve of motehicles by scrapping older vehicles on the
road. For example, if all vehicles of model yea8Q@nward were scrapped when they reached
age 21, fuel use in 2035 would be about 23 billiwns less (a 3% reduction in 2035 fuel use).
Scrapping older vehicles will stimulate the sectiattd car market, which in turn will increase
the rate of new vehicle sales. While newer vehiateslikely to be more efficient, they are also
more likely to be driven farther, as shown in F@6. Thus, the fuel savings calculated here
provide an ideal lower bound; the actual savingmfa vehicle scrappage scheme will be lower.
To have a large-scale impact on fleet fuel useiclehwill need to be scrapped near to their
median lifetime, and the costs of doing so ardyike be significant [ECMT 1999].

Finally, the effect of on-road fuel economy adfusht factor on fleet fuel use is shown in
Figure 35. The fleet fuel use is quite sensitivéhie degradation factor, and a great deal of
uncertainty persists about a reliable estimatenefoad versus test fuel economy performance.
The fleet model at present uses a uniform 22% tdpr#t to fuel use for both cars and light-
trucks. The latest EPA fuel economy trends repsesian adjustment factor of 17.1% for years
1975-1985, which increases from 1.175 in 1986 26 in year 2005. Note that variation in the
adjustment factor does not affect comparison ohtbeel results unless the adjustment factor is
changed between the scenarios.
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Figure 35  Light-duty fleet fuel use for different on-road fuezonomy factors

5.11 European comparison

As described in Bodek and Heywood [2008], a varadtdata sources were used to
develop and calibrate individual European courityigttduty vehicle fleet models. The majority
of the data came from country-level statisticalagf$, such as Deutscher Verkehrs-Verlag in
Germany and Observatoire Economique et Statistiggelransports in France. These data
sources show that the fraction of diesels in thessaix has been growing throughout most of
Europe for the last 20 years. Although their fragtinay continue growing over the next several
years, théNo Change Scenariassumes that the diesel-to-gasoline sales shaang flat at its
2005 in the future. As will be discussed in thédeing section, a separate scenario was used to
model the impact of further dieselization of Eurgpeshicle fleet.

The future sales growth rates in France, Germigaly, and the UK were modeled
differently than in the United States to reflect tact that, rather than simply tracking the
population growth rate, the sales rate will alsarfieienced by growth in the number of vehicles
per 1,000 people. New vehicle sales growth ratee @stimated using United Nations [2005]
population growth rate estimates and historicalansétion (i.e., vehicles per 1,000 people)
trends. New sales growth rates, using a five-ya@rval, were chosen such that the number of
vehicles in the entire fleet would be sufficiensigstain the historical motorization trend of each
country, given simultaneous changes in its humamuladion. Table 24 details the estimated new
sales growth rates necessary for achieving théss of motorization, as well as the
corresponding United Nations population growth-gatgections.

Basing the future VKT behavior of vehicles on aigt trends is not as logical an
approach for Europe as it is for the United Statdgere nearly all passenger vehicles are fueled
by gasoline. As illustrated in Figure 36, the hist& KT data for gasoline and diesel vehicles in
France highlights several important trends. Magificantly, diesel vehicles have consistently
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been driven further per annum than gasoline vehiéler example, in 2005 the average diesel
vehicle was driven 64% further in France than terage gasoline vehicle. Another relevant
trend is that the VKT of both gasoline and diesHitles in most European countries has been
steadily declining. A number of studies have exgdiothe range of potential factors that are
responsible for these trends, such as the prefareise of diesels by high mileage drivers (e.qg.,
taxis), differential tax regimes on gasoline anesdi fuel, and the increasing number of multi-
car families in several European countries. Schiigpal. [2002] provide a comprehensive
review of the literature in this area.

Despite a multitude of factors, the fundamentalaigic appears to be that diesel VKT—
and gasoline VKT, to a lesser extent—decreaseeadhtion of diesels in the fleet increases.
Although there are always a certain fraction ohhmgileage drivers, ordinary drivers who drive
less increasingly come to own diesel vehicles. @osely, as diesels continue to appeal to more
and more ordinary drivers, their switching awaynrgasoline vehicles toward diesel vehicles
lowers the average gasoline VKT. Note that thexgsatio of diesel to gasoline fuel demand is
already straining diesel fuel refining capacitye$t supply constraints may impact future
European diesel car growth.

Table 24 United Nations population projections and new sgtesvth rate estimates

UN Population and New Vehicle Sales Growth Rate (%)
Average | 2005-2010 [ 2010-2015 | 2015-2020 | 2020-2025 | 2025-2030 | 2030-2035
France Pop. -0.08 0.0 0.0 -0.1 -0.1 -0.1 -0.2
Sales 0.33 15 1.0 0.5 0.0 -0.5 -0.5
Germany Pop. 0.17 0.3 0.3 0.2 0.1 0.1 0.0
Sales 0.83 2.5 1.5 0.5 0.5 0.0 0.0
Italy Pop. -0.20 0.0 -0.1 -0.2 -0.3 -0.3 -0.3
Sales 0.50 1.5 1.0 1.0 0.0 0.0 -0.5
UK Pop. 0.30 0.3 0.3 0.3 0.4 0.3 0.2
Sales 1.08 1.5 1.5 1.0 1.0 1.0 0.5

These observations informed the authors' apprfmaahodeling the future VKT behavior
of gasoline and diesel vehicles, in addition toftet that the weighted VKT in both countries
has remained roughly flat over the last 30 yeargure 37 shows the resulting VKT behavior
when this methodology is applied to the ChangeScenariofor France’s vehicle sales mix. In
this particular instance, diesel vehicles, whicmpase nearly 70% of the fleet in 2035, are
assumed to only travel approximately 25% farthergmemum than gasoline vehicles. When
scenarios with alternative powertrains are modetes ,assumed for simplicity that they exhibit
the same VKT behavior as NA gasoline vehicles.

As described in Section 0, the estimated ERFQumojge is closer to 50%, compared
with almost zero in the United States. ThereforeERFC of 50% was used when modeling the
No Change Scenarior these European countries.
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Figure 37  Future gasoline and diesel VKT behavior in the Eedfio Change Scenario
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5.12 Summary

This section has identified the primary trendserhdng different factors for growth in
LDV fleet fuel use and introduced the light-dutyhiede fleet model and its structure. The model
results for the United States and for four of gngér European countries were compared against
historical trends and projections of other mod€le sensitivity of the fleet fuel use projection
to different model parameters was also evaluatbd.next two sections of this report will
develop the fleet model further to incorporateeffects of changes in fuels, vehicles
technology, and vehicle market penetration rates.
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6.0 Fuel Supply Options

6.1 Introduction

More than 97% of the energy used in the U.S. pariation sector comes from
petroleum, and transportation accounts for more tha-thirds of U.S. petroleum consumption.
The desire to diversify away from petroleum hasbatethe heart of the search for alternative
fuels. More recently, efforts to reduce carbon siniss from transportation fuels have also
provided a further boost for this search.

Petroleum use in land-based transportation i$ lsptiveen gasoline and diesel. In the
U.S., light-duty vehicles predominantly use gasolidiesel is some 3%); diesel dominates the
heavy-duty vehicle fuel use. In Europe, diesal lmajor component of light-duty vehicle fuel
use, since the fleet is approaching equal shargasafline and diesel vehicles. As in the U.S,,
diesel also dominates European heavy-duty vehigeuse. Since growth in the heavy-duty
freight arena is more rapid than in the light-diléet, the ratio of diesel fuel demand to gasoline
demand is rising. This is straining the petrole@fiming system, especially in Europe, with its
additional and growing light-duty vehicle diesetfuequirement (see Section 7.11).

The last few years have seen a rapid increaseiprice of oil, and, as a consequence, in
gasoline and diesel fuel prices. Significantly mexpensive transportation fuels over time will
undoubtedly impact fuel demand as well as theddytty vehicle technology and size sales mix
that the market demands. We have not explicithgsssd these impacts. We have also assumed
that the petroleum resources are available to theetarious fuel demands we project in our
different scenarios (in Section 7), at cost levlett do not significantly reduce demand. Note,
however, that our reference assumption regardiogthrin kilometers traveled per year per
vehicle in the U.S. decreases from the historieald of 0.5% per year to 0.25% per year in 2020
and 0.1% per year in 2030 (see Section 5.6). Wexdmine how alternative fuels—non-
conventional petroleum and biofuels—would impadtgdeum-based fuel consumption.

Non-conventional sources of liquid fuels suchaastainds, heavy oil, natural gas, coal,
and oil shale have seen increased interest in &ke wf high oil prices. The estimated resource
base for these non-conventional resources is aegg+—of the order of several trillion barrels of
oil equivalent [IEA 2005]. The geographic locatiaxfssome of the big unconventional resources
(tar sands in Alberta, Canada; oil shale in GrememrRFormation of the western U.S.; and coal in
many U.S. states) have the added attraction ofjimiforth America, thus enhancing security
of supply. Considerable uncertainty exists, howesagarding the economic and environmental
viability of these resources. Non-conventionalpsdjects are more capital intensive than
conventional oil production, and thus are more gpsble to volatility in the global oil market.

At the same time, the life-cycle carbon emississoaiated with the production and use of non-
conventional oil sources can be significantly gee#than those associated with conventional oil.

Biomass has the potential to provide a renewatded@v greenhouse gas-emitting liquid
fuel pathway. There is a rich diversity in the tymé biomass resources and conversion
technologies available to produce liquid transpatefuels. So far, the worldwide production of
liquid fuels from biomass has mainly included ethlaand biodiesel. Ethanol has been produced
from annual crops such as corn (maize), wheatsagdrcane. Biodiesel has been produced
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from crops such as rapeseed, soybeans, and surdlawehe future, there is potential to harvest
woody perennials such as poplar, as well as hedoageerennials such as switchgrass, for
ethanol production. Agricultural and forest resislaad organic waste matter could also
contribute as feedstocks for biofuel productionelgy and environmental impacts of large-scale
cultivation of biomass for fuel production are get well understood. There is growing
consensus, however, that biofuels will be a paftiafre transportation fuel mix [IEA 2004;
WBCSD 2004].

Finally, hydrogen and electricity are the two gyecarriers that could become a part of
transportation fuel mix if corresponding vehiclehrology viz. fuel cell and plug-in hybrid/
electric becomes market competitive. Electricitfammiliar and readily available to consumers,
but hydrogen will have to overcome the barriersmfmiliarity and the lack of fueling
infrastructure. Both electricity and hydrogen canpiboduced from a diverse mix of fuel sources.
While this has the advantage of fuel diversity egigouse gas emissions from the production and
distribution of hydrogen and electricity vary wigelepending on the source. These fuels,
however, will only significantly reduce GHG emisssoin the transportation sector if they are
produced on a large scale, and from low GHG enissources.

This section evaluates the impact of a changiegriux on U.S. light-duty vehicle
(LDV) fleet well-to-wheel greenhouse gas (GHG) esiaas. The fuel options under
consideration here are non-conventional oil frornachan tar sands, ethanol from corn and
cellulose in the U.S., as well as electricity agdrogen. Section 6.2 contains brief discussions
of each of these fuels and their well-to-tank gherrse gas emissions. Section 6.3 focuses on
evaluating the well-to-wheel greenhouse gas emmssimpact of different vehicle and fuel
scenarios.

In this section, we do not address the issue—wimai come to be critical—of future
changes in the fuel infrastructure: fuel productimm raw materials and fuel distribution to
customers. At one extreme, hydrogen fuel invollesenormous task and cost of an entirely
new production and delivery infrastructure. For samygenated fuels, portions of the existing
infrastructure may be usable. But there will 4iél major costs for new fuel manufacturing
facilities, and for new materials and new capatitgegregate fuel components in the
distribution system. As discussed in Section hlhe mid- and longer-term, issues associated
with the need for new or modified infrastructures d particular alternative fuel can be decisive
in assessing the commercial feasibility of that.fue

6.2 Fuel options

6.2.1 Non-conventional oil from tar sands in Canada

Tar sands, also known as oil sands, are essgrdiatixture of clay, water, sand, and
bitumen. The Canadian Association of Petroleum Bers (CAPP) estimates that recoverable
reserves of tar sands are in excess of 175 bilayrels. Unlike the heavy oil found in
Venezuela, the oil in tar sands is embedded witiersoil when mined and requires processing
in order to be extracted. Commercial exploitatibtao sands has been ongoing since the 1960s.
Most of the growth in production, however, has aped since the early 1990s. In 2006, an
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estimated 1.2 million barrels per day of crudenak recovered from the oil sands in Canada
[CAPP 2006].

Anticipated production volume

Figure 38 shows the growth in production of ond@siversus decline in conventional oil
production in Canada. CAPP projects the produatiosil sands to increase to 4 million barrels
per day by 2020. In a constrained growth scen@/RP estimates that the production of oil
sands will exceed 3.3 million barrels per day i2@0The Canadian Energy Research Institute
(CERI) estimates that oil sands production coutmhgro as much as 6 million barrels per day by
2030 [0&GJ 2006].
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Figure 38  QOil sands versus conventional oil production in &[CAPP 2006]

In the reference case of the Energy Informatiomidstration’s International Energy
Outlook 2007, the Canadian oil sands productionvgrto 3.6 million barrels per day by 2030,
as shown in Figure 39. The EIA estimates a low cad4e9 million barrels per day and a high
case estimate of 4.4 million barrels per day irn year.
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Figure 39  Non-conventional oil production from the U.S., Cdaand Venezuela [EIA
20071]

The National Energy Board (NEB) of Canada estism#tat the Canadian oil exports will
increase from approximately 1.5 million barrels gay at present to 2.8 million barrels per day
by 2015. Most of the exports of Canadian oil arehoUnited States, and the NEB expects that a
majority of future increases in Canadian oil expavtll be to the United States. If 80% of these
exports comprise synthetic crude oil (SCO) derifrech tar sands as shown in Figure 38, then
the U.S. imports of tar sands could exceed 2.5anilbbarrels per day by 2025.

The growth in Canadian oil sands is subject tpodes (greater than 50 $/bbl), natural
gas usage (less than 1 Mcf/bbl at a price of leas 7.50 $/MMbtu), and development of local
infrastructure. Recent increases in commodity abai prices have driven up the costs of
constructing oil sands recovery facilities. Thameated capital expenditure required to bring an
oil sands project online ranges from $40,000 to,&®0 per barrel of production capacity,
compared with $7,000 to $30,000 required for cotiveal oil production [IEA 2006a; IEA
2006D].

Figure 39 also shows the growth in other non-catigeal liquid fuels that are likely to
affect the North American market. According to Eid, the production of ultra-heavy crude
from Venezuela could range in 2030 from 0.8 milllmarrels per day in the low case to 2 million
barrels per day in the high case. However, politicgertainty in Venezuela is likely to
constrain future growth in production. The prodorctof coal-to-liquids in the United States
could range from 0.4 million barrels per day in @Q@tder the EIA’s reference scenario to 1.6
million barrels per day under its high price scemarhe U.S. Department of Energy’s Task
Force on Strategic Unconventional Fuels has outlangoal of recovering more than 5 million
barrels per day from non-conventional sources agotoal, shale, and tar sands in the United
States [DOE 2007a]. It is important to note thengloin these supplies, as the GHG emission
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intensity from ultra-heavy crude production in Veuela is likely to be similar to that of
Canadian oil sands, whereas coal-to-liquids pradnatithout carbon capture and storage will
be even more GHG intensive than oil sands.

Energy consumption and GHG emissions in oil sandg@cessing

Traditionally, most of the tar sands have beeonverzd by open pit mining operations.
An average of four tons of material needs to beorerd to separate the two tons of oil sands
needed to produce a barrel of SCO. As the bituneposits closest to the surface are exploited,
and concerns about above-ground impact grow, nedugtion technologies have emphasized
in-situ production of bitumen. The most common psses, such as steam-assisted gravity
drainage (SAGD), involve steam flooding, which g&d to heat the oil to reduce its viscosity so
that the bitumen can flow through a pipeline. Agsult, energy consumption and GHG
emissions from in-situ production of bitumen arpragimately 25% higher than those from
mining. Newer production techniques such as Vapsigied Petroleum Extraction (VAPEX) or
in-situ combustion can lower some of these pergltie

Since bitumen is deficient in hydrogen, processihgitumen to produce SCO requires a
source of hydrogen. In the majority of processgdrdgen is supplied by reforming natural gas
on site. Consumption of natural gas and the regufiG emissions could also become a
constraint on further development of oil sands guts.

Figure 40 shows a simplified process overviewrotpction of 1 MJ of gasoline
equivalent fuel from in-situ production of tar sarftcCulloch et al., 2005]. Consumption of
approximately 0.4 MJ of natural gas during in-§ittumen production and upgrading are
responsible for most of the G@missions during the process. Emissions duririgingf of SCO
can be similar to refining of conventional crudéhié refinery is capable of treating a relatively
heavy slate of oil.
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Figure 40 Energy consumption and G@missions during in-situ production of tar sands

Different estimates of well-to-tank emissions dgrvarious stages of production of
liquid fuel from tar sands are shown in Table 2Be iumbers in part (a) of the table are
estimates for current emissions, whereas partf(thjectable represents estimates for future
operations. Emissions in the future are estimaieddrease for two primary reasons: 1)
upgrading of SCO to a higher-grade product withertordrogen, 2) potential use of coke
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residue or coal for generating steam. The fleetehoges 38 g C&per MJ of fuel produced
from tar sands, which is the higher end of curestimates and lower end of the future
estimates.

Table 25 Well-to-tank emissions from production of 1 MJ oé&f from tar sands (all
numbers are in g Cper MJ in tank)

FUEL CYCLE STAGE
YEAR SOURCE In-situ extraction Refinin Transportation Total
and upgrading 9 and other (well-to-tank)
Current
(2005) OSTRM [2003] 14.5-22 11 1 26.5-34
TOTAL [2003] 16.5-26.5 4 1 215-315
Alberta Chamber of
Resources [2004] 21-27 1 1 33-39
Flint [2004] 17 11 1 29
McCulloch [2005] 21 7.3 25 30.8
Syncrude [2005] 19 11 1 31
GREET [2007] - -- - 32-34
Future .
(2035) Flint [2004] 20-29 11 1 32-41
Alberta Chamber of
Resources [2004] 26 - 28 1 L 38 - 40
GREET [2007] - -- - 36 — 46
6.2.2 Biofuels

Current status and options

Biofuel is a general term used to encompass &tyaof liquid transportation fuels
generated from biomass as the basic feedstockmbsé commonly used biomass-based
transportation fuels are: biodiesel from rapese#thnol from sugar beets and from wheat in
Europe, ethanol from corn in the United States,ethdnol from sugarcane in Brazil.

In 2007, 10.5 billion gallons of ethanol and 2illidn gallons of biodiesel were produced
globally, representing approximately 2.2% and 1d&%e global transportation fuels market on
a volume and energy basis respectively. In 2007oe produced 59% (1.48 billion gallons) of
the world’s biodiesel fuel from rapeseed. Biodigseduced from soybeans in the United States
and from palm oil fruit in Malaysia represent 208%5(billion gallons) and 2.4% (0.06 billion
gallons) respectively of global biodiesel produstidOver time, biodiesel and ethanol production
have increased due to government blending mandatktax incentives. Though global
biodiesel production has increased over the pastykars, it still represents only 20% of the
biofuels market. Many hurdles have and will conério limit the growth of biodiesel; its cost of
production and biofuel per hectare yield are somtsanain obstacles.
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The cost of production for biofuels is highly dedent on the cost of feedstock—i.e.,
corn, soybeans, and rapeseed. In 2007, the bidieedstock costs for corn grain ethanol in the
United States and rapeseed-based biodiesel in Eueppesented on average at least 50% and
85% of total production cost. On an energy eqeinabasis without subsidies, the average cost
of production in the second quarter of 2008 fodi@sel produced from palm oil fruit, soybeans,
and rapeseed was $210, $220, and $250 per b&wekthanol produced from sugar, wheat, and
corn the cost of production was $90, $170, and $E9Marrel. These high costs make
biofuels—and in particular biodiesel—less cost cetitjye than gasoline or diesel, even as oil
prices have increased beyond $100 per barrel entenonths.

Biodiesel has additional hurdles when comparesttianol, as the biofuel yield per
hectare of land on an energy equivalent basis chrtawer. Biodiesel produced from soybeans
and rapeseed produce approximately 500 and 1408 6f crude oil equivalent per hectare of
land. Ethanol produced from wheat, corn, and spgattuce approximately 1,200, 2,500, and
3,750 liters of crude oil equivalent per hectaréaotl. While biodiesel produced from palm oll
fruit can produce approximately 4,250 liters ofd=wil equivalent per hectare, there are
additional sustainability issues, such as rainfatepletion, that limit its use and ability to scap.

While ethanol and biodiesel both have the potétdidisplace petroleum, this study only
considers ethanol due to its current scale of prtdo and the rate at which the ethanol industry
is growing. Though biodiesel production may inseaver the next several years, the overall
scale of biodiesel production in the short to mediarm is still limited by its cost of production,
poor land use efficiency, and minimal governmemipsut. Of the ethanol feedstock options, we
discuss ethanol produced from corn and cellulositenmls such as corn stover (an agricultural
residue from corn grain production consisting avies and stalks of plants left on the field after
harvest) and switchgrass (a hardy, indigenousiprgrass in North America currently used as a
cover crop on degraded agricultural land). Theséukls are at a stage of development that is
not yet matched by other options. Corn-based etl@nduction has been encouraged in the
United States since the 1970s as a means of displpetroleum.

The oxygenate requirement of the 1990 Clean Atr Along with a 51-cent-per-gallon
blenders credit, provided a stable market for &ieanol. Methyl tertiary butyl ether (MTBE),
the other oxygenate blended in gasoline, was phasteduring early 2000s due to its impact on
groundwater and replaced by ethanol. Though oxygsrexe no longer required, further growth
in corn ethanol production was guaranteed by theeRable Fuels Standard (RFS) established
by the Energy Policy Act of 2005. The RFS requiréslbillion gallons of ethanol to be blended
in gasoline by 2012 [Yacobucci 2006]. Since thlee,RFS has increased to 36 billion gallons by
2022, with 15 billion gallons coming from corn-bdsgthanol and 21 billion gallons attributed to
advanced renewable fuels [EISA 2007].

Anticipated ethanol production volumes

Current production of ethanol in the United Stasempproximately 0.39 million barrels
per day by volume or 0.25 million barrels of oibeealent [EIA 2007d]. Compared with 5.2
million barrels per day of domestic crude oil protion or 10.2 million barrels per day of crude
oil imports, this contribution from corn ethanolssall. The new RFS will now ensure that
approximately one million barrels per day of cotimamol by volume (~57 billion liters per year)
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is produced in the United States. The RenewablésFAgsociation estimates that ethanol
producers are currently adding new capacity of ntkmse 22 billion liters per year of ethanol
production, thus effectively doubling the totalatll production capacity in the United States to
45 billion liters a year by 2011.

Currently, ethanol production in the United Stasesentered in the Corn Belt, with 131
facilities having the capacity to produce 26 bitliters (6.9 billion gallons) of ethanol per year.
Over the next two to three years, an additionabili®n liters (6.5 billion gallons) of capacity is
being added from current facilities expanding tlvajpacity and the addition of 73 new facilities.
Therefore, by 2009, the corn grain ethanol industtyhe United States will be a 50-billion-liter
(13-billion-gallon) industry [RFA 2005]. It is erpted that corn grain ethanol production will
continue to increase over the next decade, espeagthe next generation of biofuels are still
not economical or scalable in the near-term.

The United States Department of Agriculture (US2Apects corn ethanol production to
reach 50 billion liters by 2015 [Westcott 2007],ileithe National Corn Growers Association
estimates that between 48 and 68 billion literstbfinol could be produced from corn in 2015—
2016 without disrupting agricultural markets [NC@BO07]. Figure 41 shows the trends in
ethanol production in the United States and theigated expansion.
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Figure 41  Domestic production and imports of ethanol in theted States
[RFA 2007; Yacobucci 2006; NCGA 2007]

The scale of ethanol produced from corn grainedmed by the new RFS will level out
at 57 billion liters, by the year 2012 [USDA 20@SA 2007]. This is based on the projections
by the United States Department of Agriculture #melexpected industry-wide efficiency gains
[USDA 2006; EISA 2007]. Corn production is expe&tte continue to increase, though a
majority of this increased acreage is not in thea@sion of total cropland but in the shifting of

94



Fuel Supply Options

other agricultural crops, such as cotton and sayb&acorn production [USDA 2006].
Additionally, corn is expected to be shifted frome texport sector to the ethanol industry [USDA
2006]. In the past, U.S. world corn exports repnésd 60—70% of the U.S. corn market; with an
expanding ethanol industry, that share is expeateliop to 50-60% [USDA 2006]. Based on
these projections, Section 6.3.2 investigates saEnahere corn ethanol is assumed to
contribute 70 billion liters of ethanol by 2035.

In 2006, the Department of Energy identified aarata for the development of a
cellulosic ethanol industry. The first five-yeargse would focus on understanding the
requirements of sustainable feedstocks for celiclethanol production. The next five-year
phase would focus on developing new dedicated greops with a high yield and suitability
for conversion to ethanol. Finally, the agenda idies that the next five-year phase would entail
integration of bio-refineries tailored to utilizegional energy crops. Whether a bio-ethanol
industry will develop from such a systematic reskagenda is currently quite uncertain.

No commercial facilities currently process celkiomaterial into ethanol, although
several pilot plants to convert lignocellulosic Bral such as corn stover to ethanol have been
announced. In February 2007, the Department ofd@ynarovided $375 million for construction
of six such pilot plants. The corresponding industyst share is expected to be $1.2 billion
[DOE 2007b]. These pilot plants combined are exguktd produce 570 million liters (150
million gallons) by 2010.

The new RFS requires the blending of 80 billiaars (21 billion gallons) of advanced
biofuels with 21 billion liters (5.5 billion galla) blended from cellulosic biomass starting in the
year 2012. The Context Network, an lowa-based dbongservice, estimates that production of
cellulosic ethanol could grow to 1500 million ligef400 million gallons) by 2015 [Context
2007]. Further growth in cellulosic ethanol willgend on a number of factors, such as the
technology conversion success of the first ger@rgtilot plants, capital costs and sizing of
commercial scale processing plants, and the pritspéproviding feedstocks on a large scale.
At present, the capital cost requirements of autiic facility are expected to be five times
higher than a comparable corn ethanol facility [§ktiand Brown, 2007].

One of the key questions that remains for theilbdag and scalability of cellulosic
ethanol is the availability of economical cellulofedstocks in sufficient amount to supply a
facility year-round. Agricultural residues, sucharn stover and wheat straw, are often cited as
initial cellulosic feedstocks, due to their curremtilability. Corn stover has an additional
attractiveness, as it is already located withinGloen Belt near the existing ethanol industry. A
challenge with utilizing corn stover for produciogllulosic ethanol, however, is that the amount
of stover that can be removed is limited as it gtes important environmental benefits to the
soil. In addition to agricultural residues, dedethtrops, known as bioenergy crops, are potential
cellulosic feedstocks. Such crops include switakgrand poplar and willow trees. One of the
major challenges of creating a bioenergy crop itrgus finding land in dense enough amounts
to shift from its current, often agricultural, ptige to bioenergy crop production. As a bioenergy
crop industry currently does not yet exist, goveenhpolicies and subsidies may be needed to
incentivize farmers into production and to provadsense of security as the market develops.
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To evaluate the potential cellulosic feedstockilabdity, Groode and Heywood [2008]
considered corn stover and switchgrass as twolositufeedstocks for ethanol production. Corn
stover availability was assessed based on expédig@ corn production and a 30% corn stover
removal rate. Groode and Heywood utilized a mod#éd POLYSYS to assess switchgrass
production from agricultural land based on thereairns to the farmer and feedstock farm gate
prices. POLYSYS is an agricultural policy simulatimodel developed by the USDA, Oak
Ridge National Laboratory (ORNL), and the Universif Tennessee [Walsh et al. 1998; 2003].
POLYSYS includes the eight major crops (corn, graorghum, oats, barley, wheat, soybeans,
cotton, and rice), and a livestock sector (beefk pamb and mutton, broilers, turkeys, eggs, and
milk). The model was modified to also include hag @asture land. POLYSYS runs on a ten-
year time frame and is based on tHeDA Agricultural Projections to 2016 Baselifi¢SDA
2006] Switchgrass growing characteristics, yields, amgtcwere added to the model to
determine how a bioenergy crop could shift agrimalt cropland at various switchgrass farm
gate prices.

For a given farm gate price, POLYSYS delivers ledistrict-specific data on the
amount of land in production for each of the crdpsijr productivity, and how their market price
changes over 10 years. The overall amount of bgttss produced is then used to determine
the amount of ethanol that could be produced atyt@d future cellulosic ethanol conversion
rates.

Based on availability of feedstocks and improvermémiprocessing technology, Groode
and Heywood [2008] estimated that 35-50 billioarktof cellulosic ethanol could be produced
from corn stover and switchgrass by year 2025. \4fitiincrease in ethanol conversion rates, this
could further increase to 60 billion liters. Groarcludes that further increases in cellulosic
ethanol will come only from increasing the yieldswfitchgrass per acre of land. If a doubling of
switchgrass yield from current levels could be acid, then more than 60 billion liters of
cellulosic ethanol could be produced from switclkgralone, taking the total amount of
cellulosic ethanol available close to 100 billisters. In aLow Cellulosic Ethanol Scenarithe
fleet model assumes that 28 billion liters of delic ethanol are available by 2025 and 50
billion liters of cellulosic ethanol are availalidg 2035. In &High Cellulosic Ethanol Scenarjo
the fleet model assumes that 40 billion litersalfudosic ethanol are available by 2025 and 70
billion liters of cellulosic ethanol are availalidg 2035. To achieve this scale of a cellulosic
industry in 2035, huge investments, far beyond vidbeing invested today, would need to be
made along with technological advances.

Table 26 Summary of ethanol production from corn grainsncgiover, and switchgrass
grown on agricultural and CRP land [Groode and Heyav2008]

Corn Grain| . CornStover (bilionL) | Switchgrass (agriculturéjibn L)

(billionL) | 238L/dryton i 328L/dryton | 238L/dryton : 328L/dryton

conversion rate: conversion rate| conversionrate: conversion rate
Today ' '

(2006) 18 24 33 9-14 1220
Future : !
(2025) 57-68 26 | 36 60-100 | 85-145
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Energy consumption and GHG emissions in corn and #alosic ethanol production

The debate on greenhouse gas emission reducéatized from different biofuel
pathways has not been settled conclusively. Thatdgtersists in part due to the different
system boundaries and methodologies used in vastodses. There is general agreement,
however, that well-to-wheel GHG emissions from prcttcbn of corn ethanol are close to the
values for conventional gasoline, whereas GHG aarmissrom cellulosic ethanol are
substantially lower [Farrell et al., 2006]. If adrt is applied to corn ethanol for the byproducts
of corn ethanol production, such as dry distillgnsin with solubles (DDGS), then corn ethanol
GHG emissions are lower than conventional gasoApglying this credit to corn ethanol’s life-
cycle emissions may not always be valid as it ddpem the degree of saturation of the DDGS
market. It is important to understand the feedkatand the impact DDGS has at displacing
other feed products, such as soybean meal, befmetd is allotted.

Previous corn and cellulosic life-cycle assessmhbate resulted in differing conclusions
over the fossil energy consumption and environndigaefits of bioethanol. The disparity
between prior studies is mainly caused by diffeesno system boundary choices, data choices,
and system input value variability. The system latzug defines which fossil fuel inputs in the
life-cycle are included or excluded from the analyBrevious studies have not been able to
capture the inherent system variability, as thexeh#sed a single value to characterize each
input variable. This approach has resulted in aawahge of single-valued results that often lead
to varying conclusions. Therefore, to incorporaie type of natural system variability, Groode
and Heywood utilize a life-cycle model that incorgies a Monte Carlo simulation approach.
This resulted in a range of probable outcomes rdlfam a single point value as previous
published reports have presented [Groode and Hey\2668].

With this approach, Groode and Heywood quantififedimpact of system variability,
and support the conclusions of Farrell et al. Thlep pointed out the role of geographic
variability in corn ethanol emissions as showniguFe 42. Groode and Heywood indicate that
future greenhouse gas emissions from corn ethamubd e as much as 20% lower, due to
improvements in agricultural yields and conversefiiciency [Groode and Heywood 2008].

Ethanol produced from cellulosic sources, suctoas stover and switchgrass, undergoes
different pretreatment and ethanol conversion dtiegs corn ethanol due to its different
molecular structure and mass components. Duringdheersion process, lignin, a part of the
plant not converted to ethanol, can be burneddwige all the thermal energy needed by the
ethanol processing facility. In some cases, exiseascan be used to produce electricity that can
be used on site or sold to the electric grid. ikitif lignin eliminates the need for fossil fuel by
the processing facility, resulting in decreased Géhd@ssions. Given the additional reductions
in system inputs from the agricultural sector,uebic ethanol can reduce GHG emissions by
about 90% [Groode and Heywood 2008]. One of thétiadal benefits of cellulosic ethanol is
that feedstocks can be agricultural residues armildonass produced on land that in the past has
had low agricultural productivity.
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Figure 42  Emissions for various corn and switchgrass ethpraduction scenarios
[Groode and Heywood 2008]

Prospects for Ethanol

None of the biofuels, except ethanol from sugagdarBrazil, are cost competitive with
conventional gasoline and diesel at a crude odlepoif $65 per barrel [IMF 2007]. Figure 43
shows the recent trends in price of ethanol inthed States, with and without the blender’s
credit, compared with gasoline prices [EIA 2007d].
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Figure 43  Average U.S. ethanol and gasoline price (2003—-2[Ei@) 2007d]
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Figure 43 shows that even with 51-cents-per-galassidy, ethanol in the United States
has been as expensive as gasoline on a volume Waws adjusted for its lower energy density,
the cost premium for blending ethanol in gasolias been of the order of 20%. Though corn
ethanol has been more expensive than gasolirsesiilliproduced, as ethanol is mandated by the
U.S. government to be blended with gasoline. Costgetitive alternatives such as sugarcane
ethanol from Brazil are currently subject to 544ses-gallon tariff, and will continue to play a
marginal role compared to domestic ethanol in tt&. U

Finally, the impact of large-scale biofuel prodant particularly from annual crops, on
agriculture and environment is not well understoldie 2007 OECD-FAO Agricultural Outlook
2007-2016 has raised concerns that increasingddidemand will elevate prices of agricultural
commodities “above historical equilibrium” [OECD-EA2007]. The report identifies that such
inflation in food prices will be particularly of cgern for the developing parts of the world. A
recent report from National Research Council orewaplications of biofuels production in the
United States [NRC 2007] concluded that:

“...growth of biofuels in the United States has prolyaalready affected water
quality because of the large amount of N and P ireguo produce cormn....
Expansion of corn on marginal lands or soils thatrebt hold nutrients can
increase loads of both nutrients and sedimentsavibed deleterious effects,
future expansions of biofuels may need to looleteqmial crops, like
switchgrass, poplars/willows, or prairie polyculgjrwhich will hold the soil and
nutrients in place.”

While the impact of biofuels on climate change basn increasingly debated, the last
few years have also seen growing expressions aecorabout the total costs of biofuels. The
societal and environmental costs of biofuels aréqaarly contentious. These include the
impact of increased food prices around the wolddyall as the impacts of increased crop water
consumption and soil erosion from more energy @rgluction, and water contamination from
increased fertilizer use. The potential for sigrafit GHG emissions from the impact of land use
changes, especially when forest lands are convasteplands, is of growing concern as well.
These concerns have been voiced repeatedly ireimtflal media such as tiNew York Times
theWall Street JournaltheEconomistandScience MagazineMany of these concerns have
focused on corn-based ethanol in the United Statieste agricultural policies and political
influence have shaped regulatory and statutory ei@sdo use increasing amounts of ethanol in
fuel even though the rationale that establishedniti@l market for ethanol (i.e., that ethanol
decreased the tailpipe emissions of criteria palitg) is no longer valid. Concern about biofuels
is not only expressed in the media. Six Europeamties plus Canada “...have removed or are
revising incentives for farmers, biofuel refinemsd distributors...” [Rosenthal 2008]. Our
conclusion, however, is that different fuels maaaf biomass in different ways must be
examined separately to assess costs and bendfithatri’biofuels” are not socially beneficial
simply because they are biofuels. Biofuels are atst a silver bullet for displacing all of U.S. or
global petroleum consumption. However, thoughumts are limited in scale by land
productivity and biomass availability, they do halke potential to aid in alleviating a portion of
petroleum consumption in the nearer term. Thelemtal to displace petroleum into the future
will depend on the improvement in technologies tiaat covert cellulosic-based biomass to
biofuels as well as the social costs of such aegyst
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As the above discussion indicates, biofuels haggbtential to displace a substantial
fraction of petroleum while reducing greenhouseaasssions. There are, however, several
economic and environmental challenges to a rappdm@sion of biofuels. It appears likely that
bioethanol will contribute less than 10-15% of fsepply by 2035 on energy basis, and will
deliver somewhat smaller reduction in greenhouseegaissions. Other agricultural and biofuel
feedstocks as well as conversion technologies rffay greater scalability and economic
benefits and should be examined in great detailsandatiny. Evaluating the environmental
impacts of these other options on a life-cycle §iaacluding when possible impacts of land use
change, is needed to determine the appropriatebpeifiirels production should take to truly have
a positive environmental impact.

6.2.3 Electricity

The use of electricity in light-duty vehicles wgtow if plug-in hybrids (PHEVS) enter
the market in large numbers. While this may heldigplace petroleum use, the GHG emissions
reductions will depend on the efficiency of vehgclender electric operation, and the GHG
intensity of the electricity. The 2007 EIA Annuahégy Outlook reference case projects little
change in average U.S. grid mix between now an@®.288 newer, more efficient power plants
come online, the average g@missions from U.S. electricity grid are projectediecrease
modestly from 640 g/MWh to 635 g/MWh [Kromer andy@od 2007]. When losses in
transmission (9%) and battery charging (10%) aertanto consideration, the average U.S.
emissions rate is approximately 770 gfNDNVh or 214 gCQ/MJ of electricity delivered to the
vehicle.

The emissions intensity of electricity will varggionally, and the initially marginal load
imposed by plug-in hybrid vehicles will be takenlmpavailable spare capacity in that region.
To demonstrate the plausible range of electriaityssions rate, Kromer and Heywood [2007]
estimated the GHG emissions from three differeit grixes as shown in Table 27. Carbon
capture and storage was not included as its ngaritepact was judged to be modest.

Table 27 Fuel cycle energy and GHG emissions for differdetteicity generation
sources [Kromer and Heywood 2007]

Fuel Energy (MJ/MJ) GHG Emissions
(g CO/MJ in “tank™)
Coal Only 2.39 318.6
Natural Gas Only 1.84 161.9
Average US Grid Mix 2.30 213.6

In theHybrid Strong Scenaridhe market share of plug-in hybrids grows to 1&%ew
LDVs in 2035. The total electricity demand by plmgaybrids in 2035 grows to 59 billion
kilowatt hours. As the fleet of PHEVs grows, therdad for electricity will increase by
approximately 6—10 billion kilowatt hours in thecd€le after that. The current electricity
consumption in the United States is approximateld@ billion kilowatt hours, and is projected
to increase to over 5,200 billion kilowatt hours2835 [EIA 2007a]. Therefore, plug-in hybrids
will represent only 1-2% of electricity demand unttes scenario, and their energy impact on
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the electricity grid is likely to be small. Noteatithe GHG emissions intensity of electricity
supply can vary significantly from country to coynt

6.2.4 Hydrogen

Like electricity, hydrogen can be produced fronaaety of fuel sources. Currently,
industrial hydrogen is produced by reforming natges. Centralized production of hydrogen
will produce less C@emissions compared to distributed production atiserstations because it
would be more efficient and would lend itself tolman capture and storage [Kramer et al. 2006].
During the initial phase of hydrogen fuel cell vdbs, however, the demand for hydrogen will
be small and the cost effective option will likélg forecourt' production. In the much longer
term, hydrogen could be produced at distributedtioas from renewable electricity, or from
coal or biomass with carbon capture and storagethieatime scales under consideration here,
distributed steam methane reforming of naturalvgéisnmost likely be the source of hydrogen
production. Weiss et al. [2000] estimated that 20, will be emitted during production and
delivery of one MJ of compressed hydrogen to th& t vehicle at 350 atmospheres pressure.
If hydrogen is stored at twice this pressure, tt@mpression work required will increase the
CO, emissions intensity of hydrogen to approximatel9 §/MJ.

6.2.5 Summary of fuel options

The life-cycle emissions factors used to calculiatere vehicle fleet GHG emissions are
shown in Table 28 [GREET 2007; Groode and Heywda@B2 Kromer and Heywood 2007;
McCulloch et al. 2005]. All emission factors aréccdated on lower heating value (LHV) basis.
The tank-to-wheel emissions for electricity and togén are zero, as they do not consume any
hydrocarbons during the vehicle use phase. Whilgi€Produced during combustion of
ethanol, it is a common simplifying assumption timet CQ ingested by the biomass cancels out
emissions during combustion. As a result, the €Qissions associated with the use of ethanol
during vehicle operation are considered to be zero.

Based on the fuel cycle emissions factors showiralie 28, and vehicle fuel
consumption calculations discussed in Section 2;ameestimate the petroleum consumption
and life-cycle GHG emissions of different typessehicles. Figure 44 shows fuel consumption
and well-to-wheel GHG emissions for future carsiggifferent fuels. Note that compared to
today’s average car, which consumes 8.8 L/100 kgasbline and emits 250 g @&m, all
future vehicles are expected to realize a drammatiaction on both counts.

*L Forecourt is the area of the fuel station whees fuimps are located.
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Table 28

Energy use and Gmission factors for different transportation fug{romer
and Heywood 2008; GREET 2007; Groode and Heywo@®@82BicCulloch et
al. 2005]

ENERGY GHG EMISSIONS

: Fuel Cycle Vehicle Operation Total
FUEL fossil MJ / MJ . .
(QSSI : (g CO,/ MJ (g CG,/ MJ delivered (g CO,/ MJ delivered
delivered in tank) ;
delivered to tank)  from tank to wheels) from well to wheels)

Conventional 0.24 21 71 92
gasoline
Conventional 0.21 18 76 94
diesel
Gasoline from oil 0.41 38 71 109
sands
Ethanol from 0.662 772 0 7
corn
Ethanol from 0.09 9 0 9
cellulose
Electricity (avg.
U.S. grid mix) 2.30 214 0 214
Hydrogen from 0.84 132 0 132
natural gas

7 - Petroleum Consumption (I/100 km

gasoline equivalent)
6 Spark Igr_1iti0n Gasoline from
Gasoline Oil sands
E-10 (Cellulosi
5 | (Cellu 05'3 @ E-10 (Corn)
Diesel € .
Gasoline Turbo
4
3 @ Gasoline Hybrid
Current ICE Gasoline:
271 8.81/100 km Plug-In Hybrid, 30 mile range
250 g/km A o
1 "6 %,
Fuel Cell (Distribute(?’
NG: Natural Gas Natural Gas) Electric Vehicle
0 ‘ ‘ ‘ NG Avg Grid ‘ ‘ Coal
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Well-to-Wheel GHG Emissions (g CO ,/km)
Figure 44  Fuel consumption and well-to-wheel GHG emissiomdudture (2035) cars

*2 Includes a 20% co-product credit for dried diet#l grains with soluble, assuming a market for DR2RiSts.
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Note that a car running on gasoline derived sdlei;m a non-conventional oil source
such as tar sands will have some 18% higher weltteel CQ emissions. E-10, which is a
blend of 10% ethanol with gasoline by volume, redugetroleum consumption by
approximately 6.5%, since the energy density chmbhis about two-thirds that of gasoline.
When ethanol in E-10 is made from corn, the neticgdn in well-to-wheel C®emissions is
approximately 1.5%, as opposed to 6.8% when thenethin E-10 is made from cellulosic
material such as switchgrass.

Gasoline hybrids are significantly separated ftbmcluster of improved ICE- only
vehicles. The plug-in hybrid vehicle achieves dHer reduction in petroleum consumption
compared with the full gasoline hybrid. The GHG ssions reduction achieved by the PHEV
charged by the average U.S. electricity grid mex@mparable to that of a conventional hybrid.
Depending upon the emissions intensity of the et@tt, the GHG emissions from a 30-mile
PHEV can be higher or lower by approximately 20%.

The GHG emissions from a battery electric veh{BIEV) charged from the average U.S.
grid are found to be approximately 30% higher thaonventional gasoline hybrid or plug-in
hybrid. The primary reason for comparatively po@.@erformance of the BEV is the higher
vehicle weight. In the vehicle simulation performsdKromer and Heywood [2007], the BEV is
heavier than a comparable PHEV by some 280 kge s energy requirement of the 200 miles
range BEV battery is about six times that of a PHENV

Finally, the GHG emissions during production oflfggen from natural gas without
carbon capture are comparable to the GHG emisfiomsproduction and combustion of
gasoline in a hybrid vehicle.

Figure 44 indicates that while a variety of vedialternatives can substantially displace
petroleum from light-duty vehicles, their effecthess in reducing C{emissions varies widely
and depends initially on the assumptions that defe fuel cycle. To lower vehicle GHG
emissions below 85 g/km, it will require some conabion of the following: 1) E-85 derived
from cellulosic ethanol or other comparable biof@glinherently low carbon sources of
electricity such as nuclear, wind, and solar, andaBbon capture and storage to reduce CO
emissions from production of electricity and/or lggen from coal and natural gas.

6.3 Impact of changing fuel mix on LDV GHG emissions

This section addresses the effect of changingdittansportation fuel mix on well-to-
wheel greenhouse gas emissions. First, the effestieasing non-conventional oil on fleet
GHG emissions is considered. Second, the combiffiect ® non-conventional oil and biofuels
on fleet GHG emissions is evaluated.

6.3.1 7.5% hybrids needed in 2035 to offset GHG imp  act from 10% oil
sands

The current production of oil sands from Canadapisroximately 40% of total Canadian

oil production. Assuming that 40% of the 1.5 mitlibarrels per day (MBD) of Canadian exports
to the United States were from oil sands, approtetyd.6 MBD of oil from tar sands entered

103



ON THE ROAD IN 2035

the United States in 2005. Thus, oil sands accouioteapproximately 3% of total U.S.
petroleum use. If the oil sands exports from Cartladbe United States were to increase to
more than 2.5 MBD (as explained earlier), oil satwsld easily represent approximately 10% of
total U.S. petroleum consumption in 2030. As theefion increases from 3% to 10%, the
amount of oil from tar sands in the U.S. LDV flese would increase from 0.3 MBD in 2005 to
1.1 MBD in 2035. Figure 45 shows the impact of @aging the fraction of oil sands from 3% to
10% on the reference case well-to-tank emissidrestier a higher amount of oil comes from oill
sands or a greater fraction of oil from oil sarglased in LDVs, then the impact on well-to-tank
GHG emissions would be worse. Figure 45 also stiberempact on well-to-tank GHG
emissions if up to 2 MBD of oil from tar sands eatthe U.S. LDV market by 2035.

The increase in fuel cycle greenhouse gas emssaspproximately equal to the loss of
one to three MPG in new vehicle fuel economy in3208 other words, in order to make up for
the additional emissions from fuel cycle, the @ad light-trucks will have to attain higher levels
of fuel economy to keep the well-to-wheels emissifstom getting worse. This loss is equivalent
to the fuel use reduction achieved through a 7h&ket penetration of hybrid vehicles by 2035
in case of low oil sands share and up to 20% mamieetration of hybrid vehicles by 2035 in
case of high oil sands share.

Well-to-Tank GHG Emissions (Mt of CO )
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Figure 45  Impact of increasing oil sands on well-to-tank GEI@issions

Note that a greater reliance on Canadian oil sendssirable from the perspective of
security of supply. At present, the growth in ctliquids and shale oil is deemed to be very
costly and speculative, and the GHG emissions duhair production are much higher than
those in production of oil sands [EIA 2007a; Raf072. If the pursuit of energy independence
continues to provide incentives for developmertheke resources, the effect on fleet GHG
emissions will be comparable to that of oil sandsneat low volumes.
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6.3.2 A 2-6% reduction in 2035 well-to-wheel CO , emissions is possible by
changing fuel mix

If increased use of non-conventional oil incredbesfleet GHG emissions, then
increased use of biofuels can reduce that impaed on the discussion in this section, Table
29 lists the projected low and high volumes of dbntion for non-conventional oil, corn
ethanol, and cellulosic ethanol.

Table 29 Scenarios of alternative fuel mix by volume

Year Non-Conventional Qil Corn Ethanol Cellulosic Ethano{mBD)
(MBD% (MBD)
Low High Low High
2010 0.3 0.3 0.45 0 0
2025 0.8 1.4 1.0 0.5 0.7
2035 1.1 2.0 1.2 0.9 1.2

The maximum reduction in GHG emissions will behia case when the contribution
from non-conventional oil such as tar sands is&oa the contribution from low carbon biofuel
such as cellulosic ethanol is high. Conversely)éeer bound of reduction in GHG emissions
will be realized when the contribution from non-gentional oil is high and the contribution
from low carbon biofuels is low.

Figure 46 evaluates the percentage change intovgtheel (WTW) GHG emissions
from these two scenarios. Part (a) of the figumashalLow Oil Sands / High Cellulosic Ethanol
Scenario Here, the share of the fuel mix that comes fradnsands increases well-to-wheel GHG
emissions by 1.2% from theeference Scenaria 2035. At the same time, large shares of corn
and cellulosic ethanol reduce WTW GHG emission§.890, leading to a net reduction in 2035
GHG emissions of 5.5% from tliteference Scenari®art (b) of the figure showsHigh Oil
Sands / Low Cellulosic Ethanol Scenanbere the net reduction in GHG emissions in 2@35 i
only 2.3% below th&eference Scenaritn part (a), the net emissions due to changiegriux
are increasing until year 2014 and then decreasihgreas in part (b), the net emissions due to
changing fuel mix are increasing until 2017.

Figure 46 indicates changes in the fuel mix dwelyito produce a 2—6% reduction in
2035 WTW GHG emissions compared to Reference Scenario

3 MBD: Million Barrels per Day, 1 MBD = 15.34 Billingallons per year = 58 billion liters per year.
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Change in Well-to-Wheel GHG Emissions (%)
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(b) High Qil Sands / Low Cellulosic Ethanol Scenario

Figure 46 Net change in well-to-wheel G@missions due to fuel mix

This section provided an overview of fuels otlert conventional gasoline and diesel
that are likely to play an increased role in th& Uight-duty vehicle fleet. Based on the
emissions intensity of the fuel mix, it is possitidecalculate the well-to-wheel greenhouse gas
emissions for the LDV fleet. A key finding of thégction is that a greater number of vehicle and
fuel alternatives are available to displace petnoleise than to reduce greenhouse gas emissions.
In general, measures that reduce greenhouse gasiensi also reduce petroleum consumption,
but the converse is not necessarily true. Polibyresf should therefore be focused on measures
that improve energy security and carbon emissibtiseasame time.
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7.0 Fleet Scenarios

The last decade has seen the market introductigasmline-electric hybrid vehicles
(HEVS), a renewed interest in diesels in the U.8ket, and increasing exploration of more
exotic propulsion systems, such as Plug-In Hybmdhizles (PHEV) and Hydrogen Fuel Cell
Vehicles (FCVs). The extent to which these techgie® can challenge conventional gasoline
vehicles in the marketplace will determine the kbegn trajectory of light-duty vehicle fuel use.
This section explores the challenges that musteecome in order to achieve a greater market
penetration of these alternatives. Future scenafiosarket penetration are developed to
illustrate the impact of these technologies ontfleiele fuel use and greenhouse gas (GHG)
emissions over the next 30 years.

7.1 Barriers to new propulsion systems and alternatively fueled
vehicles

New propulsion systems and alternatively fueleldiales face many hurdles on their way
to market acceptance [Sutherland 1991; Jaffe amdrst 1994; Stoneman 2002; Romm 2004,
McNutt and Rodgers 2004]. The major barriers inelud

High first cost for vehicle. Initial purchase price plays a large role in aoners’ choice when
selecting a new vehicle, since it typically repraseahe largest component of the life-cycle cost
of owning and operating the vehicle. Purchasingl&¥, FCV, or battery electric vehicle (BEV)
could entail a cost premium as large as 35-70%gllysgreatly reducing the number of
consumers willing to consider purchasing theseclesi

Fuel storage/limited range Liquid petroleum fuels, by the virtue of theireegy density, have
enabled consumers to expect a driving range of @@kilometers without having to refuel.
Gaseous fuels such as natural gas or hydrogemgralae to provide this type of driving range
if compressed to very high pressures and storé&ger fuel tanks. Similarly, batteries for
PHEVs or BEVs add substantial mass to the vehitecacupy valuable cargo space in order to
provide similar range. The actual risk or the pptics of risk of running out of fuel limits the
attractiveness of these vehicles in the minds néomers. A modified ICE gasoline vehicle
fueled with E-85 is not range limited to the samtept, although its range is only about 70%
that of a comparable gasoline vehicle with a faaktof the same size.

Safety. Thermal runaways in batteries are the main coiscgom a safety point of view in the
PHEV and BEV. Development of more stable cathodeerzs and electrolytes will likely
resolve that concern in the future. With respecheofuel cell vehicles (FCVs), the safety
concern has to do with the fueling and storageydfdgen. Unlike gasoline vapor, gaseous
hydrogen is prone to auto-ignite with even a srsiatic electricity discharge. Hydrogen is also
liable to explode in confined spaces such as eadlgarages and tunnels. As a result, preventing
leaks of hydrogen from fueling stations and onb&todage tanks will be of paramount
importance. Unless new scientific breakthroughseaéized, the storage of hydrogen onboard is
likely to be in high-pressure (700 bar, or 10,080 fanks. Safe handling and storage of
hydrogen under such conditions will require not lsvelopment of codes and standards, but
also consumer awareness and education [NRC 2004].
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Reliability and Durability . Lack of familiarity with new vehicle technologiesay lead to
doubts about their reliability in consumers’ mindibe initial experience with Hybrid Electric
Vehicles (HEV) has proven that electric propulssystems can be reliably integrated with the
conventional engine-transmission systems. The diyad batteries in the case of PHEVs and
BEVs remains to be proven, however. Kromer and H@g\2007] have identified that the
durability challenge for batteries consists of “ireg the combined rigors of repeated
charge/discharge cycles, and extended shelf lifiefeu on-road operating conditions. With
respect to the hydrogen fuel cell vehicles (FC¥gperiments such as the California Fuel Cell
Partnership are generating valuable hands on experiof operating FCVs. Degradation of
platinum catalyst over time and failure of membraraerials are the major durability
challenges for FCVs. Kromer and Heywood [2007]reate that the focus of FCV development
will shift from weight, size, and cost reductionsaddressing durability concerns by the early
2010s. So the challenge is for the new technoldgi@satch the high reliability and durability of
conventional internal combustion engine vehicles.

Fueling cost compared to gasolineA gasoline price of $3 per gallon at the pumedgsivalent

to about $25 per GJ. Electricity for PHEVs and BEWHE be cheaper on an energy basis if it
costs less than nine cents per kWh. If hydroggererated from centralized natural gas or coal
plants, then it could be produced at $3 dollarskiegram or $25 per GJ, provided distribution
and dispensing costs could be roughly halved frameat estimates [Kramer et al. 2006].
Ethanol from corn currently receives a subsidybtbnts a gallon or $6.30 per GJ. The cost of
producing ethanol from cellulosic material suctsa#chgrass is currently estimated to be
around $2.25-2.75 per gallon, depending on thesteeld cost and on ethanol conversion
efficiency [NREL 2006a].

Lack of refueling infrastructure . There are currently about 175,000 refueling ategtiserving
gasoline across the United States. A large numidiese refueling stations are also capable of
serving diesel fuel. According to the Alternativeeis Data Center maintained by the U.S.
Department of Energy, there were 1,154 refueliatjats for E-85, 444 stations for electricity,
and 31 stations serving hydrogen as of June 200F pfospect of getting stranded due to lack of
fuel availability, coupled with the limited rangéseveral alternatively fueled vehicles, severely
limits the market penetration of such vehicles. ikehmanufacturers are therefore reluctant to
produce alternatively-fueled vehicles. On the otieerd, the capital cost of building a hydrogen
refueling station based on a centralized hydrogedyzction model is estimated to be between
$0.7-1.5 million [Padro and Putsche, 1999]. Thargd-scale investment in fuel infrastructure
may not be worthwhile unless a number of altermdyitueled vehicles are already on the road.
This is popularly known as the Chicken-and-Eggrditea.

Difficulty breaking into an established market There are about two billion internal
combustion engines in operation around the worlehabile and stationary applications. With
over a hundred years of engineering and developb®nnhd them, ICE-based vehicles are tough
competition for any alternative powertrain. An emous amount of engineering effort and
learning has gone into integrating vehicle systaiitis ICE engines. Thus, any new technology
faces the challenge of offering the same functionak the mainstream ICE gasoline vehicle,
but at a lower cost or offering additional functdity at a comparable cost. The new
technologies have yet to realize learning and ecoe® of scale, making their task of breaking
into the light-duty vehicle market even more dufilic
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Learning and economies of scale not realize®uring the early stage of market introductior th
capital and other fixed costs are a high part bfcte cost. As the number of vehicles produced
increases, the fixed costs can be spread oveger laumber of vehicles, bringing down the cost
per vehicle. With respect to newer vehicle techgie® such as batteries or fuel cells,
manufacturing costs come down as a result of legrby-doing. Such learning benefits are
realized only when a substantial quantities oféhasts are produced.

Lack of awareness Consumers may not have a new technology onlibeaf purchase options
because they are unaware or unfamiliar with the teehwnology. For example, in a survey
conducted by the National Renewable Energy Laborata2004, more than half of the people
surveyed could not name a hybrid vehicle [Kubic&08s more vehicle models become available
and familiarity of consumers with new technologgraases, there is a greater chance that they will
consider it at the point of next purchase.

Discount factors and attitudes to risk Sutherland [1991] notes that consumer discoueatfoa
investing in more energy efficient technology isward 20%. Greene [1996] has argued that when
depreciation in vehicle value (resale price) i®takito consideration, a discount rate of 20% for
vehicle purchase is not unrealistic. At such a hiigicount rate, consideration for the initial cofst
purchase might overwhelm the lifetime savings eealifrom a more fuel-efficient vehicle.

Uncertain demand for fuel economy Consumers may also have questions about potémtial

fuel savings realized for adopting a costlier tetbgy. From a vehicle manufacturers’ perspective,
undertaking a major vehicle redesign when consumesterence for increased fuel economy is
unclear is a risky endeavor.

7.2 Role of supply-side constraints

Even if the demand for an emerging vehicle or pigpn system is strong, the supply of
such systems could be limited. This could primdséyattributed to the constraints in engineering
and capital resources, as well as supply chaindenasions. Some of these constraints are discussed
below:

Development lead times and availability across praect platforms. The automobile is a
highly complex product, and consumer expectatioasifa mass-produced vehicle are quite
demanding. Development and engineering of a “ner@pplsion system must take into
consideration the product architecture, and intiegmaof new sub-systems with the old sub-
systems into account. As a result, even provensysbems or components may take on the
order of 15 years to become available across alkketaegments. Figure 47 shows the
deployment of different engine and transmissiomm@togies in the U.S. LDV market from
1948-2006 [Ward’s 2003; Heavenrich 2006]. Notic #wven very cost-effective technologies
such as Variable Valve Timing (VVT) have taken 1Bygars to penetrate to half of new
vehicles, whereas automatic transmissions, hawaghed half of the market by 1950, required
20 more years to be available in 90% of the vehicle

Based on a broad survey of technological changeiiomobile industry, Nakicenovic [1986]
observed that it took 10—30 years after introductiba new technology before it was deployed
on half of the new vehicles. With respect to entegdechnologies such as hybrids, the
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integration of technology in vehicles is more coexpihan the components or sub-systems
shown in Figure 47. It is also possible that addii time may be needed for adequate
development of certain components so that they maditional safety and reliability

constraints. For example, Toyota announced in 200& that the introduction of Lithium-lon
batteries in the 2008 version of Prius would bexged by at least one year due to concerns about
fire hazards [Shirouzu 2007]. The development aistesn integration costs of new technologies
can be managed if the technology is introducedhdguhe normal product development cycle.
With respect to hybrid vehicles, Toyota's execugveineer, David Hermance, said in early
2005:

“We won't turn a switch and tomorrow we'll have hgb in everything,” says
Hermance. “There will still be a rollout of whichadels make sense and then some
time to develop." But it can be steady, and itdsb whittled down from multiple years
to about 18 months. The goal is to include hybegelopment in the regular vehicle-
development cycle.” [Priddle 2005]

Applying this logic to penetration of emerging putgion systems across all market segments
will yield at least a 15-20 year timeframe befdreyt could garner a third of the market share,
even if there were no demand-side constraints.

Capital investment required. Automobile manufacturing is both a capital- anblaintensive
business, and the established industry playersrageneral, risk averse. It normally takes two to
three years for an OEM to build a completely neadpiction facility. Retooling an existing
facility to produce different components takes 12+ionths. Based on expert interviews,
Hammet et al. [2004] estimated the cost of toodng equipment of converting existing
factories to produce hybrids and diesels [Table R@}e that this does not include the costs of
development and engineering of these vehicles.

Table 30 Estimated tooling and equipment investment to canwewnfield sites
to produce hybrids and diesels (in 2004 dollars)

Capital Costs in Millions of Dollars (2004)
Hybrids Diesels
Plant capacity per | 100,000 190 145
year 200,000 330 240

Thus, to convert 10% of the US domestic productipacity (~1.3 million vehicles per year) to
produce hybrids and diesels each will take a chipi@stment of approximately $2.2 billion and
$1.6 billion, respectively. For comparison purposks U.S. Census Bureau estimates that the
annual capital expenditure of motor vehicle manufidéicg sector is about $20 billion [U.S.
Census 2007].
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Supply of critical systems/componentsAs the demand for alternative propulsion systems
grows, it will be critical to develop a supply chdhat is capable of expanding accordingly.
Presently, two Japanese companies (Panasonic ENg\Eaed Sanyo) dominate the global
hybrid vehicle battery market [Anderman 2007]. As global demand for batteries for hybrid
vehicles grew, both Panasonic and Sanyo foundfitdt to keep up with demand. In 2004, this
led to waiting lists of 4—-10 weeks for prospectmdrid customers. As more OEMs have
announced hybrid vehicle plans, production capdoitypatteries is starting to build up, mainly
through joint ventures between battery and autoraeatompanies. In spite of this capacity build-
up, batteries are likely to remain supply-constdihybrid system components. A similar
argument can be made for diesel sub-systems sudklasjections systems, although the
industry is much better positioned to supply diesshponents from Europe.

Capacity utilization. Since the capital costs of setting up automatiamufacturing facilities

are quite high, OEMs attempt to utilize the mantufang facilities to the fullest extent possible

to spread the capital costs over a larger numbeelotles. They must match the demand for
different motor vehicles with the flexibility in ¢ghproduction and assembly lines to vary the
capacity over time [Lindgren et al. 1974; GermaAQ7ZJONewer vehicle systems and models,
which are typically produced in low volume, haveowappropriately phased in while keeping

the overall capacity utilization high.

As these supply side constraints suggest, thedtoakes by which new technologies can
have an impact on fleet fuel use are rather loonbater et al. [2006] split this timeline in
roughly three stages, as shown in Table 31.

Table 31 Estimated time scales for technology impact [adhfriem Schafer et al. 2006]

n

Vehicle Technology
. Gasoline g:grs]efl\?veitid Gasoline Gasoline Euglrigevl:ith
Implementation Stage | Direct . Engine/ Engine/ y
L Particulate onboard
Injection Battery-Motor | Battery-Motor
Turbocharged Trap, NOx Hybrid Plug-In Hybrid Hydrogen
Catalyst Storage
Market competitive vehicld ~ 2-3 years ~ 3 years 3 years ~ 8-10 years ~12-15 yeal
Penetration across new
vehicle production ~ 10 years ~ 15 years ~ 15 years ~ 15 years ~ @as
Major fleet penetration ~ 10 years ~10-15 yeqrs 10~15 years| ~ 15 years ~ 20 years
Total time required ~ 20 years ~ 25 years 25 -30 s ~30-35years| ~50 years

In the first stage, a market-competitive technglogeds to be developed. Schafer et al. do
not define the phrase “market-competitive technplblf is assumed here that for a technology to
be market competitive, it must be available aceosnge of vehicle categories at a low enough
cost premium to enable the technology to becomestraam rather than a niche. The time scales
shown in Table 31 represent our current assessvhénte required for different propulsion
systems to be broadly available mainstream altes®in the U.S. market. Of these, only
turbocharged gasoline, diesels, and gasoline rg/lanel available in model year 2008. While no
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concrete product plans have been announced fagaiphybrid vehicle, several major OEMs
including General Motors and Toyota have publiclgressed interest in developing a commercial
product within the next decade. The case for a etaxémpetitive fuel cell vehicle is more
speculative. A survey of announcements from majtoraakers suggests that a commercial mass-
market fuel cell vehicle is at least 10 years ajpadlamson and Crawley 2006].

U.S. LDV Hybrid Market Penetration Projections
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Figure 48  Various forecasts of U.S. light-duty vehicle dieaetl hybrid market
penetration
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In the second stage of technology implementatimws in Table 31, penetration across
the new vehicle market represents the required sicaée for the vehicle technology to attain a
market share of the order of a fourth to a thirtheftotal vehicle sales. Broadly, the time scale
reflects the expectations about large-scale vigholi these propulsion systems based on
engineering and cost constraints, and are sinal#re time scales required by major vehicle
technologies to achieve a large market share. Eig8rshows various forecasts of diesel and
hybrid market share in the U.S. light-duty vehiclarket. Note that the only long-term forecast
available is from the Department of Energy’s 20Gihal Energy Outlook (AEO). AEO also
provides the most conservatives estimates of dasthybrid market penetration. The most
optimistic projections in the near term are of atidPo market share of diesel and hybrid each,
by 2012-2015.

The third stage of technology implementation repnés the build-up in actual use of
these vehicles. A meaningful reduction in fleet fuge is not realized until a large number of
more fuel-efficient vehicles are being driven. TWi#l happen over a time scale comparable to
the median lifetime of vehicles, which is aroundygars.

Thus, the three phases summarized in Table 3ide@rough estimate of the time
before significant impact for new vehicle technaésg There is some overlap between each of
the three phases, and the net time to impact sssbmewhat smaller than the sum of each stage.

7.3 Scenarios of market penetration rates

The barriers and constraints outlined in sectibfisand 7.2 provide the rationale for our
choice of a 25-year time scale for large-scaleagpknt of improved mainstream engine,
transmission, weight reduction technologies, agdiBcant numbers of advanced propulsion
system technologies, such as low-emissions dieselgjasoline hybrids, and plug-in hybrids. In
this section, four scenarios are presented thatrepass a range of assumptions about market
penetration rates of different technologies. Prospfor each of the vehicle technologies, namely
turbocharged gasoline engines, diesels, gasolibedsy and gasoline plug-in hybrids, are
described briefly before the combined market petiein scenarios are discussed.

Direct-injection turbocharged gasoline powerediclels offer an attractive alternative for
reducing fuel use at a low cost. As indicated ibl&& and Table 8, a future turbocharged
gasoline vehicle is expected to offer some 11%ctal in vehicle fuel consumption relative to
the future gasoline vehicle at a cost of less $B000. Presently, the market share of
turbocharged gasoline vehicles in Europe is abé%i,las compared to less than 0.5% in the
United States. The market share of turbochargedligasvehicles in Europe is expected to top
22% by 2010. While turbocharged gasoline vehickslbeen slow to take off in the United
States, market shares similar to those projecteBdoope early in the next decade can be
expected in the U.S. market over the next 15-2@syj@eecham 2005; Shahed 2007].

Several diesel models were introduced in the dre&tes following the oil shocks of
1973 and 1979, and the sales of diesel vehicldsity.S. LDV market increased from less than
0.1% in 1973 to about 4.6% in 1980. This sharpease in diesel car sales helped the U.S.
manufacturers meet the sharply increasing CAFEirepents from 1977-1980. Increasing
dieselization came to be seen as an importanegigrabwards meeting higher CAFE standards,
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and General Motors envisioned a scenario in whighater of new vehicle sales in 2000 would
be comprised of diesel vehicles [NRC 1982]. Theeligehicles produced during the late 1970s
emitted 10-30 times as much particulate matteh@agasoline vehicles available at that time.
Concern over increased criteria pollutants fromagng number of diesel vehicles prompted the
initiation of a National Academies study on “Impmof Diesel Powered Vehicles” in 1979.

The popularity of diesel vehicles in the light-dmarket proved short-lived, primarily
because of poor vehicle performance. The salegesédpassenger cars peaked at a little over
6% in 1981, and by 1990, diesel cars had all sagpeared from new vehicle sales mix, as
shown in Figure 49. While diesel sales in lighteksiwere also adversely affected, they
continued to enjoy 3-6% market share in the ovégdit-truck sales due to the popularity of
diesel in the Class 2-b segment (gross vehiclehe@f8,500-10,000 Ibs) for towing
applications.

Diesel Sales as a Percentage of Total Sales
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Figure 49  Market share of diesel vehicles in the U.S. (197022
[Davis and Diegel 2007; NRC 1982]

As discussed in the previous section, diesels pawetrated the European car markets
substantially, especially since arrival of commaih injection systems in the early 1990s. They
have not yet made any progress in the U.S. mdnketever, due their inability to meet the strict
criteria air pollutants standards in California arker states that adopted California standards. In
the past, emissions standards for NOx and hydroocagimissions have been less stringent in
Europe than in the United States. While the Euand VI standards for gasoline engines
approach the U.S. Tier Il Bin 5 standards, the N@a HC emissions standards for diesel
engines will be less stringent than the U.S. Tidin 5 standards. As a result, diesel vehicles
have been able to operate in the European markitsuithe need for an expensive NOx after-
treatment system such as a lean NOXx trap or atsel@atalytic reduction unit.
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Even though diesel engines’ emissions performémday is dramatically improved from
the diesels built in the 1970s and 1980s, the reanadiesel still needs to overcome the
perceptionof diesel as a smoky, noisy engine. Reduced eomsg$rom clean diesels have come
at a fuel economy penalty of 3-5%, and an addedateeveral hundred dollars. This added
cost of the diesel after-treatment system, coupliglal the narrowing of the gap between
turbocharged gasoline and diesel efficiency, is@@son for expecting only modest growth of
diesels in the LDV market in the United States.

Since their introduction in 1999, gasoline hyleldctric vehicles (HEVS) have steadily
gained in popularity in the U.S. market, and in@@@counted for about 2% of new car and 1%
of new light-truck sales. During this period, awsss about hybrid technology has grown
rapidly. While hybrid vehicles still sell at a l&gremium relative to their conventional gasoline
counterparts, the second generation of hybrid Vehican match the performance expectations
of average consumers.

According to Kasseris and Heywood [2007], the exge reduction in relative fuel
consumption of future hybrid vehicles is largentlt@mparable diesel or turbocharged gasoline
vehicles. In other words, the hybrid technology thespotential to reduce fuel consumption at a
greater rate than other propulsion systems whiletng the cost premium relative to a
comparable gasoline vehicle. If these benefitseabtized in practice, then hybrid vehicles are
likely to become the propulsion system of choiceraomparable diesel vehicles.

The availability of commercial hybrid vehicles amdlvances in battery technology have
given rise to the hope of plug-in hybrid electrehicles (PHEVs). No major OEM has made a
commitment to build a PHEV as a commercial prodefore 2010, however. Toyota Motor
Corporation announced in July 2007 that it hasgtartest several PHEVs on road in Japan, the
United States, and Europe [Toyota 2007]. Generabkédantends to put its Chevrolet Volt Plug-
In Hybrid Concept vehicle in limited production arm 2010 [GM 2007]. Ford Motor Company
has announced a partnership with Southern Calddfdison Company to test 20 PHEVS in
California [Woodall 2007]. While these may be eneging signs for PHEV advocates, it
should be noted that a market-ready PHEYV is unjfikelemerge before model year 2012, and a
mass-market competitive vehicle is unlikely befthre 2015-2017 timeframe [Kromer and
Heywood 2007; DOE 2007c].

Based on the discussion so far, three scenanaaddket penetration of different
propulsion systems in the U.S. LDV market were exaoh These scenarios are meant to
illustrate plausible evolutions of technology ietd.S. LDV market and illustrate the impact of
new vehicle technologies on fleet fuel use andrgrease gas emissions. At the same time, they
are not intended to be predictions. As shown a0, the three scenarios explore three
possible directions in which the U.S. light-dutyhicde market can evolve.
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Market Mix
No Clear Winner Emerges

Reference Case
50% ERFC

4 N

Turbocharged ICE ~ Light-Trucks Hybrid Strong

Future Cars: Hybrids take off
Diesels Take the lead

Figure 50  Scenarios for market penetration rates of advapoggulsion systems

TheMarket Mix Scenarioepresents a diverse pathway into the futurepgsanticular
propulsion system dominates the LDV market ovemidne three decades.

TheTurbocharged ICE Futur&cenario represents a continuing dominance afriate
combustion engines, but with an increasing emplaasisirbocharged gasoline engines as well
as advanced (turbocharged) diesels.

TheHybrid StrongScenario represents the situation where gasolibeds and plug-in
hybrids emerge as the dominant powertrain comhinati

Following the approach of tHieeference Scenartescribed in Section 5.7, the three
scenarios above assume that increases in fuelegiti are utilized evenly between reducing
fuel consumption and increasing vehicle performgb0& Emphasis on Reducing Fuel
Consumption, or ERFC; see section 4.2 for detailsg fleet model can model both a linear and
S-shaped growth in market shares up to 2045. Tégesbf the S-curve is determined by the time
taken to reach half of their eventual market si@29045. This time is estimated from Table 31
as 15-17 years for turbocharged gasoline, diesetshybrids, 20 years for plug-in hybrid
vehicles, and around 30 years for hydrogen fuéMetlicles. Note that while the scenarios for
market penetration extend up to 2045, the fleetehodly calculates the fleet fuel use up to
2035, using the vehicle penetration rates up togbint.

7.3.1 Market Mix—No Clear Winner Scenario

One plausible scenario is that no clear winnerrgas and the LDV market in the
United States will have a mix of different propolsitechnologies. In such a scenario, the high
costs of gasoline hybrids and diesels limit thesrket share to moderate proportions. Plug-in
hybrids (PHEVS) establish a niche for themselvamauily in city-driving urban markets, and
their growth follows hybrid vehicles but with a #nhag corresponding to the difference between
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introduction of PHEVs and HEVs in the U.S. marketthis Market Mix Scenaripdiesels,
HEVs, and PHEVs together are assumed to accouatlftite over a third of the new vehicle
market by 2035, with a combined market share amghiog half of new vehicle sales by mid-
century. The remainder of the market is split beviirbocharged gasoline and conventional
gasoline vehicles, with turbocharged gasoline ‘ekibecoming a majority of new gasoline
vehicles sales around 2040, as shown in Figure 51.

0,
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Figure 51  Market Mix—No Clear Winner Scenario

7.3.2 Turbocharged ICE Future Scenario

In theTurbocharged ICE Future Scenariboth turbocharged gasoline and diesel
vehicles gain prominence. In this scenario, fugaims from battery technology on safety,
calendar life and costs are limited, and as atréselrelatively high costs of hybrid vehicles
prevent them from expanding beyond the market m@nario. Similar issues plague any
meaningful adoption of plug-in hybrid technologyeferential taxation of diesel, and successful
implementation of PM and NOx after-treatment mighig about an interest in diesels at the
level similar to the European market. Diesel vedsainder this scenario could garner
approximately 40% of the market share by 2035,thant market share could approach 50% by
mid-century (Figure 52). This represents a 40-geanpounded annual growth rate of 12% for
diesel cars and 6% for diesel light trucks. Turlasged gasoline vehicles follow a similar
growth pattern and overtake conventional gasoletgcles sales by 2030, eventually replacing
all conventional gasoline vehicles by 2040. Notltat, by 2025, under this scenario more than
50% of new vehicles sold in the U.S. have altewegpropulsion systems.
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Figure 52  Turbocharged ICE Future Scenario

7.3.3 Hybrid Strong Scenario

In aHybrid Strong Scenarichybrid vehicles emerge from their current nioéeel and
become the mainstream vehicle of choice. Improateb/-motor-engine integration and
reductions in lithium-ion battery costs increase dlcceptance of the hybrid technology. Hybrid
vehicles account for a quarter of new vehicle sble2025 and half of new vehicle sales by
2050. This represents a 40-year compounded annuatlgrate of 8% for hybrid cars and 11%
for hybrid light trucks. Aided by sustained pressto reduce petroleum consumption and further
reductions in battery costs, the growth of pludpyrids in the LDV market accelerates after
2020. The PHEV market share approaches 15% by &0820% by mid-century. As the fuel
economy gap between turbocharged gasoline and di@sews, the relative cost-to-benefit of
choosing diesel over turbo-gasoline increases. iesat, diesel vehicles remain on the fringe,
and the market of conventional ICE vehicles is malip by the turbocharged gasoline vehicles.
By 2040, less than 10% of the new vehicle salékerilJ.S. LDV market are conventional ICE
gasoline vehicles, as shown in Figure 53.
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Hybrid Strong Scenario

7.4 Scenario Results

2040 2045

Let us start by examining what could be achieveden theReference Scenartion which
efficiency improvements in gasoline engines, trassins, and some weight reduction achieve
reductions in average new vehicle fuel consumpaithout any penetration of advanced
powertrains into the fleet. As discussed in sectioh this scenario is assumed to correspond
with a 50% Emphasis on Reducing Fuel ConsumptioERFC (see also section 4.2). When the
fuel efficiency benefits are used fully to reduaelfconsumption (i.e. 100% ERFC), the LDV
fleet fuel use can be reduced by as much as 26%btlieNo Change Scenario 2035. Table 32
lists the light-duty vehicle fleet fuel use in 2085 different values of ERFC. Each 25%
increment in ERFC represents approximately 50dmilliters of fuel saved in 2035.

Table 32 U.S. light-duty vehicle fleet fuel use in 2035 thfferent degree of Emphasis
on Reducing Fuel Consumption (ERFC)

Degree of Emphasis on Reducing Fuel Consumption (E)

50%
0% 25% (Reference 75% 100% 120%
Scenari)
2035 LDV Fleet Fuel
Use (in billion liters) 765 715 664 614 563 522
Percentage Reduction
0 6.5 13.2 19.7 26.4 318

from No Change (%)

120



Fleet Scenarios

Figure 54 shows the impact on fleet fuel use utiteReference Scenar{®0% ERFC)
relative to theNo Change Scenariand full emphasis on reducing fuel consumptioro¢a0
ERFC) from 2010 to 2035.

Light-Duty Vehicle Fuel Use (in Billion Liters
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Figure 54 U.S. LDV fleet fuel use with full emphasis on rethg fuel consumption

Figure 55 (a) shows the estimated fuel use sav¥iogs theMarket Mix ScenarioThe
increasing market share of advanced propulsioresystinder this scenario contributes to a
10.5% reduction in 2035 LDV fuel use from tReference Scenaridlotice that the LDV fleet
fuel use with 100% ERFC and no increase in advapoggoulsion systems’ market share
achieves a greater reduction in 2035 fleet fuelthare theMarket Mix Scenariavith 50%
ERFC.

This demonstrates the importance of a strong esiploa reducing fuel consumption
through engine and transmission improvements vathesweight reduction, rather than
offsetting these gains by emphasizing other attebguch as size and performance.

Figure 55 (b) shows the contribution of differenbpulsion systems in reducing LDV
fuel use. The cumulative fuel savings over thisy2ar period is approximately 703 billion liters.
The biggest contribution to fleet fuel use redutttomes from gasoline hybrids. Even though
the market share of PHEVs remains small, the fa@hgs per year from PHEVs grow rapidly to
overtake fuel savings from diesel vehicles by 203@ cumulative fuel savings from PHEVs
(122 billion liters) are comparable to the diedel( billion liters) or turbocharged gasoline (169
billion liters).

This indicates that the potential of electric prigon systems to influence fleet fuel use
is strong. The GHG emission reductions realizethfRHEV are not as high for the reasons
discussed in Section 6.
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(b) Contribution of different propulsion systemdirel savings
Figure 55 LDV fuel use under th#larket Mix Scenario
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LDV fleet fuel use under theurbocharged ICE Future Scenai®shown in Figure 56.
Fleet fuel use in 2035 in this scenario is appratety 12% lower than theeference Scenatrio
When compared with thiéarket Mix Scenaripthe 2035 fleet fuel use is lower by only 9 biflio
liters under th& urbocharged ICE Futurebut the cumulative fuel savings are approximately
100 billion liters more than iMarket Mix Scenariolt is interesting to note that the peak in LDV
fleet fuel use in durbocharged ICE Future Scenari®at 629 billion liters in 2020 when
compared to 631 billion liters in 2020 irviarket Mix Scenarioln other words, the fuel savings
from the two scenarios diverge significantly onfiea2025.

Light-Duty Vehicle Fuel Use (in Billion Liters
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100

Note: Assumes 0.5% - 0.1% VKT/veh growth and 0.8% sales growth
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Year

Figure 56 LDV fuel use under th&urbochargedCE Future Scenario

As the market share of diesel-fueled vehicles grdtwe amount of diesel fuel as a
fraction of total LDV fuel increases dramatically.2005, diesel fuel accounted for
approximately 2% of the LDV fleet fuel use on ammgy basis. Under thEurbocharged ICE
Future Scenaripthe diesel share of LDV fuel grows to 26% on aargy basis by 2035. This
represents 137 billion liters (~36 billion gallorg)diesel fuel use per year, or approximately 2.4
Million Barrels per Day (MDB) (Figure 57). The cant U.S. demand for distillate fuel is
approximately 4.3 MBD, of which only 0.18 MBD isagsfor LDV applications [EIA 2007e].
Therefore, in th@urbochargedCE Future Scenarigthis large change in the quantity of diesel
fuel demanded for LDV applications would requiré&SUrefineries to adjust their product mix
over time, although in the short term the impaatlieselization on LDV fleet fuel demand is
relatively modest.
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LDV Diesel Use (in Thousand Barrels per Day)
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Figure 57  U.S. LDV diesel demand under tlarbocharged ICE Future Scenario

When compared with the previous two scenariosHit®id Strong Scenariachieves
the greatest reduction in fuel use (Figure 58). &idy is the 2035 fuel use in this scenario lower
by 18% from theReference Scenarithis is the only scenario among the three wheh lbwer
2035 fuel use than the case with 100% ERFC andcrease in advanced propulsion systems’
market share. Thus, aggressive hybrid vehicle nhgndeeetration may allow a greater
improvement in vehicle performance when comparet ather scenarios while achieving the
same level of fuel use reductions. The total cutiuddleet fuel savings in thidybrid Strong
Scenariocare more than 1040 billion liters, 60% of whichrmafrom gasoline hybrid vehicles.

The Hybrid Strong Scenarglso demonstrates the potential of plug-in hykaticles to
reduce fuel use in a relatively short period ofdireven though the market share of PHEVs in
this scenario is only 5% by 2025, compared with I6f4urbocharged gasoline vehicles,
PHEVs achieve a greater reduction in fuel use dhnlog 2025. The cumulative fuel savings
from PHEVs during the period 2010-2035 exceed tleédgavings from turbocharged gasoline
vehicles by more than 40%.

Finally, similar to the earlier two scenarios, tHaV fleet fuel use under this scenario
peaks in year 2020 at 629 billion liters. Thus,rewdth 50% ERFC and a substantial penetration
of advanced vehicles, growth in the LDV fleet fusk over the next decade will inevitably
occur.
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Figure 58 LDV fuel use under thelybrid Strong Scenario

Results from different fleet scenarios are sumpeakin Table 33. These scenarios show
a 18-44% reduction in 2035 average new vehicledassumption from &lo Change Scenario
In the very near term (~2015), though, all scersastvow similar values of new vehicle fuel
consumption.

Table 33 Summary of LDV fleet fuel use scenarios

A}/er?ge new ve_hicle Average fleet fuel LDV fleet fuel use
uel consumption consumption L
ERFC (L/lOOkmg) (L/100kpm) (Billion liters/year)

2015 | 2025| 2035 201% 2026 2035 2015 2025 2035
No Change 0% 11.0 11.( 11p 11)2 11.0 11.0 634 69765
Reference 50% 10.4 9.8 9.( 111 10.3 9.5 629 655 4 p6
Gasoline only 100% 10.2 8.6 6.9 11/0 97 8]0 6P3 2 61 563
Market Mix 50% 10.3 9.0 7.5 11.0 9.9 8.% 621 626 459
Turbocharged ICE Future 50% 10.3 8.0 714 11.0 98 4 B 621 622 585
Hybrid Strong 50% 10.3 8.5 6.2 11.0 9.7 718 622 6 6[1 543

* ERFC: Emphasis on Reducing Fuel Consumption

The average fleet fuel consumption reduces abwaeslrate than the new vehicle fuel
consumption, with the scenarios showing a rangete80% reduction in fleet fuel consumption
from No Changen 2035. This is reflected by the fleet fuel useoas scenarios in 2015. None of
the scenarios achieve more than 2% reduction in £B&t fuel use by 2015 when compared to
theNo Change Scenarids newer, less-fuel-consuming vehicles beconsgel fraction of
fleet, and are used on road in increasing numbeesuel use in the scenarios begins to diverge
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from theNo Change Scenaridhe scenarios show up to a 12% reduction in flesgtuse by
2025 and a 30% reduction fleet fuel use by 2035.

7.4.1 Total life-cycle energy and greenhouse gas em  issions

The total life-cycle energy and greenhouse gassons of the LDV fleet are obtained
by adding together the well-to-tank, tank-to-whaeld vehicle manufacturing and end-of-life
disposal energy and GHG emissidh&igure 59 shows the U.S. LDV fleet life-cycle GHG
emissions undeMo Changeand theReference Scenario.

In 2000, the shares of vehicle cycle, well-to-tankd tank-to-wheel components of total fleet
GHG emissions were 9%, 22%, and 69%, respectifélg.tank-to-wheel GHG emissions in
2000 from light-duty vehicles are estimated to [#2% million metric tons, which compares

well with the EPA estimate of 1,105 million mettans [EPA 2007]. Unddlo Changethe

LDV fleet GHG emissions increase from 1,647 millimetric tons in 2000 to 2,514 million
metric tons, whereas in tiieference Scenaribe fleet GHG emissions plateau at around 2,213
million metric tons in 2035.

LDV fleet GHG emissions und@urbocharged ICE FuturandHybrid Strong Scenarios
are shown in Figure 60. In both scenarios, the fB8G emissions peak at 2066 million metric
tons in years 2020-2021 and decline thereaftespitie of declining emissions, the fleet GHG
emissions in 2035 are some 21% higher Tluebocharged ICE Futurand 15% higher in a
Hybrid Strong Scenarisvhen compared with emissions in year 2000. Addted fleet emissions
decrease, the share of vehicle cycle emissioneases, particularly in thaybrid Strong
Scenario.

The impact of a changing fuel mix on fleet GHG ssions is shown with the help of the
Market Mix Scenariaon Figure 61. While the fuel use in tMarket Mix Scenarigpeaks in 2020,
the GHG emissions do not peak until 2024. The 26B% emissions under thiarket Mix
Scenario(2,027 million metric tons) are approximately 9.6%ow emissions under the
Reference Scenariand 20% below tho Change ScenaridVhen the fuel mix is changed
according to thédigh Oil Sandd Low Ethanol Scenaridescribed in Section 6, the LDV fleet
GHG emissions in 2035 reduce by an additional 218%,981 million metric tons [Figure 61
(b)]. On the other hand,laow Oil Sands / High Ethanol Scenarieduces the GHG emissions by
5.5%, to 1,918 million metric tons [Figure 61 (c)].

In either case, maximum annual emissions occyean 2020, but peak GHG emissions
in theHigh Oil Sands / Low Ethanol Scenaace 2,060 million metric tons compared with 2,033
million metric tons in th&.ow Oil Sands / High Ethanol Scenarfdompared with a 22.4% share
of well-to-tank emissions in thiReference Scenatrithe share of well-to-tank emissions in the
Fuel Mix Scenarias between 27 and 28% of total life cycle GHG esiiss in 2035.

> The life-cycle greenhouse gas emissions impadctsriied in this section attribute all greenhouseegaissions to
the U.S. light-duty vehicle fleet. Not all of thesmissions are counted as U.S. emissions in amiomeof
greenhouse gas emissions. For example, the GHGiemssduring extraction of imported oil, refininfimported
gasoline, or manufacturing of imported cars wowdtllre counted as U.S. emissions.
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Figure 59 LDV fleet GHG emissions under tido ChangeandReference Scenarios
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Figure 60 LDV Fleet GHG emissions under th@rbocharged ICE FuturandHybrid
StrongScenarios
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(b) Market Mix Scenario with High Oil Sands and L@ellulosic Ethanol
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LDV Fleet GHG emissions unddtarket Mix Scenariavith changing mix of
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7.5 Additional scenarios

In addition to the three main scenarios discusdede, three variations on these
scenarios are explained briefly below.

7.5.1 Increased market penetration of hybrids in pa  ssenger cars and
diesels in light trucks

Diesel vehicles offer an added advantage overithyahicles in terms of a sustained
towing capability as well as other heavier-dutyiethattributes. Therefore, there is a reason to
believe that diesel and hybrid vehicles will peatdrat different rates in passenger car and light-
truck markets. This scenario is evaluated by compgithe market penetration rates from the
Turbocharged ICE Future and Hybrid Strong scenafibe market penetration rates from the
Hybrid Strong scenario are applied to the cars anly from the turbocharged ICE Future are
applied to the light-trucks only.

Figure 62 shows the results of this combined st@nas would be expected, the
resulting 2035 fuel use and cumulative fuel savisgsetween the Turbocharged ICE Future and
Hybrid Strong scenarios. Average new vehicle togisumption in 2035 under this scenario is
6.8 L/100 km, while the fleet fuel consumption i¢ 8100 km. It should be noted that the
results of this scenario match very closely with 100% ERFC scenario with no change in the
sales mix.
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Figure 62 LDV fleet fuel use under the combinetybrid Strong Scenario cars and the
Turbocharged Light-Trucks Scenaiiolight trucks
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7.5.2 Increasing the emphasis on reducing fuel cons  umption in the Hybrid
Strong Scenario

TheHybrid Strong Scenarjovhich resulted in the most fuel savings of althod
scenarios, assumes a 50% emphasis on reducingoioglmption. With our growing concerns
about climate change and petroleum security, agreaphasis may be placed on reducing fuel
consumption. Figure 63 shows the impact on LDVtffael use when ERFC is increased from
50% to 75% and 100%.

LDV fleet fuel use in 2016 under this scenarié1$ billion liters, which is only 3%
lower than the fuel use in year 2016 iNa Change Scenarid his, however, represents the
peak in LDV fleet fuel consumption in théybrid Strong Scenarjovith 100% ERFC. Figure 63
shows that by increasing the emphasis on reducielgcbnsumption from 50% to 100%, the
2035 fleet fuel use could be reduced by a furtl®ds from theNo Change Scenarid his
represents a cumulative fuel savings of 850 billitars over the fuel savings in tigybrid
Strong Scenariowith 50% ERFC.
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Figure 63  Increasing the emphasis on reducing fuel consumiogheHybrid Strong
Scenario

7.5.3 Introduction of hydrogen fuel cell vehicles

So far, the scenarios for market penetration gaaded vehicles have not included
hydrogen fuel cell vehicles (FCVs). If technicablasost issues with FCVs are resolved, then we
could expect the introduction of commercial FCV200. In the initial years, the number of
fuel cell vehicles will be small enough that fuglimfrastructure will not be such a major issue,
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but as FCV technology improves and costs come davehcell vehicles can be expected to
enter the market in increasing numbers. In thisitiative scenario, the market penetration rate
of hydrogen fuel cell vehicles is similar to thafptug-in hybrid vehicles, except for a 10-year
time lag in the introduction of FCVs.

Since FCVs do not consume any petroleum duringcieebperation, they can have a
relatively quick impact on fleet fuel use. Figurk $hows that increasing the market share of
FCVs to 5% would reduce the 2035 fleet fuel us&B%o below theMarket Mix Scenariolf the
FCVs take hold in the market, they will have anrelagger impact on reducing the petroleum
use of LDVs after 2035. Over the next two-and-d-atades, however, their impact is unlikely
to be much larger than indicated here.
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Figure 64  Impact of Hydrogen Fuel Cell Vehicles on LDV fldeel use

7.6 Impact of delays

A scenario of delayed action demonstrates theezprences of postponing action by 5 or
10 years on overall fuel consumption and greenhgaseemissions. The purpose of these
scenarios is to investigate the level of additiefédrt required to reduce vehicle fuel
consumption in the future, as opposed to takingpadmmediately. Figure 65 shows the impact
on LDV fleet fuel use if the fuel economy improvame which begin in year 2010 in the
Reference Scenarimr 100% ERFC Scenaripsare delayed by 5 or 10 years.
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(b) Delay with 100% ERFC
Figure 65  Effect of delayed action on light-duty vehicle fusle (2000-2035)

It is clear from this scenario that delayed actiesults not only in shifting the problem
out in time, but also increases the magnitude eftloblem we are addressing. It is also clear
that even small changes made sooner could reslaltgar benefits than more aggressive actions
taken later. Even if inherently low G@mitting or non-petroleum-based fuels were to bexo
feasible in the future, the magnitude of the problgould be much more manageable if some
action were to be taken now, as opposed to waditing cure-all.
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7.7 Reducing fuel use and GHG emissions by 5% below the
Reference Scenario

The next two sub-sections compare the market paroet rates of different vehicle
technologies, with varying emphases on reducingdoesumption, to achieve a predetermined
target. In this first sub-section, the target isdgzhon fleet fuel use and GHG emissions, whereas
in the second sub-section, the target relatesetéuttl consumption of new vehicles sold. The
policy debate over energy security and climate gedands to focus on developing measures to
promote the adoption of specific propulsion systemfiels such as tax credits or mandates.
This debate can be better informed by evaluatiegehative effort required to achieve a 5%
petroleum and GHG reduction in 2025 below Rederence Scenariasing various propulsion
systems, fuel alternatives, as well as demandragkesures, as shown in Table 34.

Table 34 Alternatives considered to independently reducédaesumption or GHG
emissions by an additional 5% below the Referemem&io (by 2025)

Propulsion system alternatives - Turbocharged gasoline
- Diesels
« Gasoline hybrids
+ Plug-In hybrids

Emphasis on Reducing Fuel Dedicating more emphasis on reducing fuel conswngtian performance
Consumption (ERFC) as compared with 50% in theference Scenario

Vehicle weight and size - Reduction in vehicle weight through material subgtn

reduction alternatives - Shift within vehicle class (e.g., from large carsall cars)

« Shifts between vehicle classes (from light-truaksdrs)

Fuel alternatives - Ethanol from corn

- Ethanol from switchgrass

Demand side alternatives Reducing the rate of dramtehicle kilometers travel from the current
rate of 0.5% per year to 0% in 2025

To compare the relative fleet-wide impact of difiet propulsion systems, the market
shares of each of the technologies listed in Tablare increased linearly starting in year 2010,
and the fraction of new vehicle sales in 2025 tidthave to come from these technologies to
achieve the desired 5% reduction in fuel use an@&@hhissions is estimated (Table 35). The
market shares required to achieve a 5% reducti@H@ emissions are more aggressive than

* The impact of weight and size reduction on vehiatd consumption and GHG emissions was evaluaged b
Lynette Cheah. Based on vehicle simulation worlChgah, every 100 kg weight reduction, the adjuiiet
consumption can decrease by 0.3 L/200km for cauw0a4 L/100km for light trucks. In other worder very 10%
weight reduction, the vehicle’s fuel consumptioduees by 6 to 7%. More details are available inabhet al.,
2007.
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those required to achieve the same reduction inugeefor each individual propulsion system.
This is a result of the higher material cycle GHGissions that are embodied within future new
vehicle fleets, for example: from greater use gitweight materials such as aluminum, and
from a greater fraction of alternative propulsientnologies. In the case of plug-in hybrids,
however, the share required to meet the GHG tasgetreased even further by GHG emissions
produced from the electricity consumed by thesecke$, assuming an average U.S. grid mix.

Table 35 Percentage of new vehicle sales that new proputsidmologies must
independently achieve to reduce fuel use and GHisseons by 5% relative to
the Reference Scenar{®0% emphasis on reducing fuel consumption) inr6202

PROPULSION SYSTEM  MARKET SHARE REQUIRED FOR A 5% REDUCTION IN 2025
Turbocharged gasoline

p N/
69% N
Fuel use 44% \l/
N/
77% v
GHG emissions )
54% =}
o
Diesel é.
48% 2
Fuel use - S
31% -
<]
2
57% ®
GHG emissions =
39% 5
. 2
Hybrids ’é‘
27% e
Fuel use =
18% §
=
32% g
GHG emissions =y
22% 3
Plug-in hybrids \Z
Fuel use
9% N7
N/
24%
GHG emissions
16%

| half (50%) emphasis placed on reducing fuel consumption
two-thirds (65%) emphasis placed on reducing fuel consumption

Note: 90% emphasis on reducing fuel consumption achieves the targeted 5% reduction with
gasoline ICE vehicles alone.
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From Table 35, we conclude that the market petietraf emerging vehicle
technologies will need to be sizeable in ordertize a noticeable benefit by 2025. Note that in
none of the scenarios discussed in Section 7.3 dofthe propulsions systems achieve the
required market shares shown in Table 35, exceptyforids under thélybrid Strong Scenario
with 65% ERFC. This is primarily due to slow ratéschange in fleet composition, and only a
portion of technology potential being used to redfiel consumption. A noteworthy reduction
in fuel use will not materialize by 2025, unlessudstantial number of new, less-fuel-consuming
vehicles have already penetrated into the fleat l@ve been in use for several years.

Instead of relying solely on increasing the mastedtre of advanced propulsion systems,
directing more of the efficiency improvements todsreducing on-road fuel consumption rather
than increasing performance and size can provieatgr leverage. Increasing the emphasis on
reducing fuel consumption (ERFC) from 50% in Beference Scenario 88% and 93% would
achieve the 5% reduction in fuel use and GHG ewmissgoal, respectively, with ICE gasoline
vehicles alone. If some two-thirds of the emphasige to be placed on reducing fuel
consumption across all the vehicle technologiekitiog mainstream ICE gasoline vehicles,
then the market penetration rates of advanced fsigoutechnologies could be reduced by one-
third compared to thReference ScenarleRFC to achieve the same objective (Table 35% Thi
striking drop in the market share required by adedpropulsion systems is enabled by the
combined improvement of advanced and conventioeal vehicles when ERFC is increased
from theReference Scenari@lue of 50%.

Among the fuel alternatives, cellulosic ethangbegrs to be an attractive way to reduce
both petroleum use and GHG emissions in the LD¥tflen theReference Scenarid is
assumed that ethanol from corn contributes 3% @tV fleet fuel use, which translates into
25 billion and 31 billion liters [530 and 660 petajes] of ethanol in 2005 and 2025,
respectively. Displacing an additional 5% petrolebgyond thdReference Scenariequires
twice the amount of ethanol mandated by the EnBuajicy Act of 2005 [Groode and Heywood
2007]. The use of corn-based ethanol needs to loé mgher, however, to achieve a 5%
reduction in life-cycle GHG emissions across the/flzet, even after assuming a 20% co-
product credit (Table 36). Thus, if GHG emissioagduction is desired through fuel alternatives,
then rapid development of cellulosic ethanol te¢bgyis critical.

Table 36 Amount of additional ethanol blended in gasolin@ gercentage of total
gasoline use to achieve a 5% reduction in fuelamekGHG emissions

Fuel Etha_\n_ol R_equired Ethanol Share of Fuel Supply R_equ_ired (by Volume)
(billion liters) for a 5 percent Reduction in 2025
Corn Ethanol
Fuel use 50 7.5%
GHG emissions 335 43.2%
Cellulosic Ethanol
Fuel use 47 6.9%
GHG emissions 62 9.1%
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Achieving a 5% reduction by altering vehicle weighd size is also challenging (Table
37). In theReference Scenarioecall that the weight of new cars and light ksuts already
assumed to decline by 6% from 262025, while vehicle size is kept constant. To m=al 5%
reduction in LDV fleet fuel use through further vl weight reduction, the sales-weighted
average new vehicle weight must decrease by ani@uoiali 13%, from 1,860 kg in 2005 to 1,540
kg in 2025. The 5% reduction in fleet life-cycle GHmissions requires around the same 19%
reduction in new vehicle weight from today’s vallie.realize weight reduction by downsizing
without any material substitution, large vehiclessrently accounting for a third of new vehicle
sales—would have to disappear from the marketfgeb6% of fleet fuel use by 2025, while
compact or small vehicles must grow from their entr23% market share to 84% of new
vehicles sold in 2025. We can also consider slgfsales away from light trucks to cars to
reduce the average vehicle weight. However, tazedhe targeted fuel savings in this manner,
light trucks will need to either all but disappé&am the market, or they will need to achieve the
same average fuel consumption as cars in 2025.

To achieve a 5% reduction in fleet GHG emissiongddwnsizing vehicles without
material substitution, small vehicles must accdan®0% of the market in 2025. Similarly, if
light trucks were completely phased out from the nehicle market in 2025, this will realize
only a 5% reduction in GHG emissions from the LD&&t. Thus, significant downsizing
changes are necessary to achieve the targetedtimipplaic the next 20 years.

Table 37 Weight/size reductions required to achieve a 5%ctadn in fuel use and
GHG emissions

WEIGHT AND SIZE CURRENT VALUE IN VALUE REQ'D. FOR A 5%
REDUCTION 2005 REDUCTION BY 2025

Material substitution

Fuel use 1,551 kg average vehicle weight
1,860 kg average

o vehicle weight ) )
GHG emissions 1,541 kg average vehicle weight

Shifting within classes to smaller vehicles

Fuel use 84% market share of small vehicles
23% market share of

o small vehicles )
GHG emissions 90% market share of small vehicles

Shifting from light trucks to cars
> 100% market share of cars
44% market share of  (max. 4.2% reduction in fuel use)

cars
GHG emissions 100% market share of cars

Fuel use
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Finally, reducing the rate of growth of per vehitlavel from 0.5% to zero between 2010
and 2025—rplausible, albeit challenging—would redileetotal fuel use and GHG emissions by
6% from theReference Scenaria 2025.

7.7.1 Policy implications

The key to reducing light-duty vehicle fuel usel&HG emissions is not what specific
propulsion or fuel technology to deploy, but howdeploy these technologies. For example,
when only half of the gains anticipated from futteehnology are used to reduce fuel
consumption directly, the market penetration rafesmdvanced vehicles required to achieve even
a 5% reduction in fuel use appear infeasible. Witt+thirds of the anticipated gains applied to
reduce fuel consumption, the required market patetrs rates of advanced technology vehicles
appear much more plausible. Irrespective of th@uydsion system or fuel used, it will be critical
to utilize the anticipated advances in vehicle tedbgy for the specific purpose of reducing fuel
use rather than for improving significantly on @nt performance, or allowing vehicle size (and
therefore weight) to increase.

Due to the life-cycle impacts of alternative prigion systems and biofuels, reducing
GHG emissions is a more daunting challenge thamciad fuel use. Particularly, in the case of
plug-in hybrids and ethanol produced from corn,dffert required to achieve a 5% reduction in
GHG emissions is greater than with other propulsigstem and fuel alternatives. While
alternate fuel options, such as ethanol or elattriare available to displace the use of
conventional petroleum, simultaneously reducinggetm and GHG emissions from these
sources requires that they are derived from lowssions fuel production pathways.

7.8 Doubling the fuel economy of new vehicles by 2035

In a widely cited paper, Pacala and Socolow [2@&$cribed a climate stabilization
wedge as a strategy that can reduce a cumulataieafo25 Gt of carbon of reduced emissions
over 50 years. One strategy described by Pacal&acaolow is to raise the fuel economy of all
two billion passenger vehicles globally from appnoately 30 miles per gallon at present to 60
miles per gallon in 50 years.

Starting with President Bush’s 2007 State of tiéod address, a series of legislative
proposals have been introduced in the congresdwitiend to increase the fuel economy of
new vehicles at a rate of 2—-4% per year [YacobaodiBamberger 2007]. Increases on the order
of 3% per year would effectively require new vebgln 2035 to consume half as much fuel per
unit distance traveled as in 2006. The transponagificiency of the technology subgroup of the
National Petroleum Council Committee on Global &t Gas estimated that.technologies
exist or are expected to be developed, that haa/@dkential to reduce fuel consumption of new
light-duty vehicles by 50 percent relative to 20@hicles...(at) constant vehicle performance
and ...higher vehicle costiy 2030. [NPC 2007] Most recently, in December2@@ie U.S.
Congress enacted a new CAFE requirement of 35 péegallon for light-duty vehicles by
2020. This corresponds to an annual fuel econorrgase of about 4% over a 10-year period.

Here, a scenario that requires doubling the foehemy or halving the fuel consumption
of new vehicles by 2035 is evaluated. In this sdenthe adjusted average fuel consumption of
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new vehicles sold in year 2035 would be 5.7 L/100&mhalf of today’s 11.4 L/100km. Such a
reduction in vehicle fuel consumption can be aohikby increasing the emphasis on reducing
fuel consumption, increasing the market share vaaded vehicle technologies, as well as
reducing vehicle size and weight. Only the firsbtstrategies are considered here. Furthermore,
only the propulsion systems available in the marti@ay are taken into consideration. An
evaluation of doubling the fuel economy of new w&d8 using all three alternatives can be found
in Cheah et al. [2007].

Table 38 (a) shows the market share of advanagulfgion systems that would double
the fuel economy of new vehicles by 2035 when wgéd evolving mainstream gasoline
internal combustion engines. Of the propulsioneyst available in the market today, a 2035
hybrid vehicle is the only future technology thaprojected to have less than half the fuel
consumption of today's gasoline ICE vehicles (s&l@ld6). As a result, even 100% market share
of turbocharged gasoline vehicles or diesels vatlachieve a factor-of-two reduction in new
vehicle fuel consumption. If only 25% emphasislecpd on reducing fuel consumption, then
nearly all vehicles sold in year 2035 will haveb®hybrids in order to realize a factor-of-two
reduction in fuel consumption. On the other hanith w00% ERFC, the market share of hybrids
needs to be less than half to achieve the samettarg

Table 38 Market share of advanced propulsion systems tolddbb fuel economy of
new vehicles by 2035

Market share in 2035 required to double Fuel
Economy of new vehicles sold

Emphasis on Reducing Gasoline

Fuel Consumption
(ERFC)

turbocharged

Diesel

Hybrids

25%

50%

75%

100%

98%

84%

66%

42%

(a) Using Single Advanced Propulsion System only

Market share in 2035 required to double FE of new vehicles sold
at 50% ERFC (Combined options)

Gasoline ICE

Gasoline
turbocharged

Diesel

Hybrids

16%

0%

0%

84%

0%

22%

0%

78%

0%

0%

25%

75%

(b) Using Two Advanced Propulsion Systems
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When two of the advanced propulsion systems aréoeed, the market shares needed in
2035 to double the fuel economy at 50% ERFC is shiovifable 38 (b). In any of the three
cases shown above, the market share of advancpdigian systems in 2035 needs to be
substantial.

Another way to look at the aggressiveness ofdhget of reducing fuel consumption by
half is to calculate the ERFC required in eacthefadvanced vehicle market penetration rates
scenarios described previously. As shown in TaBleo8thMarket MixandTurbocharged ICE
Future Scenariosf market penetration will require new vehicle085 to give back some
performance compared with their 2005 counterpédsioubling of fuel economy is to be
achieved. By contrast, only two-thirds of the emgd@n reducing fuel consumption irHgbrid
Strong Scenarits necessary in 2035 new vehicles to reduce fugdwmption by half. This
difference in ERFC is due to two reasons. Firg,Hjbrid vehicles consume much less fuel than
turbocharged gasoline or diesels. SecondHit®id Strong Scenariassumes a 15% market
penetration of plug-in hybrids (PHEVS) by 2035.&PHEVs consume relatively small amount
of petroleum, their gasoline equivalent fuel ecogasnquite high, and a small number of
PHEVs can reduce the average new vehicle fuel copsan substantially.

Table 39 Emphasis on Reducing Fuel Consumption (ERFC) reduo double the fuel
economy of new vehicles in 2035 for different scesa

Scenario ERFC
Market Mix 102%
Turbocharged Future 101%
Hybrid Strong 66%

If a doubling of new vehicle fuel economy is acleié by increasing ERFC to 66% in the
Hybrid Strong Scenaridhe resulting light-duty vehicle fleet fuel usadaCQ, emissions are
shown in Figure 66. The fuel use shown in Figurée&§@nder this scenario maxes out at 623
billion liters in year 2018, and returns to its 20@lue by year 2035. The corresponding GHG
emissions shown in Figure 66 (b) max out at 204animetric tons in 2020, and reduce by
28% in 2035 compared with tiNo Change Scenario

Vehicle weight (and size) reduction provides aditahal option for achieving the
target. With a 20% reduction in average new vehia@eyht, doubling the 2035 new vehicle fuel
economy can be achieved with 75% ERFC and a mpekedtration consisting of 15%
turbocharged gasoline, 15% diesel, and 54% gasblihgd vehicles [Cheah et al., 2007].

Adding theLow Oil Sands / High Ethandlel mix to theHybrid Strongscenario can
reduce the 2035 GHG emissions by a further 6%, #08Lmillion metric tons of C© The
cumulative GHG savings of more than 7,800 millioetrit tons of CQ compared witiNo
Changeand 4,900 million metric tons of G@ompared with th&eference Scenario.
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Light-Duty Vehicle Fuel Use (in Billion Liters
of gasoline equivalent per year)
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Figure 66 LDV fleet fuel use and GHG emissions achieved hytdiag fuel economy

Cheah et al. [2007] evaluated the potential fdvihg the fuel consumption of new
vehicles by 2035 using a combination of ERFC, adedrvehicle technology, and vehicle
weight and size reductions. They estimated thabliloy the fuel economy would result in an
extra cost of approximately 20% of baseline vehmclnufacturing costs. While these costs
could be recouped during the vehicle operationuincfuel savings, the changes necessary to
achieve this run counter to the current trenddiénu.S. light-duty vehicle market.
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Automakers may be hesitant to make such large-stenges in the product
mix unless consumers are willing to forego theintcwing pursuit of ever-higher
performance, larger vehicle size and other amesitie..[A factor-of-two
reduction].... will challenge the auto industry to keathe capital investments
necessary to realize alternative technologies aubstantial scale, and requires
the government to address the market failures tiratmote size, weight, and
acceleration at the expense of higher vehicle éaglsumption and its associated
impacts related to energy security and global waignjCheah et al. 2007]

In short, reducing the fuel consumption of newiglgls in 2035 by half and realizing a
corresponding 30—-35% reduction fleet fuel use akd@missions is technically feasible, but
achieving this in practice will require aligningetpreferences of consumers and manufacturers
through strong fiscal and regulatory incentives.

7.9 Effect of reducing travel demand

While the goal of this report was to demonstratetiming and impact of changing
vehicle technologies and fuels, the job of theslnelogies can be made easier in a relative
sense if the rate of growth in travel demand calowered by other means. This is illustrated in
Figure 67.

Light-Duty Vehicle Fuel Use (in Billion Liters

800 of gasoline equivalent per year)

No Change
700
0% VKT/vehicle growth
600 7 50% ERFC

100% ERFC
500 A

400 1

300 A

200 A

100 -

2000 2005 2010 2015 2020 2025 2030 2035
Year

Figure 67  Effect of reducing rates of growth on LDV fleet fuse

As discussed briefly in Section 5, halving theigkhsales growth rate from 0.8% per
year will reduce the 2035 LDV fuel use by approxiety8.6%. In addition, if the growth in per
vehicle kilometer travel could be halted, i.e., pehicle travel were held at today’s value, a
further 10% reduction in 2035 fuel use could bdized even with no emphasis placed on

142



Fleet Scenarios

reducing fuel consumption in vehicles. If the ERiB@hcreased to 100%, an additional 26%
reduction in 2035 fuel use can be realized, theedboinging the total reduction of more than
39% from theNo Change Scenario

Note that no advanced propulsion systems are asbsumthis scenario. Even thybrid
Strong Scenariowith 100% ERFC (as described in Section 5) adsdiie same amount of
reduction in 2035 fuel use (See Figure 63). li$® @amportant to note that the changes in rate of
growth in vehicle travel affect all vehicles on tlead, and hence reductions in fuel use and
GHG emissions are realized sooner. When compardteHybrid Strong Scenari@00%
ERFC), this scenario achieves an additional cunwaldtiel use reduction of 835 billion liters
(five billion barrels of oil) and 3,200 million metric tons of €émissions over the 30-year
period from 2005 to 2035.

7.10 U.S. LDV greenhouse gas emissions in the global context

While the U.S. light-duty vehicles are the largesttributor to global light-duty vehicle
greenhouse gas emissions, the growth in light-dehycles elsewhere in the world will also be a
big contributor to the growth in global LDV greentse gas emissions. This growth in the global
LDV CO, emissions is illustrated in Figure 68, which waserated with the WBCSD
Sustainable Mobility Project (SMP) global fleet nebfFulton and Eads 2004].

U.S. and Global Light-Duty Vehicle Well-to-Wheel GH G Emissions
(Million Metric tons of CO ) 5901 1

IEA Base Case

100% ERFC Globally

1000 Doubling U.S. Fuel
Economy by 2035

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Year

Figure 68  U.S. and global LDV well-to-wheel GHG emissions§282050)

The SMP global fleet model estimates that theglabV fleet CGQ emissions will more
than double between 2000 and 2050 if no measuegsiken to reduce vehicle fuel consumption.
A large part of the growth results from expansidhV fleets in developing Asia and Latin
America, as well as steady growth in travel in lakinerica.
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If it is assumed that the fuel consumption of nddW's worldwide can be reduced at the
same rate as the 100% ERFC in U.S. LDVSs, thenltiimgLDV fleet GHG emissions will
plateau around 3,750 million metric tons in aro@0@5. Unlike the U.S. LDV fleet, where the
actual fuel use and GHG emissions can declineggitvth in the stock of vehicles worldwide
means that the emissions from the LDV fleet casthbilized at best during this period, without
additional help from advanced propulsion systentsaternative fuels.

Figure 68 highlights the urgency of reducing LDissions in the United States, if
global LDV GHG emissions are to decline sharplyhie@ coming decades. Development and
commercialization of new vehicle technologies amels in the U.S. market might enable the
developing parts of the world to adopt these tetdgies more quickly. Hence, the United States
will have to pursue ambitious targets, such as tiogithe fuel economy of new vehicles by
2035. As indicated above, deeper cuts in U.S. eomssvould provide significant benefits on
the global LDV GHG emissions front.

7.11 European scenarios

Three scenarios were considered for each Europmantry examined in this report: 1)
No Change?2) Diesels Dominateand 3)Alternative Technologies Emergehese scenarios were
differentiated by vehicle sales mix, ERFC, and lété content. In thBlo Change Scenarjthe
existing vehicle sales mix, ERFC, and fraction iofiels was held constant at 2005 lev&n
theDiesels Dominate Scenarand theAlternative Technologies Emerge Scenatie ERFC
was raised from the historic average 50% to 75% the fraction of biofuels in the fuel mix was
increased over time to a 10% energy share by 208Be two scenarios differed in thaiesels
Dominateassumes that the sales fraction of diesel vehgglass to 75% by 2035, whereas the
Alternative Technologies Emerge Scenassumes that a mix of alternative powertrains,(e.g
gasoline turbo, hybrids, and CNG) achieve a 55%sssihare by 2035. The exact sales mix
scenario for each country is detailed in Table d@ @escribed in further detail below.

*% The fraction of biofuels in the European fuel nisxapproximately 2% by volume (Emerging Markets il
2006).

*" The biofuels assumption is modeled after the EemapgCommission Directive targeting 10% biofuel2bg0.
The scenario used here differs from the Directivehat it extends the deadline for compliance 832 reflect the
fact that a 10% biofuel energy share is an amlstiauget that is unlikely to be achieved until stme after 2020.
It is assumed for simplicity that in 2035 ethanod diodiesel will each comprise 10% by energy cfajjae and
diesel, respectively. Corresponding well-to-tanl tank-to-wheel energy and GHG values were takem fr
CONCAWE et al.’s (2007) well-to-wheel assessment.
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Table 40 European scenarios’ sales mix assumptions

2005 2035
Today No Die;els Alterhative
Change Dominate Technologies Emerge
Diesel 69 69 75 35
NA Gasoline 28 28 22 10
France Gasoline Turbo 3 3 3 30
Gasoline Hybrid 0 0 0 15
Diesel Hybrid 0 0 0 5
CNG 0 0 0 5
Diesel 43 43 75 30
NA Gasoline 51 51 19 15
Germany Gasoline Turbo 6 6 6 30
Gasoline Hybrid 0 0 0 15
Diesel Hybrid 0 0 0 5
CNG 0 0 0 5
Diesel 59 59 75 35
NA Gasoline 37 37 21 10
Italy Gasoline Turbo 4 4 4 30
Gasoline Hybrid 0 0 0 15
Diesel Hybrid 0 0 0 5
CNG 0 0 0 5
Diesel 38 38 75 25
NA Gasoline 56 56 19 20
UK Gasoline Turbo 6 6 6 30
Gasoline Hybrid 0 0 0 15
Diesel Hybrid 0 0 0 5
CNG 0 0 0 5
7.11.1 Vehicle sales mix: Diesels Dominate vs. Alte  rnative

Technologies Emerge

TheDiesels Dominate Scenargimulates the potential for diesels to continueapture
a larger and larger share of new sales. It captthesales share in 2035 at 75% in each of the
four markets. Under this scenario, the market sbaterbo gasoline vehicles maintains its 2005
share, which is approximately 10% of total gasoliakicle sales, and the growing diesel share
causes a decline in the share of NA gasoline vehiBeecham 2005].

TheAlternative Technologies Emerge Scenassumes that the sales share of turbo
gasoline, gasoline hybrid, diesel hybrid, and CNfRigles grows significantly between 2005
and 2035. The assumptions that underlie this steaee as follows:

1. Due to several factors (e.g., loss of tax revennsustainable gasoline/diesel refinery
split, etc.), the sales fraction of diesel vehidess not increase above its current level.

2. lItis assumed that the trend of turbo gasolineatehicomprising a larger and larger
fraction of total gasoline vehicle sales will conte. Similar to the rapid diffusion and
high rate of market penetration observed for otluidasystem technologies, such as port
fuel injection and front wheel drive, this scengiojects that gasoline turbo vehicles
achieve a significant fraction of total gasolindniode sales by 2035.
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3. Gasoline hybrids are assumed to account for 158l oew vehicles sold in 2035. While
seemingly arbitrary, this target could be achieWg@soline hybrids were able to reach
3% market share (similar to the current U.S. hybates share) by 2015 and then
maintain an 8% compound annual growth rate un®520vhich is the same rate that
diesel sales have maintained in western Europe 4880 [ACEA 2008].

4. In 2035 there will be approximately one-third asyimdiesel hybrids sold as gasoline
hybrids, due to the former’s incremental fuel canption benefit, but significantly
greater cost (e.g., engine block, aftertreatmeat).e

5. The growth in the sales share of CNG vehicles [8620ill be modest (i.e., 5%). A
significantly greater market share is limited byesal factors, including the
inconvenience associated with refueling, contindeshand growth for natural gas by
other sectors, and infrastructure limitations. &mmple, CONCAWE et al. [2007]
estimated that if CNG were to comprise more thandb%he 2020 road fuels market,
additions to the existing gas distribution netwarduld be required.

6. Finally, it was assumed that, as the market shiatfgese alternative technologies grows,
gasoline hybrid, diesel hybrid and CNG sales aiket equally from existing NA gasoline
and diesel market share. Also, since turbochangimgarily involves changing
subcomponents, gasoline turbo vehicle sales ateresito take exclusively from
existing NA gasoline market share. Just as it tgpossible to know how these various
alternative powertrains will fare in the marketgawith respect to one another, it is
similarly uncertain whether they will be replacidigsel or NA gasoline technology. The
decision to have the alternative technologies &jeally from each incumbent was made
to avoid deriving a more complicated, yet no mdkely, retirement scheme. The only
caveat to this rule is that the market share ofgd8oline vehicles was never allowed to
fall below 10%, to account for the fact that, as lilwest-cost powertrain option, there
will always be some level of demand for conventldw& gasoline vehicles.

7.11.2 Scenario results

In conjunction with the European fleet models, dbeve scenarios were used to evaluate
the feasibility of proposed new vehicle GHG emisdiargets, the evolution of the diesel-to-
gasoline fuel use ratio, and the relative abildy¢dhanges in the sales mix, ERFC, and biofuels
share to reduce fleet-wide fuel use and GHG emmssiwer the next 30 years. A full description
of the results of MIT’s European fleet modeling Wwas provided in the literature [Bodek and
Heywood 2008]. Rather than discuss what was foonddch of the four countries, the
following discussion summarizes the most relevardings. In some cases, the results from a
country with a high existing sales share of diegélicles (France, at approximately 75%) is
contrasted with a country with a lower diesel salegre (the UK, at approximately 40%) in
order to further deepen the analysis.

Feasibility of vehicle CQ/km target deadlines

The feasibility of achieving the proposed 2012dimg CQ/km GHG emission targets
(130 g/km and 120 g/km), as well as the hypothef#620 engineering target (95 g/km), was
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evaluated [European Commission 2007]. For exanidgire 69 shows the historic trend in
specific GHG emissions from the average new velickerance between 1995 and 2006, the
linear trajectories required to meet the threedis;gand the future specific GHG emissions for
the Alternative Technologies Emerge Scenamioduced by the model. It suggests that, under
this particular scenario, the year in which alethtargets are met may be delayed by
approximately a decade. For instance, when thedaldeeefit of biofuels is included, the model
suggests that the 2012 target of 120 g/&® may not be met until as late as 2020. When
summarized for all four countries, this analysiggasts that underdo Change Scenarithere
could be significant delays (10-20 years, if noiger) before proposed 2012 and 2020,/
targets are met. Even under Diesels DominatandAlternative Technologies Emerge
Scenarioghere may still be delays, ranging from approxehab—15 years, depending upon the
country.

Petroleum fuel use and GHG emissions:

Under theNo Change Scenaritotal petroleum fuel use and GHG emissions remain
relatively constant in France and Germany betw@&®&b 2nd 2035 (emissions decrease by
approximately -5%), decline significantly in Itallyy approximately -20%), and grow
measurably in the UK (by approximately +15%). Thiesels DominatandAlternative
Technologies Emerge Scenarm®duce similar reductions to each other in thtal use and
GHG emissions. The approximate relative reductiotoial fuel use and GHG emissions in each
country by 2035foAlternative Technologies EmergadDiesels Dominatevas, respectively:
Italy (35% and 30%), Germany (30% and 25%), Frg268&o0 and 15%) and the UK (10% and
5%). This ranking is consistent with the rankingotintries by average new sales growth rate,
detailed in Table 40.

—t=—Historic

——2012 EC Target (vehicle only)
2012 EC Target (vehicle+biofuels

——2020 EC Target

== oclel (vehicle only)

= = Model (vehicle & biofuel)

140

2035 Scenario

120 { ¥ehicle Sales Mix

MNA Gasoline 0%
Diesel © 3504
Gasoline Turbo - 309

100 | Gasoline Hybrid - 159 %

Specific GHG Emissions (g CO,/km)

Diesel Hybrid - 5o, Cther Assumptions 95 ~
CNG . 5o - 19% ERFC (wweight reduction) 90
) -0.3% average sales growth rate
80 1 Fuel Mix -0.5% vehicle age growth
Biofuels (energy) © 10% - 0% weighted average VKT growth
GHG (vs.2010) -2.9% (diesel VKT scales with fleet share)
60 T T T T T T T
1995 2000 2005 2010 2015 2020 2025 2030 2035

Year

Figure 69  Specific GHG emissions of the average new vehiclésance
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Petroleum fuel use ratio

A useful method for analyzing petroleum gasolind diesel fuel use is to consider the
ratio in which they are consumed. This is a paldidy relevant metric for European fuel
refiners, who are concerned about the growing iari between diesel and gasoline fuel
demand. The diesel-to-gasoline fuel use ratio waad to continue to increase for at least the
next 10 years, regardless of the future scenaramontry, reflecting the time it takes to establish
the diesel fraction of the total vehicle fleet.

Interesting distinctions emerged for those coestwith a high existing diesel sales share
and those with a lower share. Figure 70 (a) andl(strate the potential trajectories (each
corresponding to one of the three scenarios) beafuel use ratio in France and the UK,
respectively, could follow. It shows that under Biesels Dominate Scenarithe rate of growth
in the fuel use ratio increases at a declining iraterance and at an increasing rate in the UK.
This reflects the fact that, while the diesel ts@mne fuel use ratio is already greater than ane i
France, it has the potential to increase fromtleas one to significantly greater than one in the
UK under continued dieselization. Under tiéernative Technologies Emerge Scenatine fuel
use ratio curves for France peaks in approxim&eBb before beginning to decline, whereas in
the UK, a leveling off in the fuel use ratio occafter approximately 10 years, similar to tie
Change Scenaridrlhis suggests that, especially for countries witiigh existing diesel sales
share, thélternative Technologies Emerge Scenawald help restore the fuel demand
imbalance. The resulting decline in fuel use rdtmyever, could be problematic to petroleum
refiners’ abilities to properly stage capacity ditahs.
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Figure 70  Diesel-to-gasoline fuel use ratio in the France thiredUK
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Reduction potential from a new sales mix, greater EFC, and increased biofuels use

While it is not possible to analyze the relatigact of sales mix, ERFC and biofuels
individually (since all three are connected to eattter), it is instructive to examine their relativ
contribution to reducing the fuel use and GHG emissof the future vehicle fleet. Figure 71 (a)
and (b) depict the WTW GHG reduction potentialled Diesels DominatendAlternative
Technologies Emergecenarios, respectively, in France. Similar grdphshe UK are shown in
Figure 72 (a) and (b). The wedges in these grapbgld be interpreted as the additional
reduction in GHG emissions obtained by incorporatin added measure.

Similar to the U.S. analysis, simply increasing ERFC is shown to have a significant
impact on 2035 fuel use and GHG emissions. Theivelanpact, however, is not as great as in
the United States. The reduction attributabledagitioning from 50-75% ERFC across all
European countries was approximately 10%, wheteasaduction in the United States from
going between zero and 50% ERFC was approximagéty. 1

As illustrated by Figure 71 (a), til@esels Dominate Scenarie shown to have very
little impact on total fuel use and GHG emissiam&rance. This is not surprising, given the fact
that the sales share of diesels is already clog&% By comparison, as shown in Figure 72 (a),
the same scenario in the UK achieves approximéailyof the reduction that is achievable by
increasing the ERFC to 75%.

Similar to the results obtained from the U.S. fleebdeling study, the impact of
introducing alternative technologies is relativeiyall and takes several decades to manifest.
Both the fuel use and GHG reduction in 2035 atteble to theAlternative Technologies
Emerge Scenaricanged between approximately 2.5 and 5%. Theviatig factors help explain
why the impact from this scenario is smaller thheasved by the corresponding U.S. scenario:

When an alternative propulsion system is introduoéo a European fleet it takes the
place of what would otherwise have been a NA gaedir diesel vehicle. In the latter case, the
relative fuel consumption improvement on a vehimdsis is not as large as occurs when that
vehicle takes the place of strictly a NA gasoliedicle, as in the United States. The advantage
from introducing alternative powertrains becomesltan with higher levels of ERFC. For
example, the fuel consumption of 2035 NA gasoling gasoline hybrid vehicles in France,
assuming 50% ERFC, is estimated at 5.34 and 3.B30kim, an absolute difference of 1.79
L/100km. When the ERFC is increased to 75%, thelatesdifference becomes 1.58 L/100km
(i.e., 4.72 minus 3.14 L/100km).

In countries with low or negative new sales grovetes, the youngest vehicles account
for a smaller and smaller fraction of the entieefl Thus, if those vehicles use alternative
propulsion systems with lower average fuel consiongheir impact will be smaller than it
would otherwise have been if the size of the fleete growing. For example, compare the size
of the wedges in the fuel use reduction graph fan€e (Figure 71), where new sales growth
rates are expected to decline by approximately &6 the next 30 years, with the UK (Figure
72), where new sales growth rates are expectatttease by 1%.

Lastly, the impact of increasing the fraction affbels in the fuel mix was found to have a
similar impact on reducing fuel use as adjusting-ERat approximately 10%. The contribution
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from biofuels to reducing GHG emissions was howaigmificantly lower, at 4— 5.5%. This is, of
course, because replacing one liter of gasoline witeat ethanol only reduces GHG emissions by
30%, and replacing one liter of diesel with biodiesnly reduces emissions by 45%.
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Figure 71  GHG reduction potential in France
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Figure 72  GHG reduction potential in the UK
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7.12 Conclusions

This discussion on market penetration rates of p@pulsions systems and of the

various scenarios we have examined of LDV fleek fise and GHG emissions reveals the
following:

1.

Reducing LDV fleet fuel use substantially below M@ Changecontinuing growth
projection through changes in vehicle technology take decades. Much of the near-
term growth in LDV fleet fuel use is a consequeatehanges that have already
occurred, or that are already in progress.

Uncertainties in consumer demand make undertakajgmuehicle redesigns a risky
endeavor for vehicle manufacturers. This, when E@lpith the high initial cost and
strong competition from steadily improving mainstregasoline vehicles, means that
market penetration rates of low-emissions diesadsgasoline hybrids in the United
States are likely to be slow. As a result, dieaald gasoline hybrids are likely to show
only a modest, though growing, potential for redgdieet fuel use before 2025.

Due to slow rates of fleet turnover, the fleet fusé is much less sensitive to changes in
the new vehicle market than is generally belie¥®aen with aggressive market
penetration rates of new technologies, it will Iiféallt to reduce the 2035 fleet fuel use
by more than 10% below fuel use in 2000.

The long delay between the introduction of advanaddcle technologies and their
impact on fleet fuel use should not be taken irgative light, however. The difference
between near- and long-term impacts needs to heepgyounderstood. In the longer term
(30-50 years), the impact of advanced technolodgiycles will indeed be far larger than
the near-term (less than 25 years) impact. Advamebitle technology introduction
needs to start as early as possible, howeveratzeedeep reductions in long-term fuel
use and minimize delays in deployment.

For similar levels of market penetration, gasolyerid vehicles are more promising vis-
a-vis diesels in terms of reducing fleet fuel uBee Market Mix Scenariowith a small
number of plug-in hybrids, produces results thatsamilar to that of th&urbocharged
ICE Future with a large market penetration of diesel velsicleheHybrid Strong
Scenariooutperforms these other two scenarios, but only48£6 (in 2035).

Shifting the emphasis on reducing fuel consumpftiom 50-100% in mainstream ICE
gasoline vehicles alone can produce fuel use remhscequivalent to about 80% market
penetration of advanced vehicle technologies. Thehasis that consumers and auto
manufacturers place on directly reducing fuel comstion is a critical factor in making
real progress.

Whether Europe continues along its current dieattin trajectory or whether significant
numbers of turbo gasoline and gasoline hybrid papn system vehicles enter the fleet
will have important repercussions on the futurerat diesel-to-gasoline fuel demand.

Regardless of the scenario, that ratio can be ¢xg@eéc continue to increase for at least
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the next 10 years. Given the fact that the referdtiRFC is already at approximately
50% in Europe’s largest markets, the benefit franthier increasing the ERFC is
diminished when compared to the United States.

7.13 Summary

This section has discussed a variety of issueseraimg the likely scale and impact of
advanced propulsion system deployment. By takirtg bopply and demand side constraints on
building up vehicle production rates, three plalesibarket penetration scenarios were
developedarket Mix, Turbocharged ICE FuturandHybrid Strong.

These scenarios indicate that substantial potentists to reduce light-duty fleet fuel use
over the next two to three decades in the UniteteSt The LDV fleet fuel use in 2035 could be
up to 40% lower than in thido Change Scenaribadvanced propulsion technologies such as
hybrids, turbo gasoline, or diesel engines canuraphore than half of the new vehicle market
by 2035, if significant weight reduction is achidyand if all the advances in technology are
used to emphasize reduction in fuel consumptioe. Sdenario results also show that life-cycle
GHG emission reductions will likely lag reductianspetroleum use, although cuts of up to 35%
in fleet GHG emissions fromldo Change Scenariare possible by 2035. The magnitude of the
vehicle design and sales mix changes requiredhi@ae these reductions are no less daunting
than those required in the post-olil crisis peribthe late 1970s.
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8.0 Summary and Conclusions

8.1 The need for coordinated policies

This report envisions a transportation future mah light-duty vehicles attain
substantial reductions in their rate of fuel conption and greenhouse gas intensity by 2035.
Even so, the potential for propulsion system tetdgies, weight reduction, and the supply of
alternative fuels to limit emissions and save eyevilj not be realized without significant
changes to business as usual. Achieving these gdhtfepend upon the following: 1) the ways
in which industry implements new technologies,®) willingness of consumers to modify their
personal mobility choices, and 3) the ability o€deon-makers to implement appropriate and
robust policy drivers.

Just as there is no “silver bullet” in the teclogyl options available, it is unlikely that
one dominant strategy or policy can satisfy theeseary political and economic constraints
while achieving dramatic reductions in energy useé greenhouse gas emissions. As discussed
in the introductory section to this report, a conatied set of various measures could form a
policy approach that would better account for tiéfving factors:

1. Fiscal as well as regulatory approaches have aogiay. Alongside the push for new
technologies and fuel options through mandatoryireqents, fiscal policies can
harness market forces to pull efficiency gainsehigles toward reducing fuel
consumption.

2. A broad base of stakeholders influences energyandegreenhouse gas emissions in
light-duty vehicle transportation. Using incensve align the interests of transportation
consumers with the goals of a policy interventiaruld improve the effectiveness of
regulations placed on smaller groups of industcibrs.

3. There are numerous opportunities to reduce enesgyand emissions along the entire
vehicle life-cycle. Policy drivers that influent®e choices of manufacturers and
consumers can be applied at the time of vehiclgdeproduction, purchase, operation,
and retirement. Without addressing these diffelitatycle stages, a measure may
unintentionally alter the behavior of stakeholdera/ays that reduce the effectiveness of
policy interventions.

8.2 Summary of available opportunities

As this report has described, a substantial rekezffort on the options for reducing
petroleum consumption and greenhouse gas (GHGpsemssfrom transportation has been
carried out at MIT for the past several years. iVbur focus has been primarily on the situation
in the United States, comparative studies in majoopean countries have also been completed.
Our focus has been on light-duty vehicles and tlueils, and on how engine and vehicle
technology improvements and alternative fuels stieare likely to change future evolving fleet
energy consumption patterns and GHG emissions.

155



ON THE ROAD IN 2035

Here we summarize the major conclusions that lkeaverged from our more recent
studies. These studies have examined the potémtighproved propulsion system and vehicle
technologies, the introduction of alternative fsgeams to augment mainstream petroleum-
based fuels, plausible time scales and rates athwimproved technology production volumes
could increase, how changes in the weighting olvtecle attributes—performance, size, and
on-the-road fuel consumption—affect the impacttdanology improvements would have, and
especially the evolving impacts of these vehictht®logy, fuel, vehicle purchase, and use
patterns, have on the fuel consumption and GHGsamis of the future U.S. in-use vehicle
fleet. Our findings thus cover a wide range ofidepln addition, they allow us to provide a
comprehensive summary, a set of conclusions, avatlmecommendations as to how we can
move forward.

1. The challenge Petroleum use and greenhouse gas emissions egasimy steadily in
the United States, the rest of the developed warld,especially in the developing world,
due to seemingly inexorable growth in demand fod)air, passenger and freight
transportation. Our first challenge is to offdestgrowth.

2. Significant reductions are achievable through techology. At constant vehicle
performance and size, a 30-50% reduction in nelt-tigity vehicle fuel consumption is
feasible over the next 20-30 years. Such a remtuatifuel consumption can be
achieved by a combination of the following:

a. Improved gasoline and diesel engines and transonissas well as gasoline
hybrids in the nearer term

b. Vehicle weight and drag reductions
c. Plug-in electric hybrids and hydrogen fuel cellshe longer term

The lower end of this range is achievable thromgbrovements in mainstream engines
and transmissions, which could be deployed in kiglames in the nearer term. It would
take longer for more complex or advanced technekguch as hybrids to achieve
significant overall reductions in fuel consumptemd GHG emissions, due to their
higher cost and slower deployment build-up. Rdbichfferent technologies such as
plug-in hybrids and hydrogen and fuel cells—if deped to the point where they are
market-feasible—would at best take more than 3@syahave a significant impact.

The nearer-term changes, when combined in vehitlagpropriate combinations, will
result in vehicle cost increases between $1,506084|f they are produced in
significant volumes. The additional costs of pladyybrids and fuel cell vehicles are
uncertain, but are anticipated to be significahtbyher.

3. Policy has a major role to play.Policies developed to reduce vehicle fuel consionpt
will need to take into account the trade-offs betwegehicle performance, size (and thus
weight), and fuel consumption. Vehicle purchaserd users have shown a clear
preference for increasing vehicle performance arel moviding market “pull” for these
attributes. The automobile companies compete areanl other by offering ever-
increasing performance and vehicle size, providieg‘push.” In the United States, the
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emphasis on enhanced performance has been so g8tedrfwith some size increases) no
significant fuel consumption gains have been redliaver the past 25 years. In Europe,
the emphasis on performance has not been as stodgome half of the potential fuel
consumption improvements have been achieved.

Reducing vehicle weight and size has important befits. Vehicle weight and size
reduction could contribute significantly to redugegtroleum consumption and
greenhouse gas emissions. Direct weight reductfonsigh substitution of lighter
materials and basic vehicle design changes (whactkexample, maximize the interior
volume for a given vehicle length and width) enad#@eondary weight reductions as
vehicle components are appropriately downsizedchvaf this is straightforward
engineering, and some of this weight reductiorlatively low cost. A shift in vehicle
size distribution away from larger vehicles alsduees average weight and initially can
be accomplished by changes in production volunias: estimates indicate that a 20%
reduction in sales-weighted average vehicle weightd be achieved over about 25
years. This would cost about $800 per vehiclee laximum potential for weight
reduction at plausible cost is about 35%; this \@adst significantly more. These
estimates allow for the additional weight requibgdfuture safety requirements and
convenience features. Vehicle weight reduction®0sf35% on their own result in some
12-20% reduction in vehicle fuel consumption.

Emphasizing reduced fuel consumption over other atibutes is critical. Due to slow
rates of fleet turnover, the fuel consumption ofmataeam technology vehicles
(improved internal combustion engines, transmisgisome weight reduction) will
determine the near-term fleet fuel use and GHG soms profiles. Directing the
efficiency improvements thus achieved toward realgion-use fuel consumption of these
high-sales-volume vehicle technologies is theretoitecal.

Mainstream technologies will dominate near-term im@act. Due to high initial cost and
strong competition from mainstream gasoline vekiahearket penetration rates of low-
emission diesels and gasoline hybrids in the Urtiteades are likely to be slower than is
widely believed. As a result, diesels and gasdiiylarids have only a modest, though
growing potential for reducing U.S. fleet fuel usefore 2025. In Europe, the potential
for impact through improved mainstream engineswaeight reduction is significantly
less, due to the fact that roughly half the fleadlready diesel, and vehicle size and
weight are some two-thirds of average U.S. vehialaes.

. Strategies and opportunities for longer-term impactmust be explored as early as
possible.In the longer-term, the impact of advanced teabgpphehicles will be far
larger than their near-term impact. However, thetscales to impact of new
technologies are long, since they include the buddo substantial production volumes
and significant penetration into the in-use vehitdet. Thus, advanced vehicle
technology development and introduction when markatly needs to start as early as
possible if the long-term reductions in fuel usd &HG emissions that successful
deployment would bring are to be realized.

157



ON THE ROAD IN 2035

8. The future benefits of alternative liquid transportation fuels are uncertain.
Alternative liquid transportation fuels are wideiywed as an important and growing
contribution to reducing petroleum use and GHG sioiss. Currently, the Canadian oil-
sands reserves are supplying about 3% of total petBoleum use. This could expand to
about 10% of total U.S. consumption in 2030, whiguld increase well-to-tank GHG
emissions by about 5%. Both corn-grain based ethard cellulosic ethanol from, say,
switchgrass, displace gasoline by two-thirds, vauor volume. The GHG emissions
impacts are substantially different, with corn grathanol proving only modest GHG
benefits and cellulosic biomass-based ethanol paterproviding substantial GHG
benefits. Recent discussions of the GHG penasssciated with land use changes to
produce the biomass material suggest that the e GHG benefits may not be
realized. While ambitious targets for ethanol picicbn and use have been set in many
parts of the world (e.qg., displacing 20% of gaselry 2020 in the United States), it is
unclear whether the targets for cellulosic ethdooiparable volumes to corn ethanol by
2035) can be met, and what the GHG emissions lisra® going to be. Ethanol has not
been cost competitive with past gasoline pricebauit significant subsidies. With the
price of petroleum rising, that situation may barging.

9. GHG emission reduction poses additional challengeé. greater number of vehicle and
fuel alternatives are available to displace petnwleise than to reduce greenhouse gas
emissions:

a. Plug-in hybrids, at present a costly and heavyooptnight over the longer term
play an important role in reducing petroleum uslewever, due to the likely
GHG emissions from the electricity production regdi the GHG emissions
reduction that plug-ins would achieve are comparéblthose available from
change-sustaining gasoline hybrids at a lower cost.

b. In the United States, ethanol might displace a6 of gasoline by 2025.
However, as explained above, increasing the bioitwabgquids supply in the near
term might help reduce well-to-wheels GHG emissidmsg increased use of non-
conventional oil is likely to negate this impa&thanol’s contribution is likely to
be constrained by land availability and yields.

It is thus important that policy efforts be focusmdmeasures that both improve energy security
and reduce GHG emissions at the same time.

8.3 What we should do

From the results of this study, it is clear thatlfconsumption and GHG emissions of our
light-duty vehicle fleet can be reduced signifidgm the United States. How rapidly that
reduction occurs depends on the determinationeofithjor stakeholder groups—vehicle and
fuel suppliers, vehicle and fuel purchasers andsyséd governments—to vigorously undertake
the actions required.

Worldwide demand for transportation services @agng inexorably, and we foresee no
single major development that alone can resolvgtbeing problems of vehicle fuel
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consumption and GHG emissions. Therefore, progrest come from a comprehensive effort
to 1) develop and market more efficient vehicleg arore environmentally benign fuels, 2) find
more sustainable ways to satisfy demands for tatesion services, and 3) prompt all of us
who use our vehicles and other transportation aptto reduce our consumption. All of these
changes will need to be implemented at very lacgéeso achieve significant reductions in
petroleum, energy, and GHG emissions. Implemenntatiill increase the cost of
transportation to ultimate users, and will req@o¥ernment policies to encourage or require
moving toward these goals while sharing the burdeose equitably and attempting to
minimize total social costs.

1. The time scales for such changes vary, burallang. Thus, a comprehensive program
should include actions designed to achieve fueleani$sions reductions in the near term
(up to 15 years), some in the mid-term (15-30 yearsl some in the long term (more
than 30 years). The preparatory work for both maid long-term programs—including
extensive research and development—must begin ine® are to ensure that they will
be ready to be implemented as currently planned.

2. An especially promising opportunity is the dey@hent and deployment of more
efficient propulsion systems—engines and transiomssi Critical here is the need to use
propulsion system efficiency gains to reduce reatlavvehicle fuel consumption, rather
than offset increases in vehicle power and siZee [dtter poses a serious problem of
marketability to customers since the long-term reatkend has been toward increasingly
powerful, larger, and heavier vehicles. Changirag trend may well require both
manufacturer and government incentives.

3. A second important opportunity to realize isiglhweight and size reduction, along
with reducing vehicle drag and tire rolling resista. Weight reduction can be
accomplished via the use of lighter materials agluicle redesign. Vehicle size reduction
can be attained by producing and popularizing snakhicles to replace larger ones.
While some aspects of vehicle functionality maydbeinished, the basic mobility
attractions of personal transportation can be raaiatl.

4. Alternative fuels (fuels derived from raw madésiother than petroleum) do reduce
petroleum consumption, but in the U.S. and Eurbpg aire more likely to increase GHG
emissions, in the near term at least, than dectbase The major near-term alternatives
are derived from fossil raw materials (oil sand=sywheavy oils, coal, natural gas). Their
recovery and refining emissions range from highotagyhly break-even with petroleum,
even using advanced technologies. In principlefuigls can reduce GHG emissions
drastically to the extent of potential biomass $ypBut biofuels production is largely
set by agricultural policy as well as energy orimnmental policy, and the overall
environmental and economic benefits of some bisfusbtably corn-ethanol in the
United States, are being increasingly questionedy@ other biofuels in Europe. Itis
important that we encourage research and develdpondniofuels with promising
environmental and economic prospects and be rieadisbut their potential contribution.

159



ON THE ROAD IN 2035

5. Government policies will be needed to further diverall objectives of our road
transportation system as well as reduce its enamgyenvironmental impacts. These
policies should be structured to achieve the faihaw

a. Both push development and deployment of approptétenologies and generate
market pull for those technologies with policieattreinforce each other through
synergies. Incentives should be for outcomespadicular technologies such as
current incentives for hybrids, which put other ieéds with low fuel use and
emissions at a competitive disadvantage. Suclipslill need to be
coordinated to achieve the desired progress.

b. Be transparent and appear fair to all stakehol@ésysecially those suffering the
highest costs of the necessary transitions. Tatefon-related taxes, fees, and
credits should have clear objectives and be reveerugal to the extent feasible,
and be distributed equitably among stakeholdersuaed groups.

c. Encourage conservation by users as they chooseeffmient ways of using
their transportation options, such as less aggressiving, bundling of trips, and
more carpooling.

Overall, this report makes clear that we have naptions available for reducing
petroleum consumption and greenhouse gas emidsmngrivate motor vehicles in countries
like the United States. By realizing these optjansrent consumption and emission growth
patterns can be leveled off and reversed. Howengnnuch will happen without appropriate
policies to push and pull improved technologies grakner alternative fuels into the market
place in high volume.

Transitioning from our current situation onto dhpaith declining fuel consumption and
emissions, even in the developed world, will taéeeesal decades—much longer than we hope or
realize. We must keep in mind that what matteedfescting changes that will have substantial
impact on these issues. We will need much bettémni@ogy, more appropriate types of
vehicles, greener fuel streams, and changes ibehavior that emphasize conservation. We
need nearer-term results that get us out of ouently worsening situation. We will need to
transition to much more sustainable pathways indhger term. And we will need to pursue all
these opportunities with determination.
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