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ABSTRACT

Diesel and hybrid technologies each have the potential to increase light-duty vehicle fuel
economy by a third or more without loss of performance, yet these technologies have typically
been excluded from technical assessments of fuel economy potential on the grounds that hybrids
are too expensive and diesels cannot meet Tier 2 emissions standards. Recently, hybrid costs
have come down and the few hybrid makes available are selling well. Diesels have made great
strides in reducing particulate and nitrogen oxide emissions, and are likely though not certain to
meet future standards. In light of these developments, this study takes a detailed look at the
market potential of these two powertrain technologies and their possible impacts on light-duty
vehicle fuel economy. A nested multinomial logit model of vehicle choice was calibrated to
2002 model year sales of 930 makes, models and engine-transmission configurations. Based on
an assessment of the status and outlook for the two technologies, market shares were predicted
for 2008, 2012 and beyond, assuming no additional increase in fuel economy standards or other
new policy initiatives. Current tax incentives for hybrids are assumed to be phased out by 2008.
Given announced and likely introductions by 2008, hybrids could capture 4-7% and diesels 2-4%
of the light-duty market. Based on our best guesses for further introductions, these shares could
increase to 10-15% for hybrids and 4-7% for diesels by 2012. The resulting impacts on fleet
average fuel economy would be about +2% in 2008 and +4% in 2012. If diesels and hybrids
were widely available across vehicle classes, makes, and models, they could capture 40% or
more of the light-duty vehicle market.
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1. INTRODUCTION

Direct-injection diesel engines and hybrid-electric power trains can significantly increase fuel
economy without sacrificing attributes consumers value, but at a higher cost. At present, only a
few makes and models offer these power train options and there is considerable uncertainty
about their future in the U.S. light-duty vehicle market. This study assesses the future market
potential of these technologies in competition with conventional gasoline power trains, and their
potential impact on new light-duty vehicle fuel economy. Estimates are developed of the market
potential for these technologies in competition with the conventional gasoline internal
combustion engines that dominate the U.S. market today.

Diesel and hybrid technologies each have the potential to increase any given light-duty vehicle’s
fuel economy by a third or more without loss of performance, yet these technologies have
typically been excluded from technical assessments of fuel economy potential on the grounds
that hybrids are too expensive and diesels cannot meet Tier 2 emissions standards (NRC, 2002).
However, hybrid vehicles are already present in the automotive marketplace and are selling well;
sales increased 26% from 2002 to 2003 despite the availability of only three hybrid models
(CNN, May 17, 2004). In Europe, sales of modern, direct-injection, high-pressure-injection
diesel cars comprised 44% of 2003 passenger car sales (Schmidt, 2004). Yet only one
manufacturer offers light-duty diesels in the United States today and captures about 0.2% of the
market. Diesels have achieved significant reductions particulate and nitrogen oxide emissions in
recent years and appear to be poised to meet Tier 2 emissions standards for at least bin 8 and
very likely bin 5 (Duleep, 2004).

Honda introduced the first hybrid vehicle into the U.S. market in 1999, the two-seater Honda
Insight. Toyota followed with the Prius in 2000, a vehicle they had introduced into the Japanese
market in 1997. Hybrid sales in the U.S. reached 38,000 units in 2002 (J.D. Power, 2003) and
increased to 43,500 units in 2003 and from January to April 2004 23,000 hybrids were sold
(Miller, 2004). Response to the redesigned model year 2004 Prius was especially strong: more
than 12,000 purchase requests were made before the model was introduced in October 2003
(Toyota, 2004). As a result, Toyota raised its production plan for the U.S. from 36,000 to 47,000
units (Toyota, 2003). With demand for hybrids spurred on by higher fuel prices in 2004,
manufacturers have been unable to keep pace with demand and waiting lists for hybrids have
lengthened.

The potential impact of hybrid technology on new light-duty vehicle fuel economy if all vehicles
were converted to hybrids was assessed by Burke and Abeles (2004). They estimated that if all
new light-duty vehicles were mild hybrids, fleet average fuel economy would increase to 38
miles per gallon (mpg), at a cost increase of 7-9%. If all were full hybrids 42 mpg could be
achieved for a price increase of 16-18%. Their study did not address the market acceptance of
hybrid technology, however.

In light of the fact that both technologies are present in the U.S. light-duty vehicle market today
and are selling well, albeit with very limited product availability, it is no longer reasonable to
assume that these technologies will play no role in determining future light-duty vehicle fuel
economy. This study assesses the market potentials of hybrid and diesel technologies in the U.S.
light-duty vehicle market, as well as their likely impacts on the fleet average fuel economy of
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new light-duty vehicles. The impacts on fuel economy are based on estimated consumer demand
for these technologies, with no subsidies or further increases in fuel economy standards.

The estimated market potentials and fuel economy impacts assume no new policies to drive the
market toward high fuel economy vehicles, such as higher CAFE standards or tax incentives for
hybrid vehicles. Indeed, the existing federal tax incentives for hybrid vehicles are assumed to
expire, as planned, before 2008. It is further assumed that manufacturers will neither lower nor
raise the fuel economy of conventional gasoline vehicles as a result of the introduction of new
diesel and hybrid products. No significant technological advances are assumed for any of the
technologies except for those needed to control diesel NOx emissions to Tier 2, bin 5 levels.
Economies of scale and learning-by-doing in the production of hybrid vehicles and emissions
control systems for diesels are also assumed. Finally, the analysis is based on the mix of
vehicles sold in the United States in model year 2002 and their attributes. No attempt has been
made to project how consumers preferences or manufacturers offerings may change over the
next 5-10 years, except for the introductions of new hybrid and diesel powertrains.

The following section briefly reviews the status and prospects for the cost and performance of
diesel and hybrid technologies. In Section 3, previous projections of hybrid and diesel market
shares are reviewed. In Section 4, the data and methods used to assess future market potential
are presented. Readers less interested in mathematical details may wish to skim this section. In
Section 5, results are presented for eight scenarios to 2012 and beyond.



2. HYBRID AND DIESEL TECHNOLOGY STATUS AND PROSPECTS

Although hybrid and diesel vehicles already have a limited presence in the North American light-
duty vehicle market, they both face challenges to their future market success. Diesels must find
a way to meet future Tier 2 emissions standards at the bin 5 level if they are to capture more than
a niche market in the United States. Both hybrids and diesels face the challenge of consumer
acceptance of their higher costs. In this section the status and outlook for these technologies are
briefly reviewed, and our assumptions about future attributes are presented. The review draws
heavily on in-depth reviews of the status of these technologies (Duleep, 2003; 2004).

2.1 DIESELS

Turbo-charged, direct-injection, high-pressure common rail, light-duty diesel engines are a well
established technology that captured 44% of the European passenger car market in model year
2003 (Schmidt’s, 2004). While higher motor fuel prices in Europe are clearly part of the
explanation for the diesel’s success there, there is also no doubt that car buyers consider the
modern diesel an acceptable alternative to the gasoline engine despite its higher price. Diesels
have other advantages and disadvantages than simply fuel economy and cost that will affect their
success in the North American market. Advantages such as greater driving range and higher
torque may allow the diesel to capture a significant share of the North American market despite
lower fuel costs.

2.1.1 Diesel Advantages

The diesel’s much higher compression ratio, lean burn operation and direct injection make it not
only more energy efficient but give it more torque than a spark-ignition gasoline engine of the
same displacement. In addition, diesel fuel contains about 10% more energy by volume than
gasoline, a fact that further increases the diesel’s advantage in miles per gallon. Manufacturers
are unlikely to try to downsize diesels to fully match the performance of a comparable gasoline
engine vehicle. In our judgment, manufacturers will design diesel vehicles with not only higher
fuel economy but also increased torque. Table 1 shows by calendar year the increases in fuel
economy and torque we assume diesels will offer relative to a comparable gasoline vehicle.
Tighter emissions standards account for the decrease in the diesel’s fuel economy benefit from
2005 to 2008. Improved technology is assumed to restore most of the emissions penalty by
2012.

Table 1. Estimated Additional Torque and Fuel Economy
of Light-Duty Diesel Vehicles

Torque MPG
2005 25% 35%
2008 25% 30%
2012 25% 33%

For a given make and model of vehicle, manufacturers are likely to offer the same size of fuel
tank on gasoline and diesel versions. This implies that diesels will provide 30-35% greater
3



range, an added plus. In a 2002 survey by J.D. Power and Associates (McManus, 2003), 32% of
respondents rated driving range as “extremely important” (8-10 on a scale of 1 to 10). Of those
citing range as extremely important, 73% gave “have to refuel less frequently” as a key concern,
while 44% cited “saves time.” This suggests that there is nuisance cost of refueling over and
above the value of the time saved. Indeed, 27% said they simply “don’t like to refuel.” In the
quantitative modeling presented below, only the value of time saved and not the avoided
nuisance cost of refueling is considered, implying that we have most likely underestimated the
value of greater range to consumers.

2.1.2 Market Barriers

Diesel fuel availability is a concern of many motorists. In a 2002 survey by J.D. Power and
Associates (McManus, 2003), 46% cited limited diesel fuel availability as a concern for clean
diesels. In a more recent survey (Caravan, 2004), only 35% of respondents said diesel fuel
availability would be of no concern if they were considering buying a diesel vehicle (Figure 1).
Another 20.8% considered it somewhat of a problem, but not a big deal, while another 8.2%
viewed it as a problem, but not one that would prevent them from buying a diesel. On the other
hand, only 27% said it was a serious enough problem that they either might not (7%) or would
not (21%) buy a diesel because of it. In total, almost two thirds of respondents did not consider
fuel availability a show stopper for diesels.

Impression of Diesel Fuel Availability
Opinion Research Corporation, May 20,2004
40%
34.7%

35% -
>
2 30% |
S

25% +-- oo
g ’ 20.8% 20.6%
L 20% -
(0]
> 15%+--  |\--—-—-1 F-- e
ks g 9.2%
& 10% - |\ - 82A) ******* ‘650]0 *********************

5% A

0%

Nota problem, Somewhatofa Problem but Serious Serious Don't know
available problem would still buy problem might problem would
everywhere not buy not buy

Figure 1. The Public’s Impression of Diesel Fuel Availability in May, 2004

Owners of gasoline vehicles generally still believe that diesels are noisy, smelly and
underpowered relative to gasoline vehicles. In the 2002 J.D. Power survey, 32% cited engine
noise as a concern, and 27% cited exhaust odor. Thirty-one percent indicated lower performance
was a concern. In large part, this is due to unfamiliarity with modern diesel technology.
Compared with 1988 diesel technology, modern diesels have 100% more torque, 60% less noise,
90% lower emissions and 30% less fuel consumption (Birch, 2003). Modern diesels are not
noisier than gasoline engines, do not produce a diesel odor, and accelerate as well as comparable
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gasoline vehicles. This suggests that many of the negative perceptions about diesels held by car
buyers could be overcome with advertising and greater exposure to modern diesel vehicles.

Two of the top three concerns emerging from the 2002 J.D. Power survey were the availability of
service and repair locations, and the fact that the type of vehicle a car buyer wanted might not be
available as a diesel. Both of these concerns would be addressed if more manufacturers offered
diesels on more makes and models. Thus, a key question is whether diesels could significantly
increase their market share even with the current level of fuel availability and limited product
offerings, i.e., can the diesel solve its “chicken or egg” problem on its own?

Surveys of owners of gasoline vehicles and diesel vehicles conducted by J.D. Power and
Associates (McManus, 2004) reveal two key insights about the potential market for diesel
vehicles. First, diesel vehicle owners have strongly positive perceptions of diesel vehicles,
except for their higher price (Figure 2). Second, owners of gasoline vehicles have generally
positive perceptions of diesel vehicles, but they are more negative than those of the owners of
diesel vehicles (Figure 3). Diesel owners perceive their vehicles to be much more reliable,
powerful, and fuel efficient than gasoline vehicles. They see them as cleaner and having about
equal acceleration performance. More than half, however, consider the price of a diesel to be
“worse.” More than half of gasoline vehicle owners believe diesels are more powerful and
(surprisingly) cleaner; about three quarters consider them to be more fuel efficient. But they
view diesels as about equally reliable, slower, and more expensive. Because the vast majority of
gasoline owners are unfamiliar with diesels, it is likely that their perceptions would improve with
greater exposure to diesels. These insights suggest that diesels are potentially a mass-market
technology in the United States, provided that their price can be held at an acceptable level.

Diesel Vehicle Owners: Clean Diesel v. Gasoline Vehicles

Reliability/dependability

Power (torque)

Performance (acceleration)

Fuel economy/efficiency
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Figure 2. Diesel Vehicle Owners’ Views on Clean Diesel Vehicles



Gasoline Vehicle Owners: Clean Diesel v. Gasoline Vehicles
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Figure 3. Gasoline Vehicle Owners’ Views on Clean Diesel Vehicles

Undoubtedly the most significant downside of the diesel in the eyes of the consumer is its higher
price. Diesels are more costly to manufacture chiefly because of their much higher pressure fuel
injection systems and what we project will be far costlier emissions control systems. The
estimates shown in Table 2 reflect the view that meeting Tier II bin 5 standards will add $550 to
the retail price of a small diesel vehicles and $750 to the price of a larger one. The retail price
equivalent (RPE) measures used throughout this report reflect a full mark-up over manufacturing
costs, including all normal overheads and profits. The RPEs shown include the incremental costs
of all necessary components, including all emissions control equipment.

Table 2. Estimated Incremental Retail Price Equivalent for Diesel Vehicles

Small Vehicle Midsize Vehicle Large Vehicle

(2.0-2.5L 14) (3.0-3.5L V6) (4.5-5.0L V6)
2005 $1,750 $2,300 $2,500
2008 $2,280 $2,925 $3,200
2012 $2,300 $2,950 $3,250

We assume that diesels will have no greater durability than spark-ignition gasoline engines. We
also assume that diesels will continue to have limited fuel availability, which we put at 33% of
refueling outlets through 2008 (Hadder, 2004). However, with a larger number of light-duty
diesel vehicles on the road, it is reasonable to assume that fuel availability will increase. The
sensitivity of future market shares to this assumption was tested, however.



2.2 HYBRIDS

Hybrid vehicle designs can span a spectrum from 12-volt stop-start systems to over 300-volt
systems with a substantial range of all-electric drive. In addition, for any given level of electric
power capability, manufacturers may choose to emphasize fuel economy or performance.
Discussions with manufacturers and review of their product plans indicate that the carmakers
have divergent views about the desirability of the different design options and their potentials for
market success (Duleep, 2003). On the one hand, this will lead to a broad array of designs tested
in the marketplace. On the other hand, it will take more time to sort out the winners and losers.
Details of our assessment can be found in EEA, Inc. (Duleep, 2004).

It is assumed that all manufacturers face the same costs and can achieve the same technology
performance. While it is clear that this is not the case todayi, it is our view that competition will
drive the market in this direction in the future. The key assumptions about vehicle attributes
used in this market analysis are given below. Assumed market introductions are listed in the
appendix.

Four types of hybrid systems are used in this assessment. They are listed below in order of
increasing use of electric power, regenerative braking, energy storage capacity and benefit to fuel
economy.

1. Stop/Start (S/S): This hybrid system includes only the ability to shut off the engine when
it would otherwise idle and to restart it instantly on demand. This provides no torque
boost to aid acceleration, but offers a fuel economy advantage of 7.5% over the EPA test
cycle.

2. Integrated Starter Alternator with Damping (ISAD): This hybrid system will operate
at 42 volts and will allow some power to be contributed by the electric drive system in
addition to the stop/start capability. An increase in torque of 10% and 12.5% higher fuel
economy are expected.

3. Integrated Motor Assist (IMA): This 114 volt hybrid system is expected to be
produced only by Honda through 2012. In comparison to the ISAD design it has a larger
electric motor and greater battery power and energy storage and allows more electricity
to be used for motive power. The system is expected to provide 15% higher torque and
20% greater fuel economy on average.

4. Full Hybrid (FH): These 300+ volt systems permit limited all-electric drive in addition
to supplementing the power of the internal combustion engine. For cars, full hybrid
systems should offer 20% more torque and 40% more miles per gallon; for light trucks
increases of 15% in torque and 35% in fuel economy are expected.

2.2.1 Hybrid Advantages

Surveys show that consumers think of fuel economy (mentioned by 78%) and low pollution
(54%) when they think of hybrid vehicles (McManus, 2003). Apparently because of early hybrid
designs, they do not think of increased performance. Even owners of conventional gasoline
vehicles see hybrids as exceptional when it comes to fuel economy and emissions (Figure 4),
according to survey data developed by J.D. Power and Associates (McManus, 2004). But when
it comes to acceleration performance and power, most gasoline vehicle owners believe hybrids



are inferior to gasoline vehicles. Gasoline vehicle owners also give hybrids low grades for
reliability, and they believe they are much worse when it comes to price.

Owners of hybrid vehicles have very different opinions about their vehicles (Figure 5). Not only
do they consider them to be entirely superior when it comes to fuel economy and air pollution,
but they perceive the hybrid’s performance and power to be just as good as that of a conventional
gasoline vehicle and they give hybrids better marks for reliability. Even hybrid owners,
however, see hybrids as more expensive.

Gasoline Vehicle Owners: Hybrids v. Gasoline Vehicles
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Figure 4. Gasoline Vehicle Owners’ Views on Hybrid-Electric Vehicles
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Figure 5. Hybrid-Electric Vehicle Owners’ Views on Hybrid-Electric Vehicles
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Just as diesel owners had a more favorable impression of their vehicles than non-diesel owners,
hybrid owners hold a better opinion of hybrids. On the one hand, there is almost certainly self-
selection bias in these survey results. The more significant point, however, is that owners of
these alternative power trains find them to be as good or better than gasoline vehicles in all
respects except price. The fact that those who know these vehicles well are happy with them is
important, since it implies that except for price there is no major market barrier to the success of
either hybrids or diesels. Both technologies have mass-market potential.

The combination of a conventional gasoline engine and an electric motor with high torque at low
rpm permits exceptional launch and acceleration. Just as for diesels, it is likely that
manufacturers will offer consumers both increased fuel economy and increased torque in future
hybrid designs (Table 3). Stop/start systems will offer no increase in torque because they do not
have the ability to use the starter/alternator for motive power. With other systems, torque will
increase with the power of the electric motor. The full hybrid system is estimated to give only a
15% torque increase and 35% fuel economy benefit when used on larger light trucks.

Table 3. Estimated Additional Torque and
Fuel Economy of Hybrid Vehicles

Hybrid Change in Change in

System Torque MPG
S/S 0% 7.5%
ISAD 10% 12.5%
IMA 15% 20%
Full (cars and small trucks) 20% 40%
Full (larger light trucks) 15% 35%

Although a hybrid vehicle’s battery pack will take up additional space, we do not expect
manufacturers to reduce the size of a hybrid’s fuel tank in comparison to a conventional gasoline
vehicle. The Honda Civic hybrid’s fuel tank, for example, holds 13.2 gallons, exactly the same
as conventional gasoline engine Civics. With fuel tanks of equivalent size, increased fuel
economy will translate into increased range.

Hybrids may have other advantages that we make no attempt to take into account. With smaller
engines and all-electric drive at low speeds, hybrids are likely to be quieter than conventional
gasoline vehicles. With two powerplants, hybrids could offer a kind of low-speed 4-wheel drive
at little additional cost. Finally, with the ability to generate high-voltage electric power and
considerable capability for storing electricity, hybrids can electrify many functions now
performed mechanically or hydraulically, and can even provide electrical outlets for household
appliances and tools. It seems likely that some combination of features will be found that will
add value for customers. In the analyses presented below, however, we do not attempt to add
extra value to hybrids to take account of this likelihood.

Finally, hybrids are perceived to be environmentally friendly vehicles, and some car buyers are
willing to pay something extra for a green vehicle. Fifty four percent of respondents to a J.D.
Power and Associates survey who said they would consider buying a hybrid cited lower
pollution as a reason (McManus, 2003). Nevertheless, we do not attempt to quantify the value of
environmental friendliness in the quantitative analysis presented below.
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2.2.2 Market Barriers

Surveys of American consumers conducted by J.D. Power and Associates (McManus, 2003)
indicate that insufficient power (34%), price (27%) and vehicle dependability (24%) are
consumers’ top concerns about hybrid vehicles. Another 12% mentioned battery reliability as a
concern. As a novel technology, it is understandable for consumers to be concerned about
hybrids’ reliability. Very likely, only experience will fully overcome this barrier, though Toyota
and Honda have made effective use of customer guarantees such as extended warrantees to allay
the concerns of early purchasers.

The incremental price of a hybrid system is undoubtedly the biggest barrier to its success.
Hybrid costs have already begun to come down, and further reductions are expected. Toyota
claims that the costs of batteries and motors were reduced by 30-35% from the first to the second
generation Prius (Duleep, 2003). By 2012, we expect that costs will fall to $3,000-$4,000 for full
hybrid designs, and from $600 to $640 for simple stop/start systems (Table 4).

Table 4. Estimated Incremental Retail Price Equivalent
of Hybrid Systems by Vehicle Type

Hybrid Midsize &

System Small Cars Large Cars Small Trucks  Large Trucks
Stop/Start $600 $640 $640 --
ISAD $1,250 $1,385 $1,450 $1,625
IMA $1,620 $1,790 -- --

Full Hybrid $3,320 $3,920 $3,700 $4,100

2.2.3 Manufacturers Near-Term Plans

The six largest-selling manufacturers in the United States have announced planned introductions
of sixteen additional hybrid vehicle configurations by 2008 (Table 5). This would bring the total
number of hybrids in the market to nineteen. If these plans are realized hybrid options would be
available not just as small to mid-size passenger cars, but in small and large SUV's and pick-ups,
and in luxury as well as standard models. These announced introductions are the starting point
for our “best guess” 2008 and 2012 scenarios described in Section 5, below and listed in detail in
Appendix B.
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Table 5. Planned Introductions of Hybrid-Electric Vehicles in the U.S. Market

Nameplate Vehicle Name

Model (Division) (Model) Manufacturer Market Segment Certainty Sales Start
Chevrolet Malibu Hybrid (BAS) Chevrolet Malibu General Motors Midsize-Entry Announced Jan-2007
Chevrolet Silverado Hybrid (AHS II) Chevrolet Silverado General Motors Pickup-Fullsize Announced Jan-2008
Chevrolet Silverado Hybrid (FAS) Chevrolet Silverado General Motors Pickup-Fullsize Announced May-2004
Chevrolet Tahoe Hybrid (AHS II) Chevrolet Tahoe General Motors SUV-Fullsize Announced Jul-2007
Dodge Ram Contractor Special Dodge Ram DaimlerChrysler Pickup-Fullsize Announced Oct-2004
Ford Escape Hybrid Ford Escape Ford SUV-Entry Announced Jul-2004
Ford Midsize Car Hybrid Ford Futura Ford Midsize-Premium Announced Oct-2007
GMC Sierra Hybrid (AHS 1I) GMC Sierra General Motors Pickup-Fullsize Announced Jan-2008
GMC Sierra Hybrid (FAS) GMC Sierra General Motors Pickup-Fullsize Announced May-2004
GMC Yukon Hybrid (AHS II) GMC Yukon General Motors SUV-Fullsize Announced Jul-2007
Honda Accord Hybrid Honda Accord Honda Midsize-Premium Announced Oct-2004
Honda Civic Hybrid Honda Civic Honda Compact-Premium In Market Apr-2002
Honda Insight Honda Insight Honda Compact-Premium In Market Dec-1999
Lexus RX400h Lexus RX 400h Toyota SUV-Luxury Announced Oct-2004
Mercury Mariner Hybrid Mercury Mariner Ford SUV-Entry Announced Oct-2006
Nissan Altima Hybrid Nissan Altima Nissan Midsize-Premium Announced Oct-2006
Saturn VUE Hybrid (BAS) Saturn VUE General Motors SUV-Entry Announced Jan-2006
Toyota Highlander Hybrid Toyota Highlander Toyota SUV-Midsize Announced Apr-2005
Toyota Prius Toyota Prius Toyota Midsize-Premium In Market Jul-2000

Source: J.D. Power and Associates, Hybrid-Electric Vehicle Outlook, First Quarter, 2004, Troy, Michigan.
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3. RECENT MARKET ASSESSMENTS

A recent survey by Opinion Research Corporation (Caravan, 2004) indicates substantial
consumer interest in both diesel and hybrid technologies. In their 2004 survey, 8.6% of
respondents indicated that they would definitely buy or were very likely to buy a diesel as their
next vehicle (Figure 6). The respondents were evenly divided with 4.3% in each category.
Almost seven percent indicated they would definitely buy a hybrid vehicle, with 8.3% indicating
a hybrid purchase was very likely. The sum of the two most likely categories (“definitely” and
“very likely”) suggests the following maximum near-term market potentials: 8.6% for diesels
and 15.2% for hybrids.

Intent to Purchase Diesel or Hybrid-Electric Vehicle
(Opinion Research Corportation, May 20, 2004)
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Figure 6. Intent to Purchase Diesel or Hybrid-Electric Vehicle (ORC, 2004)

In 2004, J.D. Power and Associates (McManus, 2004) presented a new, less optimistic forecast
of hybrid market share to 2013. From 0.6% of the market in 2004, hybrids were projected to
grow to 2.5% of the market in 2008 and 3.2% in 2013, with a lower and upper bound of 2.1% to
4.1%, respectively (Figure 7).

Robert Bosch GmbH (Qualters, 2004) carried out a study of the diesel’s potential in the North
American light-duty vehicle market. Key premises of the study were that emissions control
strategies to achieve bin 8 would be available by 2007, bin 5 solutions by 2009, and that fuel
availability would not hinder development of the diesel market. In addition, they assumed that
total market volume would be approximately 17.5 million units, and that manufacturers’ market
shares would remain relatively static. The Bosch assessment did not consider competition from
alternative power trains, such as the hybrid.

On the positive side, the Bosch study noted the enormous success of diesel engines in the larger
(GVW class IIb) pick-up truck market, where they currently hold a 75% market share. In 2003,
550,000 diesel pick-ups were sold in the North American market. Bosch’s opinion is that some
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of the appeal of the diesel in this market segment must surely carry over, albeit to a lesser degree,
into the lighter truck markets. They therefore conclude that the most likely path for diesel
market penetration is to migrate downward from class IIb light trucks to large SUVs, lighter-duty
pick-up trucks, standard and smaller sized SUVs, crossover vehicles and minivans and, finally,
passenger cars. If such a strategy is pursued, they foresee the North American diesel market
share expanding from about 5% today to nearly 15% by 2012. The Bosch study includes class
IIb light trucks (>8,500 1bs. GVW) which are not included in this study. Excluding class IIb
trucks, the Bosch projection for 2012 is 10% of the light-duty market as defined here (Figure 7).
Approximately half of the new sales are expected to come in the light-duty pick-up market
segment, and only a very small fraction would be attributable to passenger car diesel sales.

Projections of Light-Duty (<8,500 Ibs. GVW)
Hybrid and Diesel Market Shares
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Figure 7. Projections of Light-Duty Hybrid and Diesel Market Shares
(Passenger cars and class lla light trucks, only)

3.1 DOE PROJECTIONS

Projections of future diesel vehicles sales have been made by the U.S. Department of Energy’s
Office of Energy Efficiency and Renewable Energy (EERE) and by the Energy Information
Administration (EIA, 2004; Patterson, 2004). The EIA’s projection foresees diesel sales
reaching 585,000 units by 2005, increasing to 716,000 in 2010 and reaching 765,000 units in
2015. Both the EIA’s and EERE’s projections nominally include class IIb light trucks (>8,500
Ibs. GVW). However, only the EIA forecast appears to have been calibrated to the current level
of class IIb diesel sales. Current class IIb diesel sales amount to approximately 5% of total class
1 and 2 light truck sales. Over 95% of the light-duty diesels are projected to be light trucks. The
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EERE projection foresees only 179,000 light-duty diesels by 2010, followed by a rapid
expansion to 2.1 million diesels in 2015 (Figure 8). Over 40% of the diesels in the EERE 2015
forecast are passenger cars.

Projected Diesel Market Shares in the U.S.:
EERE and EIA (2004 Annual Energy Outlook)
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Figure 8. Projected Diesel Market Shares in the United States

These studies reflect a considerable range of uncertainty but also substantial competitive market
potential for diesels and hybrids over the next decade. In the sections that follow, we describe a
methodology and data for estimating future market success, based on explicit assumptions about
both the attributes of hybrid and diesel technologies and the values consumers attach to them.
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4. METHODOLOGY AND DATA

Evaluating the future market potentials of hybrid and diesel technologies requires: (1) estimating
the extent to which manufacturers will offer products with diesel or hybrid options, and

(2) predicting consumers’ response to those offerings. The key piece is consumer acceptance,
since it is reasonable to assume that if enough consumers are willing to pay for diesels and
hybrids, manufacturers will, eventually, produce them in a variety of shapes and sizes. In the
near term, to 2008 and even to 2012, the number of diesel or hybrid offerings will be limited by
several factors:

(1) risk: uncertainty about the market’s response to these technologies will lead
manufacturers to proceed with caution;

(2) response time: redesigning vehicles to accommodate hybrid or diesel power trains
takes time because engineering expertise is in limited supply and because accelerating
the normal rate of retooling increases costs; and

(3) technology status: the technological readiness of both technologies is evolving; for
the diesel, there remains a question of how successfully it can reduce pollutant
emissions; for the hybrid the question is how quickly and how far it can be moved
down the learning curve and its costs reduced.

Indeed, it is likely that almost all hybrid or diesel vehicles that will be available in 2008 have
already been announced by manufacturers.

4.1 SCENARIOS OF DIESEL AND HYBRID INTRODUCTIONS

Our method for estimating the future market successes of diesels and hybrids consists of two
steps. First, we specify a detailed scenario of diesel and hybrid product introductions. Second,
we use a quantitative model of vehicle choice to predict the share of the new vehicle market
those new products will capture. Scenarios are defined by, (1) time period (2008, 2012 and
>2012), (2) technologies introduced (diesel, hybrid, type of hybrid), and (3) the makes-models-
engines-transmissions to which the technologies are applied.

For 2008, our scenarios are based primarily on manufacturers’ product announcements, with a
few additional models added based on our judgment. For 2012 we have augmented the 2008
introductions with additional, likely product introductions, based on our judgment. The makes
and models for which diesel and hybrid powertrains are assumed to be available in 2008 and
2012 are listed in tables A.1 and A.2 in the appendix. The >2012 scenarios are intended to
represent market tendencies driven by customer demand and largely unconstrained by make and
model availability.

If not every single vehicle configuration offers a diesel and a hybrid option, which configurations
will offer them? This question is critically important to the calibration of the consumer choice
model. Unfortunately, there is no obviously correct answer to this question, so we test two
alternatives in the 2008 and 2012 analyses: (1) the announced or most likely (based on our
judgment) configuration of each nameplate, and (2) an “average” configuration for each
nameplate. A precise mathematical definition of an average configuration is provided in
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Appendix A. We use the average configuration method as a lower bound estimate since it is
reasonable to assume that manufacturers would tend to offer hybrids or diesels on the
configurations that would sell best.

In all, eight scenarios were analyzed:

>2012 all configurations potentially have diesel available

>2012 all configurations potentially have full hybrid available

>2012 all configurations potentially have both full hybrid and diesel
>2012 all configurations potentially have both ISAD hybrid and diesel
2008 best guess, best-judgment make/model/configuration

2008 product plans, average make/model/configuration

2012 best guess, best judgment make/model/configuration

2012 augmented product plan, average make/model/configuration

XN R =

Diesel and hybrid vehicles will have to sell well enough for manufacturers to achieve scale
economies or the product lines will be canceled. Because drivetrains can be used on more than
one nameplate, determining exactly how many diesel engines or hybrid drivetrains of a particular
design a manufacturer may be selling is difficult and beyond the scope of this study. Instead we
eliminate low-selling models with a simple rule of thumb: if the sum of diesel or hybrid sales for
a given nameplate (make and model name) is less than a specified threshold, all configurations of
that nameplate are deleted and sales shares are recomputed. The default assumption for the 2008
scenarios is 5,000 units, for 2012 10,000 units must be sold and for >2012 the limit is raised to
25,000 units. In addition, in the >2012 scenarios every configuration must sell more than 2,000
units or it is deleted.

Finally, a sensitivity analysis was carried out on scenario 3 (>2012 Full Hybrid & Diesel) to
generate a distribution of outcomes and identify the most important factors determining the
market success of diesels and hybrids.

4.2 CONSUMER CHOICE MODEL

The model of consumer choice must be able to predict the effects of introducing new products
into the market as well as predicting the impacts of changes in vehicle attributes such as price,
fuel economy, range and power. In addition, it must be possible to calibrate the model to the
base year sales of the nearly 1,000 makes, models and configurations in the National Highway
Traffic Safety Administration fuel economy database. Furthermore, it is desirable to recognize
that there are different segments of the light-duty vehicle market and that consumer preferences
and sensitivity to price may vary across these segments, affecting their propensity to accept
diesel or hybrid vehicles. The Nested Multi-Nomial Logit (NMNL) random utility model can be
used to carry out all of these tasks.

Random utility models such as the NMNL assume that consumers’ vehicle choice decisions can
be approximately represented as a problem of picking the vehicle which achieves the highest
score on a ranking function. The simplest form of ranking, or utility function, is a weighted sum
of relevant vehicle attributes such as price, performance, reliability, functionality, and so on.
Recognizing that not every consumer attaches the same value to each attribute, and that there
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may be unmeasured or unmeasurable yet relevant attributes, a random component that varies
across individual consumers is added to the ranking function. Let u;; be the ranking score for the
i" vehicle for the j™ individual, let w; be the weight of the /" attribute, x; , and let &; be the j"
individual’s random component for the i"™ make and model. By convention, the weight for

vehicle price, wp = 1, so that the units of wyx;; are dollars.

K
u;, =b (4, +Zw,xﬂ +é;)
=1
Equation 1

In equation 1, 4; is a constant term reflecting the value, in dollars, of attributes of vehicle i not

included in the set of measured attributes, x;. The parameter b is a critical parameter in that it

determines the sensitivity of consumers’ choices to changes in the dollar values of alternatives.
Because wy=1, the coefficient of price (or price slope) is b.

Assuming that the random terms follow the type I extreme value distribution (a somewhat
skewed bell shaped distribution similar to the normal distribution), then the probability that the
i"™ make and model will be chosen, given that the choice will be made from the k™ vehicle class,
is given by the multinomial logit (MNL) function.

Equation 2

Given a large enough population of car buyers, p; will also be the market share of the i"™ make
and model. Sales for that carline can then be estimated by multiplying total light-duty vehicle
sales by the predicted market share, Si = pi S. In equation 2, b is the coefficient of vehicle price
and is also the inverse of the variance of the random utility term, «.

The NMNL model assumes that choices within a class of vehicles, e.g. choices among makes
and models of small SUVs, follow the logit model of equation 2. Choices among vehicle classes
follow a similar logit model, in which the utility function for a class is a probability-weighted
average of the utility scores of the vehicles within the class. The expected utility of class k, Uy,
is given by the following log sum.

U, = %ln[i e""’fj

i=1
Equation 3

The probability that a consumer will choose a vehicle from class k is then given by the following
logit function.



Equation 4

Here K is used to index summation over all vehicle classes and n is the number of vehicle
classes. A is a vehicle class-specific constant term analogous to the vehicle constant term A; in
equation 1. Likewise, B is a slope parameter that determines the sensitivity of choices among
vehicle classes to changes in their expected value. The probability that vehicle i will be chosen
from class k, which is equivalent to its expected market share, is given by the product of
equations 2 and 4, the class and conditional vehicle choice probabilities pix = pik px -

4.3 MARKET SEGMENTATION AND CHOICE MODEL STRUCTURE

The market structure assumed for this analysis is shown in Figure 9. Light-duty vehicles are
divided into five classes (k =1, 5): (1) standard passenger vehicles, (2) luxury vehicles,

(3) sportscars, (4) pick-up trucks, and (5) standard vans. Standard passenger vehicles are further
divided into passenger cars and passenger trucks. Passenger cars contain small, compact and
midsize-large cars; passenger trucks comprise minivans, as well as small and large SUVs.
Luxury vehicles are further divided into cars and trucks, sportscars are divided into luxury and
standard segments, and pick-ups are split into small and large size classes (Table 6).

Light-Duty Vehicles Sales -1 |

-2
Sports | Cars Luxury | Vehicles
-2 -3 | |
Lux Sport Sportscar Lux Car Lux Trk
Passenger | Vehicles
-3

Passenger | Cars Passenger | Trucks Pick- | ups
-4 -4 | | -3

Small Comp Mid-Lg Small Van Small SUV Large SUV SM P-U Lg P-U Van

Make/Model/Configuration Choices -7 to -9

Figure 9. Nested Multinomial Logit Model Structure and
Approximate Price Elasticities (shown in bold numbers)

A useful feature of the NMNL model is the ability to group more similar vehicle types into
“nests” within which demand will be more sensitive to price (elastic) than choices among the
nests. The implication of Figure 9, for example, is that the choice among a small, compact and
midsize-large car will be more price sensitive than the choice between a car and all sizes of
passenger trucks. Choices among (1) standard van, (2) pick-up, (3) luxury vehicle, (4) passenger
vehicle, and (5) 2-seater vehicle will be even less price sensitive, because these vehicle types
serve very different functions. Within the lowest level nests, choice among makes and models of
large SUVs, for example, will be most sensitive to small price changes. A price elasticity of -7,
for example, implies that a 2% increase in price would produce a 14% reduction in market share.
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Table 6 (Part 1). Definitions of Vehicle Classes

Number of

Vehicle Class CEC Class Configurations Price

1. Minicompact & Subcompact 1,2 102 <$35,000
2. Compact 3 125 <§35,000
3. Midsize & Large 94 <$35,000
4. Small Van 9 36 <$35,000
5. Small SUV 11,13 162 <$35,000
6. Large SUV 12 13 <$35,000
7. Small Pick-up 7 64 <$35,000
8. Large Pick-up 8 56 <$35,000
9. Luxury Sedan 1-5 117 >$35,000
10. Luxury Truck 7-16 43 >$35,000
11. Standard Sportscar 6 37 <$35,000
12. Luxury Sportscar 6 49 >$35,000
13. Standard Van 10 32 <$35,000

Table 6 (Part 2). California Energy Commission (CEC) Vehicle Classification System

Passenger Cars

Passenger Volume

CEC Classes (Cubic Feet)
1. Mini Under 82
2. Sub Compact 82—=89
3. Compact 90—95
4. Mid Size 96—105
5. Large 106+
6. Sports Under 89
Trucks
Passenger & Gross Vehicle
Cargo Volume Weight Rating
CEC Class (cu feet) (Ibs)
7. Compact Pickup <4,500
8. Standard Pickup 4,500—38,500
9. Compact Van <=170
10. Standard Van >170
11. Compact Utility 120—170
12. Standard Utility >170
13. Mini Utility <120
16. Truck Chassis Only
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4.4 CHOICE MODEL CALIBRATION

Calibration of the NMNL model to base year 2002 sales and vehicle attributes requires three
steps. First, price slopes must be estimated for every nest and for every level of choice shown in
Figure 1. The price slopes are critical parameters and are used in estimating coefficients for all
the other attributes. Second, values per unit must be estimated for all variables included in the
NMNL model. Attribute values are converted to NMNL model coefficients by multiplying
values per unit by the purchase price coefficient. Third, intercept terms must be estimated to
insure that the NMNL model exactly predicts the base year market shares of, (1) every make,
model and configuration, and (2) every vehicle market segment shown in Figure 9.

Price slopes not only determine the sensitivity of demand to purchase price but to all other
variables included in the model. In the NMNL model, the price coefficients define the
importance of unobserved attributes, factors left out of the formal model. If choice is highly
price-sensitive, it implies that consumers perceive vehicles to be very similar except for the
factors explicitly included in the model. If choice is relatively insensitive to price, it implies that
most of the important factors on which consumers base their choices are not explicitly
represented in the model. If choice is insensitive to price, the choice model will tend to give all
vehicles an equal share of the market. In considering how sensitive choice may be to price, it is
important to keep in mind that choices at the lowest level nests in Figure 1 are among similar
vehicles, including diesel, hybrid or conventional gasoline versions of the same make and model.
Thus, it is reasonable to assume a high degree of similarity with respect to attributes excluded
from the model and, therefore, relatively high sensitivity to price. At the highest level, the
choice among a sportscar, standard passenger vehicle, luxury vehicle, pick-up truck and standard
van will be based primarily on factors not explicitly included in our NMNL model. Choices at
this level should be much less sensitive to price. Indeed, the theory of NMNL models requires
that price sensitivity uniformly decrease as one moves from the lowest level choices upward.
This theoretical requirement is very useful in calibrating the model’s price slopes.

Given the price and attribute coefficients, intercepts must be estimated for every make, model
and configuration. This allows the expected utilities of classes to be computed. Given the class
expected utilities and class price slopes, intercept terms can be calculated for each market
segment. This calibration insures that the NMNL model exactly predicts each make, model and
configuration share, and all the class shares for the base year.

4.5 PRICE SLOPES

Price slopes are computed using their relationship to price elasticity, vehicle price, and market
share in the NMNL model. Let Bx be the price elasticity for choices in vehicle class k, Pk the
average price of a vehicle in the class, and let py be the average market share for vehicle
configurations in class k. Then the price slope for class k is given by equation 5.

__ B
P.(1-p,)

k

Equation 5
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The same relationship can be used to calculate price elasticities for choices among vehicle
classes.

McManus (2004) presents useful survey data on the potential sensitivity of diesel and hybrid
market shares to their incremental prices. For each of the two alternative powerplants, a J.D.
Power and Associates survey asked respondents how likely they would be to buy that powerplant
if it cost a certain amount more than a comparable gasoline engine vehicle. Demand, in terms of
market share, was set equal to the sum of those responding they would definitely or probably
want to buy the powertrain in question. For the diesel, the cost increments were $1,500, $2,500,
and $3,500 (2003 dollars). For the hybrid the cost increments were $3,000, $4,000 and $5,000.
Table 7 shows the market shares and cost increments, and implied price elasticities based on the
midpoint formula for computing arc elasticities. In both cases, the price elasticities for the initial
price increment are just over -8, indicating highly elastic demand. In both cases price elasticities
decrease with increasing price.

Table 7. Estimated Price Elasticities for Diesel and Hybrid Market Shares
Based on a Survey by J.D. Power and Associates

Relative Change Relative Arc Elasticity
in Price Change in Using Midpoint
Price Increase  Market Share  (Base = $25,026) Share Formula
Diesel
$0 75 - - -
$1,500 44 .0599 -0.514 -8.6
$2,500 34 .0400 -0.261 -6.5
$3,500 28 .0400 -0.182 -4.6
Hybrid
$0 .59 - - -
$3,000 21 1199 -0.971 -8.1
$4,000 .19 .0400 -0.057 -1.4
$5,000 18 .0400 -0.061 -1.5

The inferences shown in Table 7 must be interpreted with caution because they are based on
what consumers say they would do rather than what they actually did, and because of the
crudeness of the estimation method. Nonetheless, the numbers are generally consistent with
other price elasticity estimates from the economic literature. Greene (1986) analyzed the choice
between gasoline and diesel engines for the same make and model in the U.S. market between
1979 and 1983 and found a price elasticity of approximately -10 (Greene, 1994). For choices
between makes and models, Irvine (1993) obtained price elasticities ranging from -4.6 to -17.0,
with a mean of -10.4. Berry et al. (1995) analyzed choices among 2,217 carlines from 1971 to
1990 and found that elasticities for 1990 model year cars ranged from -6.5 to -3.1, with price
sensitivity generally decreasing with increasing price. In a similarly comprehensive analysis,
Bordley (1994) found an average own price elasticity of -5 for choices among makes and
models. Bordley also found a price elasticity of -2 for choices among broad market segments
(e.g., subcompact, sports car, etc.). Finally, there is a general consensus that the price elasticity
of demand for light-duty vehicles overall is close to -1 (Kleit, 1990; McCarthy, 1996; Bordley,
1994).
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Price slope coefficients are calculated from assumed price elasticities, base year vehicle prices
and market shares, as shown in equation 5. The default price elasticities assumed at each level of
the choice structure are shown in Figure 9. The resulting price slopes and the data used to
compute them are provided in Table 8.

Table 8. Price Slopes, Elasticities, Prices and Market Shares for Market Segments

2002 Market

Make/Model Average Price Average Price

Share (%) Count Share Elasticity Price Slope
All Vehicle Classes 20.00% -2 $25,026 -0.000100
Passenger Vehicle 72.59% 50.00% -3 $22,769 -0.000207
Passenger Car 43.35% 33.33% -4 $20,349 -0.000295
Small Car 7.61% 102 0.98% -7 $17,226 -0.000410
Midsize Car 14.53% 125 0.80% -7 $19,234 -0.000367
Large Car 21.22% 94 1.06% -7 $22,233 -0.000318
Passenger Truck 29.24% 33.33% -4 $26,357 -0.000228
Minivan 7.01% 36 2.78% -7 $25,651 -0.000281
Small SUV 20.40% 162 0.62% -7 $26,208 -0.000269
Large SUV 1.83% 13 7.69% -7 $30,718 -0.000247
Pick-up 15.31% 50.00% -3 $22,451 -0.000267
Small Pick-up 5.19% 64 1.56% -7 $19,099 -0.000372
Large Pick-up 10.12% 56 1.79% -9 $24,170 -0.000379
Luxury 8.53% 50.00% -3 $47,429 -0.000127
Luxury Sedan 3.95% 117 0.85% -7 $47,256 -0.000149
Luxury Truck 4.59% 43 2.33% -7 $47,578 -0.000151
Sportscar 2.88% 50.00% -2 $29,534 -0.000135
Standard Sportscar 2.30% 37 2.70% -7 $23,393 -0.000308
Luxury Sportscar 0.57% 49 2.04% -9 $54,159 -0.000170

Van

Standard Van 0.69% 32 3.13% -7 $23,726 -0.000305

4.5.1 Estimating the Value of Attributes

Attribute coefficients are calculated from the estimated value in dollars of one unit of an
attribute. The slope coefficient for an attribute is its value per unit times the appropriate price
slope. To the greatest extent possible, attribute values are derived from assumptions or taken
from the existing economic literature. For example, it is possible to calculate the value of a
change in fuel economy by calculating the present value of fuel savings. While this method
requires making a number of arguable assumptions, it has the advantage of transparency. The
behavior of the model is directly dependent on its coefficients which can be directly traced to
specific assumptions about consumer behavior. Another virtue of this approach is that it makes
it possible to test the sensitivity of model predictions to key assumptions such as the price of
fuel, consumer discount rates, or the value of time spent refueling.
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4.5.2 Fuel Economy

The value of fuel economy is derived from assumptions about vehicle use, the consumer’s
payback period and discount rate. EPA test fuel economy numbers are discounted to more
accurately reflect real-world driving experience. For conventional gasoline vehicles, EPA
composite MPG numbers are multiplied by 0.85. Although there is not yet definitive evidence, it
appears that hybrid vehicle MPG should be discounted more severely (0.80) and diesel powered
vehicles less (0.925). Since fuel costs are in units of dollars per mile, the attribute weight for
fuel cost must be in units of present value miles, in other words miles driven over the consumers’
payback period, discounted to present value. The assumptions for these calculations are shown
in Table 9. The annual miles by vehicle class for the first year of ownership are shown in the
first column. Usage decreases with age and the rates of decline are given in the second column.
It is assumed that consumers demand a simple 3-year payback, that is, they count the first three
years of undiscounted fuel savings.

Fuel economy determines the fuel cost per mile of travel, which equals the price of fuel, P¢,
divided by fuel economy in miles per gallon, E. Thus, the value weight translates fuel cost per
mile of travel into present value dollars (equivalent to dollars spent on purchase price). In effect,
it answers the question, “How much is a change of $1 per mile in fuel costs worth at the time of
purchase?” This depends on how many miles the vehicle will be driven over time, M(t) = M,e™
, the buyer’s payback period, L, and discount rate, r." The present value of fuel cost is given by
the following equation, in which wr is the fuel cost per mile weight.

Lp P = P
V, = I LM e e dt = —fj M e e "dt = —fwf
E E E

t=0 t=0

o

Equation 6

Equation 6 reveals that the fuel cost per mile weight is in units of discounted or present value
miles. Multiplying w¢ by the appropriate class-specific price slope yields the coefficient for fuel
cost per mile. The reference assumptions are that consumers value fuel costs using a simple 3-
year payback period, i.e., L=3, =0 (Table 9). This same assumption was one of two used in the
National Academy of Sciences (NRC, 2002) assessment of U.S. fuel economy regulations, and is
also roughly consistent with a recent nationwide random sample survey (Caravan, 2004) which
indicated a 2.5 year payback period with an unspecified discount r