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ELECTRIC AND HYBRID ELECTRIC VEHICLES: A TECHNOLOGY
ASSESSMENT BASED ON A TWO-STAGE DELPHI STUDY

by

A.D. Vyas, HK. Ng, D.J. Santini, and J.L. Anderson

ABSTRACT

To address the uncertainty regarding future costs and operating attributes
of electric and hybrid electric vehicles, a two-stage, worldwide Delphi study was
conducted. Expert opinions on vehicle attributes, current state of the technology,
possible advancements, costs, and market penetration potential were sought for
the years 2000, 2010, and 2020. Opinions related to such critical components as
batteries, electric drive systems, and hybrid vehicle engines, as well as their
respective technical and economic viabilities, were also obtained. This report
contains descriptions of the survey methodology, analytical approach, and results
of the analysis of survey data, together with a summary of other factors that will
influence the degree of market success of electric and hybrid electric vehicle
technologies. Responses by industry participants, the largest fraction among all
the participating groups, are compared with the overall responses. An evaluation
of changes between the two Delphi stages is also summarized. An analysis of
battery replacement costs for various types is summarized, and variable operating
costs for electric and hybrid vehicles are compared with those of conventional
vehicles. A market penetration analysis is summarized, in which projected market
shares from the survey are compared with predictions of shares on the basis of two
market share projection models that use the cost and physical attributes provided
by the survey. Finally, projections of market shares beyond the year 2020 are
developed by use of constrained logit models of market shares, statistically fitted
to the survey data.

1 OVERVIEW

The U.S. government actively supports research efforts that seek to contribute to
improvement of the nation’s security, its foreign trade balance, and thereby, its citizens’ well-being.
Although many of these efforts are high-risk in nature and the benefits to be derived are far in the
future, the government supports them to increase the chances for a prosperous future. Also, when




the time horizon is long and risks are great, as in most of these research efforts, the private sector
tends to under-invest in the development of new technologies, necessitating government support.
The government’s role is to support research and development (R&D) to identify, investigate, and
enable new technologies that can enhance security, economic competitiveness, and the standard of
living and health of its citizens.

1.1 BACKGROUND

The Office of Transportation Technologies (OTT) within the U.S. Department of Energy
(DOE) funds research that could lead to reduced petroleum consumption through increased vehicle
fuel efficiency and/or substitution of alternative fuels. The development of vehicle technologies that
are also less harmful to the environment, as required by legislation and stricter new emissions
standards early in the next century, is a major secondary goal of the OTT. These efforts will also
enhance national security by reducing U.S. dependence on imported petroleum, improving the
balance of trade, and assuring a firm foundation for future economic growth.

To ensure that introduction of the technologies being developed is not impeded by future
emissions rules, DOE-supported research also provides an impetus to the development of new
technologies that can improve air quality, particularly in large urban areas, and alleviate concerns
about global warming due to burning of fossil fuels. Air quality in the United States’ major urban
areas has been slowly improving during the last two decades but, without even stricter emissions
rules, the fear is that it will later worsen due to growth in vehicle use. This fear of worsening air
quality in major urban areas has caused the federal and state governments to conditionally provide
for stricter vehicular emissions standards (Tier II), with some states attempting to implement a
California regulation requiring vehicles that will produce “ultra low” and/or zero tailpipe emissions.
Consequently, OTT has supported research to make such vehicles possible, in the event they are
demanded by numerous states.

1.2 ELECTRIC AND HYBRID ELECTRIC VEHICLE TECHNOLOGIES

Electric and hybrid electric vehicles are viewed as solutions to finally achieving urban air
quality goals. The air pollution problem that has directed attention to electric vehicles (EVs) is
tropospheric (near-ground) ozone, which is the worst in some California urban areas. Tropospheric
ozone results primarily from photochemical reaction of air with hydrocarbons (HC) and nitrogen
oxides (NO, ) emissions. Because they will use electricity stored in batteries or other storage devices,
such as ultracapacitors and flywheels, EVs have no tailpipe emissions and are classified as zero
emission vehicles (ZEVs). However, emissions do result from the operation of the power plants that
generate electricity to charge the EVs. Hybrid electric vehicles (HEVs) may be designed to use
energy from the electric power grid stored in batteries in the beginning and then use power from a



conventional or alternative fuel engine once the energy in the batteries has been depleted.
Alternatively, an HEV may be designed to run exclusively on onboard electricity, generated through
an engine, without ever using energy from the electric grid. Even so, with an adequately large battery
pack, such an HEV could be operated in such a way that morning emissions, which undergo the
longest photochemical reaction, are significantly reduced. The extent of emissions from an HEV will
depend upon its design and the types of fuel and engine used. Many combinations are possible.

Environmental benefits of electric vehicles arise from zero tailpipe emissions, as well as
other more complicated and less obvious emissions changes. EVs represent a potential solution to
urban ozone problems created in part by gasoline- and diesel-powered vehicles. When emissions
from electric power plants are accounted for, electric vehicles not only shift emissions from vehicles
to remote places, they also change the composition and timing of emissions. While nearly
eliminating carbon monoxide and hydrocarbon emissions, their use may also decrease the emissions
of oxides of nitrogen, depending upon the type of power plants supplying electricity (Sperling 1995;
Wang and Santini 1993; Wang et al. 1990). The emissions of two criteria pollutants, sulfur oxides
and particulates, have been estimated to increase on average in the United States, largely due to coal-
fired power plants. However, these increased emissions usually will be at power plants that are
outside the urban areas, and their estimated magnitudes are small compared to the overall emissions
from these two pollutants.

Use of electric vehicles will not simply shift emissions from urban areas to the places where
power plants are located. Significant “per vehicle” reduction in “full fuel cycle” emissions will also
be obtained for most pollutants, sometimes for nearly all pollutants. The latter opportunity occurs
because many urban areas obtain their electricity from hydro-, nuclear-, or natural-gas-powered
generating plants that emit very low quantities of criteria pollutants. Also, most of the electric
vehicles are likely to be recharged at night. Thus, the contribution of sunlight in the chemistry of
pollution formation — especially for ozone — can be reduced drastically. To date, the nature of
these changes has not been carefully studied.

Energy benefits of electric vehicles are in reduced petroleum consumption due to
substitution and increased efficiency of the electric drive systems. Electric drive systems have very
high efficiency, they do not consume energy in idling, and they can be designed to employ
regenerative braking to capture the energy usually lost in braking. These advantages are pronounced
in urban driving involving repeated braking and idling, but relatively small in highway driving. In
urban driving conditions, HEVs also have the potential to be significantly more efficient than
gasoline internal combustion engines (ICEs), even when the HEV engine is fueled by gasoline and
power from the electric grid is not used (Siegel and Mendler 1996). When power both from the
electric grid and the engine is used, the potential to reduce petroleum consumption is significant.

Greenhouse gas benefits of electric vehicles can be highly dependent on the type of primary
energy used in generating electricity. Most of the existing fossil-fuel-burning electricity-generating




plants are 33-35% efficient. For a typical driving pattern, the present mix of generating technologies
would provide only some marginal benefits for EVs with respect to greenhouse gas emissions.
However, this generalization has many important exceptions. Some regions in the United States have
hydro- or nuclear-power generating plants that would substantially reduce emissions of greenhouse
gases for EVs used there (Wang and Marr 1994). The potential for greenhouse gas reduction due to
electric vehicles is between 0 and 20%, depending upon the region (DeLuchi 1991). The EV
technology is still under development and may not mature until 2010. By 2010, many fossil-fuel-
burning electricity-generating plants may be replaced by more efficient plants, thereby providing
higher greenhouse gas benefits. Most of the new power plants on order are natural-gas-fired,
combined-cycle plants, which have efficiencies well above 40%. Moreover, oxides of nitrogen (NO,)
from the power plants might be regulated so that their emissions would also drop sharply.

Another aspect of EVs is that their overall contribution to reduction of air pollution and
greenhouse gases may improve over time. A conventional vehicle is designed to meet the emissions
standards that are in effect at the time of its manufacture. Experience has shown that its emissions
characteristics deteriorate over time (EPA 1994). Also, a conventional vehicle emits more pollutants
when operated in modes outside the Federal Test Procedure (FTP) (Ross et al. 1995). This
phenomenon of increased emissions outside the FTP is commonly called “off-cycle emissions.” In
contrast, an EV’s contribution to air pollution and greenhouse gases is dependent on electrical
generating plants. These plants are usually subject to the current regulations, regardless of their date
of commission, and their emissions rates are either stable or declining. Electrical generating plants
are often upgraded or retrofitted to make them more energy-efficient and less polluting; motor
vehicles are almost never retrofitted to reduce emissions. Thus, the contribution to air pollution and
greenhouse gases by an EV could improve during its lifetime, while the contribution by a
conventional vehicle would worsen during its lifetime.

Although electric vehicles have the potential to alleviate the urban air quality problem, the
technology costs may still exceed the air quality benefits in most locations. Therefore, EVs still can
benefit greatly from research and development, both to reduce costs and to determine where their
benefits are the highest. Several items related to EVs’ acceptance as an alternative to vehicles
powered by the internal combustion engine are unresolved. Range, battery pack cost, and useful life
are the dominant issues that need to be resolved first. Issues involving passenger comfort and safety
through such amenities as heating, defrosting, air conditioning, and audio entertainment also need
to be resolved; the amenities, viewed as essential by consumers, will reduce the EV range by a
greater proportion than they do in the case of gasoline vehicles. EVs should have acceptable
performance characteristics, such as an acceleration rate comparable to that of ICE vehicles and a
reasonable top speed. Vehicle size, as defined by interior volume and luggage space, may be
compromised if the energy storage system takes considerable space, thereby making an EV less
attractive to consumers.



The range of an electric vehicle is determined by its energy storage system and efficiency.
At present, the most viable energy storage system is the battery. Lead-acid batteries are used to
provide starting power for ICE vehicles and are available in the market. However, their attributes
(such as energy storage potential, cost, and service life) are far from competitive in EV applications.
The current lead-acid batteries are expensive and bulky, with low energy density, limited power, and
short life when charged/discharged deeply and regularly. Several other battery technologies show
promise of technically superior behavior relative to lead-acid batteries, possibly offering more total
value per unit cost, while improvements are also possible in the lead-acid technology. Advanced
lead-acid and other battery options require intensive research and development efforts. Such R&D
is being conducted under the auspices of the U.S. Advanced Battery Consortium (USABC).

One solution to the range limitation of electric vehicles is to have hybrid electric vehicles.
A hybrid electric vehicle uses electrical energy from batteries and power from an onboard system
consisting of a gas turbine, a conventional internal combustion engine, or some other candidate
“power unit.” The batteries may be charged either by energy from the electric grid or from an
onboard generator powered by the power unit. A hybrid electric vehicle can be a charge-depleting
type in which electrical energy from batteries is used until exhausted and then the power unit is used
for the remainder of the trip. A charge-depleting HEV operates primarily as a ZEV while running
only on the electricity stored in batteries. Alternatively, as a backup, the vehicle may be powered
exclusively by a small power unit. A charge-sustaining hybrid makes use of power supplied from
energy previously stored in the batteries for hard acceleration and depends on the power units for
cruising and gentle acceleration. The energy previously depleted from the battery by hard
accelerations is restored through charging with the power unit during periods of low power demand
and through regenerative braking. When used with a conventional ICE, an HEV may produce
emissions similar to those of ICE-powered conventional vehicles. When designed for potential
universal use, the gasoline-fueled HEV option is attractive more for its high urban fuel economy than
for its emissions benefits (in terms of reducing tropospheric ozone precursors in urban areas). It can
significantly increase the fuel economy of new vehicles, thereby reducing petroleum consumption
and the resulting greenhouse gas emissions. However, its two energy storage and power systems
make it complex and expensive. Still, if battery packs remain very expensive, the ability of an HEV
to allow substantial reduction in battery pack size may be a major cost benefit for electric drivetrain
vehicles.

Electric drive components have evolved to adapt to the existing battery and automotive
electric system. The most common electric drive systems use direct current (dc), while most
industrial power systems use alternating current (ac). Some recent advancements have made it
possible to use ac electric drive systems (Sperling 1995). An ac drive system has the potential to be
more energy-efficient. Its regenerative braking system can be designed to capture more energy than
is possible with a dc system.




Research and development in EV and HEV technologies is conducted with public and
private funds. Research conducted by the private sector is usually proprietary, providing limited
detail. While information is available on some public-sector research, other public/private R&D
efforts are conducted under agreements that results will not be published or will be published after
a specified distant date. Because the limited range of an EV is viewed as the chief barrier to its wider
acceptance, battery research has attracted considerable attention, but publication of results is limited.
The battery also is the largest cost component. Research on electric drive systems is also progressing
in both the private and public sectors. These research and development efforts have been under way
for some time. Although no vehicle manufacturer has mass-marketed either an EV or an HEV, some
fairly large market tests are under way, the most notable of which is the GM EV1.

Due in large part to the absence of public domain data on battery and vehicle research
projects, the Center for Transportation Research (CTR) at Argonne National Laboratory (ANL),
under OTT sponsorship and with the help of the Society of Automotive Engineers’ (SAE)
Cooperative Research Program (CRP), undertook a worldwide Delphi study to assess the types of
electric and hybrid vehicles that experts expect to be feasible in the next 25 years. The goal of the
study was to collect information on various attributes of these vehicles, estimate their performance,
and evaluate potential market penetration. Experts in the field were surveyed to collect their opinions
on the future characteristics of EVs and HEVs. Study results will help decision makers in
government and industry in formulating policy and orienting their research and development efforts

properly.

A summary of the Delphi survey, data analysis, and results are presented in this report. The
results are summarized for such categories as future vehicles, system components, and system
impacts. Opinions related to market shares are compared with other projections. Market penetration
expectations are also evaluated by subjecting the vehicle attributes data to a modeling exercise in
which conventional and new technology vehicles compete. Results of this modeling exercise are
presented. Parts of the work presented here have been published in three conference papers and a
‘ journal article (Ng et al. 1995; Ng et al. 1996a, 1996b; and Vyas et al. 1997). This report represents
a comprehensive summary of the work performed.

1.3 SURVEY METHODOLOGY

One approach to predicting the future is to rely on published research related to potential
advancements. This approach has some drawbacks: published research often provides only partial
information, is occasionally dominated by a few prolific writers, and often leaves out important items
because secrecy has advantages for the developers of new technologies. Also, because of the nearly
embryonic state of the EV and HEV technologies, the existing information on them is sporadic,
occasionally optimistically speculative, and based on limited analysis. Predicting a realistic state of
the technology in the next 25 years from this information is a very difficult task. A wide range of



projections can be made, depending upon the assumptions about technological advancements and
breakthroughs. In order to help OTT overcome some of these difficulties, a modified Delphi survey
method has been selected in which the collective judgments of a set of experts are sought through
multiple rounds of questionnaires. In the Delphi approach, experts’ opinions are pooled through a
questionnaire and then the next round is conducted to seek convergence of results by allowing
revisions of opinion, given the judgments of other experts. The process gives a respondent an
opportunity to review first-round opinions and revise his or her own, thus moving the second-round
responses closer to a consensus. An unusual but interesting second-round result can be an agreement
to disagree. Bimodal distributions of responses are seen occasionally in some Delphi study results.

This Delphi study is a group process of collecting information necessary for OTT planning
and projections and to provide information to the community of scientists and policymakers
interested in promoting EVs and HEVs. It employs questionnaires and written responses to pool the
judgments of many persons. The mail-out survey process used is appropriate for collecting opinions
of experts, users, or administrators who are difficult to gather together physically. Another advantage
of the mail-out survey process as set up in this case is that it allows anonymity, avoids hostility
among participants, and averts dominance by a few aggressive individuals. Delphi questionnaires
in this study were designed to focus upon the problems of technical and cost characteristics of EVs
and HEVSs and their component parts, and to study the issues underlying the forecasts developed by
participants. The questionnaire development process defined the issues and pretested responses. First
official and second-round questionnaires were based upon the responses to the pretested
questionnaire. Only minor changes were found to be necessary in the second round.

The Delphi technique has characteristically been used for technological forecasting (Helmer
1967; Pyke and North 1969). Ideally, the technique has the advantage of gaining insights from the
latest advancements, since published research usually lags behind the current state of the technology.
The technique also has some limitations. A Delphi survey provides information on the basis of
respondents’ knowledge at a fixed point in time. Some respondents may undervalue very recent
advancements, while others may overvalue them. Some respondents ignore the new developments
and rely on the conventional, prevailing technical paradigms. The overall effects of such respondent
behavior are difficult to ascertain, but they are thought to be small. These limitations are described
here more to increase a practitioner’s understanding than to serve as caveats. The method is very
useful in addressing difficult technological forecasting situations, providing an understanding of a
problem, and gathering information necessary for decision making. Delphi studies require time and
highly skilled participants. Since the quality of the responses is determined by the interest and
commitment of the participants, proper selection of a group of experts is critical. The level of
participation and quality of results are obviously also positively influenced by clear definition of the
problem and proper formulation of the questionnaires.

A modified Delphi approach, in which the process stops after the second questionnaire, was
selected for this study. This modification is useful when convergence or a vote on an agreed-to




divergence is not needed (Delbecq et al. 1975). Responses to the first- and second-stage
questionnaires are analyzed and information is reported to the respondents. Usually, the organization
conducting the Delphi study works directly with the experts whose opinions are sought. However,
because ANL and its DOE sponsor OTT might be perceived to have a conflict of interest arising
from participation in several EV and HEV research initiatives, ANL solicited the assistance of the
Society of Automotive Engineers. SAE’s involvement in selecting Delphi participants was expected
to broaden the respondent base and minimize bias. Under the arrangement, SAE-CRP administered
the study and provided responses to ANL. This also ensured anonymity of the respondents, because
their identities were removed by the SAE-CRP before the data were sent to ANL.

The first-stage questionnaire was designed with valuable help from the SAE Cooperative
Research Program. ANL staff drafted a questionnaire, which, after a review by OTT, was subjected
to a thorough review by SAE. SAE-CRP then assembled a review committee of 25 persons.
Members of this group familiarized themselves with the study objectives and provided useful
comments and suggestions to make the questionnaire more effective. Versions of the revised
questionnaire were once again reviewed by ANL and DOE staff most familiar with the study. The
questionnaire was then pretested. An evaluation of these pretest responses was conducted for their
usefulness in this and other research initiatives.

Information on vehicle characteristics, components, and system impacts was collected
through the questionnaire. The questionnaire sought opinions on such EV and HEV attributes as
range, acceleration time, top speed, the maximum negotiable uphill grade at a sustained speed,
seating and luggage capacities, curb weight, power-to-weight ratio, recharging time, and average
maintenance interval. Respondents were asked to rate the importance of these attributes and provide
expected values in the years 2000, 2010, and 2020. Questions about the importance of amenities,
research and development needs, and purchase price and maintenance cost relative to ICE vehicles
were included. Opinions on such components as batteries, electric motors, and HEV power plant
were also sought. Data from the first-stage questionnaire were analyzed, summarized, and published
after first being sent to respondents. Responses showed that EVs and HEVs will have inferior
performance and will cost more with respect to ICE vehicles through the year 2000. They are likely
to have approximately 20% of the new vehicle market by the year 2020, with costs slightly above
conventional ICE vehicles (Ng et al. 1995). The second-stage questionnaire also included the first-
stage results. Both the first- and second-stage questionnaires can be found in Appendixes A and C.

1.4 SURVEY RESPONSE

The first-stage questionnaire was sent to 811 persons. This group included persons who
associated themselves with the following descriptions: vehicles and components; EV conversions;
batteries; mobile source environmental work; transportation policy and economics; and vehicle
regulations. SAE-CRP developed a mailing list that was supplemented by names of DOE and ANL



contacts. Of the 811 names, nearly 90% were supplied by SAE-CRP. With each questionnaire, SAE
sent a letter summarizing the purpose of the survey and guaranteeing anonymity.

We received 191 valid responses to the first-stage questionnaire. A “valid” response was
defined as one that was received from the person to whom the questionnaire was sent. Some
responses were nearly blank or contained values that were clearly inappropriate. Such responses were
also considered invalid. We analyzed the first-stage data and produced descriptive statistics, such
as mean, median, and interquartile range. We also produced histograms summarizing the first-stage
results. The second-stage questionnaire, which provided a summary of the first-stage results and
asked the respondents to specify new values, was sent to the 191 individuals who had responded to
the first stage. We received 93 valid responses to the second-stage questionnaire. Table 1.1
summarizes the composition of the second-stage sample in terms of respondent employer. The
largest responding group was from industry. The “other” category includes individuals who either
did not identify their employers or did not fit in any of the first three categories.

TABLE 1.1 Organizational Breakdown
of Respondents to the Second-Stage Delphi
Questionnaire

Type of Organization Number  Percent

Industry . 44 473
Automotive OEM 21 22.5
Vehicle/engine 5 5.4
Electric/electronic 5 5.4
Battery 1 1.1
Other 12 12.9

Government 13 140

Academic institutions 9 9.7

Other 27 29.0

Total 93 100.0




10

2 SURVEY RESULTS ON ELECTRIC AND HYBRID VEHICLES

The survey questionnaires sought information necessary for DOE’s planning and
assessment needs. In a two-stage Delphi survey, responses to the second-stage questionnaire
represent the final values. The respondents, having reviewed the first-stage results, provided their
final answers. In this chapter, we summarize the second-stage results and present a few selected
items in detail.

The mean values of all responses are shown separately in Appendix C. Here we present
such key statistics as mean and median and the number of responses on which they are based. We
also present “mode,” the value specified by the maximum number of respondents, and interquartile
values. The interquartile values represent values for the first and third quartiles. The first quartile
value is the maximum value among the first 25% of the responses when all the responses are ordered
by their values, and the third quartile value is the maximum value among the first 75% of the
responses. These statistical values provide a measure of the degree of agreement among the
respondents. A narrower interquartile range indicates a higher degree of agreement. A small
difference between mean and median would be consistent with, and possibly indicate, very evenly
distributed responses.

We also present optimistic and pessimistic values whenever we have a sufficient number
of observations. These values represent means of half the responses either at and below or above the
median point. A group’s optimistic or pessimistic identity is dependent on the characteristics or
attribute. For example, because longer range and lower vehicle curb weight are desirable, the
optimistic group for range will be above the median while the optimistic group for curb weight will
be at and below the median.

2.1 QUESTIONNAIRE SECTIONS

The survey questionnaire contained three main sections, each section seeking opinions on
a specific aspect of future EVs and HEVs. The first section (named “vehicles” section) contained
questions on expected operating characteristics and attributes of these vehicles. The second section
(named “components” section) sought information and opinions on expected characteristics of
vehicle components, and the third section (named “system impacts” section) contained questions on
environmental and other impacts. Specifically, the first section sought opinions on basic vehicle
characteristics, additional amenities, R&D needs, HEV status and future, vehicle purchase price
relative to the present conventional vehicle, vehicle fuel and maintenance cost, vehicle fuel economy,
most likely fuel for the HEV, obstacles to commercialization of EVs and HEVs, and market share
estimates. The second section sought opinions on operating characteristics of 10 battery types,
environmental aspects of individual battery types, electric motors, advanced materials, HEV power
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units, and technologies most beneficial to EVs and HEVs. One drawback of the questionnaire,
recognized in retrospect, was a lack of linkage between anticipated battery characteristics and the
vehicle type for which the battery was envisioned to be developed. Only one set of battery questions
was included. The third section sought opinions on air pollution, global warming, nuclear energy,
and factors influencing EV and HEV market success.

The layout of the questionnaire allowed the respondent to go directly to the most familiar
section(s) first and consult colleagues about other, less familiar sections. In this two-stage study, a
large majority of the respondents did not ask the assistance of a colleague, preferring to leave some
of the sections unanswered; probably in some cases, they had no appropriate colleague to consulit.
This resulted in the components section having significantly fewer answers than the other two
sections. An analysis of the responses to the three sections by respondent affiliation was conducted.
One representative question was selected from each section and the survey participation rates by
respondent affiliation were analyzed. The question on basic vehicle characteristics was selected from
the “vehicles” section, the question on battery characteristics was selected from the “components”
section, and the question on market success factor was selected from the “system impacts” section.

Table 2.1 shows the number of responses to each section by respondent affiliation. The
overall participation rates are 98% for the “vehicles” section, only 61% for the “components”
section, and 99% for the “system impacts” section. The industry group remains the largest group,
in terms of number of responses, for each section. However, its participation rate for the
“components” section is second highest at 64% and for the “system impacts” sections is third highest
at 98%. The academic group has the highest participation rates for the “components” and “systems
impacts” sections at 89%, and 100%, respectively. Its participation rate for the “vehicles” section
is the lowest at 89%. The government group’s participation rates for the three sections are 100%,
53%, and 100%, and the “other” group’s participation rates are 96%, 52%, and 100%, respectively.

2.2 VEHICLES

Basic Characteristics

The first part of the “vehicles” question asked the respondents to assign importance ratings
to 11 EV characteristics. The ratings ranged from 1 (“not important”) to 10 (“most important”).
Next, the respondents assigned values to the same 11 physical and operating attributes for the years
2000, 2010, and 2020. In the second part of this question, the respondents assigned an importance
rating to each of the 12 HEV characteristics. Except for range, the HEV characteristics list was
identical to that for EVs. The range for the HEV was split as total (full battery charge and full tank)
and engine alone (full tank). Respondents then assigned values to the 12 HEV physical and operating
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TABLE 2.1 Organizational Breakdown of Respondents by Questionnaire Sections

Responding to Responding to Responding to
Vehicle Battery Systems
Characteristics Characteristics Impacts
Type of Organization No. % No. %o No. %
Industry 44 48.4 28 49.1 43 46.8
Automotive OEM 21 23.1 17 29.7 20 21.8
Vehicle/engine 5 55 3 53 5 54
Electric/electronic 5 55 2 35 5 54
Battery 1 1.1 1 1.8 1 1.1
Other 12 13.2 5 8.8 12 13.0
Government 13 143 7 12.3 13 14.1
Academic institutions 8 8.8 8 14.0 9 9.8
Other 26 28.6 14 24.6 27 29.3
Total 91 100.0 57 100.0 92 100.0

attributes for the above-mentioned three points in time. For the range, they assigned two values, total
and engine alone.

The 11 EV characteristics rated by the respondents (on a scale of 1 through 10) were range,
0-50 kph acceleration time, 50-100 kph acceleration time, top speed, maximum uphill grade for
which a 75-kph speed can be maintained, seating capacity, cargo space, unladen vehicle weight
(including batteries), power-to-weight ratio, recharging time, and maintenance interval. Most of these
vehicle characteristics were chosen to evaluate the importance of input parameters for vehicle choice
models used by ANL and DOE/OTT. The final set of 11 characteristics for EVs and 12 for HEVs
emerged from the questionnaire review process. Through this question, we tried to identify the
vehicle characteristics important to the potential buyers of these vehicles. The vehicle purchase price
is not included in this list because the intent of this question was to identify important physical and
operational characteristics. Respondents’ attitudes concerning the importance of purchase and
operational costs are evaluated through a separate question, results for which are summarized in
Section 2.6 under “Market Success Factors.” Figures 2.1 and 2.2 show the mean importance ratings
emerging from the responses.

The five most important EV attributes were (in order of importance): (1) range,
(2) maintenance interval, (3) recharging time, (4) 0-50 kph acceleration time, and (5) maximum
uphill grade for which a 75-kph speed can be maintained. The three least important attributes were
(starting with the least important): (11) top speed, (10) unladen vehicle weight, and (9) cargo space.
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FIGURE 2.1 Mean Importance Ratings for Key EV Attributes
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The five most important attributes represent those necessary for meeting daily travel demands and
reducing undue burdens on the owner. The respondents seem to view the EV’s primary use as a
commuting vehicle, because they assigned lower importance to the attributes that make them capable
of other uses. This was also apparent when the rankings of attributes for EVs were compared to those
for HEVs.

For HEVs, the five most important attributes were (1) total range, (2) engine range,
(3) maximum uphill grade for which a 75-kph speed can be maintained, (4) maintenance interval and
(5) 0-50 kph acceleration time. The high importance assigned to both ranges (total and engine) and
uphill grade probably stems from the desire to have unconstrained mobility (which an HEV would
be capable of providing). The concept of power unit (i.e., engine in the questionnaire) is applicable
to two of the three HEVs, ICE HEV and gas turbine HEV. A fuel cell vehicle will not have a power
unit, but rather some type of fuel handling system. The respondents seem to have specified the rating
while assuming that engine range would not depend solely on battery charge.

The three least important HEV attributes were (12) unladen vehicle weight, (11) recharging
time, and (10) cargo space. Experts thought recharging time to be very important for the EV, ranking
it as the EV’s third most important attribute. However, they rated recharging time as the second least
important attribute for the HEV. It seems reasonable to speculate that the respondents assumed on-
board charging to be the preferred charging scheme for the HEVs. If so, this also implies that they
assumed “charge sustaining” HEVs. If an HEV had a small battery pack, it would require frequent
charging by the auxiliary power unit (its engine) and would not require or benefit much from
charging through the electricity grid. A small (less than 30 km) difference between total and engine-
alone range would indicate such an HEV (running independent of the electric grid). In principle, a
response of zero or nearly zero energy storage capacity might be predicting success for a fuel-cell
vehicle, because such a vehicle can be designed without an electric-storage system but will use an
electric drive-train.

A large majority of the experts specified a 100 km or greater difference (with means of 145,
212, and 244 km for years 2000, 2010, and 2020, respectively) between total and engine range.
These values contradict the low importance given to recharge time, and they are consistent with the
specified HEVs being of the “charge-depleting with high all-electric range” type, in which the
vehicles can travel some distance (50 km or more) on battery power alone if the batteries are
charged. A pure “charge-depleting” HEV would draw energy from the electricity grid to charge its
battery, and the engine would take over when the battery energy is depleted. A “charge-depleting”
HEV behaves like an EV while running on battery power (i.e., it has no tailpipe emissions).
California initially proposed an HEV to have 48 km or greater all-electric range for it to receive
credit under the state’s Equivalent Zero Emissions Vehicle (EZEV) regulations. A “charge-
depleting” HEV can be designed to be driven as an EV during the initial part of a trip. It is our
understanding that the California Air Resources Board (CARB) prefers such an HEV to have a low-
polluting power unit that meets the state’s Ultra-Low Emissions Vehicle (ULEV) standards and
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provides broadly acceptable performance once the battery charge is depleted. In the course of normal
daily travel, the “power-unit-on” mode would be used as little as possible. This would imply that
battery recharging time would be equally important for both EVs and HEVs. However, because of
the availability of an auxiliary power unit, the driver of a “charge-depleting” HEV would not be
required to wait for battery recharging. The respondents provided mixed indications on likely use
of grid battery charging for HEVs by dropping the importance of recharging time from third most
important for the EV to second least important for the HEV.

Respondents also assigned values to vehicle characteristics in the years 2000, 2010, and
2020. Forecast statistics for the EV and HEV attributes are tabulated in Tables 2.2 and 2.3. Both
EVs and HEVs show substantial improvements between 2000 and 2020. The mean range, power
requirement, seating capacity, cargo volume, top speed, uphill grade capability, and maintenance
interval increase while acceleration times and curb weight decrease.

The mean EV range is 179 km (111 miles) in 2000, 270 km (168 miles) in 2010, and
358 km (222 miles) in 2020. The experts therefore expect the EV range to double between 2000 and
2020. The mean HEV range is 353 km in 2000, 469 km in 2010, and 527 km in 2020. The mean
engine range is 215 km in 2000, 257 km in 2010, and 281 km in 2020. We subtracted the engine
range from the total range for each response and computed mean battery range. The resulting mean
battery range for HEVs is 145 km in 2000, 212 km in 2010, and 244 km in 2020. As discussed
earlier, a large majority (94%) of the respondents specified the future HEVs to fit a balance of engine
and battery ranges consistent with a “range extender” design approach (charge depleting with high
all-electric range). These respondents seem to expect the HEVSs to be used more for their emissions
benefits with their high battery range. However, the high battery range would require larger battery
packs, and consequently lower the energy benefits (assuming everything else contributing to energy
consumption remains the same). Nevertheless, a high battery range would provide substantial
petroleum displacement benefits. A typical urban vehicle is driven 50 km a day or less on average
(NPTS 1991). With battery ranges of 179 and 145 km in 2000, EVs and HEVs would be able to meet
nearly all daily local travel demands of households (and a majority of local travel demands of
businesses). However, they would be less suitable for long trips with large party size and luggage,
because of their restricted seating capacity and reduced cargo space.

The mean EV power is 66.7 kW in 2000, 86.1 kW in 2010, and 99.2 kW in 2020. The
increase in power is 49% between 2000 and 2020, compared to the projected 100% increase in range.
Therefore, the respondents recognize that EV batteries would have to improve their specific energy
much more than their specific power. At present, a typical alternating-current (ac) induction motor
for EVs is rated at about 66 kW peak power, and a direct-current (dc) motor around 52 kW (Cuenca
and Gaines 1996). The mean HEV power is projected at 79.6 kW in 2000, 99.1 kW in 2010, and
108.6 kW in 2020. The responses show a 36% increase in power between 2000 and 2020. HEVs are
consistently given higher power ratings than EVs, as well as high power-to-mass ratios, indicating
better performance expectations for HEVs.
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TABLE 2.2 Forecast Statistics for 11 EV Attributes

Interquartile

Attribute Year n Mean Mode Median Values Optimist  Pessimist
Range (km) 2000 92 179 150 150 250/ 150 220 138
2010 92 270 250 250 350/238 341 199
2020 92 358 250 350 450/ 250 465 250
Maintenance interval 2000 90 20 15 15 30/15 31 10
(10% km) 2010 88 34 30 30 34/15 46 21
2020 88 48 30 50 75/30 67 29
Recharge time (min) 2000 92 233 300 300 120/ 300 160 307
2010 91 141 120 120 30/300 64 217
2020 92 85 120 45 30/120 22 148
0-50 kph time (s) 2020 90 7.4 7 7 719 6.0 8.8
2010 90 5.8 5 5 5717 44 7.2
2020 89 5.2 5 5 577 4.0 6.3
Max. uphill grade (%) 2000 88 5.0 5 5 575 59 4.2
2010 87 6.7 7 7 7/5 7.8 5.7
2020 86 7.8 7 7 1177 9.5 6.2
Power rating (kW) 2000 91 67 70 70 70/ 50 79 54
2010 91 86 90 90 90/70 100 72
2020 90 99 110 100 110/90 114 84
50-100 kph time (s) 2000 89 11.6 12 12 10/12 10.3 12.8
2010 89 9.9 10 10 8/10 8.6 11.2
2020 89 9.2 8 10 8/10 7.5 10.8
Number of seats 2000 91 34 4 4 4/2 4.2 2.6
2010 91 4.1 4 4 4/4 4.5 3.6
2020 90 4.6 5 4 5/4 53 4.0
Cargo space (L) 2020 86 216 200 200 2517200 275 157
2010 86 289 300 300 300/200 352 227
2020 89 345 300 300 400/ 300 425 262
Curb weight (kg) 2000 88 1538 1800 1400 1400/ 1800 1305 1771
2010 88 1351 1400 1400 1200/ 1400 1175 1527
2020 88 1222 1200 1200 1200/ 1400 1075 1370
Top speed (kph) 2000 91 117 110 110 130/ 110 129 104
2010 91 131 130 130 140/ 115 143 119
2020 89 141 130 130 150/ 130 158 123
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TABLE 2.3 Forecast Statistics for 12 HEV Attributes

Interquartile
Attribute Year n Mean Mode Median Values Optimist Pessimist
Range (km) 2000 91 353 350 350 450/ 250 420 286
2010 91 469 450 450 450/ 450 539 398
2020 91 527 650 450 650/ 450 628 423
Engine-only range (km) 2000 88 215 300 200 300/ 150 286 144
2010 88 257 300 209 3007200 331 183
2020 88 281 300 300 300/ 200 345 218
Max. uphill grade (%) 2000 88 59 5 5 715 72 45
2010 87 7.8 7 7 11/7 9.3 6.2
2020 88 9.3 11 11 11/7 11.0 7.6
Maintenance interval 2000 87 17 15 15 15/15 24 10
(10% km) 2010 86 28 30 30 30/15 38 18
2020 87 38 30 30 50/30 53 23
0-50 kph time (s) 2020 90 6.9 7 7 5117 5.7 8.2
2010 89 5.5 5 5 517 43 6.6
2020 90 4.7 5 5 3/5 3.6 5.8
50-100 kph time (s) 2000 89 10.8 10 10 10712 9.3 12.1
2010 89 9.1 8 9 8/10 7.7 10.5
2020 89 8.2 8 8 8/10 7.0 9.5
Number of seats 2000 89 3.9 4 4 4/4 43 3.4
2010 89 4.5 4 4 5/4 5.1 3.9
2020 89 5.0 5 5 6/4 5.6 44
Power rating (kW) 2020 87 80 70 70 90/70 94 65
2010 86 99 90 90 110790 113 85
2020 87 109 110 110 110790 124 94
Top speed (kph) 2000 90 125 130 130 130/110 138 112
2010 89 139 130 130 150/ 130 154 125
2020 89 147 150 150 150/130 163 131
Cargo space (L) 2020 81 244 200 200 300/ 200 312 174
2010 80 317 300 300 400/ 200 393 241
2020 - 80 367 400 400 400/ 300 445 290
Recharging time (min) 2000 88 144 300 120 30/300 51 237
2010 88 62 120 30 10/120 17 107
2020 89 45 30 30 10/ 60 11 79
Curb weight (kg) 2000 85 1556 1800 1400 1400/ 1800 1338 1769
2010 84 1382 1400 1400 1200/ 1400 1215 1548

2020 85 1265 1200 1200 1200/ 1400 1112 1415
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By the year 2020, the mean curb weight for both EVs and HEVs is close to 1,250 kg. By
comparison, the average curb weight for the 1995 Lumina, Taurus, and Intrepid is 1,525 kg
(Consumer Reports 1995). The year 2000 EVs and HEVs are expected to be heavier than the 1995
mid-size cars, with mean curb weights of 1,538 and 1,556 kg, respectively. Although the future EVs
and HEVs have curb weights comparable to those of 1995 mid-size cars, they will not provide the
same seating and cargo capacity. The median seating capacity of EVs is estimated at 4 through the
year 2020, and HEVs are projected at 4 in 2000 and 2010 and 5 in 2020.

Respondents seem to assume considerable improvement in design and material composition
of EV and HEV components between 2000 and 2020. The EV’s mean curb weight is reduced by
21%, to 1,222 kg, and the HEV’s mean curb weight is reduced by 19%, to 1,265 kg. These
reductions are more significant in terms of design, materials, and packaging improvements because
cargo and seating capacity are projected to increase in spite of the mass reductions.

Amenities

Vehicles do not often succeed in the marketplace without additional amenities for occupant
comfort, safety, and aesthetics. For the future EVs and HEVs to be accepted by consumers, they must
be equipped with such amenities. A question concerning the importance of selected amenities
indicated that compartment heating and window defrosting, air conditioning, and premium safety
equipment (i.e., air bags, anti-lock brakes) were considered more important than power auxiliaries
(i.e. steering, brakes, door locks, windows, seats) and audio entertainment. Respondents rated
occupant comfort and safety higher than the items of convenience. Air conditioning and heating
would require energy and necessitate larger power units and/or battery packs. These importance
ratings are consistent with current consumer preferences; however, the power drain for air
conditioning and heating is regarded as a critical problem. The other amenities could more easily be
designed into EVs and HEVs without significantly affecting their range.

R&D Needs

For EVs and HEVs to be competitive enough to reach the commercialization stage, several
of their properties need to be developed beyond their present state. Research and development is
progressing in key areas. Battery (energy density, operating temperature, materials) and energy
storage technology (ultracapacitors, flywheels); vehicular technology (body, chassis, steering and
suspension); and component technology (motor, drive-train, and regenerative or mechanical braking)
are the three major concerns in R&D aimed at commercialization of EVs and HEVs. The
respondents were asked to rank these areas in terms of the share of R&D required before these
vehicles can be successfully marketed. Battery/energy storage technology, a most rapidly changing
technology area, received the highest ranking from the respondents. Vehicular technology would
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require the lowest R&D share, according to the respondents. This seems to indicate that most experts
are quite confident that present automotive vehicular technology can be readily transferred to EVs
and HEVs.

Opinions on Hybrids

The questionnaire asked the respondents to indicate whether they agreed or disagreed with
a set of 11 statements related to HEVs. Eighty-three percent of respondents agreed that HEV's will
be commercialized as a viable alternative to gasoline vehicles in the long term (beyond 2005), while
94% agreed that their operating range will be extended by more than 150 km compared to EVs.
Almost all respondents (98%) believed that HEVs could meet the U.S. Tier II emissions standards
if required for MY2004 and later automobiles. Fewer than one quarter of the respondents expected
the HEVs to be cheaper than EVs when commercialized. Only 8% of respondents agreed that HEVs
will never be a viable alternative. Earlier, under the vehicle characteristics questions, a large majority
(94%) of the respondents specified HEV range on battery as 50 km or longer. This indicated that the
respondents had thought HEVs would use electricity from the grid. However, when asked to agree
or disagree with the statement that HEVs would not need electricity from the grid, 29% agreed.

Obstacles to Commercialization

Numerous recent studies have estimated that EVs and HEVs can cost significantly more
than their gasoline counterparts. The respondents to this study ranked two obstacles to
commercialization as very important for both EVs and HEVs: (1) sales volume too low for
economical production and (2) the high cost and complexities associated with manufacturing the
batteries and drive-trains needed to produce attractive vehicles. Nevertheless, government R&D
support for these vehicles was not deemed “inadequate.” One obvious obstacle to the
commercialization of EVs and HEVs is the lack of refueling infrastructure. Lack of recharging
infrastructure away from home is a greater obstacle to EVs because of their limited range. The
development of an infrastructure for new fuels is a broad subject, requiring a detailed study by itself.
Its importance has been recognized in various studies (Wang et al. 1997). An item related to the need
for development of supporting infrastructure was included in Section 2.6 under “Market Success

Factors.” It rated as the fourth most important factor.
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2.3 COST ESTIMATES AND FUEL ECONOMY

Vehicle Purchase Price

The respondents were asked to provide their estimates of the purchase price ratios for five
vehicle types: (1) conventional vehicles (CVs), (2) EVs, (3) hybrid vehicles with internal combustion
engines (ICE HEVs), (4) HEVs with a gas turbine, and (5) fuel-cell HEVs. They were asked to
specify the ratios relative to the average cost of $15,000 for a 1993 4-door compact sedan. They were
also asked to describe how they arrive at these values. Several respondents provided detailed
descriptions of their estimates, while a few admitted that they used professional judgment. The
majority of the respondents provided the estimates but gave no description of their cost analysis. In
Table 2.4, we have summarized some descriptive statistics for purchase price ratios. Figure 2.3
shows the projected vehicle purchase prices. The mean ratios specified by the respondents are
converted to nominal dollars by using the baseline vehicle price of $15,000.

The purchase prices of the EVs and HEVs were consistently projected to be higher than the
prices for conventional gasoline-fueled baseline passenger vehicles, but the projected values tended
to be “flat” for EVs and ICE HEVs. The respondents projected improvements in EV and HEV prices,
while projecting the conventional vehicle price to rise throughout the projection period more rapidly
than the EVs and HEVs (Figure 2.3). However, only by 2020 would the EVs and ICE HEVs have
competitive prices (18 and 26% higher than conventional vehicles, respectively, based on means).
Both the gas-turbine and fuel-cell HEVs were projected to cost two to three times the conventional
vehicles in 2000, but price ratios dropped significantly by 2020. In spite of these price
improvements, the gas-turbine and fuel-cell HEVs would cost substantially more (52 and 97% more
than the conventional vehicle, respectively), making them less attractive to consumers even in 2020.
The respondents seem to envision a vehicle price scheme in which EVs would be more expensive
than conventional vehicles, while HEVs would be more expensive than EVs, during the projection
period.

Fuel and Maintenance Costs

The respondents also specified fuel and maintenance cost ratios for the five vehicle
technologies relative to the 1993 conventional car. The projected fuel and maintenance costs were
more favorable to EVs by 2010 and beyond. The year 2000 fuel and maintenance costs for EVs were
higher than those for conventional vehicles, indicating that EVs will have to go through the normal
product-debugging period. All the HEVs would have fuel and maintenance costs significantly higher
than both EVs and conventional vehicles throughout the projection period. Of the three HEV types,
the ICE HEVs had the lowest projected fuel and maintenance costs. The fuel and maintenance cost
ratios are shown graphically in Figure 2.4. These cost ratios exclude the cost of replacement battery
packs. An analysis of battery replacement cost for EVs and HEVs is presented in Chapter 3.
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TABLE 2.4 Forecast Statistics for Vehicle Purchase Price Ratios

Price Ratio to 1993 Gasoline Vehicle

Interquartile
Vehicle Type Year n Mean Mode Median Value Optimist Pessimist
Conventional ICE vehicle 2000 87 1.26 1.2 1.2 1.10/1.31 1.13 1.38
2010 86 1.60 1.4 1.5 1.40/1.80 1.33 1.88
2020 87 2.02 2.0 2.0 1.55/72.30 1.53 251
Electric vehicle 2000 87 2.29 2.0 2.0 2.00/2.70 1.78 2.78
2010 86 2.31 2.0 2.2 2.00/2.50 1.85 2.76
2020 87 2.38 2.0 2.2 2.00/2.50 1.81 2.94
ICE-powered hybrid vehicle 2000 85 247 22 24 2.00/2.90 1.87 3.06
2010 84 2.44 25 24 2.00/2.66 1.87 3.00
2020 85 2.54 25 2.5 2.00/2.80 1.89 3.17
Gas-turbine-powered hybrid 2020 76 3.27 3.0 3.0 2.50/4.00 2.33 4.22
2010 84 3.04 3.0 3.0 2.461/3.11 2.26 3.83
2020 85 3.07 3.0 3.0 2.40/3.25 2.21 3.90
Fuel-cell-powered hybrid 2000 70 5.15 4.0 4.5 3.08/5.75 3.13 7.16
2010 81 4.36 6.0 4.0 3.00/6.00 291 577
2020 83 3.98 4.0 38 2.50/5.00 2.53 5.40
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FIGURE 2.3 Mean Vehicle Purchase Price for the Five Technologies
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FIGURE 2.4 Mean Fuel and Maintenance Cost Ratios for the Five Technologies

Fuel Economy

The respondents were asked to project relative fuel economies of CVs, EVs, ICE HEVs,
gas-turbine HEVSs, and fuel-cell HEVs. They were requested to specify the future fuel economies as
ratios to the year 2000 conventional mid-size sedan, which was expected to have a fuel economy of
30 miles per gallon (12.75 km/L). Table 2.5 presents summary statistics for the fuel economy ratios
for the five vehicle technologies. The mean fuel economy ratios are also converted to miles per
gallon (mpg) and shown in Figure 2.5. The experts expect EVs to have the highest fuel economy
through the projection period. However, the mean values suggest that EV fuel economy would reach
only 50 mpg in 2020, far short of the PNGV (Partnership for a New Generation of Vehicles) goal
of 81 mpg. Among the hybrids, the fuel cell HEV is projected to have the highest fuel economy at
48 mpg in 2020, based on the mean. The ICE HEV would have the lowest fuel economy among the
hybrids, only 21% higher than the conventional vehicle in 2020. The respondents do not project very
high fuel economies. Even the optimists, as we define them, do not project fuel economies as high
as the PNGV goal of 80 mpg for a mid-size vehicle. The optimists project a range of 62 to 77 mpg
by 2020 for EVs and HEVs, with the ICE HEV achieving 62 mpg and the EV 77 mpg. The
pessimists among the experts expect only 20 mpg from the year 2020 fuel-cell HEV.
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TABLE 2.5 Forecast Statistics for Fuel Economy Ratios for the Five Technologies

Fuel Economy Ratio to 2000 Gasoline Vehicle

Interquartile
Vehicle Type Year n Mean Mode  Median Values Optimist  Pessimist
Conventional ICE vehicle 2000 83 1.00 1.0 1.0 1.00/1.00 1.00 1.00
2010 79 1.09 1.1 1.1 1.20/0.90 1.23 0.94
2020 79 1.16 1.2 1.2 1.33/0.83 1.44 0.87
Electric vehicle 2000 63 1.41 1.0 1.0 1.50/0.80 2.03 0.77
2010 63 1.54 1.0 1.0 1.50/0.80 2.30 0.76
2020 63 1.67 1.0 1.0 1.50/0.78 2.58 0.72
ICE-powered hybrid vehicle 2000 64 1.18 1.1 1 1.35/0.80 1.55 0.81
2010 65 1.29 08 1.1 1.50/0.80 1.81 0.75
2020 65 1.40 0.5 1.2 1.70/0.70 2.08 0.69
Gas-turbine-powered hybrid 2020 60 1.22 1.2 1.2 1.50/0.90 1.59 0.86
2010 62 1.40 1.0 1.15 1.70/0.90 1.95 0.84
2020 62 1.52 1.5 1.2 1.70/0.90 2.24 0.81
Fuel-cell-powered hybrid 2000 53 1.27 2.0 1.1 1.80/0.70 1.85 0.67
2010 57 1.42 1.5 12 1.90/0.70 2.14 0.66
2020 58 1.59 1.0 1.2 2.00/0.63 2.53 0.65
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FIGURE 2.5 Mean Fuel Economy Estimates for the Five Technologies




Fuel for HEVs

The respondents were also asked to indicate the type of fuel they had assumed for the three
types of HEVs. According to the experts, gasoline will be the predominant fuel for the internal-
combustion-engine HEVs, while diesel, kerosene, and jet fuel will be the most likely fuels for gas
turbine HEVs. For the fuel-cell HEVs, the respondents projected either alcohol or pure hydrogen to
be the preferred fuel. These projections, of course, will affect the fuel cost of these hybrid electric
vehicles.

2.4 MARKET PENETRATION

The respondents were asked to estimate new-vehicle market share for each vehicle type so
that the shares total to 100%. Essentially all the experts predicted the CV to be the dominant vehicle
in the new-vehicle market, even in 2020. By any descriptive statistics (mean, median, or mode), such
vehicles are projected to have about 80% of the new-vehicle market. One exceptional respondent felt
that conventional vehicles would shrink to a mere 10% share by 2020, while fuel-cell HEVs and ICE
HEVs would have 20 and 60% market shares, respectively. Most experts did not express such a
view. The statistics for market shares are listed in Table 2.6. We used the respondents’ specified
market shares to develop models. We also noted the vehicle characteristics emerging from the
responses and used them in two market penetration models. The results of this market penetration
modeling are summarized in Chapter 4.

Note that the above-mentioned market share estimates are for new vehicles, not for the
vehicle fleet, which is made up of vehicles of various vintages. Because a vehicle lasts several years
and fleet turnover takes a long time, the new-technology vehicles would only represent a small share
of the vehicle fleet even by the year when they achieve a 20% share of the new-vehicle market
(Mintz et al. 1995). The proportion of conventional vehicles in the entire fleet of vehicles held by
households, business, and government in 2000, 2010, and 2020 would be greater than that indicated
by their new-vehicle shares as presented here.

The experts seem to indicate that EVs would penetrate the market at a rather modest pace,
going from a 1% new-vehicle share in 2000 to 7.5% by 2020. Only a few respondents believed that
EVs would not make it to the market place, while the majority projected fairly modest penetration.
Almost 40% of the respondents projected that EVs will have better than 10% market penetration by
2020.

Of the three types of HEVs, the ICE HEV technology was assigned the highest market
shares by the respondents. The mean projection by the experts showed ICE HEVs to have almost 8%
market penetration by 2020, slightly higher than that for the EVs. Almost 30% of the respondents
projected ICE HEVs to have better than 10% market penetration by 2020, while 12%
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TABLE 2.6 Forecast Statistics for Market Penetration of the Five Technologies

New Light Duty Vehicle Market Share (%)

Interquartile

Vehicle Type Year n Mean Mode Median Values Optimist Pessimist
Conventional ICE vehicle 2000 89 97.1 99 98 99/96 99.2 95.0
2010 88 897 90 90 96/ 87 95.9 83.5
2020 89 776 80 80 90/70 89.4 65.6
Electric vehicle 2000 89 1.3 1 1 2705 2.1 0.5
2010 88 4.1 1 4 5717 6.6 1.6
2020 89 7.5 10 6 10/3 12.0 29
ICE-powered hybrid vehicle 2020 89 1.1 0 0.2 170 22 0.0
2010 88 4.1 1 2 5/1 72 0.9
2020 89 79 4 5 10/2 134 23
Gas-turbine-powered hybrid 2000 89 0.2 0 0 0/0 03 0.0
2010 88 0.9 0 0 1/0 1.9 0.0
2020 89 3.0 0 1 4/0 5.7 0.2
Fuel-cell-powered hybrid 2020 89 0.2 0 0 0/0 0.3 0.0
2010 88 0.7 0 0 08/0 14 0.0
2020 89 3.0 0 1 4/0 5.7 0.2

of the respondents had projections of 20% and higher. This projected market penetration pattern of
the ICE HEVs was noticeably different from that for the EVs. The spread of market penetration
projections was wider for ICE HEVs compared to the spread for EVs, with ICE HEV optimists more
optimistic that EV optimists and ICE HEV pessimists more pessimistic than EV pessimists.

Neither gas-turbine nor fuel-cell HEVs are projected to have any significant market
penetration until 2020; even then, the penetration would be about 3% each, according to the mean
estimates of the survey responses. Given that the gas turbine represents a relatively old technology
compared with the fuel cell (capturing nearly all of the aircraft market and a significant segment of
the electric power generation market), the respondents’ estimates of the prospects for fuel-cell HEVs
can be interpreted as relatively promising. We speculate that the respondents regard the gas turbine
as a mature technology, but think of it as having performance limitations in automotive-scale
applications. Almost 40% of the respondents believed that even by 2020, neither of these two types
of HEVs would be in the market. Only a small fraction, about 10%, of the respondents projected
better than a 10% market penetration for these two types of HEVs, thereby contributing
disproportionately to the mean (year 2020) penetration of 3%.




26

2.5 COMPONENTS

Battery Performance Characteristics

Relatively fewer survey participants responded to the questions about battery characteristics
for 10 battery types. Thus, in comparing the projections for battery characteristics, it is important to
note the number of respondents for each battery type. Apparently, the respondents did not wish to
make uninformed estimates and confined their responses to those batteries for which they had some
expertise and knowledge. However, a far greater response “percentage” was obtained from the
second stage of the survey than from the first stage. This higher response percentage could signify
that the second-stage respondents, on average, were more familiar with EV/HEV components and
had wider expertise. A characteristic of multiple-round mail-out Delphi studies is that the
respondents less concerned with the outcome of the survey and/or less certain of the importance of
their response will drop out in the later rounds. The possibility exists that some respondents who
dropped out might have been in agreement with the first-stage results and, therefore, did not respond
to the second-stage questionnaire. Unfortunately, we did not include a simple response form to
indicate agreement with the first-stage results. It would be speculative to estimate how many
respondents would have returned such a form.

The survey requested information for 10 battery types. The number of responses ranged
from a minimum of 19 for the zinc-bromide battery to a maximum of 55 for the lead-acid battery.
Five battery types had more than 38 responses: (1) lead-acid, (2) nickel-cadmium, (3) nickel-metal
hydride, (4) sodium-sulfur, and (5) lithium-polymer. The first four of these five battery types are
used in either commercial EVs or EV prototypes, while the lithium-polymer battery is a long-term
technology which the respondents anticipate will improve dramatically. Descriptive statistics for five
important characteristics of the 10 battery types are shown in Table 2.7.

Ongoing research and development in batteries will continue to provide benefits in terms
of higher specific energy and specific power, longer shelf and cycle lives, and lower cost. Mean
estimates by respondents suggest that by 2020 the lithium-polymer battery would have 3.5 times the
specific energy of the lead-acid battery (172 vs. 48 Wh/kg), nearly twice the shelf life (8.2 vs.
4.4 years), 36% higher cycle life (1,185 vs. 872 charge/discharge cycles), 10% lower specific power
(193 vs. 214 W/kg), and 61% higher unit cost ($296 vs. $184/kWh). If these projections materialize,
the lithium-polymer battery would be much superior to lead-acid, in terms of life-cycle cost and
vehicle performance, and would provide immense benefits to EVs and some (high battery-range)
HEYV technologies.

' By 2020, four of the five battery types that had high response rates — lithium-polymer,
nickel-metal hydride, nickel-cadmium, and lead-acid — would have mean specific power in the
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range of 193-214 W/kg. Two other battery types, lithium-iron disulfide (269 W/kg) and nickel-zinc
(214 W/kg), exceed 200 W/kg, but they are very expensive at $622 and $548/kWh. The year 2020
specific energy of the above four battery types (e.g. lithium-polymer, nickel-metal hydride, nickel-
cadmium, and lead-acid) range from 48 to 172 Wh/kg, with only one (lithium-polymer) exceeding
100 Wh/kg. The lead-acid battery improves its shelf life by 29% between 2000 and 2020, but it still
ranks last among the 10 battery types. Its cycle life improves by 43%, and by 2020 the battery ranks
seventh among the 10 battery types. By 2020, the lithium-polymer battery ranks very high in each
category except specific power; it ranks first in specific energy, sixth in specific power, second
(behind nickel-iron) in shelf life, fourth in cycle life, and second (behind lead-acid) in cost.

Battery Recyclability and Environmental Impacts

The weight of EV battery modules will be in the hundreds of kilograms, or as much as one-
third of the vehicle curb weight, indicating a significant materials-disposal problem at the end of the
module’s life. HEV battery modules would be smaller, but still large enough to pose a materials
disposal problem. The respondents were asked to rank recyclability and environmental impacts of
the 10 battery types. Lead-acid and nickel-metal hybrid batteries were considered the most
recyclable, and zinc-bromide and lithium-iron disulfide were considered the least recyclable. The
zinc-air battery was rated as having the least negative environmental impact, while zinc-bromide and
nickel-cadmium were considered to have the most negative environmental impact ratings.

Electric Motors

The match between motor technology and the propulsion battery system will be of great
importance to the ultimate success of EVs and HEVs. The respondents were asked to rank three
candidate motors — direct-current (dc), alternating-current (ac) induction, and dc brushless — in
terms of technology and cost. The ac induction motor was consistently ranked high for technological
maturity, but it was considered more expensive than the dc motor until 2020. By 2020, according
to the experts, the ac induction motor will have very competitive cost, 2% lower than the dc motor,
the current cost leader. The cost of the dc motor will be as competitive as that of the ac induction
motor, but the respondents thought the technology to be behind both the ac induction and dc
brushless motors in terms of maturity and motor/battery match for both EV and HEV applications.
The motor control technology is also an important element in both EV and HEV technologies.
Questions on motor control technology were not included in the survey. Recent progress in control
technology warrants future survey attention.
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Materials

Electric and hybrid vehicle design goals include low vehicle weight, without sacrificing
occupant safety. Advanced materials would be good candidates for helping to achieve these goals.
Also, there is a possibility that EV and HEV production may stimulate development and accelerate
commercialization of some advanced materials. The respondents were requested to rank six
candidate materials in terms of environmental benefit, corrosion resistance, crashworthiness,
reliability, durability, and cost-effectiveness. The respondents rated high-strength steel as the best
material, followed by aluminum, plastics, composite materials, and ceramics, respectively, while
powdered metal was rated the lowest. These ratings are based on the combined values for the six
attributes, with each attribute assigned equal weight. Individually, high-strength steel rated the
highest for all categories except corrosiveness, where plastics rated the highest. Ceramics rated the
lowest in crashworthiness, reliability, and cost-effectiveness; composites, in environmental benefits;
high-strength steel, in corrosion; and powdered metal, in durability.

HEYV Power Units

The future hybrids will be powered by onboard units deploying different technologies. The
respondents were asked to rank five power unit technologies in terms of technological maturity,
suitability for hybrid use and safety, and cost-effectiveness. The five technologies were (1) 2-stroke
Otto (SI) engine, (2) 4-stroke Otto (SI) engine, (3) diesel (CI) engine, (4) gas turbine, and (5) fuel
cell. For technological maturity and cost-effectiveness, the respondents assigned the highest rating
to the 4-stroke Otto engine through the projection period, with the diesel engine finishing second.
The 4-stroke Otto engine also rated the highest for suitability and safety through the year 2010, with
the diesel engine second. By 2020, the diesel engine was rated the highest, with the 4-stroke Otto
engine dropping to second.

Other Concepts

Several advanced technologies and concepts could be used by EVs and HEVs. These
concepts would make both EVs and HEVs more viable, but their higher cost is a detriment.
Respondents were asked to rate five advanced concepts for their technological viability and cost. The
five concepts are (1) advanced electronics; (2) very light, high-tensile-strength materials;
(3) extended-life batteries; (4) solar conversion devices; and (5) ultracapacitor. The respondents rated
the five concepts in the above order for both technological viability and cost, with one exception,
ultracapacitors, rated ahead of solar conversion devices. The relative ratings were the same through
the projection period.




2.6 SYSTEM IMPACTS

Air Pollution

The experts were asked whether they agreed or disagreed with a set of statements relating
to air pollution and global warming. Most (93%) of the experts had the opinion that EVs will help
reduce urban ozone levels, due to the displacement of gasoline combustion and storage by fuels or
energy production techniques with lower ozone-forming potential. More that 90% of the experts
believed that most EV charging will use overnight base load capacity, resulting in little net increase
in daytime power-plant emissions. Close to 90% agreed that EVs will be environmentally beneficial
because of the displacement of emissions from urban areas to remote power plants and from daytime
to nighttime. Moreover, any increase in power-plant emissions due to EV use will be offset at the
local level by decreases in on-road emissions. About one-half expected coal to be the predominant
power-plant fuel. Less than (but close to) half expected that electricity will be generated from natural
gas, low-carbon-per-kW fuels, and nuclear sources.

Global Warming

Less than one-half (44%) of the respondents believed that EVs and HEVs will reduce the
potential for global warming by 2020, even if these vehicles have a market share of only 33% (study
mean projection, 21%). More than 80% of the experts had the opinion that the complexity of global
warming as a scientific issue requires that many more studies must be undertaken before any key
policy decisions are made, but they also agreed that mitigation of global warming potential could
have significant socioeconomic benefits. Only 16% of the respondents felt that global warming is
unimportant and future decisions on transportation policy should not have to consider it.

Nuclear Power

The respondents were asked to rank the possible reasons that nuclear power is more popular
in Europe and Asia compared to the United States. Most respondents strongly agreed that nuclear
energy has a negative public image due to accidents or near accidents in the United States. The next
ranking reason was the lack of perception about the relative costs and environmental benefits of
nuclear, fossil, and renewable plant technologies, including the costs of residuals disposal. The
relative abundance of coal and that of natural gas ranked third and fourth, respectively.



31

Market Success Factors

At the end of the questionnaire, the respondents were asked to assign importance rankings
to 12 statements indicating what is most important for the EVs and HEVs to succeed in the market.
Indirectly, the rankings are a form of expression of the context for their estimates of the technical,
cost, and market penetration for EVs and HEVs. This might also have caused the respondents to
review their answers to the questions in other sections, especially by the second round. The top three
statements ranked as highly important are (1) these vehicles must have lower acquisition and
operating costs, (2) they must be as reliable as conventional vehicles, and (3) there must be enough
R&D to ensure excellent products. The three lowest-ranked statements are (12) a new oil crisis
would have to occur, (11) large direct incentives to the buyers are necessary, and (10) consumer
education and overall promotion of EVs and HEVs must increase. Supporting infrastructure , public
perception of urban air pollution as a severe problem, and key technology implementation prior to
market introduction were all ranked as important, but slightly less so than the top three.
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3 BATTERY COST ANALYSIS

In Chapter 2, we presented a summary of basic vehicle characteristics and battery
performance data emerging from the Delphi study. Characteristics for EVs and HEVs and for
10 battery technologies were evaluated for the years 2000, 2010, and 2020. The battery replacement
costs were analyzed separately; the results are presented in this chapter. The battery cost
methodology described in this chapter uses the basic characteristics of EVs and HEVs summarized
in Chapter 2.

3.1 ELECTRIC-DRIVE-VEHICLE CHARACTERISTICS

The survey questionnaire contained sections on vehicles, components, and system impacts.
A set of questions within the vehicles section sought experts’ opinions on such vehicle attributes as
range, acceleration, highest acceptable uphill grade, seating capacity, cargo capacity, curb weight,
power, battery recharging time, and maintenance interval. For the HEV, an additional question was
asked concerning the engine range. In estimating the HEV battery replacement cost, we use the
implied battery-only range, which is computed by subtracting engine range from the total HEV
range. Experts also provided opinions on EV and HEV price and fuel and maintenance costs, which
are used in the analysis presented here. Within the components section of the questionnaire, they
responded to questions about 10 battery technologies. In this chapter, we analyze the responses to
all these questions to arrive at two separate estimates of EV and HEV characteristics, primary (i.e.,
resulting from respondents’ vehicle opinions) and secondary (i.e., resulting from respondents’ battery
opinions). For most of the analysis presented here, we have used mean values of the responses.

Basic Vehicle Characteristics

The basic vehicle characteristics for EVs and HEVs are power, curb weight, seating
capacity, and range. These characteristics are summarized in Chapter 2 (see Tables 2.2 and 2.3). As
can be seen from the number of observations, most respondents answered the basic vehicle
characteristics questions. They projected consistent improvements in both the EVs and the HEVs.

Table 2.2 in Chapter 2 shows the projected attributes of an EV. The projected mean EV
range is 179 km in the year 2000, increasing to 270 km by 2010 (a 51% increase) and to 358 km by
2020 (a 100% increase). The projected mean EV power is 66.7 kW in the year 2000, 86.1 kW in
2010 (a 29% increase), and 99.2 kW in 2020 (a 49% increase over 2000). An EV is projected to have
a mean curb weight of 1,538 kg in 2000, 1,351 kg in 2010 (a 12% reduction), and 1,222 kg in 2020
(a 21% reduction). The projected improvements in power, range, and curb weight pose substantial
challenges to EV manufacturers. Lightweight materials, such as aluminum and carbon polymer, have
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the potential to reduce the curb weight, but vehicles that use such materials will cost more. To
illustrate, an aluminum-intensive mid-size conventional car would weigh 31% less when power per
unit mass is held constant; however, such a car would cost $1,200 (1990 dollars) more (Stodolsky,
Vyas, and Cuenca 1995).

Table 2.3 in Chapter 2 shows the projected attributes of an HEV. Its mean power is
projected to be 79.6 kW in 2000, 99.1 kW in 2010 (a 24% increase), and 108.6 kW in 2020 (a 36%
increase). Two HEV range values, total and engine-only, are summarized in the table. A large
majority (94%) of the respondents expected the future HEV to be of the “range extender” type (that
is, vehicles with significant all-electric range). A small battery range indicates that the respondent
did not expect the HEV to be a “range extender,” because it would not be charged through the
electric grid. Only 7 respondents in the year 2000 and 5 respondents each in 2010 and 2020 projected
very small battery-only ranges.

The mean total range of an HEV is projected to be 353 km in 2000, 469 km in 2010 (a 33%
increase), and 527 km in 2020 (a 49% increase). The total range is less than the range of a
conventional vehicle (500-550 km) until 2020, which indicates that the respondents did not see
HEVs being used for vacations and long trips until after 2010. The mean engine range is 215 km in
2000, 257 km in 2010 (a 20% increase), and 281 km in 2020 (a 31% increase). The engine range
does not increase as much as the total range. The respondents saw the battery supplying more of the
HEV range, increasing from 39% of the total range in 2000 to 47% in 2020.

The mean curb weight of an HEV is 1,556 kg in 2000, 1,382 kg in 2010 (a 11% reduction),
and 1,265 kg in 2020 (a 19% reduction). The rate of weight reduction is slightly lower than the rate
for an EV (see above). The respondents saw an HEV as being slightly heavier than an EV.

Vehicle Costs

Vehicle purchase prices are summarized in Table 3.1, and fuel and maintenance costs are
summarized in Table 3.2. The respondents projected the conventional vehicle to cost 26% more by
2000, 60% more by 2010, and 102% more by 2020. The respondents expected both EVs and HEVs
to cost more than the conventional vehicle through the projection period (2000-2020), although they
projected minimal increases in EV and HEV prices during the period (4% and 3%, respectively).
With the projected 61% increase in the conventional vehicle price between 2000 and 2020 and the
above-mentioned minimal increases in EV and HEV prices, the price gaps between conventional and
new technology vehicles would narrow over time. An EV is projected to cost 82% more than a
conventional vehicle in the year 2000, 44% more in 2010, and 18% more in 2020. The least
expensive HEV, an ICE-powered version, would cost 97% more than a conventional vehicle in 2000,
52% more in 2010, and 25% more in 2020. A fuel-cell HEV is projected to be the most expensive
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TABLE 3.1 Vehicle Purchase Price (in nominal dollars) for Conventional, Electric, and
Hybrid Vehicles

Vehicle Technology Year Obs Mean Mode Median Quartile-1 Quartile-3 Optimist Pessimist

Conventional ICE 2000 87 18,862 18,000 18,000 16,500 19,650 16,999 20,952
2010 86 24,052 21,000 22,500 21,000 27,000 20,090 28,401
2020 87 30,336 30,000 30,000 23,250 34,500 24,361 40,114
Electric vehicle 2000 87 34,300 30,000 30,000 30,000 40,500 26,870 42,261
2010 86 34,594 30,000 33,000 30,000 37,500 28,909 44,681
2020 87 35,703 30,000 33,000 30,000 37,500 28,188 46,869
ICE-powered hybrid 2000 85 37,082 33,000 35,250 30,000 43,500 28,193 46,182
2010 84 36,552 37,500 36,000 30,000 39,825 28,800 45,936
2020 85 38,051 37,500 37,500 30,000 42,000 30,101 50,577
Gas-turbine- 2000 76 49,089 45,000 45,000 37,500 60,000 36,077 66,045
powered hybrid 2010 84 45,655 45,000 45,000 36,863 46,688 37,335 67,722
2020 85 46,016 45,000 45.000 36,000 48,750 36,605 67,373
Fuel-cell-powered 2000 70 71,231 60,000 67,500 46,125 86,250 49,123 112,592
hybrid 2010 81 65,344 90,000 60,000 45,000 90,000 45,796 91,037
2020 83 59,770 60,000 57,000 37,500 75,000 38,421 81,640

TABLE 3.2 Fuel and Maintenance Costs (in nominal cent/km) for Conventional, Electric,
and Hybrid Vehicles?

Vehicle Technology Year Obs Mean Mode Median Quartile-1 Quartile-3 Optimist Pessimist

Conventional ICE 2000 85 6.9 6.4 6.9 6.4 75 6.4 17
2010 84 8.5 8.1 8.1 75 9.2 73 10.0
2020 83 10.4 8.7 9.2 8.4 11.6 8.0 13.1
Electric vehicle 2000 84 8.2 7.5 715 6.4 8.7 6.4 11.0
2010 83 8.3 6.9 75 6.9 8.7 6.3 10.7
2020 83 8.9 8.7 15 6.2 10.4 5.9 12.2
ICE-powered hybrid 2000 79 9.0 8.7 8.7 715 9.8 7.5 11.2
2010 79 9.4 8.1 8.7 8.1 10.4 7.6 1.7
2020 79 10.9 11.0 10.4 8.4 11.6 8.1 13.7
Gas-turbine-powered 2000 79 11.6 8.7 10.4 8.7 11.6 8.8 15.3
hybrid 2010 80 113 10.4 10.4 8.7 11.6 9.0 15.6
2020 80 12.0 10.4 10.4 8.7 12.7 9.1 16.2
Fuel-cell-powered 2000 73 154 11.6 12.1 11.6 17.3 9.8 21.1
hybrid 2010 76 13.1 11.6 11.6 9.8 14.4 10.0 17.7
2020 77 13.6 11.6 11.6 9.8 14.4 9.5 19.3

% Excludes battery cost for electric and hybrid vehicles.
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of the four electric-drive vehicles, costing 309% more than a conventional vehicle in 2000 and 97%
more in 2020. The interquartile ranges are wider for the gas-turbine-powered and fuel-cell-powered
HEVs.

Fuel and maintenance costs in Table 3.2 are computed by multiplying the respondent-
specified ratios by 5.8 cents. This base value of 5.8 cents/km represents the average fuel, lubrication,
tire, and maintenance cost for a conventional car in 1993, according to the American Automobile
Manufacturers Association (AAMA 1996). Battery replacement costs are excluded for the EV and
the three HEVs. The conventional ICE is expected to have a fuel and maintenance cost advantage
in 2000. The EV will have a slight advantage over the conventional vehicle by 2010 and a 14%
(1.5 cents) advantage by 2020. HEV technologies are projected to have higher fuel and maintenance
costs than the conventional vehicle through the year 2020. Only the ICE-powered HEV will come
within 5% of the conventional vehicle cost by 2020.

3.2 BATTERY PERFORMANCE AND COST

Basic Performance Characteristics

Respondents were asked to provide achievable values for key characteristics of
10 promising battery technologies. They provided estimates for five characteristics: specific energy
(Wh/kg), specific power (W/kg), shelf life (year), life in charge/discharge cycles, and initial cost
($/kWh). Table 2.7 in Chapter 2 shows a summary of the responses on battery characteristics. Many
respondents chose not to respond to the battery technology questions, citing their lack of expertise
in the area. Compared with the participation rate of nearly 98% for basic vehicle characteristics, the
battery technology participation rate was low. Lead-acid technology had the highest participation
rate, nearly 60%. Four technologies, lithium-polymer, nickel-cadmium, nickel-metal hydride, and
sodium-sulfur, had participation rates in the range of 42-48%.

Lithium-polymer, zinc-air, lithium-iron disulfide, and sodium-sulfur batteries have high
specific energy, while the lead-acid battery has the lowest. Lithium-iron disulfide, nickel-zinc, lead-
acid, and nickel-cadmium batteries have high specific power, while zinc-air and zinc-bromide
batteries have low specific power. Nickel-iron, lithium-polymer, nickel-cadmium, and nickel-metal
hydride batteries have longer shelf lives, while nickel-zinc and lead-acid batteries have shorter shelf
lives. The sodium-sulfur battery showed a plateau in shelf life, with nearly constant mean shelf life
between 2010 and 2020. Nickel-cadmium, nickel-iron, and nickel-metal hydride batteries are
projected as being able to go through a high number of charge and discharge cycles. The lead-acid
battery has the lowest initial cost, while the lithium-iron disulfide battery has the highest. The battery
characteristics indicate that no one battery technology is superior in all respects.
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Initial Battery Pack Characteristics for the EV

An EV may be characterized to match a desired power level (acceleration capability), a
desired range, or a specified minimum for both. Because the currently available batteries are energy-
limited, range may be a good criterion for characterizing an EV in the near term. However, the
Delphi study used in our analysis is intended to project a long-term outlook, and therefore either
mean power or mean range requirements may be used to characterize an EV. We first evaluated the
initial battery pack characteristics on the basis of mean range requirements. Table 3.3 lists estimated
power and battery pack mass necessary to meet the mean range requirements for the 10 battery
technologies. Under this approach, a few battery technologies provide more power than required and
have very high mass. Also, some battery technologies provide less than the mean power required and
thus would not meet the performance (acceleration) capabilities predicted by the respondents. Battery
technologies that have low specific power and high specific energy show low power (inability to
meet the acceleration predictions), while those with high specific power and low specific energy
have very high mass when sized to meet projected range (incompatibility with the overall vehicle
mass estimates). After this examination of use of range as a design constraint, it was concluded that
the initial battery pack characteristics for an EV should be evaluated on the basis of mean power
requirements (listed in Table 2.2 in Chapter 2). The EV thus characterized will meet the acceleration
requirements (will be road-worthy) and can be evaluated for other characteristics, such as range,
mass, and cost.

TABLE 3.3 Initial EV Battery Pack Power and Mass for the Mean Range?

EV Power (kW) Battery Pack Mass (kg)
Battery Technology 2000 2010 2020 2000 2010 2020
Lead-acid 153 306 485 989 1,610 2,265
Lithium-iron disulfide 44 75 109 266 358 404
Lithium-polymer ’ 31 46 61 230 276 314
Nickel-cadmium 103 185 290 545 930 1,391
Nickel-iron 82 156 255 656 1,115 1,675
Nickel-metal hydride 64 104 156 387 568 765
Nickel-zinc 84 147 222 494 764 1,036
Sodium-sulfur 40 67 98 277 438 613
Zinc-air 21 34 51 225 312 417
Zinc-bromide 42 81 126 450 732 1,014

2 The mean range requirements are 179 km in 2000, 270 km in 2010, and 358 km in
2020.
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Table 3.4 lists the estimated initial battery pack characteristics for each battery technology
for the three future years. Battery mass, energy, and initial cost are computed from the mean of
responses to match the mean power requirements. EV range and battery life (in km) are computed
by using information from related studies (Marr 1994; Wang 1994). We used a set of baseline EV
energy demand values (from the battery pack) and corresponding battery mass estimates by Marr to
compute range. We applied a 3.3% rate of change in energy consumption per 10% change in battery
mass. (Note that battery mass represents a fraction of the vehicle mass.) This 3.3% rate of change
in energy consumption is half the rate of change used for total vehicle mass for conventional
vehicles, according to the congressional Office of Technology Assessment (OTA 1991). Lifetime
distance (distance traveled by the vehicle during the battery’s lifetime) in kilometers represents the
shorter of two distances: (a) shelf life times annual travel (17,600 km) or (b) number of cycles times
half the range.

The initial battery pack characteristics estimated in this fashion for EVs do not match well
with the basic vehicle characteristics specified by respondents in Table 2.2 in Chapter 2. Nearly all
respondents, 92 of 93, answered the EV range question. They projected high range (179 km in 2000,
increasing to 358 km in 2020) and nearly stable purchase price. Six of the 10 battery technologies
can provide a 179-km range in 2000. The least expensive of these six batteries, nickel-metal hydride,
would cost $16,750. Subtracting this initial battery cost from the mean EV purchase price of $34,300
(see Table 3.1) leaves $17,550 for the remaining components, including an expensive controller
(Cuenca and Gaines 1996). Respondents viewed three battery technologies as capable of providing
arange of 358 km or more in 2020. The sodium-sulfur battery is the least expensive of these three
at $21,120. The mean predicted vehicle price in 2020 is $35,700, leaving $14,580 for the remaining
components.

The battery technology would be a fairly mature technology by the year 2020. Delphi
estimates for 2020 would indicate the extent of such maturity. We computed range and cost for each
battery type for the mean power requirements in the year 2020. The results are shown graphically
in Figure 3.1. The mean range from basic vehicle characteristics is shown by a vertical line, and the
target battery cost (one-third of the vehicle price) is shown by a horizontal line. Since higher range
and lower cost are desirable, the desired region is shown in the figure within which the acceptable
battery types would fall. None of the ten battery types fall within the desired region. Even when the
region is expanded by reducing the range expectations to 250 km and increasing the cost
expectations to 45% of the vehicle price ($16,070), all battery types remain outside the desired
region. The closest battery types are nickel-metal hydride, with a 260-km range and $16,670 (47%
of EV price) cost, and sodium-sulfur, with a 360-km range and $21,120 (59% of EV price) cost.

EVs are projected to become lighter over time. Their mean curb weight is 1,538 kg in 2000,
dropping to 1,222 kg in 2020 (Table 2.2 in Chapter 2). On the other hand, the initial battery pack
weight increases from 410 kg (nickel-metal hydride) in 2000 to 620 kg (sodium-sulfur) in 2020.
Some inconsistency between basic vehicle characteristics and battery characteristics appears to exist

o
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TABLE 3.4 Characteristics of Initial EV Battery Pack®P

Mass Energy Initial Range Life
Battery Technology Year kg) (Wh) Cost ($) (km) (km)

Lead-acid 2000 430 17,040 3,150 110 32,100
2010 450 20,030 3,590 120 45,200
2020 460 22,340 4,120 140 59,400

Lithium-iron disulfide 2000 400 38,700 33,010 250 61,500
2010 410 47,610 31,610 300 81,800
2020 370 50,630 31,480 330 101,300
Lithium-polymer 2000 490 53,900 31,900 320 84,800

2010 520 74,290 30,170 430 127,700
2020 510 88,100 26,040 520 145,000

Nickel-cadmium 2000 350 20,020 11,520 130 82,600
2010 430 25,930 13,410 160 114,900
2020 480 29,660 14,600 180 138,300

Nickel-iron 2000 530 27,240 14,400 160 81,900
2010 610 33,820 16,310 180 118,400
2020 650 37,510 16,800 200 153,800
Nickel-metal hydride 2000 410 29,440 16,750 190 82,000

2010 470 38,930 16,590 230 106,100
2020 490 43,570 16,670 260 117,700

Nickel-zinc 2000 390 23,670 15,480 150 32,200
2010 450 30,410 17,850 190 53,100

2020 460 34,050 18,660 210 74,300

Sodium-sulfur 2000 460 44,040 17,250 260 74,800
. 2010 560 57,510 19,520 320 94,900

2020 620 66,340 21,120 360 93,100

Zinc-air 2000 730 85,110 41,120 420 66,500
2010 800 109,170 42,220 520 87,200

2020 810 118,960 40,350 570 94,300

Zinc-bromide 2000 710 48,740 32,510 250 56,500
2010 780 58,090 33,440 280 74,600

2020 800 63,410 33,160 310 87,800

2 For the mean power requirements of 66.7 kW in 2000, 86.1 kW in 2010, and 99.2 kW
in 2020.

b Values are rounded to the nearest ten or hundred.
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FIGURE 3.1 EV Range and Battery Cost in Year 2020, Matching Mean Power Requirements

in the responses. However, almost all respondents provided information on the desired EV
characteristics, while only those familiar with the battery technologies responded to the battery
questions. The mean basic vehicle characteristics appear to have been influenced by many
respondents willing to predict the vehicle characteristics, but not the battery technologies needed to
make those characteristics feasible. '

EV Battery Replacement Costs

On average, a conventional vehicle lasts 12-15 years and travels 170,000-210,000 km
(Davis 1995; Mintz, Tompkins, and Camp 1994). Because an EV does not idle while stopped and
has fewer parts that are subjected to continuous wear and tear, we assumed an EV to be in use for
195,000-240,000 km, 15% longer. Since the initial battery pack has a shorter life than this, one or
more replacement packs will be needed.

We computed battery replacement costs by using a sequential procedure. First, we
computed intermediate values for battery specific energy, specific power, shelf life, cycles, and initial
cost through linear interpolation. Next, we computed battery pack mass, energy, and cost for each
of the 15 years an EV is in use for the mean power rating of the year of manufacture (viz., 2000,
2010, or 2020). Next, we computed range and useable life in kilometers over a battery’s shelf life
and cycle life; then we computed battery replacement cost over both shelf and cycle lives and
discounted it at 4% (real). Since battery technologies improve over time, the replacement batteries
will have improved characteristics. For example, a year 2000 EV will require one or more
replacement battery pack(s) over its life time (during the period 2003-2015). The projected
improvements in battery characteristics will offer the buyer of a replacement battery pack two
alternatives: (1) buy a battery pack that delivers enough power to match the motor’s rating or (2) buy
as big a battery pack as fits in the space available. The second alternative will cost more, but it will
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provide greater range because of improvements in the battery’s specific energy. We assumed that
the motor’s power rating will be the constraining factor when purchasing a replacement battery (i.e.,
to keep costs down, an EV owner will not buy a battery pack with more power, even though doing
so would increase the vehicle range). Finally, we summed the discounted replacement costs,
distributed them over the respective lives (i.e., shelf life or cycles), and selected the higher of the two
costs. Thus, the cost is for the shortest predicted life, in terms of distance, of the battery. (Note that
a battery can only be used until its life ends.) The methodology uses the shorter of the two
predictions. The procedure excludes the cost of the initial battery pack because the Delphi
questionnaire asked the respondents to include it in the vehicle purchase price.

Figure 3.2 shows battery replacement cost and initial pack range for the 10 technologies.
Three points are plotted for each technology, representing values for EVs produced in 2000, 2010,
and 2020. In general, the replacement cost declined over time and the range increased. One exception
is the sodium-sulfur battery, for which the replacement cost is not projected to drop after 2010
(though range increases, a bigger battery pack is necessary to match the higher power rating in 2020).
The changes in replacement cost are remarkable because they are visible even with the increases in
mean power requirements. Only two batteries, lead-acid and nickel-cadmium, are projected to have
their replacement costs under 6 cents/km in 2000. The nickel-iron battery will join them in 2010 and
nickel-metal hydride in 2020. The respondents have high expectations for the lithium-polymer
battery. Its replacement cost dropped from 12 cents/km in 2000 to 6.8 cents/km in 2020, and it has
nearly twice the range of the nickel-metal hydride battery.

Results of the replacement cost analysis show the nickel-metal hydride battery as capable
of meeting the year 2000 mean-range requirement of 179 km at a cost of 7.5 cents/km. The nickel-
cadmium battery has a lower cost, 6 cents/km, but provides only a 130-km range. The lithium-
polymer battery improves its replacement cost by 50% between 2000 and 2010. The lithium-polymer
battery can also meet the mean-range requirements for 2010 and 2020, at the cost of 7.1 and
6.8 cents/km, respectively.

As explained earlier, each battery pack in Table 3.4 and Figure 3.2 is characterized to meet
the mean power requirements emerging from the Delphi data. The Delphi respondents specified
higher vehicle power requirements in 2010 and 2020, thereby implicitly requiring bigger battery
packs if the battery technologies that have low specific power are to be used. A nickel-metal hydride
battery pack with 66.7 kW of power in 2000 will weigh 410 kg, contributing an estimated 26% of
the EV curb weight. A nickel-cadmium battery pack with a shorter range (130 km) will weigh 350 kg
and contribute 23% of the EV curb weight. Lithium-polymer battery packs are estimated to be
heavier, in the range of 500-520 kg; the increased mass results from the lower specific power rating
of the technology. If the range expectations are lowered to 260 km or less, the nickel-metal hydride
battery can meet them at costs lower than those of the lithium-polymer battery. Even the nickel-metal
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hydride battery packs will weigh more (see Table 3.4) because of increases in the mean power
requirements.

Mean power requirements of 66.7, 86.1, and 99.2 kW and mean curb weights of 1,538,
1,351, and 1,222 kg for the three future years were obtained from the basic vehicle characteristics
responses. These numbers translate to 0.043, 0.064, and 0.081 kW/kg, compared with the current
desirable power-to-mass ratio of 0.074 kW/kg (0.045 hp/lb) for the conventional ICE. Cars had
average power-to-mass ratios of 0.053 kW/kg (0.032 hp/lb) in 1981 and 1982 (Heavenrich and
Hellman 1996). Individual models with even lower power-to-mass ratios were acceptable during the
past energy price shocks. For example, the 1982 four-door Chevrolet Chevette equipped with a diesel
engine had a power-to-mass ratio of 0.037 kW/kg (Automotive News 1982). Thus, although future
EVs appear to be underpowered through 2010, their power-to-mass ratios are not unrealistic.

Among the battery technologies that have replacement costs under 10 cents/km, lead-acid
is the least expensive, with very limited range, and lithium-polymer is the most expensive, but with
high range (see Figure 3.2). For a better balance between power and range, a combination battery
pack of lead-acid and lithium-polymer batteries is the best combination. Advances in battery
monitoring technology are predicted to make such mixing and matching of batteries feasible in
portable computing (McCormick 1996). We analyzed hypothetical combination battery packs, in
which both lead-acid and lithium-polymer batteries would power an EV in the year 2020. The cost
objective worked consistently, but power was low. We lowered the power requirement to 85 kW,
assuming that the better speed-torque relationship of an electric motor would not require as high a
power-to-mass ratio as an ICE. The results of the analysis are shown in Figure 3.3. Two curves,
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median and optimistic, are shown. The median curve shows results with the median values of Delphi
responses, while the optimistic curve shows results with optimistic values for specific power,
specific energy, and cost. The median responses show power increasing and range declining with
increased share of the battery pack by lead-acid batteries. The optimistic group for the lithium-
polymer battery expected higher specific power for it than did the optimists for the lead-acid battery.
This led to reductions in both power and range when the lead-acid battery share increased. In both
cases, the cost of the battery pack was reduced when the lead-acid battery share increased.

Initial Battery Pack Characteristics for the HEV

As discussed earlier, most respondents appear to assume that all hybrids are of the “range
extender” type. A “range extender” HEV should provide the specified peak vehicle power while
running on batteries. The battery packs will have 79.6 kW of power in 2000, 99.1 kW in 2010, and
108.6 kW in 2020. The resulting power-to-mass ratios (computed by using data from Table 2.3 in
Chapter 2) are 0.051-0.086 kW/kg. Table 3.5 summarizes the estimated characteristics of the initial
HEYV battery packs for the 10 battery technologies. The estimates in the table are based on mean
values of survey responses for such battery attributes as specific power, specific energy, and initial
costs. For computing the range, we modified the baseline estimates by Marr (Marr 1994). We
assumed that an HEV would consume the same amount of energy per kilometer as an EV and that
its baseline battery pack mass would be similar to the baseline EV battery pack mass. Here, too, we
used a 3.3% rate of change in energy consumption per 10% change in the battery pack mass.



45

An important caveat about and shortcoming of the Delphi questionnaire is that in seeking
experts’ opinions on the future characteristics of batteries for use in both EVs and HEVs, it requested
only one set of responses to battery questions. Thus, even though it is possible to design batteries for
specific end uses (such as higher specific energy for EVs and higher specific power for HEVs), all
respondents had to provide only one set of values for both EVs and HEVs. We therefore found it
necessary to use the same battery characteristics for both vehicle types.

Figure 3.4 shows the computed battery replacement costs for the 10 technologies. The lead-
acid technology has the lowest replacement costs for 2000. The nickel-cadmium battery is ranked
next, with estimated replacement cost at a fraction of a cent higher. The nickel-metal hydride
technology provides a longer battery range, but it costs more (at least one and a half cents more per
kilometer than nickel-cadmium in 2020). As observed previously, the lithium-polymer technology
is projected to improve dramatically between 2000 and 2020.

All battery technologies except lead-acid can provide a range of 140 km or longer for 2000;
the nickel-cadmium battery has the lowest replacement cost, 6.3 cents/km, for this period. The
nickel-metal hydride battery would be the battery of choice from 2010 onward, to meet the desired
range of 210 km and higher; its estimated replacement cost is 7.3 cents/km in 2010 and 5.9 cents/km
in 2020. If replacement cost were the controlling factor, the lead-acid battery would be preferred
through 2020, with a replacement cost ranging from 5.8 cents/km in 2000 to 4.1 cents/km in 2020.
The lead-acid battery is projected to have a range of 118-144 km through 2020. A majority of urban
vehicles travel 45-48 km/day (Wang 1994; NPTS 1991); the lead-acid battery would be able to
supply the necessary energy for that distance.

The U.S. government and the automotive industry have developed a partnership, the
Partnership for a New Generation of Vehicles, to develop high-fuel-economy vehicles. The need for
such a vehicle arises from concerns about global warming and the fear of excessive reliance of the
U.S. economy on imported oil. One of the technological options under consideration by the PNGV
is the development of a low all-electric range and low battery-power (or battery and/or ultracapacitor
power) hybrid electric vehicle. Such a vehicle will not be designed for, or expected to use, electricity
from the electric grid. Any all-electric operation would be limited to low-speed (and low-
acceleration) local driving and cruising. Separately, we analyzed battery replacement costs for a low-
battery-power hybrid, assuming its batteries to have power equal to half the mean power specified
by the Delphi respondents. We applied the same methodology as before, and the resulting battery
replacement costs are shown in Figure 3.5. The pattern of battery replacement costs is similar to that
of “range extender” HEVs described above. Since the battery power range is not a constraining factor
for these HE Vs, lead-acid emerges as the least-cost battery technology, with nickel-cadmium as the
next near-term alternative. The lithium-polymer battery was estimated by this method to be a low-
cost alternative in the long term.
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It appears possible, in retrospect, that the survey questionnaire’s structure guided
respondents to think in terms of “range extender” HEVs rather than PNGV-type HEVs. The absence
of separate battery questions for EVs and HEVs, and the nature of the cycle life question, would have
promoted this type of response. The cycle life question asked for cycle life to 50% state of charge
(SOC). A question valid for a PNGV-type HEV might have asked for cycle life if the battery were
operated from 80 to 60% SOC. Since such a question was not asked, it is not appropriate to estimate
the pattern of battery replacement costs for a PNGV-type HEV with this Delphi study’s results. (Note
that relatively few battery responses were obtained, so any increased complexity of the questionnaire
might have been unproductive in any case.)

3.3 VARIABLE OPERATING COSTS, INCLUDING BATTERY REPLACEMENT

Earlier, we analyzed fuel and maintenance cost responses with respect to electric-drive-
vehicle characteristics. The mean fuel maintenance costs for EVs and HEVs did not include battery
replacement costs. Among the three HEV technologies, the fuel-cell-powered HEV is not expected
to have a large battery pack. We added the above-discussed battery replacement costs to the EV and
the other two HEV technologies and compared the results with those for conventional ICE vehicles.

First, we computed total variable operating cost for an EV or HEV when the battery
technology of choice meets the mean range requirements. Figure 3.6 shows the results of this
comparison. In 2000, the EV is powered by a nickel-metal hydride battery pack and the two HEVs
are powered by nickel-cadmium battery packs. Lithium-polymer is the battery of choice for EVs
from 2010 onward, while nickel-metal hydride is the battery of choice for HEVs from 2010 onward.
The conventional ICE has the decided advantage of low variable operating cost. The EV has a
slightly higher operating cost than the ICE-powered HEV for 2000 and lower operating costs
thereafter. The gas-turbine-powered HEV has the highest operating cost through the analysis period.
The respondents projected lower variable operating cost for the fuel-cell-powered HEVs compared
to the EV and other two HEVs.

We also computed total variable operating costs with reduced all-electric range
expectations. We selected the nickel-cadmium battery for the EV and the lead-acid battery for HEVs,
for all years. Although lead-acid is the least expensive battery for the EV in 2000, we did not select
it because of its limited range. The results are shown graphically in Figure 3.7. Total variable costs
dropped, making the EV more attractive than the two HEVs. However, the conventional vehicle still
has an estimated cost advantage. Only if consumers viewed emission reduction and energy
independence advantages as more important than these cost differences could the new-technology
vehicles gain significant market shares.
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3.4 COMPARISON WITH CARB PANEL BATTERY DATA

Persistently poor air quality in its major urban areas prompted the State of California to pass
regulations requiring vehicle manufacturers to offer zero emission vehicles (ZEVs) by 1998.
Because they have no tailpipe emissions, EVs are classified as ZEVs. Currently, a few after-market
conversion companies produce EVs for those who order them. These converted EVs — each one
produced by purchasing a conventional vehicle, removing the internal combustion engine,
transmission, and fuel system, and then installing a battery pack and electric drive system — are
expensive. Following the adoption of the ZEV mandate by California, most of the automobile and
light truck manufacturers initiated programs to eventually produce and market EVs. However, the
manufacturers view the high costs and poor performance characteristics of the current battery
technologies as major barriers to widespread acceptance of EVs. Since the passing of California’s
ZEV regulations, General Motors and Honda have attempted limited introduction of EVs in
California.

CARB Battery Panel Study

A 1995 study by a panel of experts, commissioned by the California Air Resources Board
(CARB), provides a snapshot assessment of the expected performance of batteries for electric
vehicles (Kalhammer et al. 1995). The study methodology involved assembling and analyzing the
battery performance information through questionnaires and visits to organizations engaged in EV
battery development and/or manufacture. The study concluded that improved lead-acid and nickel-
cadmium batteries will be available by 1998, the original year during which the ZEV requirements
were to become effective. Other battery technologies were at various stages of research and
development at the time of the study. The report presents a summary of the possible performance
improvements for these technologies with continued research and development. It also presents data
on expected cost reductions as production increases. Aside from lead-acid and nickel-cadmium
batteries, the study covered nickel-metal hydride, lithium-ion, lithium-polymer, sodium-sulfur, and
sodium-nickel chloride batteries. The panel considered the technical status of the zinc-air battery
technology as rather uncertain and therefore investigated it less thoroughly.

The primary focus of the CARB panel study was an assessment of battery performance
characteristics and cost for the 1998-2003 time frame, a period in which the original ZEV sales
requirements were to ramp up from 2% share of the new light duty vehicles (autos and light trucks
up to 3,750 1b) to 10%. The ZEV regulations have since been amended to strike the sales
requirements during the period 1998-2002, keeping the 10% ZEV sales requirements in 2003 and
subsequent model years intact. CARB has also entered into a separate memorandum of agreement
(MOA) with each of the seven large light duty vehicle manufacturers. The MOAs make ZEV
introduction during the 1998-2002 period voluntary, but they require continued investment in ZEV
development, demonstration, and commercialization.

o



Modification of Panel Projections

We reviewed the CARB battery panel report and compiled battery performance and cost
data for lead-acid, nickel-cadmium, nickel-metal hydride, lithium-ion, lithium-polymer, sodium-
sulfur, sodium-nickel chloride, and zinc-air batteries. Because the ZEV mandates have been relaxed,
the points in time at which higher performance characteristics and cost reductions would be achieved
were changed. For mature battery technologies, such as lead-acid and nickel-cadmium, five years
were added to the panel’s projections. For other batteries, the projected best performance and cost
characteristics were assumed to be achieved between 2010 and 2020. Table 3.6 lists the modified
battery characteristics.

Data in Table 3.6 are based on the information in Section IIl and Appendix D of the CARB
panel report. The panel data are generally comparable to the optimistic (i.e. first quartile for cost and
third quartile for all other) values in the Delphi survey (see Table 2.7). One exception is that the
panel projected lower specific power for the nickel-cadmium battery, compared even to the mean
values in the Delphi survey.

The CARB panel report does not provide information about the shelf (or calendar) life.
These values were estimated by using the upper-quartile values of the Delphi data. Exceptions were
made for sodium-sulfur and zinc-air batteries. The third-quartile shelf lives for them are lower in
Table 2.7 than the values shown above. CARB panel data for these two battery types were much
more optimistic for all other characteristics (specific energy, specific power, cycle life, and cost),
compared to the optimistic values in the Delphi data. Their shelf lives were increased similarly.
Two battery technologies, lithium-ion and sodium-nickel chloride, were not included in the Delphi
survey. We assigned lithium-polymer’s shelf life to lithium-ion and sodium-sulfur’s shelf life to
sodium-nickel chloride. Because our methodology for computing battery replacement cost selects
the higher of the two costs, based on shelf and cycle lives, we took care to assign higher shelf lives.
Assignment of lower shelf lives could result in higher battery replacement costs.

Initial Battery Pack Characteristics for the EV with Respect to CARB Data

The characteristics of the initial EV battery packs for each of the eight battery technologies
were developed for the three forecast years. The battery packs were characterized to meet the
respective mean power requirements in the Delphi study. The characteristics are summarized in
Table 3.7.

The initial battery pack characteristics in the year 2000 are comparable to the year 2000
characteristics based on the Delphi data (see Table 3.4). The panel data show considerable
improvements in specific energy, specific power, cycle life, and cost by 2010. Consequently, the



51

TABLE 3.6 Modified CARB Panel Battery Characteristics

Specific  Specific
Energy Power Shelf Life ~ Cycle Life Cost

Battery Year  (Wh/kg) (W/kg) (yr) (cycles) ($/kWh)
Lead-acid 2000 44 160 4.0 600 150
2010 50 300 5.0 900 120

2020 50 300 6.0 1,000 120

Lithium-ion? 2000 90 200 5.0 800 1,000
2010 140 260 7.5 1,200 300

2020 150 300 10.0 1,200 180

Lithium-polymer 2000 120 160 5.0 600 750
2010 185 210 7.5 900 300

2020 225 240 10.0 1,200 175

Nickel-cadmium 2000 60 160 6.0 1,200 500
2010 60 180 7.0 2,000 350

2020 62 180 9.0 2,000 300

Nickel-metal hydride 2000 80 220 5.0 800 550
2010 120 300 6.5 1,500 350

2020 130 300 8.0 2,000 250

Sodium-nickel! chloride® 2000 80 130 4.5 1,000 800
2010 100 150 6.0 1,400 230

2020 100 150 7.0 1,500 175

Sodium-sulfur 2000 110 200 4.5 700 1,000
2010 140 300 6.0 1,500 250

2020 230 400 7.0 1,500 150

Zinc-air 2000 120 100 4.0 450 350
2010 230 150 55 600 200

2020 325 200 7.0 800 125

3 These technologies were not included in the Delphi study.
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TABLE 3.7 Characteristics of the Initial EV Battery Pack, Using the Modified
CARB Panel Data®P

Mass Energy Initial Range Life
Battery Technology Year (kg) (Wh) Cost ($) (km) (km)

Lead-acid 2000 420 18,340 2,750 110 34,300
2010 290 14,350 1,720 100 45,400
2020 330 16,530 1,980 110 56,200
Lithium-ion® 2000 330 30,020 30,020 200 80,400

2010 330 46,360 13,910 310 132,700
2020 330 49,600 8,930 340 177,000
Lithium-polymer 2000 420 50,030 37,520 310 88,500
2010 410 75,850 22,760 480 132,700
2020 410 93,000 16,280 590 177,000

Nickel-cadmium 2000 420 25,010 12,510 160 93,600
2010 480 28,700 10,050 170 123,900
2020 550 34,170 10,250 190 159,300
Nickel-metal hydride 2000 300 24,250 13,340 170 66,700
2010 290 34,440 12,050 240 115,000
2020 330 42,990 10,750 290 141,600
Sodium-nickel chloride® 2000 510 41,050 32,840 240 79,600
2010 570 57,400 13,200 320 106,200
2020 660 66,130 11,570 350 123,900
Sodium-sulfur 2000 330 36,690 36,690 250 79,600
2010 290 40,180 10,050 280 106,200
2020 250 57,040 8,560 420 123,900
Zinc-air 2000 670 80,040 28,010 410 70,800

2010 570 132,020 26,400 740 97,300
2020 500 161,200 20,150 960 123,900

2 For the mean power requirements of 66.7 kW in 2000, 86.1 kW in 2010, and 99.2 kW in
2020. .

Values are rounded to the nearest ten or hundred.

These technologies were not included in the Delphi study.
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initial battery packs in Table 3.7 have lower mass, equal or higher energy capacity, lower cost, equal
or longer range, and equal or longer lifetime distance compared to the initial battery packs
characterized with the Delphi data.

The panel data appear optimistic for the battery technologies that are under research and
development. The data reflect the enthusiasm of the organizations conducting research. The panel
data showed very optimistic values for the sodium-sulfur technology, one and a half times to twice
the values of the optimistic quartile in the Delphi survey. The research and development on this
technology was conducted by Silent Power GmbH (Germany) and Silent Power Limited (UK),
subsidiaries of RWE Energy AG. The parent company has since discontinued the research and
development efforts, citing the high financial risk associated with the successful development of the
sodium-sulfur technology for EV use (Kalhammer et al. 1995).

The characteristics of the two technologies considered ready by the panel, lead-acid and
nickel-cadmium, also differ between the panel and Delphi data. The panel data for the lead-acid
battery are similar to the optimistic quartile in the Delphi survey, except for specific power and cost.
The Delphi data show a very narrow band between the mean and the optimistic quartile for the lead-
acid battery. The optimistic value for specific power in the Delphi survey is 200 W/kg for each of
the three projection years (see Table 2.7). The panel data show 300 W/kg as an achievable value,
which we assigned to the years 2010 and 2020. The optimistic Delphi value for cost is $150/kWh
for each of the three projection years. The panel report provides a range of $120-150/kWh. We
assigned $150/kWh to the year 2000 and $120/kWh to both 2010 and 2020. The resulting initial
lead-acid battery packs are lighter and less expensive. Since the battery pack size is determined by
its power, the range and the lifetime distance are slightly lower for 2010 and 2020. The nickel-
cadmium battery packs also show a few dissimilarities. As mentioned earlier, specific power values
in the panel report are lower than the mean specific power in the Delphi survey. The panel report’s
values for specific energy are comparable to the mean Delphi survey values. The panel report
projects the battery cost range at $300-350/kWh, lower than Delphi optimistic values. The resulting
battery packs are heavier, but less expensive. Even though the nickel-cadmium battery packs are
heavier, they have comparable range and lifetime distances.

The costs and ranges of the initial EV battery pack in 2020 are plotted in Figure 3.8. Each
battery technology is shown by a symbol. Two lines denoting the year 2020 mean range and one-
third of the year 2020 vehicle price from the Delphi survey are shown as “desired range” and
“desired cost.” This figure is patterned after Figure 3.1. The range of the initial battery pack cost
is narrower in Figure 3.8, $2,000-20,000, compared with $4,000-40,000 in Figure 3.1. The panel
report cited the cost estimates provided by the battery developers. The developers are optimistic that
the material and production costs will drop substantially with increased production, over 100,000
battery packs a year.
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Only one battery technology, sodium-sulfur, falls within the price and range region that
would be considered the desired region on the basis of Delphi responses. However, research and
development efforts on the sodium-sulfur battery technology have been discontinued because of high
financial risks. Sodium-nickel chloride and lithium-ion battery technologies have slightly shorter
range, but their battery pack costs are less than one-third the vehicle price. Of these two battery
technologies, sodium-nickel chloride operates at 270-350° C; it is being developed by AEG Anglo
Batteries in Europe. The developers have indicated that the cost reduction (as shown in the figure)
can be achieved when production reaches 100,000 battery packs a year. The lithium-ion battery is
projected to provide a slightly shorter range, 340 km compared to the Delphi mean of 358 km, with
a cost approaching 25% of the year 2020 EV price. Research on the lithium-ion technology is being
conducted in the United States, Europe, and Japan. Though used in several consumer products
(mostly in nonrechargeable form), rechargeable lithium-ion batteries for EV use have several hurdles
to clear. The reports of fire in smaller, four-cell lithium-ion batteries in lap-top computers have
heightened concerns about the safety aspects of this technology (Kalhammer et al. 1995). A third
battery technology, nickel-metal hydride, would provide a shorter (290 km) range at a cost slightly
over 30% of the year 2020 EV price. These cost estimates for nickel-metal hydride are based on the
development of advanced electrode materials at low cost. The development efforts were at the
laboratory stage at the time of the panel’s investigation. The ability of the advanced materials to
resist corrosion, to withstand hydrogen absorption and desorption with extended cycling, to be
chemically and structurally stable under overcharge and over-discharge, to have charge acceptance
capability and stability at high temperatures, and to withstand high rates of charge and discharge
would have to be proven for this technology to achieve these cost and performance levels.
Moreover, the advanced materials would have to have low cost and be amenable to low-cost
production methods.
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EV Battery Replacement Costs with Respect to CARB Panel Data

The earlier-described procedure for computing battery replacement cost was used with the
modified CARB panel data. The results are shown graphically in Figure 3.9. The replacement costs
are projected to be lower on the basis of the panel data, compared to the Delphi values in Figure 3.2.
The battery developers’ optimism concerning performance characteristics and costs is reflected here.
In general, the battery replacement cost declined between 2000 and 2020, and range increased. The
only exception is the lead-acid battery, for which cost declined without any increase in range. The
lead-acid technology is considered to be ready by 2000 and is not likely to show any dramatic
improvements. The nickel-cadmium technology, the other technology considered to be ready by
2000, shows limited improvements in range (25%) and replacement cost (35%) between 2000 and
2020. The lithium-ion technology shows the same range potential as the sodium-nickel chloride
technology , but it has nearly half the replacement cost by 2010. By 2020, lithium-ion’s replacement
cost is 15% lower than the replacement cost for lead-acid, and it has three times the range. The
sodium-sulfur technology shows substantial improvements in replacement cost and range, but
research and development on it has been discontinued (Kalhammer et al. 1995). As was the case
with the Delphi data, the lithium-polymer technology shows a very high rate of improvement and
provides very high range at a reasonable cost. Because the CARB panel considered this technology
to be at the conceptual stage, we did not assign it the lowest possible cost in 2020.

All battery technologies in Figure 3.9, except zinc-air, have year 2020 replacement costs
under 4 cents per kilometer. As explained earlier, the cost of the initial battery pack is not included
in the replacement cost, but its lifetime distance is. The cost of the initial battery pack is included
in the vehicle price. Even though these replacement costs are low, an EV’s marketability would be
significantly affected by the cost of the initial battery pack. Among the seven technologies that have
the year 2020 replacement cost under 4 cents/km, lead-acid has the least expensive initial battery
pack, with the shortest range, and lithium-polymer has the most expensive initial battery pack, with
the longest range (see Figure 3.8). These two technologies showed similar extreme characteristics
in the Delphi data, too. As was done with the Delphi data, three hypothetical combination battery
packs were analyzed to verify if lower cost and higher range objectives can be satisfied with mixing
and matching of these two batteries. The results are shown in Figure 3.10. The 25 to 75% shares
in the figure are determined by the technology’s contribution to the total battery mass, which is held
constant at 415 kg. As was done with the Delphi data (see Figure 3.3), two lines are drawn that show
the desired range and power in 2020. Any points falling within the upper-right-hand box would meet
the requirements. Two mixed battery packs (and the all-lithium-polymer battery pack) meet both
the power and range objectives. Compared to the optimistic group in the Delphi survey, the initial
battery pack costs are higher. However, very high power of each battery pack indicates that a lighter
(less than 415 kg in mass) and different combination battery pack would meet both the power
(85 kW) and range (358 km) requirements. The range and power line for such a lighter battery pack
would be parallel to the line shown in Figure 3.10 and would pass close to the point
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designated by the 85 kW power and 358 km range. Our analysis indicates that such a mixed battery
pack would have a 60% lithinm-polymer content by weight, a total mass of 325 kg, and a cost of
$8,460.

Initial Battery Pack Characteristics for the HEV with Respect to CARB Data

Initial battery packs for the HEV were characterized to match the mean power requirements
of Delphi results. Their characteristics are summarized in Table 3.8. As was observed in the case
of EV battery packs, the initial battery packs are lighter and less expensive compared to those
characterized with the Delphi data. The only exception is the nickel-cadmium technology. Range
and lifetime distance values of the battery packs in Table 3.8 are comparable to the Delphi values
in 2000, slightly higher in 2010, and substantially higher in 2020. The only exception is the lead-
acid technology.

The analysis of the initial HEV battery packs shows lead-acid as the least expensive
technology, with a cost range of $1,980-3,280 through the projection period. However, its all-
electric range is limited at 110-130 km. A majority of vehicles in the United States are driven 50 km
or less a day (NPTS 1991), a demand that can easily be satisfied by the lead-acid battery packs. The
lead-acid battery pack’s mass of 500 kg in 2000 accounts for 32% of the mean HEV curb weight.
The nickel-metal hydride battery pack is projected to have a mass of 360 kg (23% of the HEV curb
weight) and an all-electric range of 190 km in 2000; it would cost $14,930, four and a half times the
cost of $3,280 for lead-acid. Nickel-cadmium, the only other technology that would be
commercially available in 2000, does not provide any mass or range advantages over nickel-metal
hydride, and only a $1,000 cost advantage. In 2010, the lead-acid battery pack would cost $1,980,
weigh 330 kg, and have a range of 110 km; the nickel-metal hydride battery pack would cost
$13,870, weigh 330 kg, and have a range of 270 km; and the lithium-ion battery pack would cost
$16,010, weigh 380 kg, and have a range of 350 km. The HEV technology is still at the research and
development stage and is most likely to enter the market between 2005 and 2010. If the projections
by the panel materialize, these three battery technologies would be the leading candidates for HEV
use. By 2020, the initial battery packs for lead-acid, lithium-ion, and nickel-metal hydride
technologies would have the same mass of 360 kg. The lead-acid battery pack would be the least
expensive of these three at $2,170, lithium-ion the second least expensive at $9,770, and nickel-
metal hydride the most expensive at $11,770. In the above discussion, we have not included the
sodium-sulfur technology, even though its battery packs have competitive mass, cost, and range
characteristics, in Table 3.8 because of the reasons stated earlier.
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HEYV Battery Replacement Costs with CARB Panel Data

HEV battery replacement costs were computed by using the procedure described earlier.
The results are shown in Figure 3.11. As was observed in the case of EVs, the replacement costs are
lower with the panel data compared to those computed with the Delphi data. The rates of
improvement in the replacement costs are nearly the same as those for the EV. The year 2000
replacement costs with the panel data are nearly 60-66% of the costs computed with the Delphi data.
The replacement costs for two technologies that would be still at the development stage in 2000,
sodium-sulfur and lithium-polymer, are very close to those computed with the Delphi data. Because
of the projected high rates of improvements between 2000 and 2020, the year 2020 replacement costs
with the panel data are nearly 45-60% of the costs computed with the Delphi data. The panel data
indicate very high rates of improvements for sodium-sulfur and zinc-air technologies. Though the
sodium-sulfur technology has very low replacement costs (associated with long all-electric range),
we neglect it for previously stated reasons. The zinc-air technology shows substantial improvement
between 2000 and 2020, but its replacement costs are still higher than those of other technologies.

3.5 SUMMARY OF BATTERY COST ANALYSIS

We have presented an analysis of battery costs for EVs and HEVs by using data from
ANL’s two-stage Delphi study and the CARB battery panel report. Expected vehicle characteristics
(from the Delphi study) and the future characteristics of battery technologies (from both the Delphi
study and the CARB panel report) were summarized. We evaluated initial battery pack costs and
also analyzed replacement battery costs.
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TABLE 3.8 Characteristics of the Initial HEV Battery Packs, Based on the Modified

CARB Panel Data *?
Mass Energy Initial Range Life
Battery Technology Year (kg) (Wh) Cost ($) (km) (km)
Lead-acid 2000 500 21,890 3,280 130 38,400
2010 330 16,520 1,980 110 50,200
2020 360 18,100 2,170 120 59,900
Lithium-ion® 2000 400 35,820 35,820 230 88,500
2010 380 53,360 16,010 350 132,700
2020 360 54,300 9,770 360 177,000
Lithium-polymer 2000 500 59,700 44,780 350 88,500
2010 470 87,300 26,190 520 132,700
2020 450 101,810 17,820 630 177,000
Nickel-cadmium 2000 500 29,850 14,930 170 104,900
2010 550 33,030 11,560 190 123,900
2020 600 37,410 11,220 210 159,300
Nickel-metal hydride 2000 360 28,950 15,920 190 75,600
2010 330 39,640 13,870 270 115,000
2020 360 47,060 11,770 310 141,600
Sodium-nickel chloride® 2000 610 48,980 39,190 260 79,600
2010 660 66,070 15,200 350 106,200
2020 720 72,400 12,670 370 123,900
Sodium-sulfur 2000 400 43,780 43,780 280 79,600
2010 330 46,250 11,560 310 106,200
2020 270 62,450 9,370 450 123,900
Zinc-air 2000 800 95,520 33,430 460 70,800
2010 660 151,950 30,390 800 97,300

2020 540 176,480 22,060 1,010 123,900

2 For the mean power requirements of 79.6 kW in 2000, 99.1 k€W in 2010, and 108.6 kW in
2020. .

b Values are rounded to the nearest ten or hundred.

¢ These technologies were not included in the Delphi study.
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The results of the analysis of the Delphi study data can be summarized as follows:

1. A large majority, 91-98%, of the 93 respondents to the second-stage Delphi
questionnaire gave opinions on basic vehicle characteristics for EVs and
HEVs. These characteristics include power, range, curb weight, seating
capacity, and other attributes, as described in Chapter 2.

a. Respondents projected a 49% increase in mean EV power capability and
a 36% increase in mean HEV power capability between 2000 and 2020.

b. They projected a 100% increase in mean EV range between 2000 and
2020. For the HEV, they projected a 49% increase in total range and a
31% increase in the engine range between 2000 and 2020. The estimated
battery-only range is 39% of the total in 2000 and 47% of the total in
2020. The high battery ranges imply to us that the candidate HEVs are
seen by respondents as “range extenders.”

c. Respondents projected a 21% reduction in the mean EV curb weight and
a 19% reduction in the mean HEV curb weight between 2000 and 2020.

2. A slightly lower number of respondents, 75-93%, gave opinions on vehicle
purchase price and variable operating cost, excluding batteries.

a. Respondents projected a 102% increase in the conventional vehicle price
by 2020 compared to that for 1993. They projected that both the EV and
the HEV would have higher initial prices than the conventional vehicle
through 2020.

b. They projected that the conventional vehicle wguld have an advantage in
terms of variable operating cost in 2000, even when the battery
replacement cost was excluded. An EV would have a variable cost
advantage beginning in 2010. Through 2020, all three HEV technologies
would have higher variable costs compared with the conventional
vehicles.
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3. A smaller number of respondents, 22-59%, gave opinions on 10 battery
technologies. They provided input on such future battery characteristics as
specific energy, specific power, shelf life, number of charge/discharge cycles,
and initial cost.

a. Respondents projected that almost all battery technologies would improve
over time. The rate of improvement varies among technologies. No one
battery technology is superior in all respects.

b. The high mean-range requirements for EVs and HEVs will necessitate
expensive battery packs, given the battery characteristics projected by
respondents. The price of the initial battery pack will therefore make
purchase price predictions very difficult to achieve. The mass of the
initial battery is also expected to be high, making the mean curb weight
predictions difficult to achieve.

4. We developed a procedure to compute battery replacement costs and
computed these costs for both the EV and the HEV.

a. Almost all battery technologies were projected to reduce their cost over
time. The lithium-polymer battery showed the highest rate of
improvement.

b. If the mean-range requirements are to be met, the battery replacement cost
will be 6.8 cents/km or higher for EVs and 5.9 cents/km or higher for
HEVs.

c. If the EV range requirements are moderated as 130 km in 2000, 160 km
in 2010, and 180 km in 2020, then low battery replacement costs
(6 cents/km or lower) are projected.

d. HEV battery pack replacement costs can be reduced substantially with the
use of lead-acid batteries. The battery-only range will be limited to
115-145 km, but the battery replacement cost will be reduced to
4.1-5.8 cents/km.

e. When battery replacement costs are added to variable operating costs, the
respondents’ battery characteristics predictions imply that the conventional
vehicle would have a substantial operating cost advantage. Both EVs and
HEVs reduce their total variable costs when the mean battery range
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requirement predictions are ignored and the least expensive battery is
selected.

We modified the projected battery characteristics in the CARB panel report and
supplemented the data with shelf (calendar) life information. The panel compiled the battery
characteristics information by sending questionnaires to various developers and manufacturers as
well as through plant visits. The optimism of the developers and manufacturers is reflected in the
data. Except for the nickel-cadmium, sodium-sulfur, and zinc-air batteries, the performance
characteristics in the panel report are comparable to the corresponding optimistic quartile in the
Delphi study. The results of the analysis with the CARB panel data can be summarized as follows:

1. Two battery technologies, lead-acid and nickel-cadmium, are ready and will
be available in improved forms when EVs are introduced.

a. The lead-acid technology is projected to have much higher (50%) specific
power, higher cycle life (20%), slightly higher specific energy (12%), and
lower (20%) cost compared to the Delphi means by 2010.

b. The nickel-cadmium technology is projected to have higher (30%) cycle
life, lower (12%) specific power, and lower (33%) cost compared to the
Delphi means by 2010.

2. Six battery technologies are likely to be available between 2000 and 2010 if
current R&D efforts are successful. These battery technologies are lithium-
ion, lithium-polymer, nickel-metal hydride, sodium-nickel chloride, sodium-
sulfur, and zinc-air.

a. The sodium-sulfur technology is projected to have much higher specific
energy (115%), specific power (150%), and cycle life (65%) compared to
the Delphi means. It will also have much lower cost (53%). The R&D
efforts on this technology have since been discontinued by the developer
who supplied the information.

b. The panel considered the technical status of the zinc-air technology rather
uncertain. If the present R&D efforts are successful, the technology was
projected to have much higher specific energy and specific power,
compared to the Delphi means. Its cost projections are very low, while its
cycle life projections are similar to the Delphi means.

c. The panel’s projections for the lithium-polymer technology are
comparable to the optimistic quartile in the Delphi study. The panel
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provided very sparse data on lithium-polymer technology because it is at
an early stage of development.

d. The performance characteristics for the nickel-metal hydride technology
in the panel report are better than the third (optimistic) quartile in the
Delphi study, while its cost projections fall between the second and the
first (optimistic) quartiles. The panel projections are based on successful
development of advanced electrode materials that would provide very high
specific energy and specific power.

3. We characterized initial battery packs for EVs and HEVs to match the mean
power predictions of the Delphi study. The battery packs for both the EV and
HEV were lighter in mass and less expensive. We evaluated some
combination EV battery packs that would be less expensive and would
provide longer range. We also computed battery replacement costs that were
much lower than the replacement costs computed with the Delphi data.

a. Two technologies that are considered ready by the panel, lead-acid and
nickel-cadmium, would have replacement costs at 50-60% of the cost
computed with the Delphi data. The range expectations are similar for
lead-acid, while they improve slightly for nickel-cadmium.

b. The nickel-metal hydride technology would provide longer range and
lower replacement cost (45-50%), compared to the Delphi study
predictions.

c. By 2020, the lithium-ion technology would have the lowest replacement
cost, on a cost-per-kilometer basis. Its range would be slightly lower than
the Delphi mean for EVs and higher than the Delphi mean for HEVs.
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4 MARKET PENETRATION ANALYSIS

The Delphi questionnaire sought opinions on potential market shares for conventional and
new-technology vehicles. Experts were asked to provide market share estimates at three points in
time, for the years 2000, 2010, and 2020. Among new technologies, EVs, HEVs powered by
conventional (gasoline or diesel) reciprocating engines, HEVs with gas turbines, and HEVs with fuel
cells were included. An additional category allowed respondents to specify shares for any other
technology vehicles.

We conducted two types of market penetration analysis pertaining to the above market
shares. In one analysis, we developed mathematical models that best represented the pattern of
market penetration emerging from the Delphi data. These models, developed by using the mean
survey responses, could then be used for computing future market shares. In the other analysis, we
used the Delphi survey data to develop profiles of the future vehicles. The profiles consist of such
vehicle attributes as purchase price, seating capacity, fuel cost per mile, other operating and
maintenance cost per mile, curb weight, performance in terms of power or acceleration, and
emissions. We used these profiles as inputs to two vehicle choice models to project future market
shares. One of the vehicle choice models used in this analysis was developed from past consumer
purchase decisions (a “revealed preference” model), while the other model was developed from a
“stated preference” survey in which respondents evaluated hypothetical future vehicles.

4.1 MODELING THE PATTERN OF MARKET PENETRATION

The Delphi respondents predicted market shares for three future years, 2000, 2010, and
2020. These predicted shares varied between respondents and technologies. Mean values of these
points represent aggregate opinions and may not conform to a classical market penetration pattern.
Also, a mathematical model would be useful to estimate market penetration during the intermediate
years, as well as to project market penetration further into the future. OTT planning exercises
(“Quality Metrics”) involve projecting new-technology market shares to 2030.

Marketing professionals frequently use models of technology substitution. Research has
shown that such market penetration follows an S-shaped curve (Mansfield 1961; Blackman 1974,
Paul 1979; Teotia and Raju 1986). We used a formulation in which functions F_{t} and F_{t} define
market shares of old and new technologies at time t. Note that F_{t} equals 1 - F {t}. We used the
following logistic function, also used previously by Santini (1989):

t=0+ P In[F{t}/(1 - F{tH] +n, (1)
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where 8 and P are coefficients that become scalar factors determining the shape of the market
penetration curve and p is the error term. The term & defines the midpoint in time for the symmetric
logit curve represented by equation (1), and  determines the rate at which the market would be
penetrated.

Initially, we estimated coefficients 6 and P by using mean values of the three data points
specified by the respondents. However, three data points did not provide an adequate statistical
“anchor” for the market share estimates. When models developed with three data points were used
to project the technologies that are likely to be introduced after the year 2000, the results were poor.
We therefore used interpolation to expand the number of data points to overcome this deficiency.
Intermediate values obtained through linear interpolation provided additional market penetration
points for each survey respondent. We assumed that the respondents had a smooth market share
profile in mind, and imputation of values for intermediate years would be consistent with their
opinions. The expanded data set had more points but still reflected mean values of experts’ opinions
when all responses were taken into account. (Although the method provided a smooth transition
between the years, it did not lead to a set of smooth mean values for intermediate years.) We used
mean values for each of the 21 years, 2000 through 2020, to obtain revised estimates of d and 3.
Model coefficients were estimated by using the nonlinear regression procedure within the SHAZAM
econometrics software (McGraw-Hill 1993). Additional data points within the expanded data set
provided a better fit for all models, which led to plausible results for all technologies. The results of
the final model estimation, based on 21 data points, are summarized in Table 4.1. The t-statistics
show that coefficient values are significant for each technology and the goodness of fit is high, as
shown by the R-square values.

Each model in Table 4.1 was estimated independently of others. When a number of market
share models of this type are estimated independently and then combined, the sum of market shares
will exceed 100% at some point. The sum of market shares must then be normalized to 100%. We
found that the sum of projected market shares will require such an adjustment after 2026. As new
technologies penetrate the market, the conventional ICE share of the market will decline. Both
conventional ICE and the combined total share for all new technologies would reach 50% market
share at the same point in time, 2033, as shown by the value of parameter 0 for the conventional ICE.
However, because the sum of individual model projections exceeded 100% by the year 2027, the
50% point was reached in 2030.

Figure 4.1 shows the predictions of the individual models, except for the conventional ICE,
extended through 2030. Symbols show the estimated annual means developed from the survey
responses, while solid lines show the model fit from 2000 to 2020 and projections to 2030. We
applied the above estimated models to compute the market shares for conventional ICEs, EVs, ICE
HEVs, gas-turbine HE Vs, fuel-cell HEVs, and “other technologies.” The values shown by solid lines
in the figure are the normalized market shares for the new technologies.
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TABLE 4.1 Results of Model Coefficients Estimation

Technology ) B R-square

Conventional ICE 33.1 -10.2 0.99
(81.6)? (-44.9)

Electric vehicle 53.7 13.3 0.98
(42.8) (30.8)

ICE HEV 50.4 123 0.98
(43.3) (30.3)

Gas-turbine HEV 50.6 8.7 0.99
(48.2) 31.7)

Fuel-cell HEV 47.5 7.7 0.99
(50.4) (32.1)

Other new technologies 66.9 10.4 0.99

(44.8) (33.9)

2 Numbers in parentheses show t-statistics.
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FIGURE 4.1 Application of Market Penetration Models to New Technologies



Figure 4.1 does not show the share of conventional ICE vehicles. This technology’s share
is nearly 100% during the early years, while the highest share for any of the new technologies does
not exceed 16%. New-technology shares would be difficult to differentiate visually if they were
shown in the same graph with the conventional ICE technology. The projected conventional ICE
technology market share is 50% of the new-vehicle market in 2030. Thus, the experts considered that
various superior attributes of the conventional ICE technology will restrain the growth of the new
technologies for a long time to come.

Using the one standard market share model in the fashion used here, the model projections
imply that electric drive-train vehicles will begin to “take off” in the market place between 2020 and
2030. When the model projections are extended beyond those shown in Figure 4.1, only 20% of the
new vehicles are estimated to be conventional ICEs in 2040. Figure 4.2 shows survey mean and
statistically projected market shares for new technologies for the years 2000, 2010, 2020, and 2030.
The number at the top of each bar represents the sum of new-technology market shares. Subtracting
each value from 100 percent provides conventional ICE market share estimates.

This market share analysis indicates that if the current research and development efforts are
continued, EVs and ICE HEVs will penetrate the market first, at about the same time. ICE HEVs will
penetrate the market at a faster rate, surpassing EVs after 2010. Gas-turbine- and fuel-cell-powered
HEVs are projected to start much later, but they exhibit more rapid rates of market penetration than
EVs and ICE HEVs once they become technically and economically competitive.

4.2 MARKET PENETRATION THROUGH CONSUMER PREFERENCE MODELS

Light duty vehicles are used predominantly for passenger transportation. Household-owned
vehicles dominate this sector, so an evaluation of the household’s purchase decision process is
desirable to estimate the market potential of any new technology. The household vehicle purchase
decision process is influenced by several demographic, economic, and geographical factors aside
from vehicle characteristics. The demographic attributes of a household, which change over time,
define its needs, while vehicle characteristics represent a technology’s ability to meet these needs.
We have selected and applied two vehicle choice models in this analysis. These models attempt,
through analysis of surveys and construction of computer models, to mimic the household vehicle
purchase decision process.

The Disaggregate Vehicle Stock Allocation Model (DVSAM) and the Alternative Vehicle
Sales (AVS) model were used in this consumer-preference-based analysis. Both these models
evaluate household and vehicle characteristics in computing market shares. DVSAM is based on past
consumer purchases of gasoline vehicles in the 1970s (Vyas, Mintz, and Gur 1989) and uses
disaggregate household characteristics. AVS is based on stated preferences of consumers for
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FIGURE 4.2 New-Technology Market Shares in 2000, 2010, 2020, and 2030

hypothetical future alternative-fueled vehicles in comparison to gasoline vehicles (Fulton 1994;
Bunch et al. 1993) and uses aggregate demographic information.

4.2.1 Vehicle Characterization

We prepared profiles of five vehicle types — the conventional ICE, EV, ICE-powered
HEV, gas-turbine-powered HEV, and fuel-cell-powered HEV — and used them as input to the above
two vehicle choice models to project market shares. In contrast with the earlier analysis, in which
we fitted a curve to the market share data, this analysis will estimate market shares that could be
expected if the vehicles have the attributes specified by the respondents and are offered to
hypothetical consumers having the preferences simulated by the two vehicle choice models. The
results will relate the market share estimates of the Delphi study respondents to those developed by
using the vehicle attributes predicted by the respondents. Though the vehicle choice model results
reflect previously measured consumer preferences, the comparison will be a form of “consistency
check.”

The Delphi study questionnaire (see Appendix A) included several questions related to the
most realistic characteristics of the future EVs and HEVs in 2000, 2010, and 2020. Questions I-(A)
and I-(B) asked the respondents to specify vehicle characteristics, such as range, acceleration, seating
capacity, cargo space, curb weight, power, recharging time, and maintenance interval. Question I-(F)
asked about vehicle cost compared with the conventional ICE-powered vehicle, and question I-(G)
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asked the respondents to provide fuel and maintenance cost ratios relative to an average 1993
conventional car. Question II-(A) asked the respondents to provide future characteristics of
10 battery technologies. We supplemented these data with historical purchase price and operating
cost information and developed a set of plausible characteristics for each of the vehicle types.

We used the mean of responses to question I-(F) and the 1993 conventional vehicle cost of
$15,000 to arrive at future purchase prices. The resulting conventional vehicle prices for the years
2000, 2010, and 2020 were $18,900, $24,000, and $30,300, respectively (see Table 4.2). While
requesting opinions on operating cost ratios, the questionnaire stated that the conventional vehicle
operating cost was 18 cent/km (29 cent/mi) in 1993. This cost includes fixed costs, such as
insurance, license, registration, and taxes. One of the two vehicle choice models we employed
requires that we specify only the variable operating costs, such as fuel, lubricants, tires, battery
replacement if applicable, and maintenance. We therefore used a 1993 variable operating cost of
5.8 cent/km (9.3 cent/mi) for the conventional vehicle in our analysis (AAMA 1995). We applied
the mean maintenance and fuel cost ratios to the above value in computing the costs in 2000, 2010,
and 2020. The resulting conventional vehicle costs were 6.9 cent/km (11.1 cent/mi) in 2000,
8.5 cent/km (13.7 cent/mi) in 2010, and 10.4 cent/km (16.7 cent/mi) in 2020. We used the mean of
responses to questions I-(A) and I-(B) for curb weight, power, acceleration, and number of seats (see
Table 4.2).

As described in Chapter 3, we analyzed the Delphi responses concerning 10 battery
technologies and also developed a procedure for estimating battery replacement costs for EVs and
HEVs. The procedure computes battery pack attributes and replacement costs for a desired power
rating. Battery replacement costs are computed for shelf and cycle lives and are discounted. Within
the procedure, mean power requirements for EVs and HEVs are used to compute the corresponding
required battery pack mass and energy given mean battery characteristics. A related ANL analysis
provided expected energy consumption per mile at the electric outlet in years 2000, 2010, and 2020
and the associated battery pack mass (Marr 1994). We assumed that vehicle energy consumption
would change at a rate of 3.3% with each 10% change in the battery pack mass while computing the
range on full charge. This response to mass is lower than for conventional ICE vehicles, both
because of an absence of idling (related to power and engine displacement in a conventional vehicle)
and benefits of regenerative braking in EVs and HEVs.

In computing EV battery replacement costs, we used the mean power requirements of 66.7,
86.1, and 99.2 kW in 2000, 2010, and 2020, respectively. Through interpolation, we derived a mean
power value of 76.4 kW in 2005. We included the year 2005 in our market penetration analysis
because it appears to be the year when EVs would be marketed in respectable numbers. The battery
replacement costs for the year 2005 were computed by interpolating each battery attribute and
applying the methodology described in Chapter 3. Mean specific power was the binding requirement
for battery pack mass, and mean specific energy then determined its energy storage capacity. We
used the above-mentioned energy consumption rates, corrected for the battery pack mass, to compute
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TABLE 4.2 Selected Vehicle Characteristics Used in Vehicle Choice Modeling

Conventional Electric HEV with HEYV with HEV with

Attribute Source Year ICE Vehicle ICE Gas Turbine Fuel Cell
Price (1993%) QI-F 2000 18,900 34,350 37,050 49,050 77,250
2005 21,300 34,500 36,850 47,300 71,100
2010 24,000 34,650 36,600 45,600 65,400
2020 30,300 35,700 38,100 46,050 59,700
Fuel and maintenance QI-G? 2000 11.1 13.1 14.5 18.6 247
cost (1993 ¢/mi) 2005 12.4 13.2 14.8 18.4 229
2010 13.7 133 15.2 18.2 21.1
2020 16.7 14.3 17.5 19.3 21.9
Curb weight (1b) QI-A & I-B® 2000 2,894 3,391 3,430 3,430 3,430
2005 2,821 3,178 3,233 3,233 3,233
2010 2,750 2,978 3,047 3,047 3,047
2020 2,612 2,694 2,789 2,789 2,789
Power (HP) QI-A&I-B® 2000 130 89 107 107 107
2005 127 102 119 119 119
2010 125 115 133 133 133
2020 120 133 146 146 146
Fuel economy QI-G 2000 30.0 423 354 36.6 38.1
(mi/gasoline gal eqv.) 2005 31.4 443 37.1 39.3 40.4
2010 32.7 46.2 38.7 42.0 42.6
2020 34.8 50.1 42.0 45.6 47.7
Battery replacement Q-1I-A° 2000 N/A 9.6 9.3 9.3 N/A
cost (1993 ¢/mi) 2005 N/A 10.9 8.0 8.0 N/A
2010 N/A 11.4 .13 7.3 N/A
2020 N/A 11.0 6.5 6.5 N/A
Range (mi) ANLY 2000 350 85 220 220 220
(73)° (73)
2005 350 130 255 255 255
(78) (78)
2010 350 260 290 290 290
(83) (83)
2020 350 310 335 335 335
(90 (90)

2 Based on 1993 cost of 9.3 cent/mi from AAMA Motor Vehicle Facts & Figures (1995).
Values for conventional vehicle are derived from a related ANL study (Stodolsky, Vyas, and Cuenca 1995).

EV battery costs are computed for the mean power requirements (Q I-A). The selected EV batteries are Ni-Cd in 2000,
Ni-MH in 2005, and Li-poly. thereafter. HEV costs are for half the mean power requirements (Q [-B) supplied by lead-acid
batteries.

EV range values for 2000 and 2005 are from ANL battery replacement cost analysis, while ranges for 2010 and 2020 are the
means of Q I-A responses. HEV range values are the means of Q 1-B responses.

Values in parentheses show the battery-only range.
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vehicle range. Since battery technologies improve over time, the replacement batteries will usually
have higher specific power and specific energy. We assumed that the electric motor and drive-train
will last through the life of an EV and that future battery packs will be purchased to match the
motor’s power rating. (The owner will not buy more power than the motor’s rating even though
doing so would increase the range.) An EV purchased in 2000 may require a replacement battery
pack before 2010. We therefore needed attributes of each battery technology for the intervening
years. We assumed a linear rate of improvement in computing specific power, specific energy, shelf
life, cycle life, and cost for the intervening years.

An EV owner will replace the battery pack either at the end of its shelf life or its cycle life,
whichever comes first. The procedure computes two replacement costs for each technology, one
based on its shelf life and the other based on its cycle life, and selects the higher of the two values.
The future battery costs are converted to present worth and their sum is distributed over the vehicle’s
lifetime usage (VkmT). Since the Delphi questionnaire asked respondents to include the first battery
pack cost in the purchase price, we excluded the cost but included its VkmT. For annual usage (i.e.,
VkmT), we used the lower of the following two values: one-half of the range times 365 days, or
17,700 km (11,000 mi). The battery cycle life is converted to its lifetime usage by multiplying the
number of cycles by one-half the range. This procedure was followed because the respondents were
asked to specify cycle life for each battery technology for recharging at 50% depth of discharge.

HEYV battery replacement costs were also computed by using the above procedure. Costs
in Table 4.2 are computed for the cheapest battery technology that can provide the mean vehicle
power requirements. In order to be attractive to consumers, an HEV battery pack should be
significantly lighter and cheaper than that for an EV, because the vehicle carries two power systems.
Based on this logic, we selected the cheapest battery technology, lead-acid, for the vehicle choice
analysis and ignored the mean battery range requirements. This is consistent with several analysts’
conclusions about HEV batteries. The HEVs we characterized with lead-acid batteries will have
ranges of 118, 126, 134, and 144 km (73, 78, 83, and 90 mi) in 2000, 2005, 2010, and 2020,
respectively (well below the Delphi responses).

Both DVSAM and AVS use several vehicle attributes. Because it simulates past purchase
decisions, DVSAM uses more attributes related to the physical and economic aspects of the vehicles.
The AVS model simulates a hypothetical selection process in which such attributes as fuel
availability and emission reduction potential are included. The Delphi data did not provide values
for all attributes used by the two models. We supplemented the data with information from related
ANL and DOE studies where necessary. Table 4.3 lists the attributes used by the two models and
indicates how they were derived.
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DVSAM AVS
ANL ANL
Delphi Analysis Exogenous Delphi Analysis Exogenous
Study Attribute Vehicle Responses of Delphi Data Responses of Delphi Data
Vehicle price Conventional ICE All All
Electric vehicle All All
HEV with ICE All All
Gas-turbine HEV All All
Fuel-cell HEV All All
Range Conventional ICE All All
' Electric vehicle 2010-20 2000-05 2010-20 2000-05
HEV with ICE All All
Gas-turbine HEV All All
Fuel-cell HEV All All
Power Conventional ICE All
Electric vehicle All
HEV with ICE Al
Gas-turbine HEV All
Fuel-cell HEV All
Curb weight Conventional ICE All
Electric vehicle All
HEV with ICE All
Gas turbine HEV All
Fuel-cell HEV All
Seating capacity Conventional ICE All
Electric vehicle All
HEV with ICE All
Gas-turbine HEV All
Fuel-cell HEV Al
Fuel and maintenance ~ Conventional ICE All a
cost Electric vehicle All a
HEV with ICE All a
Gas-turbine HEV All a
Fuel-cell HEV All a
Battery replacement Conventional ICE b
cost Electric vehicle All
HEV with ICE All
Gas-turbine HEV All
Fuel-cell HEV All
Fuel price Conventional ICE c All
Electric vehicle c All
HEV with ICE c All
Gas-turbine HEV c All
Fuel-cell HEV c All
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TABLE 4.3 (Cont.)

DVSAM AVS
ANL ANL
Delphi Analysis Exogenous Delphi Analysis Exogenous

Study Attribute Vehicle Responses of Delphi Data Responses of Delphi Data
Fuel economy Conventional ICE c All

Electric vehicle c All

HEV with ICE c All

Gas-turbine HEV c All

Fuel-cell HEV c All
Emissions factor Conventional ICE All

Electric vehicle All

HEV with ICE All

Gas-turbine HEV All

Fuel-cell HEV All
Fuel availability " Conventional ICE All

Electric vehicle . All

HEYV with ICE All

Gas-turbine HEV All

Fuel cell HEV All
Number of makes Conventional ICE All
and models Electric vehicle All

HEV with ICE : All

Gas-turbine HEV All

Fuel-cell HEV All

#  AVS uses fuel price and fuel economy to compute fuel cost per mile.

b Not applicable.

¢ DVSAM uses variable operating cost per mile. Fuel cost is included in fuel and maintenance cost.

4.2.2 Market Penetration Modeling with DVSAM

Vehicle characteristics used by the DVSAM model are price, operating cost, seating
capacity, curb weight, and power. We executed the model for the years 2000, 2005, 2010, and 2020
and projected market shares for five vehicles in each year. We characterized five vehicles:
(1) conventional vehicles, (2) EVs, (3) HEVs with an ICE, (4) HEVs with a gas turbine, and
(5) HEVs with a fuel cell. Vehicle characteristics summarized in Table 4.2 were used. DVSAM uses
household information through a matrix of household counts. Households are disaggregated by six
attributes: (1) location (central city, suburb, rural); (2) income (<15k, 15-35k, 35-55k, and >55k;
1993 dollars); (3) age of householder (<35, 35-44, 45-64, >64); (4) household size (1, 2, 3-4, >4);
(5) number of drivers (0, 1, 2, >2); and (6) number of vehicles (0, 1, 2, >2). A baseline household
matrix is updated to match an exogenously generated set of target vectors for these six attributes.
Data from the Bureau of the Census and macroeconomic forecasts are used to generate these target




74

vectors. We used the household files created for an earlier ANL study (Stodolsky, Vyas, and Cuenca
1995).

The model predicted the four new electric-drive technologies would gain a negligible
market share of 0.1% in 2000. Their share than increases to 0.7% by 2005, 4.0% by 2010, and 6.4%
by 2020. These projected shares are very small compared with the mean market shares specified by
the respondents (as shown in Figure 4.2). DVSAM projects only a quarter of the year 2020 mean
market share (23%) projected by study respondents. This implies that (1) vehicles will have to be
better than projected by Delphi respondents to obtain their predicted shares, (2) the Delphi market
share estimates are too optimistic, or (3) the new-technology vehicles will have to be subsidized
substantially.

The above analysis shows that new-technology vehicles must offer very distinct advantages
to gain consumer acceptance. These vehicles (see Table 4.2) cost consistently more than
conventional vehicles, and their operating costs are at least 50% higher. The EV has very short range
in 2000 and 2005, costs at least 70% more, and has nearly twice the operating cost compared with
the conventional ICE. Respondents did not give much fuel and maintenance cost advantage to the
EV. Battery replacement costs more than offset the small fuel and maintenance cost advantages
given in 2010 and 2020. We executed DVSAM with two different EV battery scenarios, one
involving the cheapest battery and the other involving batteries with higher range, but the projected
market shares did not change much. When we increased the EV range in 2000 and 2005 (the ranges
in 2010 and 2020 are already more than 400 km, or 250 mi) by using more expensive batteries, the
market shares remained unchanged. Use of the cheapest battery resulted in substantial loss of EV
shares because of limited range. Another run involving a $5,400 subsidy (to bring the EV cost equal
to the conventional vehicle cost in 2020) was tried. Lower purchase price caused high relative
increases in the EV market shares in 2010 and 2020, but small absolute changes in shares. The EVs’
share increased from 0.4 to 0.6% in 2010 and from 1.5 to 2.5% in 2020.

The analysis with DVSAM predicted that EVs and HEVs cannot compete with the
conventional ICE vehicle if they have the attributes specified by the respondents. This could be
attributed to the fact that DVSAM computes market shares on the basis of demographic data, costs,
and performance attributes, but it does not take into account air quality benefits, environmental
regulations, and changes in consumer preferences. Alternatively, it may have predicted valid shares.

4.2.3 Market Penetration Modeling with AVS

AVS uses such vehicle characteristics as price, fuel cost, change in tailpipe emissions of
criteria pollutants, change in total energy cycle greenhouse gas emissions, vehicle range, fuel
availability (compared with gasoline), and number of makes and models being marketed. We used
price and range data from Table 4.2. We used mean fuel economy ratios (question I-G) and fuel price
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(EIA 1996) to compute fuel cost per mile, and we obtained emissions, fuel availability, and make
and model information from a related DOE study (OTT 1996). The AVS model uses average
attributes of new vehicle buyers. They are disaggregated as having high or low education; owning
<2, 2, or >2 vehicles; having high or low income; and being located in NAAQS attainment or non-
attainment areas.

AVS projected the four new electric-drive technologies to have market shares of 2.5, 2.7,
7.5, and 23.6% in 2000, 2005, 2010, and 2020, respectively. These shares are closer to the mean
market shares 0of 2.9, 6.6, 10.3, and 22.5% specified by the respondents. The AVS model’s treatment
of emissions and range appears to have contributed to these increased shares. However, AVS does
not include operating and battery replacement costs, vehicle mass, and performance (in terms of
acceleration or horsepower per unit mass), while DVSAM does include coefficients for predicting
consumer response to these attributes.

4.3 SUMMARY OF MARKET PENETRATION ANALYSIS

Expert opinions on future market shares were analyzed by using two techniques. Under the
first technique, we developed classical technology substitution models. Under the second technique,
we executed two vehicle choice models with the vehicle attributes emerging from the Delphi
responses. We projected market shares under both techniques. The following observations can be
made as a result of this analysis:

* Respondents appear to have included their perceptions of urban air quality and
energy security issues while responding to the market share questions. They
projected that the new technologies (i.e., EV, ICE-powered HEV, gas-turbine-
powered HEV, and fuel-cell-powered HEV) would have nearly 23% of the
new-vehicle sales by the year 2020. The respondents projected these vehicles
would have significant all-electric range, a capability that can reduce vehicle
tailpipe emissions and petroleum use.

* The market penetration patterns emerging from the Delphi responses are
similar to the classical technology substitution patterns used by marketing
professionals. The mathematical formulation used in the analysis would be
useful for projecting new-technology shares beyond the year 2020. The four
new-technologies would gain a 50% share of the new vehicle market in 2030
if the projections are extended beyond 2020.

* When a “revealed preference” vehicle choice model based on past vehicle
purchases (DVSAM) was applied, it predicted very small shares for the four

L.__— . S



76

new technologies. However, respondents’ perception of changing consumer
preferences and emission reduction benefits were not included in this analysis.

While preparing vehicle characteristics for DVSAM, estimates of battery
replacement costs and vehicle range became necessary. The Delphi data on
10 battery technologies provided high battery replacement costs through 2020
and low range through 2005. Respondents specified high initial purchase price
and higher operating and maintenance cost (including battery replacement
cost) for the new technologies. Given the consumer preference characteristics
simulated by DVSAM, this resulted in very low market share predictions.

When a vehicle choice model based on a stated preference survey (AVS) was
applied, it predicted market shares very similar to the mean of responses.
Emissions reduction benefits were modeled in this analysis. However, battery
replacement costs and performance attributes, acceleration and top speed,
were not included.

Two of the three techniques used here imply a significant jump in market
share of electric-drive vehicles from 2010 to 2030, while one does not.
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S INDUSTRY AND ALL-GROUP COMPARISONS

A majority of the responses in both the Delphi stages were provided by persons affiliated
with industry. Respondents were identified by their employment and were assigned to groups.
Because the industry group was the largest, it is pertinent to look at the responses within it and
compare them to the total group. If the industry experts have opinions vastly different from the whole
sample, it would indicate that the other (non-industry) experts have a different view of EV and HEV
issues than do those involved in vehicle manufacturing. In order to check whether the industry group
differed by a wide margin, we compared the means of responses by the industry group with those
for the entire sample. The results of the comparative analysis are presented in this chapter.

5.1 VEHICLE-RELATED COMPARISONS

Basic EV/HEV Characteristics

In assigning ratings to the 11 EV attributes, both the industry respondents and the total
group provided similar rankings, with three exceptions. Cargo space was ranked ninth by all
respondents vs. eleventh (or last) by the industry group. Since the ranking by the whole group was
higher for cargo space, non-industry respondents must have given it much higher rating. The
difference in its mean rating was only 6.3%, but because the bottom three attributes were so closely
rated, that much difference was enough to drop cargo space by two ranks. Thus, the concern about
losing storage space to the bulky batteries seems to be more prevalent among the non-industry
respondents. With regard to the other two exceptions, the industry group ranked recharging time as
the second most important attribute, up one notch, and power-to-weight ratio as the fifth most
important attribute, ahead of uphill grade capability.

The mean estimates of the 11 EV attributes for the forecast years 2000, 2010, and 2020
were very similar for both groups, with a few exceptions. The industry group means for cargo space
and maintenance interval for the year 2000 were lower by 10.4% and 13.5%, respectively. The
industry group also assigned lower values to cargo space for 2010 and 2020. The mean cargo space
value for the industry group was lower by 10.8% in 2010 and by 7.7% in 2020.

The rankings resulting from ratings of the 12 HEV attributes were slightly different. The
industry group assigned a higher rating to 0-50 kph acceleration time, thereby moving it up two
notches, from fifth to third most important. The industry group also rated power-to-weight ratio
ahead of seating capacity and recharging time ahead of cargo space.
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In assigning values to the 12 HEV attributes, the industry group assigned lower values to
cargo space in all three years. The industry group mean cargo space value was lower by 6.4% in
2000, 9.2% in 2010, and 7.2% in 2020. The mean value for recharging time was higher for the
industry group by 17.5% in 2000, 11.1% in 2010, and 12.4% in 2020. The industry group also
provided a 15% lower maintenance interval in 2000.

Amenities

The industry group ranked the five amenities in the same order as the whole sample. The
group’s mean importance rating for audio entertainment was 5.7% higher, and all other mean ratings
were within 3% of those of the whole sample.

R&D Needs

The three R&D areas were ranked in the same order by both groups. The industry group
assigned a slightly lower (by 4.7%) importance to vehicular technology.

Opinions on Hybrids

When the 11 statements involving hybrid vehicles were ranked by the percent of
respondents agreeing, the industry group differed from the whole sample in a few items. More
industry respondents (93% vs. 88%) agreed that component manufacturing and servicing
infrastructure for HEVs is lacking. The industry group ranking of the statement was third, compared
to fourth by the whole group. The whole group was more optimistic, based on percent agreeing, on
the HEV’s cost being less than the EV’s when commercialized. Although only 23% of all
respondents agreed, they were 29% more than the industry group, in which only 16% agreed. Only
14% of the industry respondents agreed that most components needed by HEVs are market-ready
today, compared to 27% of all respondents. Some 11% of the industry group agreed that HEVs will
never be a viable alternative, compared to 8% for the whole sample.

5.2 COSTS AND FUEL ECONOMY COMPARISON

Vehicle Purchase Price

The mean values of cost ratios for the three future years (2000, 2010, and 2020) for
conventional vehicles were almost identical for the two groups, differing by less than 4%. The



79

groups were in greater agreement for the EV, having mean cost ratios within 1% of each other. With
regard to HEVs, the industry group was a little more pessimistic than the whole sample, particularly
for the fuel-cell HEVs. The mean cost ratios for fuel-cell vehicles were about 10% higher for the
industry group, compared to the whole group. The industry group also had higher means for ICE-
powered HEVs (by 7%) and gas-turbine-powered HEVs (by 5%) for the year 2000.

Fuel and Maintenance Cost

Both groups were in close agreement on fuel and maintenance (F&M) cost ratios, differing
by 3% or less for most of the responses. Only three estimates differed by a slightly bigger margin of
4-5%. The year 2000 F&M cost for the gas-turbine-powered HEV was 5% lower for the industry
group, the year 2020 F&M cost ratio for the ICE-powered HEV was 4% higher, and the 2020 F&M
cost ratio for the fuel-cell-powered HEV was 4% lower.

Fuel Economy

The industry group provided lower estimates of fuel economy, especially for the EV. The
mean fuel economy ratio for the EV was lower by 11% in 2000, 20% in 2010, and 26% in 2020. The
fuel economy ratio for the ICE-powered HEV was lower by 5% in 2010 and 9% in 2020, that for the
gas-turbine-powered HEV was lower by 5% in 2010 and 10% in 2020, and that for the fuel-cell HEV
was lower by 11% in 2010 and 16% in 2020.

5.3 MARKET PENETRATION COMPARISON

Obstacles to Commercialization

The mean rating of six perceived obstacles to EV and HEV commercialization differed by
5% or less for all except two obstacles. The industry group assigned a 7% higher rating to
insufficient CAFE (Corporate Average Fuel Economy) credits for EVs and a 6% higher rating to cost
and complexities in the manufacture of battery and drive-train for HEVs. When ranked by mean
rating, only the EV CAFE credits ranked a notch higher (ahead of failure to include intangible
environmental benefits in life-cycle analysis) for the industry group; all other obstacles ranked in the
same order.
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Market Penetration

The mean market share estimates (of new vehicles) were significantly different between the
groups, with the industry group consistently assigning higher market shares to the conventional
vehicle. Though the increases in the CV market shares were small, ranging from 0.3% in 2000 to
7.1% in 2020, the large absolute market shares of CVs caused losses in the range of 10-38% for the
new-technology vehicles. There were exceptions in 2000, where the industry group assigned 0.2%
and 0.3% shares to gas-turbine-powered and fuel-cell-powered HEVs, respectively. The whole
sample had very low shares for these two vehicle types in 2000, and the industry shares are higher
by 29% and 63%, respectively. These exceptions were created by a few overly optimistic experts
from the industry who assigned much higher market shares to the two HEV types. The industry
group assigned lower shares to EVs, by 11% in 2010 and 9% in 2020. The industry group’s estimates
for the ICE-powered HEV were lower by 30% in 2000 and 38% each in 2010 and 2020. The group
also assigned a 38% lower 2010 share to gas-turbine-powered HEVs and a 26% lower 2020 share.
The fuel-cell market share estimates by the industry group were lower by 21% in 2010 and 33% in
2020. In general, the industry group was not very optimistic about the new-technology vehicles.
According to the industry group, only by 2020 would the EVs and HEVs capture respectable market
shares (i.e., greater than 5%).

5.4 COMPONENTS COMPARISON

Battery Characteristics

The battery specific energy estimates given by the two groups were almost identical for the
three forecast years, differing by less than 5%. There were a few exceptions. The industry group’s
estimate of lithium-polymer specific energy in 2000 was 11% lower than the whole sample. The
industry group’s mean of specific energy for the zinc-air battery was 8% lower in 2020. The group
also had a 6% lower specific energy estimate for the nickel-zinc battery and a 6% higher estimate
for the sodium-sulfur battery, both in 2000.

The mean specific power estimates differed more between the two groups. The industry
group estimate of lead-acid specific energy was 18% higher in 2000 and 8% higher in 2010. The
industry group also estimated an 8% higher specific power for the lithium-iron disulfide battery in
2020 and an 8% lower specific power in 2010. The industry group assigned lower specific power
to nickel-iron by 8% in 2000, 6% in 2010, and 5% in 2020. The nickel-zinc battery had 7% lower
specific power in 2000 and 5% lower each in 2010 and 2020, within the industry group. The group
had 7% lower specific power estimates for the lithium-polymer battery in both 2010 and 2020. The
industry group also assigned lower specific power to the zinc-air battery, 7% in 2010 and 5% each
in 2000 and 2020.
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The estimates for battery shelf life and cycle life differed significantly between the groups.
The industry group estimate of nickel-iron shelf life was 25% higher in 2000, 21% higher in 2010,
and 19% higher in 2020. The group also estimated a 15% longer shelf life for the lithium-iron
disulfide battery in 2000 and a 10% longer shelf life in 2010. The industry group had an 11% shorter
shelf life in 2000 for the nickel-metal hydride battery and a 12% shorter shelf life in 2020. The zinc-
air battery was assigned an 11% shorter shelf life in 2000 by the industry group, and 19% shorter
each in 2010 and 2020. The industry group also assigned shorter shelf life to the nickel-zinc battery,
by 9% in 2000, 19% in 2010, and 18% in 2020. The largest differences in cycle life were nickel-iron
battery with a 21% increase in 2000 and a 9% increase in 2010; lithium-iron disulfide battery with
a 12% increase in 2000, a 9% increase in 2010, and a 12% increase in 2020; zinc-air battery with a
13% decrease in 2000 and a 25% decrease each in 2010 and 2020; nickel-zinc battery with an 11%
decrease in 2000, a 14% decrease in 2010, and a 19% decrease in 2020; sodium-sulfur battery with
an 8% decrease in 2010 and an 18% decrease in 2020; and lead-acid battery with a 10% decrease in
2010 and an 11% decrease in 2020.

The industry group provided lower initial cost estimates for some batteries and higher
estimates for others. The batteries that had initial costs differing by more than 5% compared to the
whole sample include sodium-sulfur with a 22% lower cost in 2000, an 18% lower cost in 2010, and
a 10% lower cost in 2020; lithium-polymer with a 13% lower cost in 2000, an 8% lower cost in
2010, and a 7% lower cost in 2020; nickel-metal hydride with a 14% lower cost in 2000 and a 10%
lower cost in 2010; lithium-iron disulfide with an 8% lower cost in 2000 and a 9% higher cost in
2020; nickel-iron with a 9% lower cost in 2000 and an 11% higher cost in 2020; zinc-air with a 7%
lower cost in 2000, a 10% higher cost in 2010, and a 19% higher cost in 2020; and zinc-bromide
with a 10% higher cost in 2010 and a 16% higher cost in 2020.

Battery Environmental Considerations

The ratings of battery recyclability were very similar between the two groups, with two
exceptions. The nickel-cadmium and sodium-sulfur batteries each had an 11% increase in their
recyclability rating. The increases moved these batteries two notches up, ahead of nickel-iron and
nickel-zinc. The two groups also differed somewhat while rating the environmental impact of the
batteries. Zinc-air, which was rated by the whole group as having the least negative impact, was rated
third by the industry group. Nickel-metal hydride and lithium-polymer batteries each moved one
notch up as the top two with the least environmental impact for the industry group. The lithium-iron
disulfide battery was ranked the fifth (in the middle) by the industry group, compared to its eighth
rank by the whole group. The nickel-zinc and nickel-iron batteries each moved two ranks down, from
fifth in the whole sample to seventh within the industry group and from sixth to eighth, respectively.
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Electric Motors

The technological rankings of the three motors were identical between the two groups for
all forecast years. Cost ratios, although providing nearly similar rankings, were slightly higher for
the whole group. The industry group projected nearly identical cost ratios for the dc and dc brushless
motors in 2020, while the whole group had a 15% higher cost ratio for the dc brushless motor
compared to the dc motor.

Materials

The rankings of the six advanced materials by six use-related attributes were almost
identical between the two groups. The only exception was in the ranking of materials for durability,
where the industry group believed aluminum to be superior to high-strength steel. The whole group
had ranked aluminum second to the high-strength steel. The mean values of ratings differed by less
than 5%, except for the durability ratings of aluminum (up 5%) and high-strength steel (down 5%).

HEYV Power Units

The technological maturity rankings of the five candidate HEV power units were identical
between the two groups for all three forecast years. The industry group assigned a 12% higher rating
to the gas turbine than did the whole group in 2020, indicating greater maturity, but its ranking did
not change. In rating the five power units for suitability/safety, the industry group ranked diesel at
the top, ahead of the 4-stroke gasoline engine, in 2010, while the whole group had ranked the 4-
stroke gasoline engine at the top. The industry group ranked the 2-stroke engine at the bottom in
2020, compared to the whole group ranking of fourth, ahead of the fuel cell. The cost-effectiveness
ranking of the five power units was similar in each forecast year between the two groups. However,
the industry group assigned a 13% higher rating to diesel in 2020, bringing it within 1.5% of the 4-
stroke gasoline engine. The whole group had a 10% rating difference between diesel and the 4-stroke
gasoline engine, with diesel considered less cost-effective.

Advanced Concepts

The five advanced concepts were ranked in the same order, for technological viability, by
the two groups through the three forecast years. The industry group assigned slightly higher ratings
to the solar devices and lower ratings to the ultracapacitor, but the overall rankings did not change.
The two groups provided nearly identical cost ranking for the five advanced concepts, with one
exception. The industry group considered the solar devices more cost-effective than the
ultracapacitor in 2000.
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5.5 SYSTEM IMPACT COMPARISON

Air Pollution and Global Warming

The industry group’s perception of eight statements relating to air pollution, measured in
terms of percent agreeing, was slightly different than the whole group’s. Fewer industry experts
(88%) compared to the whole sample (92%) agreed that most EV charging will use overnight base
load capacity. Nearly equal percentages of industry experts (89%) and the whole sample (87%)
agreed that any increase in power-plant emissions due to EV use will be offset at the local level by
a decrease in on-road emissions. These two differences combined to change the rankings of the eight
air-pollution-related statements between the two groups. The statement about an increase in power-
plant emissions being offset by a decrease in on-road emissions was ranked second by the industry
group and fourth by the whole sample. Although the other statements were ranked identically for
both groups, a higher percentage of the industry group (84%) compared to the whole sample (71%)
agreed that total emissions of carbon dioxide and, possibly, oxides of nitrogen and sulfur will
increase because the electricity for EVs and HEVs will be generated predominantly from coal.

Fewer industry experts (37%) than the whole sample (44%) agreed that EVs and HEV's will
reduce global warming potential by 2020, even if they have a market share of 33%. More industry
experts (67%) than the whole sample (59%) agreed that policies with significant implications for
global warming potential will be implemented by governments no later than the year 2000.

Nuclear Power
Both groups ranked the six statements related to the equivocal state of nuclear power in the
United States identically. However, the industry group assigned an 11% lower rating to the statement

about the perceived superiority of U.S. fossil fuel power-plant technology and a 9% lower rating to
the statement indicating lack of perception or education relating to relative costs and benefits.

Market Success Factors

The industry group rating of the statement “large direct incentives to buyer are necessary”
was 11% higher than the rating by the whole group. The higher rating moved the statement’s rank
from eleventh for the whole sample to seventh for the industry group. The industry group assigned
a 6% higher rating to the statement “supporting infrastructure must be developed,” moving it one
rank up from fourth. The industry group also assigned a 5% lower rating to the statement
“commitment by original equipment maker must be greater,” moving it down to eleventh from its
ninth rank for the whole sample.
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6 COMPARISON OF STAGE 2 RESULTS WITH STAGE 1 RESULTS

In this chapter, we compare the results of the second stage of the survey with the first. The
intent is to shed some light on the process of convergence of opinions. The study might have been
an educational experience for some participants who, for the first time, were required to specify
values for a series of EV/HEV items. Also, between the two stages of the survey, some political and
regulatory changes either took place or were likely to take place, which could have influenced the
second-stage results.

The first-stage data collection was finished near the end of August 1994, and the second-
stage data collection was completed by July 1995. During the intervening time of almost a year,
several incidents that could significantly affect the development of EVS/HEVs took place. Some
notable incidents were the fire in a sodium-sulfur-battery-powered EV, which had received quite a
bit of publicity; the indications that the California Air Resources Board (CARB) would either repeal
or postpone the zero emissions mandate; and the election of a Republican majority in the United
States Congress. In addition, PNGYV, the joint government-industry initiative to triple the light duty
vehicle fuel economy, started to take shape (NRC 1994). Moreover, advances were made in battery,
motor, and vehicle technologies, although complete information on these advances is not available
due to their proprietary nature. Collectively, these items could have affected the information
collected through the second stage. We present the changes in the mean ranking and/or rating of
some items and also present the percent changes.

6.1 COMPARISON OF VEHICLE-RELATED RESPONSES

Basic Vehicle Characteristics

The respondents ranked 11 EV and 12 HEV attributes in terms of their importance. The
HEV has one more attribute because the vehicle range was subdivided as total and engine-only
range. The attribute rankings and mean importance ratings for the two stages are tabulated in
Table 6.1.

Vehicle range was ranked first for EVs in both the stages. Maintenance interval and
recharging time were second and third, but they switched their ranks between the two stages. Top
speed was ranked the last in the second stage, two ranks lower than in the first stage. Most of the
remaining attributes did not change thetr individual rank by more than one place.

For the HEV, total range was assigned the highest rating in both the stages. HEV range on
engine-alone moved from its sixth rank in the first stage to the second rank in the second stage. This
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TABLE 6.1 Comparison of Vehicle Characteristics Ratings for the Two Stages

Electric Vehicle Hybrid Electric Vehicle
. Second Stage First Stage Second Stage First Stage
Mean Mean Mean Mean
Rating Rank Rating Rank Vehicle Attribute Rating  Rank Rating  Rank
8.86 1 8.49 1 EV range (as appropriate to market
niche/mission)
7.14 4 7.13 4 0to 50 kph (31 mph) acceleration time 7.38 5 7.33 4
6.21 7 6.35 8 50 to 100 kph (62 mph) acceleration 7.00 6 7.27 5
(i.e., passing power)
5.35 11 5.84 9  Top speed 6.57 9 6.66 9
7.09 5 7.03 5  Maximum uphill grade (%) that will allow 7.49 3 7.48 2
sustained speed of 75 kph (45 mph)
6.18 8 6.37 7  Seating capacity 690 7 6.92 7
5.48 9 5.81 10 Cargo space 6.37 10 6.46 11
541 10 5.67 11 Unladen vehicle weight (including batteries) 5.82 12 5.81 12
6.80 6 6.69 6  Power-to-weight ratio 6.85 8 6.84 8
7.63 3 7.58 2 Recharging time 6.19 11 6.54 10
7.67 2 7.56 3 Maintenance interval 742 4 7.45 3
HEYV range (on full battery charge and fuel) 8.96 1 8.65
HEYV range on engine alone 7.55 2 7.02 6

was the most dramatic change between the two stages. The attributes that were ranked second
through fifth in the first stage moved a rank down as a consequence of this high rating assigned to
the engine-alone range. The rest of the attributes did not change in rank by more than one place. One
may speculate that many of the respondents moved in the direction of the idea of a PNGV-type HEV,
which relies more on the engine. However, the values assigned to the total and engine-alone ranges
in the second part of this question do not indicate too large a shift of opinion. By elevating the
engine-alone range from sixth to second, the respondents seem to have valued dependable total range
capability much more. They may have lowered their expectations of breakthroughs in batteries and
charger technologies. '

Figures 6.1 and 6.2 show the percent change in mean values of EV and HEV attributes from
the first stage. Each value in the figures is computed as second-stage value as a percent of the first-
stage value minus 100. Generally, the second-stage vehicle attribute values were pessimistic
compared to the first stage. The respondents seem to have moderated their opinions about future
technical and economic improvements in EVs and HEVs.

The mean values of 5 EV attributes, ranked as the top five, changed by more than 20%.
Range, recharging time, 0-50 kph acceleration time, and maximum uphill grade showed more
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pessimistic values, while maintenance interval improved. The recharging time changed the most,
with its mean values for the three forecast years increasing by 42, 54, and 21%, respectively. The
mean value of 0-50 kph acceleration time increased by 30, 23, and 24%, respectively, for the three
years. The range showed a 25% decline in 2000, 16% in 2010, and 8% in 2020. The maximum uphill
grade capability was lowered by 30% in 2000, 19% in 2010, and 16% in 2020. However, the
maintenance interval increased by 14% in 2010 and 38% in 2020.

The mean values of second-stage HEV attributes were also more pessimistic than in the first
stage. Here, too, five attributes changed by more than 20%; however, only three of these five were
ranked among the top five in overall importance. The other two were ranked at the bottom, as tenth
and eleventh. Recharge time, ranked eleventh, increased by 83, 48, and 46% for the three forecast
years. The mean values for 0-50 kph acceleration time increased by 33, 26, and 18%, respectively,
for the three forecast years. The mean value of uphill grade capability was lower by 29% in 2000,
18% in 2010, and 8% in 2020. The mean cargo space, ranked tenth, decreased by 21% in 2000, 15%
in 2010, and 6% in 2020. As in the case of EVs, maintenance interval showed improvements. Its
mean value showed the highest change among the top five attributes, increasing by 20% in 2000,
36% in 2010, and 41% in 2020. The total range and engine range, the top two attributes, differed
only by a few percentage points between the two stages. The total range was 15% lower in 2000, 2%
lower in 2010, and 3% higher in 2020. The engine-alone range was 7% lower in 2000, 2% higher
in 2010, and 8% higher in 2020.

Amenities

Responses to the question concerning the importance of amenities in EVs and HEVs had
identical ranking for both stages. The mean rating for compartment heating and window defrost (to
comfort level in 5 minutes) was higher (by 11%) in the second stage, while mean ratings for both
the power auxiliaries and audio entertainment were lower (by 16 and 12%, respectively) in the
second stage.

R&D Needs

The three areas of R&D needs, battery and energy storage technologies, vehicular
technology, and component technology, were ranked in the same order in both the stages. Even
though the R&D needs for the battery/energy storage, vehicular, and component technologies had
the same ranking for the two stages, the battery/energy storage technology mean rating became more
significant at 2.85 out of 3 (increasing by 11% from the first stage). The rating for vehicular
technology dropped by 21% and that for component technology dropped by 5%. The experts seem
to suggest that R&D for battery/energy storage technology should increase relative to that for vehicle
technology.
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Opinions on Hybrids

When asked to agree or disagree with 11 statements about HEVs, the respondents in both
stages gave nearly identical answers. Almost all (98%), in both stages, believed that HEV
performance can be improved. Only 8% of the second-stage respondents felt that HEVs will never
be a viable alternative, compared to 14% of the first-stage respondents. A greater share of
respondents in the second stage (83%) than the first stage (72%) agreed that HEVs will be
commercialized as a viable alternative to conventional vehicles in the long term.

6.2 COST COMPARISON

Vehicle Purchase Price

The mean purchase price ratios for four of the five vehicle technologies differed by only
a few percent between the two stages. The only exception was the fuel-cell HEV, where the mean
cost ratios for the three forecast years were higher by 13, 26, and 26%, respectively, for the
three years in the second stage. The mean cost ratios for the conventional vehicle declined by 9%
in 2000 and by 6% each in 2010 and 2020. The mean cost ratios for EVs and gas-turbine HEVs
showed identical patterns of increases in the second stage. The ratio for EVs increased by 1% in
2000 and 9% in both 2010 and 2020, while the ratio for gas-turbine HEVs increased by 2% in 2000
and 8% in both 2010 and 2020. The mean cost ratios for hybrids with the conventional ICE also
increased, by 5% in 2000, 12% in 2010, and 8% in 2020.

Fuel and Maintenance Costs

The fuel and maintenance (F&M) cost ratios were significantly different between the two
stages. The second-stage F&M cost ratios were lower for the conventional vehicles but higher for
all other vehicle technologies. The mean F&M cost ratio for fuel-cell HEVs was 36% higher in 2000,
21% higher in 2010, and 36% higher in 2020. The mean F&M cost ratios for the gas-turbine hybrids
increased by 20% in 2000, 15% in 2010, and 16% in 2020.
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6.3 MARKET PENETRATION COMPARISON

Obstacles to Commercialization

The respondents were asked to rank six potential obstacles to EV and HEV
commercialization. The six obstacles were ranked in the same order in both the stages. The top two
obstacles, too low sales volume for economical production and cost and complexities in
manufacturing of battery and drive-train, were assigned greater importance (11% higher) in the

- second stage.

Market Penetration

The second-stage market penetration forecasts for the CV were slightly (2-8%) higher than
the first stage. Because the CV market share (of new vehicles) was already high (72-96%) in the first
stage, the small increases had substantial effects on EV and HEV market shares. The mean market
share for EVs dropped by 32% in 2000, 22% in 2010, and 19% in 2020. The absolute market share
for EVs ranged from 1.3% in 2000 to 7.5% in 2020, compared to 1.9% to 9.2% in the first stage. The
most popular version of the hybrids, ICE HEV, was also assigned lower market shares in 2000 (19%
lower) and 2010 (22% lower), but its 2020 market share remained unchanged. Two hybrid
technologies, gas turbine and fuel cell, were assigned less than 1% market shares through 2010 in
the second stage, compared to greater than 1% market shares by 2010 in the first stage. Their
year 2020 market shares were 3% each in the second stage, compared to 4% for the gas turbine and
5% for the fuel cell in the first stage.

6.4 COMPONENTS COMPARISON

Battery Characteristics

The respondents projected future values of five performance characteristics for 10 battery
types. The five characteristics were specific energy, specific power, shelf life, cycle life, and initial
cost. The ten battery types were lead-acid, lithium-iron disulfide, lithium-polymer, nickel-cadmium,
nickel-iron, nickel-metal hydride, nickel-zinc, sodium-sulfur, zinc-air, and zinc-bromide.

The mean values of specific energy did not change much between the two stages, except
for a few. The year 2000 specific energy for the lithium-polymer battery was 17% lower in the
second stage, but its mean specific energy for 2010 and 2020 did not change much. The
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sodium-sulfur and zinc-air batteries showed 10% declines in the year 2020 mean specific energy.
The mean values for all other batteries deviated by 5% or less.

The mean estimates of specific power showed only a few differences between the two
stages. The year 2020 specific power for the lithium-iron disulfide battery was 18% higher in the
second stage, while the values for the years 2000 and 2010 were within 6% of the first stage. The
mean specific power for lead-acid was higher in the second stage by 11, 9, and 6%, respectively, for
the three forecast years. Lithium-polymer showed an 11% decline for both 2010 and 2020, while
zinc-bromide showed the same (11%) decline in 2020. Both zinc-air and zinc-bromide showed a 9%
decline in the year 2010. All other second-stage responses were within a few percent of the first
stage.

The zinc-air battery had the highest increases in shelf life estimates, about 22%, for all
survey years. The mean shelf life of the lithium-polymer battery showed increases of 15% and 11%
for the years 2010 and 2020, respectively. The mean shelf life of nickel-iron declined by 9% in 2000,
13% in 2010, and 11% in 2020. The zinc-bromide battery showed an 11% decline in mean shelf life
in 2010 and a 10% decline in 2020. The lead-acid battery showed an 11% decline in 2020, and
lithium-iron disulfide showed a 13% decline in 2000.

The mean cycle life estimates were consistently lower in the second stage, except for the
zinc-air battery. The zinc-air battery showed moderate increases of 13, 5, and 7% for the three
forecast years. The sodium-sulfur battery showed declines of 14, 17, and 28%, and lithium-iron
disulfide showed declines of 18, 29, and 12% for the three years. The mean cycle life for the nickel-
iron battery declined 13% in 2010 and 11% in 2020, while that for the nickel-metal hydride battery
declined 12% in 2010 and 14% in 2020. The mean cycle life for the lead-acid battery declined 9%
in 2000, 13% in 2010, and 9% in 2020; that for lithium-polymer declined 5% in 2000, 8% in 2010,
and 14% in 2020; and that for zinc-bromide declined 11% in 2000, 8% in 2010, and 9% in 2020.

Thus, overall, the technical performance predictions for batteries worsened in the second
round, but the cost predictions improved.

The mean initial costs were lower for all batteries except for lithium-iron disulfide, which
showed an 8% increase in 2010 and a 10% increase in 2020. The mean cost for the lithium-polymer
battery declined by 24% in the year 2000, while showing practically no change for the other
two years. The mean initial cost for the zinc-air battery declined by 11% in 2000, 8% in 2010, and
10% in 2020; that for the nickel-zinc battery declined by 7% in 2000, 11% in 2010, and 10% in
2020; that for the zinc-bromide battery declined by 10% in 2000, 5% in 2010, and 8% in 2020; and
that for the sodium-sulfur battery declined by 9% in 2000, 7% in 2010, and 5% in 2020.
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Electric Motors

The technological maturity and motor/battery system match rankings of three motors, direct
current, ac induction, and dc brushless, were nearly identical for the two stages. The only exception
was in 2000, where the dc brushless motor was ranked the lowest among the three motors in the
second stage, while that ranking was assigned to the dc motor in the first stage. The ac induction
motor remained the top-ranked motor for all three years in both the stages. The mean value of the
ranking was higher for the ac induction motor and lower for the dc brushless motor in the second
stage.

The mean cost ratios to the 1993 dc motor put the costs for the three motors in the same
order in both stages. The dc motor had the lowest ratios in 2000 and 2010, followed by the ac
induction motor. The highest cost ratios were assigned to the dc brushless motor in both the stages
for all the survey years. The ac induction motor had the lowest year 2020 cost ratios, but barely 2%
lower than the dc motor in the second stage vs. 8% lower in the first stage. The mean cost ratio for
the dc brushless motor was higher by 17% in the year 2000 and 12% in the year 2010 in the second
stage. The mean cost ratio for the ac induction motor was higher by 13% in 2000 and 9% in 2010.
The year 2020 estimates for the three motors changed only by a few percentage points. The increases
in ac induction motor and dc brushless motor cost ratios for the years 2000 and 2010 indicate that
the experts view these motor technologies as expensive for adaptation to EV/HEV use during the
next two decades. They do not anticipate any cost breakthroughs.

Materials

Six potential advanced materials for use in EVs and HEVs were assigned ratings by the
respondents. These materials were evaluated for six attributes: environmental benefit, corrosion
resistance, crash worthiness, reliability, durability, and cost-effectiveness. The six materials were
composites, powder metal, plastics, ceramics, aluminum, and high-strength steel. On the basis of a
combined rating (i.e., sum of all ratings), the six materials were rated in the same order in both the
stages. For environmental benefits, high-strength steel was rated the highest, followed by aluminum,
in the second stage, while aluminum was rated ahead of high-strength steel in the first stage.
Composites were rated the lowest in both stages, with powder metal the fifth in the second stage,
while plastics were rated fifth in the first stage. For corrosion resistance, plastics were rated the
highest, followed by composites, in the second stage, while ceramics were assigned the highest
rating, followed by plastics, in the first stage. Steel ranked the lowest and powder metal fifth in both
stages. For crashworthiness, steel rated the highest in both stages. Aluminum rated second in the
second stage, while composites rated second in the first stage. Ceramics and powder metal were
ranked the lowest and the fifth in both stages. The reliability ratings were the same for both stages.
For durability, steel was ranked the highest in both stages. The second rank was given to aluminum
in the second stage and to composites in the first stage. Powder metal rated the lowest, with ceramics
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the fifth, in the second stage, while ceramics were rated the lowest, with powder metal the fifth, in
the first stage. There were no changes in the ratings for cost-effectiveness between the two stages.

HEV Power Units

Five types of power units were ranked for technological maturity, suitability and safety, and
cost-effectiveness. The technological rankings had the same order for the two stages, but the mean
values for gas turbine and fuel cell were much lower in the second stage. The suitability and safety
rankings were in the same order for years 2000 and 2020 between the two stages. In 2010, the
2-stroke (SI) engine was ranked fourth (behind the gas turbine) in the second stage, while it was
ranked third (ahead of the gas turbine) in the first stage. For cost-effectiveness, the diesel engine and
2-stroke (SI) engine switched places between the two stages. The diesel engine was ranked second
(ahead of the 2-stroke engine) in the second stage, while the 2-stroke engine was ranked second in
the first stage.

Other Concepts

The five advanced concepts were ranked nearly in the same order in both stages. The only
exception was the year 2020 rank switch between very-light, high-tensile-strength material and
extended life batteries. The extended life batteries were ranked third in the second stage and second
in the first stage. The mean values changed, particularly for the ultracapacitors and solar conversion
devices, showing pessimism on the part of the respondents for these two concepts.

6.5 SYSTEM IMPACTS COMPARISON

Air Pollution, Global Warming, and Nuclear Energy

The respondents were asked a total of 19 questions grouped into three sections: air
pollution, global warming, and nuclear energy. The rankings for these questions were identical
within each section for both the stages.

In reply to the questions concerning air pollution, a greater share of respondents in the
second stage (93% vs. 82%) agreed that EVs will help reduce urban ozone levels. A greater majority
in the second stage (92% vs. 77%) agreed that most EV charging will use overnight base load
capacity, resulting in fewer daytime power-plant emissions. Similarly, a greater majority in the
second stage (89% vs. 77%) agreed that EVs will be environmentally beneficial due to their
displacement of emissions from urban areas to remote power plants and from daytime to nighttime.
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On global warming, a larger share of the respondents in the second stage (84% vs. 74%)
agreed that the complexity of global warming as a scientific issue requires that many more studies
must be undertaken before key policy decisions are made. Also, a larger share of respondents in the
second stage (81% vs. 72%) agreed that mitigation of global warming potential could have
significant socioeconomic benefits.

The six possible causes for the difference in the United States’ position on nuclear power
compared to that of Europe and Asia were ranked in the same order in both the stages. A 13%
increase in the mean ranking was given to the top cause, negative public opinion due to accidents
or near-accidents in the United States, in the second stage. A 9% higher mean ranking was assigned
to the third ranking cause, relative abundance of coal in the United States, in the second stage.

Market Success Factors

The questions pertaining to market success factors had nearly identical rankings for the two
stages. However, there were some changes. The statement “acquisition and ownership costs must
be reduced” was ranked the highest in the second stage, and second in the first stage. The statement
“EVs/HEVs must be as reliable as gasoline vehicles” was ranked second in the second stage vs. first
in the first stage. The second-stage respondents ranked the statement “public policy must sufficiently
incorporate environmental imperative” higher than the first stage (8 vs. 9), while the second-stage
respondents ranked the statement “commitment by original equipment manufacturers must be
greater” one notch lower than in the first stage (9 vs. 8).
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7 CONCLUSIONS

We have presented a summary of a Delphi study on the anticipated state of electric and
hybrid electric vehicles through 2020. The study provides some insights into experts’ judgment on
key issues and also provides some valuable data. We have used the data in conducting some cost and
market penetration analyses. The following conclusions can be reached from the study:

1. Delphi respondents seemed to assume stable economic conditions, with
relatively small increases in energy prices. They projected moderate
improvements in vehicle technologies. They did not consider the PNGV’s
Goal 3 (tripling fuel economy of mid-sized vehicles, consistent with
“constant dollar” life-cycle ownership cost that does not exceed the cost of
today’s mid-sized vehicle).

2. The Energy Policy Act (EPACT) of 1992 goal of substituting 30% non-
petroleum alternative and replacement fuels by 2010 will not be
accomplished by the introduction of electric drive-train vehicles, even if those
vehicles use electricity from the grid (nearly completely non-petroleum) to
the maximum extent possible. Projections of new-vehicle market share for
the EVs and HEVs are far too low to meet the EPACT goal in this manner.

3. Respondents appeared to be convinced that the purpose of introducing EVs
and HEVs is to reduce emissions and that most HEVs will be designed to use
electricity from the grid.

4. Respondents were optimistic that battery storage technology consistent with
most long-term goals of the U.S. Advanced Battery Consortium is possible.
They also believed that future HEVs will have considerable all-electric range
capability, providing the potential to use electricity rather than petroleum-
based fuels for nearly all urban driving.

5. Respondents anticipated that, throughout the study period, petroleum-based
fuels (gasoline, diesel, kerosene, and jet fuel) will be the dominant fuels for
HEVs when powered by their power units. However, depending upon
assumptions external to the study, the results can be interpreted to imply that
a very large amount of petroleum fuels could be displaced by electric power
used by EVs and HEVs.

6. The second stage of the study followed the first stage by almost a year; in the
meantime, the respondents had become slightly pessimistic on the prospects
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of both EVs and HEVs. On a question-by-question basis, the differences were
mostly minor.

The industry experts as a group did not have opinions distinctly different
from the total group of respondents.

Battery costs and technology would need much further improvement in order
to make EVs and HEVs widely acceptable. Our battery cost analysis showed
that with the battery replacement costs added to the fuel and maintenance
costs, the conventional ICE vehicle would have a clear cost advantage over
electric-drive vehicles through the year 2020.

Respondents projected EVs and HEVs to have nearly a 23% share of the
new-vehicle market by 2020. The year-by-year market penetration profile
emerging from the responses followed the classical technology substitution
pattern used by marketing professionals. A mathematical formulation used
to fit this pattern showed that EVs and HEVs could capture a 50% share of
the new-vehicle market in 2030.

When the Delphi study vehicle characteristics were used with a “revealed
preference” vehicle choice model, the model predicted much smaller market
shares for EVs and HEVs. A “stated preference” vehicle choice model
predicted market shares very similar to the mean of the Delphi study
responses.
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If you have a specific concept of the likely market(s) for electric vehicles in the U.S. transportation system (for
example, commercial fleet vehicle only, commuter car, “city car,” rental/lease vehicle only) please indicate what that
market or markets will be before proceeding with the questionnaire:

I. VEHICLES - Basic Characteristics of
Electric Passenger Vehicles (EVs)

(A) Please rate below the importance of these vehicular attributes from 1 (not important) to 10 (most important), based
on your assessment of the most likely EV market as entered above, and also identify on the accompanying charts
the most realistic specifications and characteristics of EVs for each of the years 2000, 2010, and 2020.

YOUR SECOND STAGE RESPONSE

not important most important
(1)  Range (as appropriate to .......cocoerevecrceerrererecacs 1 2 3 4 5 6 7 8 9 10 8.49
market niche/mission)
(2)  0to 50 kph (31 mph) acceleration time............. 1 2 3 4 5 6 7 8 9 10 713
(8) 50 to 100 kph (62 mph) acceleration time......... 1 2 3 4 5 6 7 8 9 10 6.35
(i.e. passing power)
(4)  TOP SPEEA ..t 1 2 3 4 5 6 7 8 9 10 5.84
(5)  Uphill percent grade (max.) that will aliow........ 1 2 3 4 5 6 7 8 9 10 7.03
sustained speed of 75 kph (45 mph)
(6) Seating capacity or payload weight ................. 1 2 3 4 5 6 7 8 9 10 6.37
(7)) Cargo SPACE ..c.ceeereecemrerereeeaereeesesessesseaenes 1 2 3 4 5 6 7 8 9 10 5.81
(8)  Unladen vehicle weight (including batteries)...1 2 3 4 5 6 7 8 9 10 5.67
(9) Power to weight ratio ........ccceeeeececreriicerencnnannee. 1 2 3 4 5 6 7 8 9 10 6.69
(10)  Recharging time .........cccoeeeecermeuvecnrecrerernnenennns 1 2 3 4 5 6 7 8 9 10 7.58
(11)  Maintenance interval.............coceeeereerenevenruneanae 1 2 3 4 5 6 7 8 9 10 7.56
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Please mark appropriate box for EV's for each projection year.

YOUR SECOND STAGE RESPONSE

KM (ML) | 2000 2010 2020 KPH (MPH) | 2000 2010 2020

650 (404) 190 (118)
450 (280) 150 (93)
350 (217) 130 (81)
250 (155) 110 (68)
150 (93) 90 (56)

SEC. 2000 2010 2020 % GRADE | 2000 2010 2020
1 11
9 7
7 5
5 3
3 1

SEC. 2000 2010 2020 PERSONS | 2000 2010 2020
14 6
12 5
10 4
8 3
6 2

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.

Range, Km 170 238 321 388

0-50 KPH, Sec 6.89 5.69 4.71 . 4.21

50-100 KPH, Sec 11.99 10.63 9.38 8.65

Top Speed, KPH 111 122 133 139

| Up Hill, % 5.64 7.15 8.38 9.35
Seating, Person 3.12 ' 3.82 4.41 4.63

L



Please mark appropriate box for EV's for each projection year.

LITERS (ft3)| 2000

2010

2020

600 (21)

400 (14)

300 (11)

200 (7)

100 (4)

KG (LB)

2000 2010

2020

1800 (3968)

1400 (3086)

1200 (2646)

1000 (2205)

800 (1764)

KW (hp) | 2000 | 2010

2020

150 (201)

110 (148)

90 (121)

70 (94)

50 (67)

YOUR SECOND STAGE RESPONSE

~ MINUTES

2000

2010

2020

300

120

30

10

5

KM (MI)

2000 | 2010

2020

75000 (46603)

50000 (31069)

30000 (18641)

15000 (9321)

5000 (3107)

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or

replace them by entering your preferred values in the appropriate cells.

Cargo, Liter 222 268 337 365
Curb Weight, Kg 1547 1464 1344 1286

Power, Kw 66.1 77.8 91.3 99.6
Recharging, Min 251 164 92 70
Maintenance, Km | 13970 20257 29538 34593
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If you have a specific concept of the likely market(s) for hybrid electric vehicles in the U.S. transportation system (for
example, commercial fleet vehicle only, commuter car, “city car”, rental/lease vehicle only) please indicate what that
market or markets will be before proceeding:

. VEHICLES - Basic Characteristics of

Hybrid Electric Passenger Vehicles (HEVs)

(B) Please rate below the importance of these vehicular attributes from 1 (not important) to 10 (most important),
based on your assessment of the most likely HEV market(s), and also identify on the accompanying charts the
most realistic specifications and characteristics of HEVs (battery plus engine) for each of years 2000, 2010,
and 2020.

YOUR SECOND STAGE RESPONSE

o :\ot important most important
(1)  Range (full charge and engine fuel) ................. 1 2 3 4 5 6 7 8 9 10 8.65
(2) Range onenging alone........ccocoeeveevercreeeeenenens 1 23 456 7 8 9 10 7.02
(8) 0to 50 kph (31 mph) acceleration time............. 1 2 3 4 5 6 7 8 9 10 7.33
(4) 50 to 100 kph (62 mph) acceleration time......... 1 2 3 4 5 6 7 8 9 10 7.27

(i.e., passing power)

(5)  TOP SPEEA ..ttt e 1 2 3 4 5 6 7 8 9 10 6.66
(6)  Uphill percent grade (max). that will aliow........ 1 2 3 4 5 6 7 8 9 10 7.48
sustained speed of 75 kph (45 mph)
(7)  Seating capacity or payload weight ................. 1 2 3 4 5 6 7 8 9 10 6.92
(8)  €Aargo SPACE ....cocemrrreererereerennereseseenraeseenens 1 2 3 4 5 6 7 8 9 10 6.46
(8) Unladen vehicle weight ..........ccceeeeereemmueecnnene. 1 2 3 4 5 6 7 8 9 10 5.81
(including batteries)
(10)  Power to weight ratio .........ccceeeevereeeencecresnennns 1 2 3 4 5 6 7 8 9 10 6.84
(assume equivalence for engine and motor)
(11)  Recharging time ......cccecceeeeeverereeemeere s 1 2 3 45 6 7 8 9 10 6.54

(12)  Maintenance interval ..........ccoeeeeeeceereecrrennenn. 1 2 3 4 5 6 7 8 9 10 7.45
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KM (ML.)

2000 | 2010 |

Please mark appropriate box for HEVs for each projection year.

YOUR SECOND STAGE RESPONSE

2020

650 (404)

450 (280)

350 (217)

250 (155)

150 (93)

KM (ML)

2000 2010

2020

300 (186)

200 (124)

150 (93)

100 (62)

50 (31)

SEC.

2000 2010

2020

14

12

10

KPH (MPH)

2000 | 2010

2020

190 (118)

150 (93)

130 (81)

110 (68)

90 (56)

SEC. 2000 2010 2020 % GRADE | 2000 2010 2020
11 1
9 7
7 5
5 3
3 1

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.

Range, Km 350 415 481 510
Engine Range, Km 199 230 253 260
0-50 KPH, Sec 6.17 5.22 4.34 4.00
50-100 KPH, Sec 10.59 9.58 8.64 8.19
Top Speed, KPH 122 134 144 148

Up Hill, % 6.73 8.30 9.52 10.10
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Please mark appropriate box for HEVs for each projection year.

PERSONS|

YOUR SECOND STAGE RESPONSE

6

Niwlbs]O

LITERS (ft3)

2000 | 2010

2020

600 (21)

400 (14)

300 (11)

200 (7)

100 (4)

KG (LB)

2000

2010

2020

1800 (3968)

1400 (3086)

1200 (2646)

1000 (2205)

800 (1764)-

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.

KW (hp)

2000 |

150 (201)

110 (148)

90 (121)

70 (94)

50 (67)

MINUTES

2000 2010

2020

300

120

30

10

5

KM (MI)

2000 | 2010

2020

75000 (46603)

50000 (31069)

30000 (18641)

15000 (9321)

5000 (3107)

Seating, Person 3.75 4.28 4.68 4.84
Cargo, Liter 262 310 372 392
Curb Weight, Kg 1576 1481 1374 1315
Power, kW 79 92 103 107
Recharging, Min 126 78 42 31
Maintenance, KM | 10809 14356 20933 27016
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I. VEHICLES — Amenities

(C) Cars often do not succeed in the marketplace without additional amenities for occupant comfort and aesthetics. If
applied to EVs and HEVs, some of these component amenities may have to be re-designed or even newly-devel-
oped. In your view, how important are the following amenities to the eventual success of EVs and HEVs? Please
rank from 1 (least important) to 5 (most important).

YOUR SECOND STAGE RESPONSE

RANK 1-5
3.63 __—Airconditioning
4.08 —_  Compartment heating and window defrost (to comfort level in § minutes)
2.69 —_  Powerauxiliaries (windows, doors, seats, brakes, steering)
2.80 —— Audio entertainment
3.43 ______ Premium safety equipment (i.e., air bags, anti-lock brakes)

I. VEHICLES - Research and Development Needs

(D) Battery (energy density, operating temperature, materials) and energy storage technology (ultracapacitors, fly-
wheels); vehicular technology (body, chassis, steering and suspension); and component technology (motor, drive
train, and regenerative or mechanical braking) are the three major concerns in R & D aimed at commercialization of
EVs and HEVs. In your opinion, which areas of concern will require the greatest share of R & D before these
vehicles can be successfully marketed? Please rank the three areas from 1 (least important) to 3 (most important).

YOUR SECOND STAGE RESPONSE

RANK 1-3
2.56 —____ Battery/Energy storage technology
1.66 — Vehicular technology

1.99 Component technologies
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| I. VEHICLES - Hybrids

(E) Hybrid electric vehicles (HEVs) have been considered an alternative to gasoline passenger vehicles because they
may combine the best aspects of internal combustion (IC) engine-powered and battery-powered propulsion. Please
indicate with an “x” whether you agree or disagree with the following statements about HEVs. Assume that the IC
engine is fueled by either gasoline or a non-petroleum fuel; if your answer would differ based on what the IC engine
fuel is, please so indicate.

YOUR SECOND STAGE RESPONSE
AGREE DISAGREE

(1)  HEVs will be commercialized as a viable alternative

to gasoline vehicles in the intermediate term (2000-2005)............... g a
(2) HEVs will be commercialized as a viable alternative

to gasoline vehicles in the longer term (2005-2020) .......cceerrerueenne a a 72
(3) HEVs will never be a viable alternative ..........cccevcmeneinseeiesncnnnne. a a 14
(4)  Most components needed by HEVs are market-ready today........... a a 36
(5) New R & D requirements for HEVs are minimal ........cccoeeemveneiennnnns Qo 3 28
(6) Operating range of HEVs will be extended by more

than 150 km (93 miles) compared 10 EVS ......cc.veeveeererecsseseseeenns Q a - 94
(7) Component manufacturing and servicing infrastructure

fOr HEVS I8 18CKING cvvvvvereererrsersestesssesssssessessssssessassssessssssessensseassanense Q Q 7
(8) HEVs will cost less than EVs when commercialized .............ccuunn. Q ) 28
(9) HEVs could meet U.S. Tier Il emissions standards if required

for MY2004 and Iater aUtOMODIIES .....ceeeeuessmusussssssessssssssssssssssssssss Q | 95
(10) Performance of HEVs can be improved.........cccccceerereuecunnasensssenns o Q 98
(11)  Hybrid vehicles will not need electricity from the grid ............ccuveuene. Q a 34
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. VEHICLES - Cost Ratios

(F) Using a conventional gasoline-fueled compact 4-door sedan as the baseline [1993 US $15000 as index value (1.0)],
please provide your estimate of the purchase price ratio for each of the five types of vehicles listed below in each of
3 future years. The cost of the initial battery pack should be included but not the replacement battery cost in your

YOUR SECOND STAGE RESPONSE
2010

2020

estimate.
YEAR 2000
(1) Conventional (piston) engines .........ccveveerceerrernvenns
()  EIECHIC ccerreereeereecteeestennesiesvanee s reestrsassree e e seens
{3) Hybrid with conventional (piston) engine ..............
(4) Hybrid with gas turbing ......cccccevererrcrecesencverceennnnn.
(5) Hybrid with fuel cell .....cccoeeeeeeereeceeeeeeeceeeee,

Please describe below how you arrived at these values (a list of assumptions about the type and size of battery pack that

you assume for vehicles 2-5 would be very helpful)

(1)  Conventional (piston) engines .........c.cccceeveeecereennens 1.2 1.38 1.70 2.14
(2)  EIBCUIC covvvereveereseeeeeeeeeeeseseeeeseeseesssseressees e seeeeeeeees 263 226 212 219
(3)  Hybrid with conventional (piston) engine .............. 280 235 218 236
(@) Hybrid With gas tUDING w.......eeveeneeeeeereereeeeesreereee 352 320 281 2.83
(5)  Hybrid With FUEI GBIl .evrrrreemereeeeeosreeeeeeeseeeeeeeeser oo 537 456 347 315




. VEHICLES - Fuel and Maintenance Cost Ratios

(G) Partl
Using a conventional gasoline-fueled mid-size sedan with fuel and maintenance cost of 1993 US $0.18/km (50.29/
mile) as the baseline, please provide your estimate of the fuel and maintenance cost ratio for each of the five types
of vehicles listed below in each of 3 future years. Do not include replacement cost for the propulsion battery pack
in your estimate.

YOUR SECOND STAGE RESPONSE

YEAR 2000 2010 2020

(1) Conventional (piston) engines .......cccceeeeeereirenennen.

()  EIECHIC ottt sttt

(8) Hybrid with conventional (piston) engine ..............

(4) Hybrid with gas turbine ........cceevienireineces

(5) Hybrid with fuel cell ..o

Please describe below how you arrived at these values

(1)  Conventional (piston) engines ...........couueerueureeerence 1.1 1.27 1.56 1.97
() EIBCHC cveeeer ettt a s e enesans 1.22 1.21 1.26 1.39
(8) Hybrid with conventional (piston) engine .............. 1.42 1.46 1.52 1.65
(4) Hybrid with gas turbine ........cccoeerieneeniinennencieeneen 1.77 1.67 1.71 1.80
(5)  Hybrid with fuel Cell ..o 2.18 1.95 1.87 1.73
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| I. VEHICLES - Fuel and Maintenance Cost Ratios

(G) Part2
Using a conventional gasoline-fueled mid-size sedan with an estimated year 2000 fuel economy of 30 miles/gallon
(12.75 km/L) as the baseline, please provide your estimate of the fuel economy ratio for each of the 5 types of
vehicles listed below for each of the 3 future years.

YEAR 2000 2010 2020

(1)  Conventional (piston) engines .......c.ccceeeuevverennnee. 1.0

(2)  EIBCHIC c.overeeer ettt

(8)  Hybrid with conventional (piston) engine ..............

(4) Hybrid with gas turbing .......c.cccovveeveecrreeereeiecrrenen.
(5)  Hybrid with fuel cell........cooeveuverereeeeeeee e
(G) Part3
Please indicate the type of fuel that you have assumed for the three types of hybrid electric vehicles in each of 3
future years.

YEAR 2000 2010 2020

(1)  Hybrid with conventional (piston) engine ..............

(2) Hybrid with gas turbine .........ccecceveereveccneeeereinenne.

(3) Hybrid with fuel cell.......c.ceeeoerereeeeeeeeeecene
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I. VEHICLES - Obstacles to Commercialization

(H) Recent studies have estimated that EVs and HEV's could cost significantly more than their gasoline counterparts.
Please rank from 1 (least important) to 6 (most important) the following six issues according to your belief in their
potential to be obstacles to EV and HEV commercialization; use cost as the primary criterion.

YOUR SECOND STAGE RESPONSE

EVs HEVs
RANK1-6 RANK1-6

Materials scarcity

—_— —_— Cost and complexities in manufacture of battery and drivetrain
needed to produce an attractive vehicle

Sales volume too low for economical production
Inadequate government R & D support

Insufficient Corporate Average Fuel Economy (CAFE) credits to
offset costs of R & D and vehicles

Failure of life cycle costing to include intangible environmental
benefits needed to offset R & D and vehicle costs

249 235 Materials scarcity

4.33 4.29 Cost and complexities in manufacture of battery and drivetrain
needed to produce an attractive vehicle

_4.60 448 Sales volume too low for economical production

292 _3.12 Inadequate government R & D support

3.32 345 Insufficient Corporate Average Fuel Economy (CAFE) credits to

offset costs of R & D and vehicles

3.60 3.53 Failure of life cycle costing to include intangible environmental
benefits needed to offset R & D and vehicle costs




. VEHICLES - Market Penetration

(I) Please estimate the market (U.S.) share in percent for each of the six vehicle types listed below in each of three
future years. Make sure the shares total to 100% in each column. Estimate the share of new light duty vehicle
(passenger cars and light trucks) sales.

YOUR SECOND STAGE RESPONSE

YEAR 2000 2010 2020
Conventional (piSton) engines ............cecceeuervesrvene
EISCHIC ..ottt
Hybrid with conventional (piston) engine ...............
Hybrid with gas turbine ........ccoeveceeciiiiceireees
Hybrid with fuel cell ..o,

Other technology not named above
(please stipulate) .....oooveeverrciereeieecrreee e

TOTALS 100% 100%  100%

M
@
©)
(4)
(5)
(6)

Conventional (piSton) ENGINES ..........oveereeereerrerenes 99.20 9558 85.00 72.03
EJECHIC cvvvnveeuesneresssssssssssssssssssssssssssssessssssssssssssenens 39 193 529 920
Hybrid with conventional (piston) engine ............... 16 140 5.24  _7.89
Hybrid with gas tUrbINe ..........ececeeevrecsreeesesseenns 04 .50 190 418
Hybrid With fUEl Cell ..vu.vuueveeeeeceeecreceesesseseseseseseeas 04 .19 140 _4.73

Other technology not named above
(PIEASE SHPUIALE) ......eeereeeeeeeeeeeeeeeeereserseeeeeee 17 40 1.17 197

TOTALS 100% 100%  100% 100%
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Il. COMPONENTS - Battery Characteristics

(A) Battery technology is important to both electric and hybrid electric vehicles (EVs and HEVs). For each of the years
2000, 2010, and 2020, please estimate achievable characteristics of as many of the ten types of batteries listed in the
next page with which you are familiar. Please feel free to ask your colleagues to assist you in responding to this
question.

YOUR SECOND STAGE RESPONSE

Please provide your estimate of battery characteristics using the same units as the current batteries.

Current lead acid 30 Wh/kg 80 W/kg 3 Years 500 Cycles US $200/KWh
Current nickel cadmium | 55 175 5 1000 , 700
Current sodium sulfur 80 130 4 700 400
8 o o o (=] o 8 o 8 8 o o 8 o 8
YEAR 8la |8 813 | 8 S| o | e SER- R & | o | o
(a\] N N (aV] N AN N AN [V} (V] N Al [aV] [aV} [aV]
Lead acid

Lithium iron disulfide

Lithium polymer

Nickel cadmium

Nickel iron

Nickel metal hydride

Nickel zinc

Sodium sulfur

Zinc air

Zinc bromide
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Il. COMPONENTS - Battery Characteristics

Current lead acid 30 Whkg 80 W/kg 3 Years 500 Cycles US $200/KWh
Current nickel cadmium | 55 175 5 1000 700
Current sodium sulfur 80 130 4 700 400

[ o o o o o o o [=] o o o (=] o [=]
Lead acid 42 | 47 | 51 [ 140 [174 [201 [3.64 | 458] 498| 673 | 848 | 954 |182 | 180 |201
Lithium iron disulfide 96 | 112 {128 | 158 |217 |229 |4.00 | 498| 5.71] 623 | 980 {1007 |854 | 617 |563
Lithium polymer 133 |151 {172 [ 138 {187 |217 |4.58 | 629| 740| 608| 954 (1379 |778 | 401 |306
Nickel cadmium 58| 62| 66| 199 [211 {224 |590 | 6.60] 74313451553 [1689 [599 | 546 |537
Nickel iron 53| 56| 58 {131 [135|143 [9.14 |1046]10.92 | 1127 {1482 {1848 | 536 | 488 |464
Nickel metal hydride 72| 84| 93 | 161 |197 |207 |4.74 | 595| 6.63|1012 {1331 [1522 |583 | 447 (397
Nickel zinc 63| 70 | 76 | 162 |186 [200 |295 | 3.94| 447 440| 603 | 759 [707 | 658 |606
Sodium sulfur 92 [103 [ 119 | 143 |161 |172 |4.19 | 5.10| 568 79211000 (1269 |429 | 364 |336
Zinc air 120 | 146 [165 [ 97 | 119 | 126 {3.09 | 4.04| 432| 378 539 | 688 [545 |421 (377
Zinc bromide 731 74| 77 | 92 |122 (139 [337 | 475 5.50| 628 766| 925 [745 | 606 {567
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vehicle curb weight, indicating a si
you rate the following battery type
respect to residuals of manufacture, use, and disposal? Please use a scale of 1 (least recyclable, most negative

environmental impact) to 10 (most recyclable, least negative environmental impact).

(1) Lead acid............... 1 2
(2) Lithiumiron ........... 1 2
disulfide
(8) Lithium polymer ..... 1 2
(4) Nickel cadmium ..... 1 2
(5) Nickel iron.............. 1 2
(6) Nickel metal........... 1 2
hydride
(7) Nickel zinc ............. 1 2
(8) Sodium sulfur ........ 1 2
(9) Zincair....eeceeeeuvnees 1 2
(10) Zinc bromide.......... 1 2
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Il. COMPONENTS - Environmental Impact

(B) The weight of vehicular propulsion battery modules will be in the hundreds of kilograms, or as much as one-third of
gnificant materials disposal problem at the end of the module's life. How would
s with respect to their (a) recyclability and (b) overall environmental impact with
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10

10

10
10
10

10

10
10
10

10

(1) Lead acid
(2) Lithium iron disulfide

(3) Lithium polymer

(4) Nicke! cadmium

(5) Nickel iron

(6) Nickel metal hydride
(7) Nicketl zinc

(8) Sodium sulfur

(9) Zinc air

(10) Zinc bromide

8.19
5.34
5.61
5.53
7.05
7.04
6.93
5.61
7.35
4.56

5.58
6.21
3.59
6.13
6.47
6.33
5.63
717
4.03




120

II. COMPONENTS - Motors

(C) The match between motor technology and propulsion battery system will be of great importance to the ultimate
success of EVs and HEVs. Three candidate motor technology types are given below. For each of the projection
years shown, please indicate your ranking of these three candidates from 1 (least likely) to 3 (most likely) with
respect to your estimate of technological maturity and appropriateness of motor/battery system match in that year.
Also please give your estimate of what each of these systems will cost, using as your index value (1.0) the cost of a
1993 DC motor and assuming amortization of necessary research, development, and demonstration. Assume equal
production volumes for all candidates.

YOUR SECOND STAGE RESPONSE

2000 2010 2020 ' 2000 2010 2020
Direct current Direct current
AC induction AC induction
DC brushless DC brushless

Please describe how you developed the cost ratios

Year 1995 2000 2010 2020 1995 2000 2010 2020
Direct current 1.91 1.66 1.57 1.61 1.18 1.19 1.34 1.56
AC induction 2.09 2.25 2.31 2.25 1.96 1.54 1.37 1.44
DC brushless 1.86 2.05 2.20 2.21 3.06 2.10 1.70 1.65
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Il. COMPONENTS - Advanced Materials

(D) Electric and hybrid vehicle design goals include low vehicle weight without sacrifice in occupant safety. Advanced
materials may be good candidates for helping to achieve these goals, and EV production may in turn stimulate
development and accelerate commercialization of advanced materials. A selection of materials likely to be used in
EV/HEV production applications is given below. Please rate each with respect to the attributes shown, using a
scale of 1 (poor performance on this attribute) to 5 (excellent performance on this attribute).

YOUR SECOND STAGE RESPONSE

(1) COomMPOSIte ..ccvvreererireerrsnerinneens 1 2 3 4 5. 1 2 3 4 5. 1 2 3 4 5
(2) Powdered metal ........cccoeuceunenen. 1 2 3 4 5.vveennns 1 2 83 4 5. 1 2 3 4 5
(3) Plastics ....ccveerrvniiineeiceieennnnen. 1 2 3 4 5.eneneens 1 2 3 4 5. 1 2 3 4 5
(4) CeramiCs .....occvuerreneneninnresennens 1 2 3 4 5.eveeeees 1 2 3 4 5. 1 2 3 4 5
(5) AluminumM .....ccooeveivnmerinneinnienns 1 2 383 4 5.ceeeees 1 2 3 4 5. 1 2 3 4 5
(6) High-strength steel .................... 1 2 3 4 5. 1 2 38 4 5. 1 2 3 4 5

(1) Composite ......ccooremeremerrneeisinnnns 1 2 3 4 5. 2 3 4 2 3 4 5
(2) Powdered metal ......ccccounuunnnn 1 2 3 4 5. 1 2 3 4 5.cincceenn, 1 2 3 4 5
(3) Plastics ...c.cocevreinieimivcieiine 1 2 3 4 5. 1 2 3 4 5. 1 2 3 4 5
(4) Ceramics ....cccccevvvimmninecriincnnnnns 1 2 3 4 5. 1 2.3 4 5. 1 2 3 4 5
(5) AlUMINUM ceoeeeeeieeie s 1 2 3 4 5. 1 2 3 4 5. 1 2 3 4 5
(6) High-strength steel .................... 1 2 3 4 5. 1 2 3 4 5.ivnnen 1 2 3 4 5

(1) Composite 2.98 4.49 4.05 3.70 4.04 2.59

(2) Powdered metal 3.19 2.86 2.81 3.44 3.35 3.10

(8) Plastics 3.12 4.66 2.97 3.59 3.61 3.96

(4) Ceramics 3.39 4.69 2.31 3.09 3.26 242

(5) Aluminum 3.90 3.49 3.69 413 3.95 3.65

(6) High-strength 3.76 2.60 4.57 4.58 4.27 4.24
steel
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IIl. COMPONENTS - Combustion Engines for Hybrids

(E) The five engine types given below may all be used in hybrid electric vehicles after appropriate modification and
optimization. Please rank these five from 1 (least) to 5 (most) with respect to technological maturity, suitability,
and cost effectiveness in each of the three future years shown.

YOUR SECOND STAGE RESPONSE

R G DO S R B ST R R S R

2000 2010 2020 2000 2010 2020

2-stroke Otto (SI) 2-stroke Otto (Sl)
4-stroke Otto (SI) 4-stroke Otto (SI)
Diesel (Cl) Diesel (Cl)

Gas turbine Gas turbine

Fuel cell Fuel cell

2000 2010 2020

2-stroke Otto (SI)

4-stroke Otto (SI)

Diesel (Cl)

Gas turbine

Fuel cell

Year 2000 2010 2020 2000 2010 2020 2000 2010 2020
2-stroke Otto (S1) 3.16 3.26 3.15 3.24 3.23 3.03 3.61 3.56 3.53
4-stroke Otto (SI) || 4.42 4.20 3.92 419 3.7 3.45 419 3.86 3.55
Diesel (CI) 3.84 3.89 3.74 3.80 3.82 3.52 3.50 3.51 3.35
Gas turbine 2.55 3.05 3.40 2.59 3.01 3.27 2.30 2.70 2.98
Fuel cell 1.53 1.96 2.76 1.78 2.29 2.98 1.62 2.07 2.73
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Il. COMPONENTS - Advanced Concepts

(F) Could high technologies be modified in order to benefit electric vehicle applications? What are the advanced
technologies most likely to be both available and useful for EV and HEV application in the years 2000, 2010, and
2020? For each year please rank the five candidate technologies below for, respectively, (a) viability and (b) cost in
each of these years, using a scale of 1 (weakest technological candidate; excessive cost) to 5 (strongest technologi-
cal candidate; most reasonable cost).

YOUR SECOND STAGE RESPONSE

2000 2010 2020 2000 2010 2020
Advanced electronics Advanced electronics
Very light, high tensile Very light, high tensile
strength materials strength materials
Extended-life batteries Extended-life batteries
Solar conversion devices Solar conversion devices
Ultra capacitors Ultra capacitors

Advanced electronics 4.11 413 4.08 4.02 3.95 412 419 417

Very light, high 3.47 3.61 3.66 3.62 ||329 333 338 338
tensile strength mat.

Extended-life batteries 2.8 3.14 3.50 3.68 2.67 298 3.24 3.33

Solar conversion devices | 1.78 1.86 2.10 2.26 1.89 203 2.20 2.31

Ultra capacitors 1.97 2.30 2.62 293 ({202 219 247 2.69
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(A) Please indicate whether you agree or disagree with the following statements.

YOUR SECOND STAGE RESPONSE
AGREE DISAGREE

(1)  Electricity used by EVs and HEVs will be generated predominantly .......... a a 51
from coal.

(2) If (1) is true, total emissions of carbon dioxide and, possibly, ..................... 0 Q 59
of oxides of nitrogen and sulfur will increase.

(3)  Most electricity used by EVs and HEVs will be generated........................... a Q 43
from natural gas and other low-carbon-per-kW fuels.

(4)  Nuclear power will play an important role iN ..........ccoeoveeeeeeeeeeeeeeeereesenennn. a a 47
electricity generation for EVs.

(5)  Anyincreases in power plant emissions due t0 EV US€.......cceeeeeeeeeeeeuennn.n. a ] 71
will be offset at the local level by decreases in on-road emissions.

(6) Most EV charging will use overnight base load capacity, ............ccceeeueuenn.... Q Q 77
resulting in little net increase in daytime power plant emissions.

(7)  EVs will be environmentally beneficial due to displacement ........................ a a 77
of emissions from urban areas to remote power plants and from
daytime to nighttime.

(8) EVs will help reduce urban ozone levels due to displacement .................... a Q 82

of gasoline combustion and storage by fuels and/or energy
production techniques with lower ozone-forming potential.

lll. SYSTEM IMPACTS - Global Warming

(B) Please indicate whether you agree or disagree with the following statements on global warming.

YOUR SECOND STAGE RESPONSE
AGREE DISAGREE

(1) EVsand HEVs will reduce global warming potential by 2020 .................... a a
even if these vehicles have a market share of only 33 percent.

() The complexity of global warming as a scientific issue requires.................. a a 74
that many more studies must be undertaken before key
policy decisions are made.

(8)  Mitigation of global warming potential could have significant . .................... a a 72
socio-economic benefits.

(4) Giobal warming has been unmasked as such an unimportant ................... Q Q 27
issue that future decisions about transportation policy should
not be required to consider it.

(5) Policies with significant implications for global warming potential............... Qa Q 50

will be implemented by governments no later than year 2000.



lll. SYSTEM IMPACTS — Nuclear Energy

(C) Europe and Asia have both made a strong commitment to nuclear power, concluding that, in general, only nuclear
power can provide both sufficiently high energy efficiency and low air pollution at reasonable cost. In the U.S.,
attitudes about the necessity for nuclear power are far more equivocal. Please rank the six following possible
causes for this difference in the U.S. position using a scale of 1 (strongest disagreement) to 6 (strongest agreement).

YOUR SECOND STAGE RESPONSE

RANK1-6

_____ Relative abundance of coal in the U.S. 3.47
_____ Relative abundance of natural gas in the U.S. 3.35
____ Perceived superiority of U.S. fossil fuel power plant technology 242
______ Continued availability in the U.S. of remote areas for building non-nuclear 3.02

power plants which disperse pollution from tall stacks

__ Negative public opinion due to accidents or near accidents in U.S. 4.76
______ Lack of perception or education about the relative costs and environmental 4.40

benefits of nuclear, fossil, and renewable energy plant technologies,
including costs of residuals disposal

ll. SYSTEM IMPACTS — Market Success Factors

(D) Please rate the following based on your perception of actions required in order to improve the chances of successful
EV/HEV commercialization in the 1990s. Use a scale of 1 (strongest disagreement) to 5 (strongest agreement).

strongly disagree strongly agree

(1) . Acquisition and operating costs must be reduced...........cocovenveimininenienecinns .1 2 3 4 5 4.57
(2) Commitment by original equipment manufacturers must be greater .................. 1 2 3 4 5 3.85
(3) There must be enough R & D to ensure excellent product .............................. 1 2 3 4 5 423
(4) EV/HEVs must be as reliable as gasoline vehicles .........c.ocovnenrecoiiiininieninnecn. 1 2 3 4 5 4.62
(5) Key technologies must be implemented ... 1 2 3 4 5 407
(6)  Supporting infrastructure must be developed ..........cviivninnsecesinnnieenneee 1 2 3 4 5 419
(7)  Urban air pollution must continue 1o be perceived as a severe problem ............. 1 2 3 4 5 3.96
(8)  Public policy must sufficiently incorporate environmental imperative ................... 1 2 3 4 5 3.78
(9) A new oil crisis Would haVe 10 OCCUT ....cc.ccerceemreiminiiccetneiscte e sesaesenenss 1 2 3 4 5 2.63
(10) EV/HEV performance must rival that of internal combustion engine vehicles ..... 1 2 3 4 5 3.93
(11)  Large direct incentives to buyers are NECESSANY .......ccvvrvreeererrrrerietenniscnscessnseses 1 2 3 4 5 3.49

Consumer education and overall promotion of EV/HEVs must increase ............. 1 2 3 4 5 3.66
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APPENDIX B:

COMPARISON OF STAGE 1 AND STAGE 2 QUESTIONNAIRES
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APPENDIX B

COMPARISON OF STAGE 1 AND STAGE 2 QUESTIONNAIRES

Stage 1 Questionnaire

The layout of the Stage | questionnaire was as follows:
I.  Vehicles

Basic characteristics of electric passenger vehicles (EVs)

Basic characteristics of hybrid electric passenger vehicles (HEVs)

Amenities

Research and development needs

Hybrids

Cost ratios

Fuel and maintenance cost ratios

Obstacles to commercialization

. Market penetration

II. Components

Battery characteristics

Environmental impact

Motors

Advanced materials

Combustion engines for hybrids

. Advanced concepts

II. System Impacts

Air pollution

Global warming

Nuclear energy

Market success factors

Tmommyuawe

ocaw»

T

vow

Stage 2 Questionnaire

The layout of the Stage 2 questionnaire was essentially the same as the Stage 1 except that
question G in section one had three parts (as shown below) instead of just one.
I. Vehicles
G. Fuel and maintenance cost ratios
Part 1 - provide fuel and maintenance cost ratios
Part 2 - provide fuel economy ratios
Part 3 - provide HEV fuel type
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APPENDIX C:

DETAILED RESULTS OF STAGE 2
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Electric/Hybrid
Vehicle Study

Second Stage Results

Argonne National Laboratory
Center for Transportation Research




If you have a specific concept of the likely market(s) for electric vehicles in the U.S. transportation system (for
example, commercial fleet vehicle only, commuter car, “city car,” rental/lease vehicle only) please indicate what that
market or markets will be before proceeding with the questionnaire:

. VEHICLES - Basic Characteristics of

Electric Passenger Vehicles (EVs)

(A) Please rate below the importance of these vehicular attributes from 1 (not important) to 10 (most important), based
on your assessment of the most likely EV market as entered above, and also identify on the accompanying charts
the most realistic specifications and characteristics of EV's for each of the years 2000, 2010, and 2020.

YOUR SECOND STAGE RESPONSE

rvopsvmrmy oy

not important most important

(1) Range (as appropriate t0 ...........ccceerereevreennene 1 2 3 4 56 7 8 9 10 8.86
market niche/mission)

(2)  0to 50 kph (31 mph) acceleration time............. 1 2 3 4 56 7 8 9 10 7.14
(3) 50 to 100 kph (62 mph) acceleration time......... 1 2 3 4 56 7 8 9 10 6.21
(i.e. passing power)
(4)  TOPSPEEU ..cooevicecceeere ettt 1 2 3 456 7 8 9 10 5.35
(5)  Uphill percent grade (max.) that will allow........ 1 2 3 4 5 6 7 8 9 10 7.09
sustained speed of 75 kph (45 mph)
(6)  Seating capacity or payload weight ................. 1 2 3 4 5 6 7 8 9 10 6.18
(7)  Cargo SPACE ..eovveeeeererreeereneesesrease s 1 2 3 45 6 7 8 9 10 5.48
(8)  Unladen vehicle weight (including batteries)...1 2 3 4 5 6 7 8 9 10 5.41
(9) Power to weight ratio ............c.cccevveeerreriencnnne. 1 2 3 4 56 7 8 9 10 6.80
(10)  Recharging time ..........cc.ccvvveeereveeneereeeereenes 1 2 3 4 56 7 8 9 10 7.63
(11)  Maintenance interval ..........ccccccceeeeureverenerennne 1 2 3 4 5 6 7 8 9 10 7.67
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Please mark appropriate box for EVs for each projection year.

YOUR SECOND STAGE RESPONSE

KM (ML) | 2000 | 2010 | 2020 KPH (MPH) (2000 | 2010 | 2020
650 (404) 190 (118)

450 (280) 150 (93)

350 (217) 130 (81)

250 (155) 110 (68)

150 (93) 90 (56)

2000

2010

2020

SEC.

2000

2010

2020

14

12

10

% GRADE

2000

2010

2020

Range, Km 270
0-50 KPH, Sec 7.40 5.80 5.20
50-100 KPH, Sec 11.56 9.89 9.19
Top Speed, KPH 117 131 141
Up Hill, % 5.038 6.75 7.84
Seating, Person 3.41 4.08 4.64

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.
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Please mark appropriate box for EVs for each projection year.

YOUR SECOND STAGE RESPONSE

LITERS (ft3)| 2000 | 2010 | 2020 MINUTES | 2000 | 2010 | 2020
600 (21) 300

400 (14) 120

300 (11) 30

200 (7) 10

100 (4) 5

KG (LB) [2000 | 2010 | 2020 KM (M) |2000 | 2010 | 2020
1800 (3968) 75000 (46603)

1400 (3086) 50000 (31069)

1200 (2646) 30000 (18641)

1000 (2205) 15000 (9321)

800 (1764) 5000 (3107)

kW (hp) | 2000 | 2010 | 2020

150 (201)

110 (148)

90 (121)

70 (94)

50 (67)

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.

OND STAGE RESULTSMEAN
- 000 | 2010 | 2020
Cargo, Liter 216 289 345
Curb Weight, Kg 1538 1351 1222
Power, Kw 66.7 86.1 99.2
Recharging, Min 233 141 85
Maintenance, Km | 20322 33589 47694
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If you have a specific concept of the likely market(s) for hybrid electric vehicles in the U.S. transportation system (for
example, commercial fleet vehicle only, commuter car, “city car”, rental/lease vehicle only) please indicate what that
market or markets will be before proceeding:

®)

(11)
(12)

(10)

Il. VEHICLES - Basic Characteristics of

Hybrid Electric Passenger Vehicles (HEVs)

Please rate below the importance of these vehicular attributes from 1 (not important) to 10 (most important),
based on your assessment of the most likely HEV market(s), and also identify on the accompanying charts the
most realistic specifications and characteristics of HEVs (battery plus engine) for each of years 2000, 2010,
and 2020.

YOUR SECOND STAGE RESPONSE

not important most important

Range (full charge and engine fuel) ................. 1 2 3 4 5 6 7 8 9 10 8.96
Range on engine alone.............oeeeveceecerererennns 1 2 3 4 56 7 8 9 10 7.55
0 to 50 kph (31 mph) acceleration time............. 12 3 4 5 6 7 8 9 10 7.38
50 to 100 kph (62 mph) acceleration time ........ 1 2 3 4 5 6 7 8 9 10 7.00
(i.e., passing power)

TOP SPEEA ...t 1 2 3 4 5 6 7 8 9 10 6.57
Uphill percent grade (max). that will allow......... 12 3 4 5 6 7 8 9 10 7.49
sustained speed of 75 kph (45 mph)

Seating capacity or payload weight ................. 1 2 3 4 5 6 7 8 9 10 6.90
Cargo SPACE ...cecveeeeerreereeseeereeeae e eeeenensas 1 2 3 4 5 6 7 8 9 10 6.37
Unladen vehicle weight ..........c.cocvvirmreenenn.e. 12 3 4 56 7 8 9 10 5.82
(including batteries)

Power o weight ratio ..........c..cccceevecereveeeeenn, 1 2 3 4 5 6 7 8 9 10 6.85
(assume equivalence for engine and motor)

Recharging time ...........coeeueceeeececeereeee e, 1 2 3 4 5 6 7 8 9 10 6.19
Maintenance interval ............ccoeeeeeeeeeveeeennnn.. 1 2 3 4 5 6 7 8 9 10 7.42




Please mark appropriate box for HEVs for each projection year.

YOUR SECOND STAGE RESPONSE

KM (ML) | 2000 | 2010 | 2020 |

650 (404) 14
450 (280) 12
350 (217) 10
250 (155) 8
150 (93) 6

KM (Mi) | 2000 | 2010 | 2020 KPH (MPH) | 2000 | 2010 | 2020
300 (186) 190 (118)
200 (124) 150 (93)
150 (93) 130 (81)
100 (62) 110 (68)
50 (31) 90 (56)

T R TTE
. 75KPH(45MPH)S

% GRADE

—
—
-t
i

Win|~N|©
=W~

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.

ECOND STAGE RESULTSMEAN
AR | 2000 | 2010 | 2020

Range, Km 353 469 527
Engine Range, Km 215 257 281
0-50 KPH, Sec 6.95 5.46 4.70
50-100 KPH, Sec 10.75 9.10 8.23
Top Speed, KPH 125 139 147
Up Hill, % 5.88 7.77 9.32
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Please mark appropriate box for HEVs for each projection year.

YOUR SECOND STAGE RESPONSE

PERSONS| 2000 | 2010 | 2020 kW (hp) | 2000 | 2010 | 2020
6 150 (201)
5 110 (148)
4 90 (121)
3 70 (94)
2 50 (67)

LITERS (ft3)| 2000 | 2010 | 2020 MINUTES | 2000 | 2010 | 2020
600 (21) 300
400 (14) 120
300 (11) 30
200 (7) 10
100 (4) 5

KG (LB) | 2000 | 2010 | 2020 KM (M) | 2000 | 2010 | 2020
1800 (3968) 75000 (46603)
1400 (3086) 50000 (31069)
1200 (2646) 30000 (18641)
1000 (2205) 15000 (9321)
800 (1764) 5000 (3107)

If you disagree with the range of values provided along the y-axis for any of these characteristics, please supplement or
replace them by entering your preferred values in the appropriate cells.

Seating, Person 3.85 4.50 4.96
Cargo, Liter 244 317 367
Curb Weight, Kg 1556 1382 1265
Power, kW 79.6 99.1 108.6
Recharging, Min 144 62 45
Maintenance, KM | 17181 28464 38127
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|. VEHICLES — Amenities

(C) Cars often do not succeed in the marketplace without additional amenities for occupant comfort and aesthetics. If
applied to EVs and HEVs, some of these component amenities may have to be re-designed or even newly-devel-
oped. In your view, how important are the following amenities to the eventual success of EVs and HEVs? Please
rank from 1 (least important) to 5 (most important).

SECOND STAGE RESULTS RANK MEAN

RANK 1-5

_3.59 Air conditioning

_4.53 Compartment heating and window defrost (to comfort level in 5 minutes)
_2.25 Power auxiliaries (windows, doors, seats, brakes, steering)

_2.47 Audio entertainment

3.24 Premium safety equipment (i.e., air bags, anti-lock brakes)

I. VEHICLES - Research and Development Needs

(D) Battery (energy density, operating temperature, materials) and energy storage technology (ultracapacitors, fly-
wheels); vehicular technology (body, chassis, steering and suspension); and component technology (motor, drive
train, and regenerative or mechanical braking) are the three major concerns in R & D aimed at commercialization of
EVs and HEVs. In your opinion, which areas of concern will require the greatest share of R & D before these
vehicles can be successfully marketed? Please rank the three areas from 1 (least important) to 3 (most important).

SECOND STAGE RESULTS RANK MEAN
RANK 1-3

2.85 Battery/Energy storage technology
1.31 Vehicular technology

1.90 Component technologies



I. VEHICLES - Hybrids

(E) Hybrid electric vehicles (HEVs) have been considered an alternative to gasoline passenger vehicles because they
may combine the best aspects of internal combustion (IC) engine-powered and battery-powered propulsion. Please
indicate with an “x” whether you agree or disagree with the following statements about HEVs. Assume that the IC
engine is fueled by either gasoline or a non-petroleum fuel; if your answer would differ based on what the IC engine
fuel is, please so indicate.

YOUR SECOND STAGE RESPONSE
AGREE DISAGREE

(1) HEVs will be commercialized as a viable alternative

to gasoline vehicles in the intermediate term (2000-2005)................ Q Q
(2 HEVs will be commercialized as a viable alternative

to gasoline vehicles in the longer term (2005-2020) ........ccccvveueeene. a Q 83
(3) HEVs will never be a viable alternative .........c.cccocvinninicncccsnienne, Q Qa 8
(4)  Most components needed by HEVs are market-ready today ........... Q a 27
(5) New R & D requirements for HEVs are minimal ..........ccococecevervennnn o Q 15
(6) Operating range of HEVs will be extended by more

than 150 km (93 miles) compared t0 EVS ...........ccoeeeeuerreneeerernenens Q Q 94
(7) Component manufacturing and servicing infrastructure

fOr HEVS iS 1aCKING ...vvvurereieresieicrsiessesseesstsessssssssnssssesssssassassssssssases Q a 88
(8) HEVs will cost less than EVs when commercialized .............ocuuee.... Q Q 23
(9) HEVs could meet U.S. Tier |l emissions standards if required

for MY2004 and later automMOobiles .............eveeeecrieerersieseesnessessensenens 0 Q 98
(10) Performance of HEVs can be improved...............cceeeeveervereerecsessennn. Q Q 98
(11)  Hybrid vehicles will not need electricity from the grid...........c.c.ccuvee.. Q Q 29
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I. VEHICLES - Cost Ratios

(F) Using a conventional gasoline-fueled compact 4-door sedan as the baseline [1993 US $15000 as index value (1.0)],
please provide your estimate of the purchase price ratio for each of the five types of vehicles listed below in each of
3 future years. The cost of the initial battery pack should be included but not the replacement battery cost in your

estimate. -

SECOND STAGE RESULTS MEAN

YEAR 2000 2010 2020
(1) Conventional (piston) €ngiNes ...........cccevvevrerereeeeennns 1.26 1.60 2.02
(2) EIBCHIC ettt sttt 2.29 2.31 2.38
(3) Hybrid with conventional (piston) engine ................... 2.47 244 2.54
(4) Hybrid with gas turbing ........cceeceeveeeecinrenrece e, 3.27 3.04 3.07
(5) Hybrid with fuel cell ........cooccoeiveieeecee e, 5.15 4.36 3.98

Please describe below how you arrived at these values (a list of assumptions about the type and size of battery pack that
you assume for vehicles 2-5 would be very helpful)
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I. VEHICLES - Fuel and Maintenance Cost Ratios

(G) Part1l- Using a conventional gasoline-fueled mid-size sedan with fuel and maintenance cost of 1993 US $0.18/km
($0.29/mile) as the baseline, please provide your estimate of the fuel and maintenance cost ratio for each of the five
types of vehicles listed below in each of 3 future years. Do not include replacement cost for the propulsion battery

pack in your estimate.

SECOND STAGE RESULTS MEAN

YEAR 2000 2010 2020
(1) Conventional (piston) €NgINES .........ccereeireeriieniveseennes 1.18 147 1.80
g T = =T (oSO PSPRSOUEONt 1.41 1.43 1.54
(3) Hybrid with conventional (piston) engine ................... 1.56 1.63 1.88
(4) Hybrid with gas turbine ........c.cccmivvnniiincnienensenane 2.00 196 2.08
(5) Hybrid with fuel Cell .........ccovervrireriririeeciiienerenens 2.66 227 2.35

Please describe below how you arrived at these values
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I. VEHICLES - Fuel and Maintenance Cost Ratios

(G) Part2 - Using a conventional gasoline-fueled mid-size sedan with an estimated year 2000 fuel economy of 30 miles/
gallon (12.75 km/L) as the baseline, please provide your estimate of the fuel economy ratio for each of the 5 types of

vehicles listed below for each of the 3 future years. SECOND STAGE RESULTS MEAN
YEAR 2000 2010 2020

(1) Conventional (piston) engines 1.00 1.09 1.16

(2) Electric 1.41 1.54 1.67

(3) Hybrid with conventional (piston) engine ................... 1.18 1.29 1.40

(4) Hybrid with gas turbinge .......cccoccvrvcireciriecirceeccennne 1.22 1.40 1.52

(5) Hybrid with fuel cell ........cccoevreiireirreerceeecereeceecnaes 1.27 1.42 1.59

(G) Part 3 - Please indicate the type of fuel that you have assumed for the three types of hybrid electric vehicles in each

of 3 future years. YEAR 2000 2010 2020

(1) Hybrid with conventional (piston) engine
(2) Hybrid with gas turbine
(8) Hybrid with fuel celi

s VFueTT e Raw Data C%&ntS‘" 2nd stage Del hiai‘es'ﬂlj’t‘s' PRl
HEV /ICE HEV / Turbine HEV / Fuel Cell

Fuel Type 2000 2010 2020 2000 2010 2020 2000 2010 2020

alcohol 1 1 1 2 3 3

methanol 1 1 2 1 1 1 13 15 13

meth.distil., or NG 1 1 1

natural gas 3 3 3 5 4 2 3 1

CNG 5 6 8 11 10 4 5 3

LNG 1 1 1

NG or hydrogen 1 1 1

LPG or CNG 1 1 1 1

diesel 4 5 4 5 6 6

diesel #2 1 2 1 1 1 1

diesel or mid. distl. 1 1

jet fuel (JP4) 5 5 6

jet fuel (JP8) 1 1 1

kerosene 8 9 7

diesel or kerosene 1 1 1

diesel, JP4, or kerosene 1 1 1 1

fuel oil or kerosene 1 1 1

fuel oil 3 2 2

hydrogen 1 1 1 2 20 20 24

hydrogen-air 1

hydrogen-oxygen 2 2 2

gasoline 52 38 36 12 10 10 2 2 2
[ RFG 5 4 4 1

gas / alcohol 2 1

gas / coal 1 1 1

methane 2 1 1 2 2 2

biofue! 1

carbon 1

electricity 1 1 1

synfuel 2 1

propane 1

No. of responses 64 63 63 55 58 58 51 56 57

No response (blank) 29 30 30 38 35 35 42 37 36
Total Population 93 93 93 93 93 93 a3 93 93
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I. VEHICLES - Obstacles to Commercialization

(H) Recent studies have estimated that EVs and HEVs could cost significantly more than their gasoline counterparts.
Please rank from 1 (least important) to 6 (most important) the following six issues according to your belief in their
potential to be obstacles to EV and HEV commercialization; use cost as the primary criterion.

SECOND STAGE RESULTS RANK MEAN

EVs HEVs
RANK1-6 RANK1-6

2.15 1.93 Materials scarcity

4.77 4.75 Cost and complexities in manufacture of battery and drivetrain
needed to produce an attractive vehicle

5.09 499 Sales volume too low for economical production

2.66 2.86 Inadequate government R & D support

3.16 3.22 Insufficient Corporate Average Fuel Economy (CAFE) credits to
offset costs of R & D and vehicles

3.42 3.41 Failure of life cycle costing to include intangible environmental

benefits needed to offset R & D and vehicle costs



l. VEHICLES - Market Penetration

(I) Please estimate the market (U.S.) share in percent for each of the six vehicle types listed below in each of three
future years. Make sure the shares total to 100% in each column. Estimate the share of new light duty vehicle

(passenger cars and light trucks) sales.

SECOND STAGE RESULTS MEAN NORMALIZED

YEAR 2000 2010 2020
(1) Conventional (piston) engines ..........cocveceveeveniirccennens 9712 89.71  77.55
(2) EBIECHC ...eonveeeerreereiresre st es et essas e sssessessesesnnens 131 410 7.49
(3) Hybrid with conventional (piston) engine ................... 1.14 4.09 7.91
(4) Hybrid with gas turbing .......ccccceveereerercerccneeceeeneene _16 _93 2.96
(5) Hybrid with fuel Cell ........cooovvmeeerreeee e _16 _71 2.9

(6) Other technology not named above
please stipulate) ......ccovcvvcerveeniriciecireceeesee e A1

TOTALS 100% 100%  100%

46 1.13
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Il. COMPONENTS - Battery Characteristics

(A) Battery technology is important to both electric and hybrid electric vehicles (EVs and HEVs). For each of the years
2000, 2010, and 2020, please estimate achievable characteristics of as many of the ten types of batteries listed in the
next page with which you are familiar. Please feel free to ask your colleagues to assist you in responding to this
question.

SECOND STAGE RESULTS MEAN

Please provide your estimate of battery characteristics using the same units as the current batteries.

Current lead acid 30 Whtkg 80 W/kg 3 Years 500 Cycles US $200/KWh
Current nickel cadmium | 55 175 5 1000 700
Current sodium sulfur 80 130 4 700 400
o o o o (] o o o o [ o o o o 8
YEAR 813 |8 Sla|8 | 8|5 |8 2ls |8 | 8|c |8
(aV] (aV] (a1} (oY) (4] (aV] A N (4] (q)] (4] [aV] AN (aV] A
Lead acid 40 | 44 | 48 | 155 | 190 | 214 |3.43|4.37 | 4.43 | 611 | 740 | 872 | 185 | 179 | 184

Lithium iron disulfide 97 | 116 | 138 | 167 | 209 {269 |[3.48 |4.62| 5.72 | 519 (698 | 884 | 853 | 664 | 622

Lithium polymer 110 [ 144 | 172| 136 {167 | 193 |4.797.22| 8.19 | 577 | 876 | 1185 592 | 406 | 296
Nickel cadmium 57 |60 | 62 | 189 {199 | 209 |5.74 |6.61 | 7.84 | 1255|1428 | 1546 | 575 | 517 | 492
Nickel iron 51 | 55 | 58 | 125 | 140 | 152 | 8.34 [9.12| 9.75 | 1055|1294 | 1545| 529 | 482 | 448

Nickel metal hydride 73 | 83 | 89 | 165 | 184 (203 |4.63 (599 | 6.65 | 969 |1177|1312| 569 | 426 | 382

Nickel zinc 61 |68 | 74 | 171 | 192 | 214 | 3.08 {4.17 | 4.78 | 427 | 570 | 716 | 654 | 587 | 548
Sodium sulfur 95 [102 | 107 | 144 {153 {160 | 4.23 {5.36 | 5.26 | 683 (829 | 910 | 392 | 339 | 318
Zinc air 116 {137 {146 | 91 |108 [122 |3.76 {4.93 | 5.33 | 428 | 568 | 735 | 483 | 387 | 339

Zinc bromide 69 |75 | 79| 94 [ 110 | 124 |3.19[4.22| 496 | 560 | 704 | 840 | 667 | 576 | 523




Il. COMPONENTS — Environmental Impact

(B)

The weight of vehicular propulsion battery modules will be in the hundreds of kilograms, or as much as one-third of
vehicle curb weight, indicating a significant materials disposal problem at the end of the module's life. How would
you rate the following battery types with respect to their (a) recyclability and (b) overall environmental impact with
respect to residuals of manufacture, use, and disposal? Please use a scale of 1 (least recyclable, most negative
environmental impact) to 10 (most recyclable, least negative environmental impact).

YOUR SECOND STAGE RESPONSE

worst best worst best
(1) Leadacid............... 1 2 3 45 6 7 8 9 10 ... 1 2 3 4 5 6 7 8 9 10
(2) Lithiumiron............ 1 2 3 4 5 6 7 8 9 10 ..... 1 2 3 45 6 7 8 9 10
disulfide
(3) Lithium polymer ..... 1 2 3 4 5 6 7 8 9 10 ... 1 2 3 4 5 6 7 8 9 10
(4) Nickel cadmium ..... 1 2 3 4 5 6 7 8 9 10 ... 1 2 3 4 5 6 7 8 9 10
(5) Nickeliron.............. 1 2 3 4 5 6 7 8 9 10 ....... 1 2 3 456 7 8 9 10
(6) Nickel metal........... 1 2 3 4 5 6 7 8 9 10 ... 1 2 3 4 5 6 7 8 9 10
hydride
(7) Nickel zinc ............. 1 2 3 4 5 6 7 8 9 10 ...... 1 2 3 4 5 6 7 8 9 10
(8) Sodium sulfur ........ 1 2 3 4 5 6 7 8 9 10 ... 1t 2 3 4 5 6 7 8 9 10
(9) Zincair......coeereennne 1 2 3 4 56 6 7 8 9 10 ... 1 2 3 4 5 6 7 8 9 10
(10) Zinc bromide.......... 1 2 3 4 5 6 7 8 9 10 ...... 1 2 3 4 5 6 7 8 9 10

ERECYCLABlLlTY

(1) Lead acid

(2) Lithium iron disulfide 5.91 6.32
(8) Lithium polymer 5.93 7.02
(4) Nickel cadmium 6.22 4.25
(5) Nickel iron 6.62 6.38
(6) Nickel metal hydride 7.38 7.16
(7) Nickel zinc 6.45 6.39
(8) Sodium sulfur 6.10 6.34
(9) Zinc air 7.02 7.48
(10) Zinc bromide 4.57 3.98
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(C) The match between motor technology and propulsion battery system will be of great importance to the ultimate
success of EVs and HEVs. Three candidate motor technology types are given below. For each of the projection
years shown, please indicate your ranking of these three candidates from 1 (least likely) to 3 (most likely) with
respect to your estimate of technological maturity and appropriateness of motor/battery system match in that year.
Also please give your estimate of what each of these systems will cost, using as your index value (1.0) the cost of a
1993 DC motor and assuming amortization of necessary research, development, and demonstration. Assume equal
production volumes for all candidates.

SECOND STAGE RESULTS RANK MEAN SECOND STAGE RESULTS RANK MEAN

2000 2010 2020

Direct current 1.92 1.55 1.46 Direct current 1.17 1.32 1.45
AC induction 2.34 2.44 2.51 AC induction 1.74 1.50 1.42
DC brushless 1.79 1 2.14 DC brushless 2.45 1.99 1.68

Please describe how you developed the cost ratios




II. COMPONENTS — Advanced Materials

(D) Electric and hybrid vehicle design goals include low vehicle weight without sacrifice in occupant safety. Advanced
materials may be good candidates for helping to achieve these goals, and EV production may in turn stimulate
development and accelerate commercialization of advanced materials. A selection of materials likely to be used in
EV/HEYV production applications is given below. Please rate each with respect to the attributes shown, using a
scale of 1 (poor performance on this attribute) to 5 (excellent performance on this attribute).

YOUR SECOND STAGE RESPONSE

(1) Composite .......cccoevecierceeccrnenn 1 2 3 4 5.ieenes 1 2 3 4 5. 1 2 3 45
(2) Powdered metal ........cccocueunen.e. 1 2 3 4 5.ineieees 1 2 3 4 5. 1 2 3 4 5
(8) Plastics coeeervmeceeeeeecereerne 1 2 3 4 5 1 2 3 4 5. t 2 3 45
(4) CeramiCs .....ccoveerverereirerriveesvanane 1 2 3 4 5. 1 2 3 4 5..ceeeeene 1 2 3 4 5
(5) Aluminum .......ccociicivcrnnerriennnns 1 2 3 4 5. 1 2 3 4 b5......... 1 2 3 4 5
(6) High-strength steel .................... 1 2 8 4 65................ 1 2 3 4 5...eeen. 1 2 3 4 5

(1) Composite .. 2 3 4 5 2 3 4 . 2 3 4 5
(2) Powdered metal .......cccccerenneee. 1 2 3 4 5. 1 2 3 4 5. 1 2 3 4 5
(3) PIaStiCS .cccveeeeereerreereinerreeeeeneeans 1 2 3 4 5., 1 2 3 4 5. 1t 2 3 4 5
(4) CeramicCs ......cecevmiiceeriniecinennas 1 2 3 4 5. 1 2 3 4 5. 1 2 3 4 5§
(5) Aluminum .....ccoeviieiiiiniirencnen. 1 2 3 4 S....eet 1 2' 3 4 5. 1 2 3 4 5
(6) High-strength steel .................... 1 2 3 4 5. 1 2 3 4 5. 1 2 83 4 5

USiON S RELtABlLlTY | DBUR

\__:STANCE WORTHiNESS g
(1) Composite 2.97 4.57 3.85 3.64 3.89 2.76
(2) Powdered metal 3.11 2.97 2.85 3.39 3.32 2.99
(3) Plastics 3.14 4.65 3.09 3.55 3.54 4.00
(4) Ceramics 3.43 4.53 2.32 2.92 3.37 2.47
(5) Aluminum 3.66 3.59 3.88 4.14 4.07 3.68
(6) High-strength 3.70 2.71 4.51 476 4.29 4.45

steel
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IIl. COMPONENTS — Combustion Engines for Hybrids

(E) The five engine types given below may all be used in hybrid electric vehicles after appropriate modification and
optimization. Please rank these five from 1 (least) to 5 (most) with respect to technological maturity, suitability,
and cost effectiveness in each of the three future years shown.

SECOND STAGE RESULTS RANK MEAN

2000 2010 2020
2-stroke Otto (SI) 3.15 3.03 3.03 2-stroke Otto (S) 294 2.69 2.67
4-stroke Otto (SI) 4.67 4.44 4.18 4-stroke Otto (SI) 4.51 411 3.66
Diesel (Cl) 3.86 4.01 3.91 Diesel (Cl) 2 3.93 3.83
Gas turbine 2.18 2.58 3.11 Gas turbine 2.35 2.84 3.15
Fuel cell 1.18 1.47 1.90 Fuel cell 1.39 1.87 2.49

2000 2010

2-stroke Otto (SI)
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4-stroke Otto (SI)

s |
b |

Diesel (Cl)
Gas turbine 217 2.42
Fuel cell 1.23 1.39
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IIl. COMPONENTS - Advanced Concepts

(F) Could high technologies be modified in order to benefit electric vehicle applications? What are the advanced
technologies most likely to be both available and useful for EV and HEV application in the years 2000, 2010, and
2020? For each year please rank the five candidate technologies below for, respectively, (a) viability and (b) cost in
each of these years, using a scale of 1 (weakest technological candidate; excessive cost) to 5 (strongest technologi-
cal candidate; most reasonable cost).

SECOND STAGE RESULTS RANK MEAN

2000 2010 2020 2000 2010 2020
Advanced electronics 448 438 4.39 Advanced electronics 450 433 435
Very light, high tensile 363 373 371 Very light, high tensile 371 381 3.69
strength materials strength materials
Extended-life batteries 312 337 362 Extended-life batteries 3.02 315 330
Solar conversion devices 1.63 1.57 1.65 Solar conversion devices  1.71 1.68 1.73
Ultra capacitors 183 2142 237 Ultra capacitors 185 213 223




lll. SYSTEM IMPACTS - Air Pollution

(A) Please indicate whether you agree or disagree with the following statements.

YOUR SECOND STAGE RESPONSE
AGREE DISAGREE

(1)  Electricity used by EVs and HEVs will be generated predominantly . ......... a a 49
from coal.
(2) If (1) is true, total emissions of carbon dioxide and, possibly, .............cee.e... Q Q 7

of oxides of nitrogen and sulfur will increase.

(38)  Most electricity used by EVs and HEVs will be generated ...........cooureee.e.. Q Q 47
from natural gas and other low-carbon-per-kW fuels.

(4)  Nuclear power will play an important role in ........c.ceceeeveueeeeeeriieieressisesinens Q a ‘ 40
electricity generation for EVs.

(5) Any increases in power plant emissions due t0 EV US€.........ccceerreereereuenen.. Q a 87
will be offset at the local level by decreases in on-road emissions.

(6) Most EV charging will use overnight base load capacity, ...........coccoeuereueene. Q Q 92
resulting in little net increase in daytime power plant emissions.

(7)  EVs will be environmentally beneficial due to displacement ........................ Q Q 89
of emissions from urban areas to remote power plants and from
daytime to nighttime.

(8) EVs will help reduce urban ozone levels due to displacement .................... Q Q 93
of gasoline combustion and storage by fuels and/or energy
production techniques with lower ozone-forming potential.

(B) Please indicate whether you agree or disagree with the following statements on global warming.

YOUR SECOND STAGE RESPONSE
AGREE DISAGREE

(1) EVs and HEVs will reduce global warming potential by 2020 ..................... Qa Q
even if these vehicles have a market share of only 33 percent.

(2) The complexity of global warming as a scientific issue requires ................. a a 84
that many more studies must be undertaken before key
policy decisions are made.

(3) Mitigation of global warming potential could have significant . .................... Q Q 81
socio-economic benefits.

(4) Giobal warming has been unmasked as such an unimportant ................... a Q 16
issue that future decisions about transportation policy should
not be required to consider it.

(6) Policies with significant implications for global warming potentiat ............... a Q 59
will be implemented by governments no later than year 2000.
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lll. SYSTEM IMPACTS - Nuclear Energy

(C) Europe and Asia have both made a strong commitment to nuclear power, concluding that, in general, only nuclear
power can provide both sufficiently high energy efficiency and low air pollution at reasonable cost. In the U.S.,
attitudes about the necessity for nuclear power are far more equivocal. Please rank the six following possible
causes for this difference in the U.S. position using a scale of 1 (strongest disagreement) to 6 (strongest agreement).

YOUR SECOND STAGE RESPONSE -

RANK1-6

______ Relative abundance of coal in the U.S. 3.77
____ Relative abundance of natural gas in the U.S. 3.47
___ Perceived superiority of U.S. fossil fuel power plant technology 1.82
___ Continued availability in the U.S. of remote areas for building non-nuclear 2.60

power plants which disperse pollution from tall stacks

__ Negative public opinion due to accidents or near accidents in U.S. 5.36
__ Lack of perception or education about the relative costs and environmental 4.41

benefits of nuclear, fossil, and renewable energy plant technologies,
including costs of residuals disposal

lll. SYSTEM IMPACTS — Market Success Factors

(D) Please rate the following based on your perception of actions required in order to improve the chances of successful
EV/HEV commercialization in the 1990s. Use a scale of 1 (strongest disagreement) to 5 (strongest agreement).

.......... strongly disagree strongiy agree
(1)  Acquisition and operating costs must be reduced.......c.ccovvereecerenecrsenrrieiserensenns 1 2 3 4 5 4.78
(2) Commitment by original equipment manufacturers must be greater ................... 1 2 3 4 5 3.82
(3)  There must be enough R & D to ensure excellent product ..........ccocoeeennecrcncenne 1 2 3 4 5 4.26
(4)  EV/HEVs must be as reliable as gasoling vehicles .......c..coccevreiienricececrrnennnean 1 2 3 4 5 4.62
(5) Key technologies must be implemented ..........coceoererenerrnniernnse e 1 2 3 4 5 4.04
(6)  Supporting infrastructure must be developed ........ccoovrneeiccnninincccneee 1 2 3 4 5 412
(7)  Urban air pollution must continue to be perceived as a severe problem ............. 1 2 3 4 5 4.10
(8)  Public policy must sufficiently incorporate environmental imperative ................... 1 2 3 4 5 3.83
(8) A new oil crisis WOUld have t0 OCCUT ......c.cucieeiveeeeeimenrereeseerre st eeeseeceseeseeessenneees 1 2 3 4 5 2.58
(10) EV/HEV performance must rival that of internal combustion engine vehicles ..... 1 2 3 4 5 3.94
(11)  Large direct incentives t0 bUyers are NECESSANY .......ccvrvereeernerereseneresseasenseerens 1 2 3 4 5 3.57
(12) Consumer education and overall promotion of EV/HEVs must increase ............. 1 2 3 4 5 3.61
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