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Abstract

Motor vehicles generate large benefits for society but also cause large adverse impacts.
Many of those impacts can be mitigated with a variety of new and improved technologies. In this
report, we focus on electric-drive vehicle technology; we assess their desirability in Sweden, and
explore the role of government in guiding investments

The desirability of electric-drive vehicles will vary over time and across regions In the case of
Sweden, key factors determining which technologies might be desirable and when, include the
following: the small size of the domestic market, inexpensive and clean clectricity, Sweden’s
strong environmental ethic, a strong automotive industry (including buses and trucks), a well
educated population, and strong advanced technology and telecommunications firms

In the long term, we find that virtually all veisions of electric-drive technology are expected to

eventually prove environmentally superior to internal combustion engine (ICE) vehicles, and 1n

many cases also to prove superior in satisfying consumer desires In the short term, we find that

major automotive companies

« have mostly abandoned plans to build and market conventional-sized battery-electric
vehicles,

e are on the verge of deciding whether to make major investments in fuel cell electric vehicles,

e are tentatively beginning to invest m hybnd electric vehicles

The technology for building competitive electric vehicles is known and available. with the
exception of batieries and {uel cells Battenes are expensive and bulky, and expected to reman
so into the foreseeable future, though with continuing improvements. Fuel cells are of greater
interest for tiaction energy because they are potentially inexpensive (compatable 10 ICEs) and
superior in many ways to ICEs.

Based on the above msights. and an assessment of Sweden’s particular situation, we suggest the
following two strategies for Sweden.

V) An industrial and environmental policy of designing, manufacturing, and deploying
heavy duty vehicles (buses and tucks) powered by electric diive,

2) An environmental policy of deploying small electiic vehicles for on and off-road
transportation applications.
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Abbreviations and Acronyms

AC = alternating current

BEV = battery electric vehicle

BPM = brushless permanent magnet
CAFE = Corporate Average Fuel Economy
CO = carbon monoxide

DC = direct curient

EV = electric vehicle

GHGs = greenhouse gases

FCEV = fuel cell electric vehicle

HEV = hybrid electric vehicle

ICE = internal combustion engine

IGBT = mmsulated gate bipolar tiansistor

kg = kilogram

kWh = kilowatt hour

NEV = neighborhood electric vehicle
NiMH = nickel metal hydride

NOx + oxides of nitrogen

PM = particulate matier

PNGV = Partnership for a New Generation of Vehicles
SOx = oxides of sulfur

SULEV = super ultra-low emisston vehicle
ULLV = ultra-low emisston vehicle

VOCs - volatile o1ganic compounds

ZEV = zero-emyssion vehicle



Problems and Challenges

The world's motor vehicle population is booming. In 1950, approximately 50 million cars
and trucks populated the earth, roughly 2 for every 100 persons. Now there are over 600 million.
roughly 10 per 100 people. If present trends continue, the vehicle population will soar to over 3
billion by the year 2050, exceeding 20 per 100 people. And even then, world car ownership rates
would still fall far short of current Swedish rates of 45 per 100 people (ECMT/OECD, 1998).
Vehicle saturation 1s nowhere in sight People highly value personal mobility and will continue to
expand their use of personal vchicles, even with substantially higher costs of vehicle ownership
and operation. And businesses highly value the flexibility and accessibility offered by trucks, and
will undoubtedly continue to expand their use.

Indeed, transportation is one of the most vital services in modern society. It is essential to
most of the other functions of society, such as manufacturing and construction, food and
agriculture, energy supply and distribution, safety and security, access to medical care, and
tourism and recreation The future of urban societies and regional economies depends critically
on systems of transportation that are reliable, efficient, safe and environmentally sustainable.
New transportation policies, programs and physical systems must be designed and managed to
ensure fast, safe, efficient, and convenient transportation at the lowest economic and
environmental cost

The conflict, then, 15 how to accommodate demands for higher levels of accessibility with
demands for clean and safe physical environments and the reality of finite petroleum resources.
One solution is to reduce car usage - by improving access 0 goods, services, and activities
through improved and expanded public transit, walking, bicycling and telecommuting That
approach has considerable merit, for a variety of reasons extending well beyond energy and
environmental concerns Those approaches merit strong support Here we focus on a different
approach. technological options to create more sustainable vehicles

As indicated in this report, cars can be made more benign Indeed, efforts to do so are
well underway Motot vehicles are about to be technologically transformed Thanks to 1apid
innovation 1n Lightweight materials, energy storage and conversion, power electronics, and
computing (as well as communications and information management), cars will soon be far more
efficient and benign, much safer and easier (o operate, and will host a cornucopia of new services
and gadgets The unplications of these changes are dramatic and far-reaching

While this technological transformation is inevitable. the technological detatls are
difficult to predict Normal uncertainty in cost, performance, and market response will exist, as
with all new technologies. but in this case additional uncertainty results from the pivotal role of
government Because the marketplace largely ignores energy efficiency and low emissions,
government mtervenes by adopting rules and incentives to accelerate the commercialization of
socially beneficial technologics

In the remainder of the report we examine the mternational experience with advanced
environmental vehicles with an cye toward Sweden’s interest in these activities, from the
perspective of industrial and environmental policy

Electric Vehicle Policy Drivers
Interest i clean and efficient vehicles 1s strone and growing arded by the perception and
teality of rapid technological advances  The principal motivaton for developing and mtroducing



more benign vehicles has been, in aimost all countries, clean air. Certainly that is the case in the
past decade.

Earlier, some countries pursued advanced vehicles and alternative fuels for national
security and self-sufficiency reasons. For instance, during the 1980s, Brazil switched almost all
new cars to ethanol fuel made from sugar cane, South Africa produced a substantial portion of i
transportation fuel from coal, New Zealand converted about 10% of its vehicles to natural gas,
and the U.S provided major subsidies for a comn-to-ethanol industry (Sperling, 1988) Of these,
only the U S ethanol effort continues to expand, but 1t is modest in scale, accounting for only
about 1% of national transport fuel demand

As concerns about petroleum supply and price subsided after the oil price crash of 1985,
air quality re-emerged as a more salient concern, and as the principal motivation for new fuels
and technology. Air quality concerns have been motivating OECD countries to impose
wncreasingly stringent emission standards on new vehicles ever since the 1960s, but only
California has pushed the emussions requirements to the point where electric-drive vehicles and
alternative fuels are required (New York and Massachuseits and other states are in the process of
adopting California’s requirements) These zero emission vehicle (ZEV) rules ate premised
exclusively on reduced vehicle emissions, though California regulators are well aware of the
associated energy efficiency and greenhouse gas benefits likely to result from these new
technologics and fuels '

In recognition of growing world-wide demand for improved environmental quality and
with the widespread perception that environmental rules adopted in California will eventually be
adopted world-wide, automakers and a variety of technology companies have been investing in a
wide range of clean vehicle technologies Vartous governments have offered monetary incentives
to vchicle buyers. a few European cities have restricted city center streets to vehicles without
combustion engines, Taiwan has adopted rules requiring that motorbike and motorcycle suppliers
sell a portion of their vehicles as pure battery ZEVs, and some Chinese cities are proposing rules
to encourage battery-powered 2-wheclers. In all these cases, the motivation s cleaner air

A growing concern strengthening the resolve of governments and automakers to develop
cleaner and more efficient vehicles 1s chimate change No country has adopted rules that
spectfically require electric-drive vehicles as a means of reducing greenhouse gas emissions. but

“Initially adopted m 1990 the ZEV rules called for 2% of car sales in California to be zero emitting by 1998,
increasing to 10% tn 2003 The 2% rule was subscquently eiiminated 1in 1996, and in 1998 the 10% rule was
modified to accommodate a broad range of near-zero technologies, including hybrid eleciric, non-hydiogen fuel cell
electric, and very clean internal combustion engine vehicles  As currently stands, the seven largest automotive
supplicrs 1n Califorma (General Motors, Ford, Toyota, Hondaa, DammierChrysler, Nissan, and Mazda) must “make
available for sale” 4% of their vehicles as pure ZEVs - that 1s, as battery electric vehicles (BEVs) and hydrogen-
fueled fuct celi electric velucles (FCEVs) In addition those seven companies must accumulate credits for other
near-zero vehicles (1 e, non-hydrogen FCEVs, hybrid electric vehicles with combustion engines, and very clean
gasolme [CH Vs) that aggregate to the equivatent of 6% of vehicle sales (for details on the partial ZEV credit
program sec Salon ct al 1999y Other automotive providers can meet the entune 10% quota with parual credits they
do not need 1o supply 4% a5 pure Zt Vs Wath hight duty vehicles sales m Calrfornia at about 15 nultion pt year 4%
amounts to 120,000 vdcles per year As mdicated, though, not all companies must comply with the 4% rule, and
companies 1 cuve muluple credits for muoducmg the vehucles ahead of the required schedule and for selimg ZUVs
with long ranecs (over 160 km), thus, even if the 4% rute 15 sustamned over continuine idusty objections actual
sales of BE VS witl endoubtedly be tar toss than 120,600 vehicdes per year 1o the foresecable futuic



many have proposed to do so. What some countries have done is adopt fuel economy programs
to reduce fuel consumption, which have the effect of reducing greenhouse gas emissions. The
European Union has a voluntary agreement with automakers to reduce fuel consumption by 25%
between 1995 and 2008, the US has its Corporate Average Fuel Economy (CAFE) standards
(currently fixed at 27 5 miles per gallon for cars and 20 7 mpg for light trucks); and Japan
adopted sigatficantly tighter fuel economy standards 1in 1999 These voluntary and rule-based
fuel economy programs could be readily converted into greenhouse gas reduction programs

While governments remain hesitant to adopt effective rules and incentives to reduce
greenhouse gas emissions, autoinakers recognize the inevitability of having to supply cleaner and
more efficient vehicles. Some companies are more aggressive, seeing an opportunity to cast
themselves as environmental and technological leaders, others are limiting themselves to
monitoring international progress and slowly developing modest in-house research capabulities
All remain wary of heightcned and accelerated demand for cleaner and more benign vehicles,
aware that new evidence of climate change or a series of environmental disasters might motivate
governments to expedite the adoption of greenhouse gas emission rules

Stil another effective policy driver to introduce electric-drive vehicles is domestic
economic growth. In countries with domestic automotive industries, governments typically aid
domestic companies by funding R&D and advanced technology demonstration projects The goal
is to strengthen the technology capabilities of local companies so that they will thrive in the
world market, generating employment and profits for the home country The European Union,
various European countries, the U S, Canada, Japan, and others have been supporting the
development and demonstration of electric-drive vehicle technology in their respective countries
during the 1990s and 1n some cases for much longer This support has been taigeted at a large
range of technologies and companies (including batteries)

Other policy drivers for electric-drive vehicles may become unportant in specific
locations and circumstances For instance, concerns about noise in city centers and n
ecologically sensitive arcas may motivate the use of quiet BEVs - perhaps as part of the
movement to create car-free zones. Another policy driver in some cases might be military
demands for vehicles without heat and gas traces (1o evade heat-sensing and othier tracking
technologies). indecd, considerable funding in the U S for clectric-drive technology was justified
in this way and was funded through the Defense Department

An indirect pohcy driver that could eventually become a powerful agent of change 1s
traffic congestion and efforts to reduce travel. Historical efforts at travel demand management
have not been effective in most cities (e g , see Guiliano, 1992) Future efforts nught be more
successful, as low-cost information and communication technologies become more widespicad,
perhaps with small personal vehicles playing a central role To be successful, the attitude and
behavior of vehicle owners would have to change Most drivers, upon acquiring a vehicle, rarely
consider other transport modes as substitutes or complements Their vehicle s intended (o setve
all purposes  Thus people (and businesses) generally purchase vehicles that are large and
powerful enough to accommodate the occasional trip that requires large carrying capacity — for
indrviduals, this “marker” trip may be a family outing to visit Grandmother, or it may be toa
local store to pick up a large good

Fhe expectation that all vehicles must serve all purposes could chanue by ustng
information technologies to reduce the inconveniences of mntermodal transpottation | he use of
mformation to facilitate the hnking and attractiveness of different travel modes, would cieate a



large new market for small vehicles.” Instead of buying and using conventional-sized personal
vehicles for all trips, travelers would now find other attractive options readily available,
including shared-use vehicles for occasional trips requiring larger carrying capacity or other
attributes such as 4-wheel drive, telecenters in the neighborhood for telecommuting to work or
regular or infrequent basis; smart paratransit services that promptly pick one up at home or
elsewhere; e-commerce that reduces the need for extensive and long shopping trips, and travel
planning software that enables quick and easy trip linking By enhancing the attractiveness of
these other options, as alternatives and/or complements to the private conventional-sized vehic)
a large new market might be created for small, efficient vehicles Indeed, the availability of
small, inexpensive, environmentally attractive vehicles could be the catalyst — along with
information and communication technologies — for the creation of a more integrated (and
efficient) transportation system (Salon et al, 1998)

In other words, the use of small electric vehicles and communication technologies coulc
facihitate demand management efforts (to create more economically efficient and environmenta
benign transportation systeins) and, conversely, demand management efforts could facilitate the
usc of small electric vehicles. That 1dealized scenano stifl lies in the future, however.

Sweden’s Situation

Every country and company has its own unique set of circumstances, beliefs and values
These differences determine which environmental vehicle strategies are most attractive and mos
likely to be effective

Sweden 15 an affluent, industrialized country of aimost nine million inhabitants Althoug
(or because) the population experiences a relatively high level of environmental quality, the
nation is more committed to environmental quality than most Air pollution 1s not a major
problem, even in Stockholm, and large stretches of unspoiled land are within casy reach of all
inhabitants Most electricity 1s produced “cleanly” by domestic hydro and nuciear power, and
most other energy - oil, natural gas, and coal -- 1s imporied (SNEA, 1998) Abundant forests anc
the absence of domestic sources of fossil fuels have led the country to develop an expanding
biomass encrgy industry. mostly to produce electricity Bromass has not been used to produce
commercial supplies of transport {uel, however, because of the continuing high cost of
converting it to hquid {uels (such as ethanol)

Although « lightly populated country. Sweden is home to several leading industrial
companics, especially n the automotive and information technology industries. and its industinal
sector is well integrated into the global economy The two domestic car companies, Volvo and
Saab, have recently come under control of Ford and General Motors. respectively, but continue «
tetain some independence The nation’s truck suppliers, Scania and Volvo Bus and Truck, are
major players internationally, with Volvo ranked third in the world 1n heavy truck production
{over 16 tonnes) and Scama ranked sixth (Bilindustnif reningen, 1999).

The motor vehicle industry 1s an important component of Sweden’s economy In 1998,
368,000 cars, 100,000 trucks and 15 000 buses were manufactuied in Sweden, of which the vast
majority were expoited (86%. 96%. and 96%. 1espectively) apotts of vehicles. parts, and

)
" Ihese need not be ciectnie, but the rehstivery low cost of small batterv vehicles and ther cnvitonmentel attiactions
mahe thom deally sunca



accessories accounted for 14% of total exports, and the three major vehicle suppliers employed
65,000 people in Sweden (Bilindustriféreningen, 1999)

Sweden is also home to a large telecommunications and information technology industy,
which could play an instrumental role in creative “new mobility” transportation system linkages
using small and specialized vehicles.

The high level of affluence, combined with large land areas and a strong domestic
automotive industry, has led to fairly high levels of car ownership. Car ownership is now
approaching 450 cars per thousand capita, greater than the EU average, and is increasing at a
faster rate than GDP (ECMT/OECD, 1998; Tengstrom, 1999).

One other attribute of relevance is the country’s sense of international presence and
leadership Many Swedes have played leadership roles in international organizations and the
country has committed itself to international mitiatives, well out of proportion to its size and
wealth

In summary, Sweden is a relatively small country with a strong environmental ethic,
successful economy, strong automotive and electronics industries, limited hydrocarbon resources
and abundant hydroelectric power Given these circumstances, Sweden might consider targeting
some technological opportunities where 1t already has stiong capabilities, but would probably be
advised to curb its desire to be a leader in the use of environmental vehicles In the remainder of
the report we examine the international experience with advanced environmental vehicles with
an eye toward Sweden’s interest in these activities, from the perspective of industrial and
environmental policy.

Electric Vehicle Technology Assessment

It 1s widely accepted that the next generation of vehicle technology will utilize electric-
drive propulsion, though there 1s considerable debate, as indicated below, over the technological
details of these propulsion systems, and the rate at which they are likely to be commercialized.

The term “electric-drive vehicle" includes an array of technologies, mcluding but not
himited to vehicles powered by batteries Electric-drive vehicles may be sorted mto four generic
types: 1) pure battery electric vehicles (BEVs) that store wall-plug electricity on board in
batteries, ultracapacitors, and flywheels, 2) pure EVs that gain their electricity as needed fiom a
rail, wire or other off-board source, 3} hybnd electuic vehicles (HEVSs) that gencrate some or all
of their electricity on board using a combustion engine, and 4) fuel cell clectric vehicles (I'CEVs)
that convert chemical energy into clectricity on board using a fuel cell system The common
denomunator for all these technologies is the efficient electric motor that drives the wheels and
that can also be used 0 extract energy from the car's motion when 1t slows down (known
technically as regencrative braking) Internal combustion vehicles, in contrast, employ a
constantly -running engine whose power is diverted through a series of gears and clutches to duive
the wheels and to turn a generator for the electrically-powered accessorics i (he car.
Electric-drive technologies have major advantages over internal combustion engine (ICL:)
technology All four types provide potential for large reductions in air pollution, greenhouse
gases, oil (and energy) consumption,? and notse, and increases in rehiability and vehicle life

Overalt energy clficiency vaiies considerably dependimg upon the destgn of the on-vehicle propulsion sy stait and
the method {or genetating and dehivering, the clectricity On-vehicle elearie-drive systems are over 90% Clicient,
versus about 25% foi 1CE systems However, when the overalt encrgy ctiiciency of electenty and gasoline



Electric-Drive Propulsion Technology

Major advances have been made in various electric-drive technology components over f
past decade. For example, advances in power electronics have resulted in small, lightweight D(
to-AC inverters that, in turn, make possible new types of electric motors that have many
advantages over the brush DC motor systems that were used in virtually all BEVs through the
early 1990s Today’s brushless AC induction and synchronous, brushicss permanent magnet
(BPM) motor drive systems are more compact, more reliable, easier 10 maintain, more efficient.
quieter, and more adaptable to regenerative braking than the previous generation of brush DC
motors. AC induction motors in the 30-100 kW range, the size used 1n vehicles, are currently
mass-produced in their basic form at low cost, and then customized for specific purposes, while
BPM motors for EVs are currently made in smaller ptoduction runs at higher cost, with mass
production coming soon

One primary reason that electric-drive vehicles are a more attractive option than they
were twenty-five years ago 1s that the performance of electric motors has increased by nearly an

order of magnitude since the mid-1970s * These advances have been coupled with advances in
power electronics to dramatically reduce the volume, weight. and potential production cost of
electric drive sysicms By one account, the weight, volume, and cost of the electnic propulsion
motor and associated electronic controller was reduced an estimated 60 percent in the 1980s
(CARB, 1992), and continued reductions have occurred through the 1990s As Ford’s John
Wallace (head of his company’s eleciric vehicle program) notes

{W]e have gone down in numbers and parts in the controller — 1t started out quile
complicated I can remember the onginal Ecostar controlier, which was quite
complex, then there was a two-boaid controller and now a one-board controller,
and perhaps we will go down 1o a no-board controlier basically by mounting
control circuitry right on the motor. Al that stuff 1s tearing out cost (Wallace,
1998, p 14)

The motor-controller combination 1s now smaller and highter than a comparable internal
combustion engine, as well as being cheaper to manufacture (in comparable production volumes)
and o mantain *

production and distribution are considered, the differences are much smaller or instance today’s battery-pow ered
EVs, with electricity fron fossil sources, are typically only slightly mote encigy efficient than equivalent 1CE
counterparts | uture advances in electnicity production efficiency, shifts o non-{ossi sources, and use of other
electric-deive vehicle systems could lead to significant unprovements in {uel cycle efficiency Some improvements
are hikely with ICEs also (for mstance with direct injection gasoline and diescl engines), but these likely
improvements are of a smaller magnitude

“ The early DC motors used m BEVs had torque denstties of about 3 1 newton meters (Nm) per kg, while penmanent
magnet motors with ferrite magnets introduced i about 1975 improved the density (o over 4 0 Nin per kg Beginning,
in about 1980, BPM motors with rare earth samarium-cobalt magneis demonstrated torque densities of 6 0 to 8 0 Nm
per kg and improved samarivni-cobalt magnet formulas (Sm2CO17) producd densities as high as 12 5 Nm per kg
Modern BPM motars of the 19905, with neodyniium-tron boron (Iha-E -8 rare carth magnets, have demonstrated
orque densttics of up to 23 0 Nim per hg (Ragone, ctal | 1995)

5 - ~
Both AC mduction and BPM systems are good choices for use m electric-diive vehicles and 1t 1s not clear which
system wiil prove to be the most popular Most vehicles m plot-scale production today (particulorly by the U S



The conirol systems needed for both AC and DC motors are costly and complex at
present. As noted above, however, their size and weight have been reduced significantly in recent
years, and they are now expected to be produced at relatively low cost in high-volume
production. In particular, the costly insulated-gate bipolar transistor (IGBT) power switching
devices used in the motor inverter have been improving rapidly in performance and cost.
Continued progress in IGBT technology 1s expected, particularly with regard to the saturation
characteristics of the devices and their swilching energies Inverters in gencral are expected to
progress not only 1n terms of cost and performance of the IGBT silicon chips, but also in
packaging, controls, processors, and transducers (Hodkinson, 1997)

Battery and Other Electricity Storage Technologies

The single largest hurdle holding back BEV commercialization 1s battery development.
Batteries typically account for one-third or more of vehicle weight and one-quarter or more of the
lifecycle cost of a BEV. They also play an important role in HHEVs and potentially in fuel cell
EVs. In HEVs, battery systems act as peak-power devices, so that the combustion engine can be
relatively small and can be supplemented with the electric motor In such a configuration. the
small internal combustion engine can operate near its peak efficiency pomt or not atall (i e, be
switched off), thercby maximuzing its efficiency. Alse, the presence of a battery pack in the
vehicle allows regenerative braking energy to be captured, further improving efficiency.

A variety of research cfforts are underway to develop and commercialize advanced
batteries. The most prominent 1s the U.S Advanced Battery Consortrum (U S. ABC) (NRC,
1998). Launched 1n 1991. U S. ABC's goal 15 to mcrease the energy and power capability, extend
the life, and reduce costs of batteries as they are scaled up to sizes suitable to power vehicles
Funding for its first {ive years was $262 million, split evenly between government (U S
Department of Energy) and industry (electric utilities, GM, Ford, Chrysler, and battery
companies), but has been greatly dccieased since then Advanced battery development efforts m
Europe and especially in Japan have been at least as active, but have received less publicity and
less public scrutiny.

Many different types of taction batieries have recently been or are currently being
investigated T'hese include batteries with sohd, liquid, and gascous electiolytes. high and low
ambient temperatures, replaceable metals, and replaceable hiquids In fact. at least 20 distinet
battery types have been suggested as candidates. Unfortunately. what looks promising in a small
cell often disappoints when scaled-up for a vehicle The reality 1s that the underlying <cience of
battery technology is highly complex and not entirely well undeistood, 1endering the engincering
of large batteries tuicky

At present, leading candidates for BEV and HEV batteries include nickel-metal hydride
(NtMH), hithium polymer, and Iithium-ion, with a few other types sull under consideration
Scveral other types, such as sodium-sulfur and sodium disulfide, have been abandoned as vehicle

automakers) use AC mduction systems, but some vehicles, such as the Toyota RAV4, use systems based on BPM
motors Both AC mduction and BPM systems offer sunilar advantages over conventional durect-curient (DC) brush
motors These include hghter motor weights tugher efficiencies, and lower service requuements (the brushics m D¢
brush motors wear out and requne replacement) In general, AC mduction motois provide fugh etficiencies ovar a
wide range of operation, while BPM motors provide hugher peah cHficiencies BPM mators abso tead to be | RUITER
but they use rare carth magnets that are somewhat costly at present Both of these motor types require comphicated
control systems relative to DC brush motors i order o operate from a DC source

~l1



traction batteries because of problems with consumer acceptance, efficiency, and/or cost. Ni
and the lithium batteries are achieving many of the necessary performance criteria required {
both BEV and HEV batteries, but continue to be too expensive. Even future performance
improvements are likely to result in batteries with costs in excess of the established $150 pei
kWh cost goal of the U.S. ABC, although $200-$250 per kWh may be achievable by NiMH
batteries in high volume production (Kalhammer, 1999, Lipman, 1999a) Manufacturing cos
for lithium polymer batteries are projected to be in the $250/kWh to $300/kWh range, based
technology developed by Hydro Quebec and 3M, although @ French partnership between
Electricite de France and Bollore Technologies has 1dentified a cost goal of $200 per kWh fo
lithium polymer batterics 1n mass production (Kalhammer, 1999) Lithium ion batteries are g
expensive today. with costs in cxcess of $1,000 per kWh, but they have the potential for long
cycle lives of 1,000 or more cycles and costs are expected to drop significantly SAFT has
identified an optimistic cost target of $150 per kWh for hithium-ion batteries 1n high volume
production (Kathamme:, 1999), but this will require manganese or mickel to be substituted fo
cobalt in the battery electrodes while mamtaming satisfactory performance, along with cost
reductions in other cell components

These projected costs would represent considerable improvement over the much highe
costs of the pilot-production batteries in use today, but they are still too high for BEVs to
compete effectively on a first-cost basis with comparable ICE vehicles, particularly when
markups associated with battery integration, testing, and overhead are considered However.
economics of BEVs would improve greatly on a lifecycle basis if batteries could be designed
last about 10 years (about 1,000 battery cycles), rathier than 4-5 years that is currently expectec
for the NiMH and Iithium EV battenies that are in use at present  Thus, given the problem of
high mitial costs for EV batteries, battery manufacturers such as SAFT, Ovonics, and Hydro
Quebec have 1denufied a goal 10 years for the cycle/calendar life of future generation batterie:
(Kalhammer, 1999).

It 15 also important to note that even though progress in battery technology performanc
has been slower than the idustry would like, considerable miprovements have been made in
recent years The progress has been particularly noteworthy with regard to specific energy (1 e.
Wh/kg) for batteries to be used in BEVs, and specific power (1 ¢, W/kg) for batieries (o be use
in HEVs and FCI-Vs These improvements have come as a result of improvements 1n batteny
design and material utilization Continued improvements are expected for two reasons
(Kalhammer ct al . 1995)

« considerable progress has been made in developing new and improved small
batteries for the rapidly expanding consumer products mdustry — for portable
computers, camcorders, cellular phones, eic .

« relatively hittle effort has been put into the technrcally difficult process of
upscaling those (and other) batteries to the s17¢ nceded for vehicles

The continuing high cost of batteries has motivated the development of other energy
storage media Among the substitutes being developed are ultiacapacitors, which store large
amounts of electricity and can charge and discharge quickiy . and {lywheels, which store eneigy
m a spinmng rotor Ultracapacitors owe much of thei development to the U S Suategic Detent
Inttiative hallistic-missile defense progiam Ulttacapacitors can store about 15 watt-hours i a
one liter volume, and a onc-fiter device can discharee at a rate of three hilowatts Flywheels {irs



saw use in transportation in the 1950s. Flywheel-powered buses traveled the streets of Yverdon,
Switzerland, revving up their rotors at every stop. Since then, designs have changed substantially.
Now composite rotors spin at 100,000 revolutions per second, a speed limited only by the tensile
strength of their rims. Magnetic bearings have reduced friction so that a rotor can maintain 90
percent of its energy for four days

Since ultracapacitors and flywheels can provide power very rapidly, they would be paired
with batteries -- the batteries supplying basic driving needs, and the capacitors or flywheels
handling peak requirements when accelerating rapidly or climbing a hill. This combination
would allow the use of smaller battery packs and extend battery service life - in BEV, HEV and
FCEV applications. However, ultracapacitors and flywheels both remain too costly for use in
vehicles, and flywheels still face safety concerns.

Hybrid Electric Vehicles

HEVs are one solution to the battery cost problem HEVs combinc an electric motor with
a combustion engine, thereby providing a hybnid propulsion system By severing the direct
connection between engine and wheels, the engine can operate at steady load near 1ts maximum
efficiency, as with stationary engines The engine can be downsized, with onboard energy storage
devices such as batteries, ultracapacitors, or flywheels providing the power surges needed for hill
climbing and passing. Toyota was the first company to market a mass-produced HEV, launching
its Prius in Japan in late 1997 (with sales to Sweden beginning in 2000) Honda followed in carly
2000, selling its two-scater Insight in the U.S market, Renault intends to sell its Kangoo battery
electric vehicle with a small ICE range extender later in 2000, and many other manufacturers ate
displaying hybrid concept vehicles and announcing future production plans.

HEVs are not a single, uniform technology They encompass a wide range of designs and
technologies. Like fuel cells. they build upon electric-drive technology developed for BEVs
They may usc a variety of combustion engines, including Otto-style spark 1gnition, diesel
compression ignition, gas turbines, Stirling, and Atkinson engines They may store energy i a
variety of batteries, ultracapacitors, or flywheels. as well as in a hquid or gaseous fuel These
various components may be combined mn a variety of ways to achieve a variety of goals
The principal HEV design strategies and goals include the following. 1) nuinimize emissions by
incorporating large battery packs and operating mostly 1n a zero-cmissions mode, 2) minimize
energy consumption by operating a small combustion engine full time, 3) mininuze changes in
conventional petrolcum-powered ICEV by using a very small battery pack mostly just to gain the
energy benefits of regenerative braking, or 4) achieve some nux of cost and performance goals
In practice, a varicty of hybrid designs will likely be commercialized, 1eflecting differing
corporate goals, local government rules and subsidies, and decisions about which market
segments to target

In some sense, hybrnids are a middling technology They do not have a distinct superiority
along any dimension and present 2 muddled 1mage to consumers Compared to ICE vehicles,
hybrids have better energy cfficiency, easicr-to-control enussions (since engines are operating at
a steady load) and, Irke all clectric-drive vehicles, a superior duving feel (the result of high
torque and smoother acceleration at lower speeds) But due to tedundant powerplants, they are
mherently more expensive and possibly less tehiable than ICH vehicles Hybiids have tonge:
range and smaller batteries than battery Vs, but are technologically more complex, gencetally




lack home recharging (which appears by many consumers), and present a less pure environmental
image.

The most successful full-size mass-produced electric vehicle of any type is the Toyota
Prius, put on sale in Japan in December 1997 Priced competitively at about US $17,000, Toyota
planned for 1,000 sales per month. Faced with much stronger demand than expected, they
expanded production in February 1998 to 2,000 per month, though demand seems to have
leveled off at less than that level. The vehicle uses an Atkinson engine operating most of the time
and a small pack of nickel-metal hydride batteries Fuel consumption is about half that of 2
comparable gasoline ICE vehicle on a Japanese driving cycle, but less than 50% better on
standard US driving cycles.®

Hybrid technology is readily accessible, as indicated by the Toyota experience. Most
major automakers have built advanced hybrid prototypes and a few have sold limited numbers of
hybrid vehicles In general, though, automakers are reluctant to make major commitments to any
type of electric-drive technology Doing so implies a major transformation of their company- a ]
restructuring of manufacturing processes and supplier relationships away from their core
technology (combustion engines). an accelerated shift away from their mechanical engineering
culture. a reformulation of retail strategies and service and product distribution systems, and
possibly the use of different fuels

HEVs have an important attraction to automakers, however. they are less disruptive and
carry less risk 1n the near term than battery and fuel cell electrics HEVs allow companies to cling
to their core technology (combustion engines) and previous ways of doing business, and to
proceed incrementally.

Will others automakers follow Toyota, 1londa, and Renault? If government regulations
and incentives were designed to encourage hybrid vehicles (which, for the most part. they do not
at present), HEV's would likely come into the marketplace in large numbers But are hybrid
vehicles likely to dominate” Should they be singled out for strong goveinment support? Are they
a clever amalgamation of advanced technologies, or a nuddiing compromise doomed to fatlure?
Are they a second-best option that will be delayed in the near term and succumnb to fuel cells and
other technologies in the long term? While definitive answers arc not possible, it appears certain
that a variety of HEV technologies will {ind their way mto the marketplace in the foreseeable
future — and that they will provide clear, strong benefits

HEVs in vartous forms may well come to dominate the motor vehicle industry But, with
fuel cell and other technologies also becoming available, 1t 15 not certain at present how
successful HEVs will be Only with time. money, and expenence will we know

One application where HEV technology may prove particularly atiactive 1s heavy duty
buses, currently operated on dicsel almost everywhete in the wotld As elaborated upon later in
the report, mcreasing concern over patticulate emissions and the fact that buses tend to operate in
denscly populated areas 1s fcading 1o demands for much cleancet buses Hybrid clectric buses may
ptove a leading solution Sweden, with 1ts strong heavy duty vehicle manufacturing industry,
might treat this as an opportunity (or threat).

(\

The refatincly bettar fuel econonty on the Japanese driving ¢y cle s because mternal combustion engines do not
opetate efficiently at low revolutions per minute (tpm) ¢, fow speeds and stop-and-go traffic 1 he Japanese duving
cycle contains much more fow-speed driving than the standard US eycles
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Fuel Cell Electric Vehicles

Perhaps the most promising option for powering electric drive vehicles is fuel cells. Many
researchers and several of the major automakers see them as the most likely successor to the
internal combustion engine. In a major speech on 19 January 2000, William Clay Ford, Chairman
of Ford Motor Company, said:

[1] believe fuel cell vehicles will finally end the 100-year reign of the internal
combustion engine as the dominant source of power for personal transportation.
It's going to be a winning situation all the way around - consumers will get an
efficient power source, communities will get zero emissions, and automakers
will get another major business opportunity - a growth opportunity.

Fuel cells are devices for generating electricity. The electiicity powers an electric motor,
which turns the wheels In the most simple fuel cell system, a fuel cell oxidizes hydrogen to
water vapor. If another fuel is used, such as methanol or a petroleum product, then carbon
dioxide and other ttace gases will also be emitted Although fuel cells are best known as power
sources for spacecraft, the first commercial fuel cells found their way 1nto an experimental farm
tractor in 1959 Prototype fuel-cell buses built in the early 1990s have demonstrated that the
technology is workable, now the central issue is cost Fuel cells 1n commercial production for
stationary applications employ a phosphoric-acid electrolyte to carry current, and cost about
$2,000 per kilowatt, compared to perhaps $30-50 per kilowatt for a typical internal combustion
engine (though these fucl cell systems are designed to have much longer operational lives).

Proton exchange membrane (PEM) fuel cells are now being developed for automotive
and residential-scale applications, and are rapidly ncaring commercialization These PEM fuel
cell systems have the benefit of operating near ambient temperature Manufacturing costs remaim
an issue, but efforts are underway to develop key system components out of low-cost materials,
and {o continue to reduce the amount of expansive platinum catalyst needed. By one estimate,
these efforts may result in manufacturing costs of fuel cell systems of as little as $35-100 per
kilowatt, in high volume production (Lomax et al., 1997)

Today’s commercial and pre-commercial fuel cell systems all operate on hydrogen. If
another fuel 1s used, that fuel must fi1st be converted to hydrogen At present, the most
economically attractive means of producing hydrogen is via steam reformation of natural gas
Because scale economies are large, this process will occur at large stationary facilities or
neighborhood refucling stauons In the near term, the other principal fuel options for fuel celis
are on-board conversion of methanol (or petroleum products) to hydrogen

When fossil fuels become more scarce and expensive, hydrogen will likely be made from
water using electiterty from solar cells (a process known as electrolysis) If such solar-produced
hydrogen were widely adopted, the entire transportation-cnergy system would be
environmentally nearly benign and the energy would be fully rencwable. While clectrolyzers and
solar cells are relatively expensive at present, costs are expected to dechine and the cost of solar
hydrogen fuel should ultimately not exceed one dollar per liter-equivalent of gasoline

Fuel cell electric vehicles (1FCLVs) have many of the same advantages as BEVs -
mcluding the potential for sero tarlpipe emissions of ciitena pollutants and GHGs and the
advantages of maximum torque (tom zero speed and shift-free acceleration 1o maximum speed --
without the disady antages of I'mited driving range and long, refuching time



As with HEVs, there are many different configurations possible for F CEVs.” First of all,
there are several different types of fuel cells -- including PEM, alkaline, solid oxide, and
phosphoric acid - though PEM fuel cells are considered the best choice at present for
transportation applications, primarily because they operate near ambient temperatures. Second,
FCEVs could be powered with different fuels -- with hydrogen loaded and then stored on-board
the vehicle, hydrogen produced on-board from a liquid fuel such as methanol or gasoline, or
powered directly with methanol Third, the fuel cell power system could be hybridized with a
peak-power battery power system. in order to reduce the size of the fuel cell system and to
capture regenerative braking energy, or a simpler system could be used with a somewhat larger
{uel cell system and no peak-power battery.

As recently as the mid 1990s, FCEVs were considered impractical as a near-term option
for ZEV technology But rapid developments in fue! cell component, stack, and system
performance and design have made near-term introduction of FCEVs possible. World leaders in
FCEV development include the DaimierChrysler Corporation, which has produced four
generations of prototype FCEVs known as NECAR [-1V (Daimlet-Benz, 1996; Veit, 1998), Ford
Motor Company, Toyota Motor Company, General Motors, and pethaps Honda. These
companies have all announced plans to introduce commercial FCEVs in the 2003-2005 time
frame Virtually all of the world’s other major automakers are also investigating fuel cell
technology, although many will decide to follow the leaders to market with their own designs in
later years (probably with fuel cell systems purchased from other manufacturers or suppliers,
rather than manufactured “in house™) Such companies include Volkswagen, Nissan, Renault,
Peugeot, Volvo, BMW, Fiat, and Mazda

The most advanced prototype to date, unveiled in 1999, 1s the DaimlerChrysier NECAR
1V It is a Mercedes-Benz A-class vehicle that uses a liquid hydrogen storage tank, a compact
fuel cell system with no battery hybridization, and a 55-kW electric drivetrain The NECAR IV
represents substantial progress in reducing the size and weight of fuel cell system components
The complete fuel cell system (not including hydrogen storage) in the NECAR IV has a powetr
density of 200 W/kg (1 e., S kg/kW), but DaimlerChrysler engineers believe that this can be
increased 1o 250-333 W/kg (3-4 kg/kW) in the near term (DaimlerChrysler, 1999). These power
densities compare with about 48 W/kg (21 kg/kW) in the NECAR | prototype vehicle that was
built in 1994, demonstrating a four-fold improvement 1n five years

Due to improvements already made in reducing fuel cell stack size and weight and
integrating auxiliary systems, efforts are now shifuing away from the technical 1ssues associated
with designing fuel cells for vehicles (although technical issues still remain), and toward
reducing system costs Cost reduction efforts arc focusing on design modifications, use of lower
cost materials, and techniques for automated mass production

Electric Tiansit Bus Technology

One attractive niche for electric-drive technology is tiansit buses [{’s attractive
because vehicles operate on fixed routes with knewn power demands in urban areas where
pollutant enuissions are most damaging Growing concern over high emissions of particulate
matter and oxides of nitrogen from diesel engines is drawing heightening interest n clean

7 Lechnically speahing | ClaVs will Hikely be hybud vemcles, mothe sense that tuel cefls will be hybudized with
batteries ot other enetgy sources, but rarcly with combustion cngmes



alternatives. As with smaller vehicles, electric buses can be battery, hybrid, or fuel cell powered.
Only small numbers of electric-drive buses are in use, but their popularity seems to be growing

I Sweden, 17 electric-drive buses are in use and being tested. Ten of these are from
Neoplan, a medium-sized bus manufacturer in Germany, six are from Scania and one from
Volvo. Twelve of the buses are HEVSs, half of which burn bio-ethanol in their internal
combustion engines.

In the US, purchase subsidies available in conjunction with programs such as the
alternative fucl vehicle (AFV) fleet mandates and the Clean Cities mitiative are slowly boosting
market penetration of electric buses. The cities of Santa Monica, Santa Barbara, and Chattanooga
each have been using battery powered electric buses since the early 1990s, particularly for routes
that serve popular tourist destinations, the performance has been good and the municipalities
have had a favorable experience with them (U.S DOE, 1999). Additional electric buses are now
being used in San Francisco by AC TIransit, and as passenger shuttle buses at the San Jose
Airport and at the San Bernardino commuter train station (CALSTART, 1996) Electric and
hybrid electric buses and drive systems are being developed by several companies around the
world including Lockheed Martin, Northrop Grumman, Orion Bus Industries, NovaBus, and
DairilerChrysler, along with several smaller companies Some companies are focusing on
“ground-up” designs that include lightweight chassis designs and full component integration,
while other companies are developing retrofit kits that allow conversion to electric drive at lower
total cost. This is the commercializing strategy adopted by the New York State Energy Research
and Development Authority who along with Alternative Fuels Technologies Corporation 1s
developing & series of hybrid-electric power train system retrofit kits. The kits will primarily be
produced for use in light and medium-duty urban delivery vehicles (which commonly undergo
re-built engine replacements and can readily have a hybrid drive system installed instead), but
they can also be used in small transit and shuttle buses. This results 1n a usable vehicle at a much
lower cost than a new hybrid electric bus purchase (NYSERDA,1999)

With regard to designs for completely re-engineered vehicles, Northrop Grumman has
produced six prototype buses, known as Advanced Technology Transit Buses (ATTBs), for the
Los Angeles County Metropolitan Transit Authority These buses have been undergoing lesting
in tnial use, and one of them 1s being retrofitted with new wheel motors. an electro-mechanical
suspension system, and a flywheel peak power device (U S DOT. 1999a) The ATTR may also
serve as a future platform for fuel cell system testing, in parallel with the program (o test
Ballard/Xcellsis fuel cell buses under the California Fuel Cell Partnership (sec section on
Demonstration Projects below)

Also, the GPX Corporation has begun to produce a hvbnd clectric bus design known as
the 4080 (40 feet long, 80 passengers) based on years of research and development [he company
decided that heavy conventional bus technology was poorly suited to hybrid bus mass and
strength requirements, and redesigned the bus chassis using advanced materials The bus uses
low-cost lead acid batteries (o gan an 80-kilometer (50-mule) range in ZEV (battery only) mode,
while also allowing operation in hybrid mode with a 100-kilowatt, gasoline-fired auxihary powet
urut The bus 1s expected to be comparable with conventional buses on a first-cost basis, and
equivalent in lifecycle cost and performance (Moore, 1998)

Additional hybrid electiie buses are being produced by Orion Bus Industiics and
NovaBus, both of which are begmning to supply buses for use in mctiopolitan New York City
(with Orion supplying an inttial order of ten buses, and NovaBus five) Also i New York, bond



money has been approved for the purchase of electric shuttle buses in Manhattan and Albany
(NYPA, 1998).

Finally, fuel cell buses are also beginning to be designed and tested, led by efforts of
Ballard Power Systems and 1ts affiliate Xcellsis (formerly dbb), in partnership with
DaimlerChrysler, but also including a program by the U.S Federal Transit Administration (FTA)
and U.S. Department of Energy (DOE). This government program has produced three 30-foot
fuel cell buses and two 40-foot versions, the latter to compare the use of phosphoric acid and
proton-exchange membrane fuel cell technology. Emissions testing on the 30-foot methanol-
fueled bus demonstrated that it emitted nearly non-measurable levels of nitrogen oxide, no
particulate matter, low levels of hydrocarbons, and acceptable levels of carbon monoxide (U.S.
DOE, 1999b) The FTA/DOE effort has also been monitoring the fuel cell bus demonstration
programs by the Chicago Transit Authority and BC Transit in Vancouver, British Columbia For
the past few years, these authorities have been experimenting with the use of Ballard hydrogen-
fueled fucl cell buses n therr fleets, and comparing {uel, maintenance, and repair costs to those of
their other buses

Environmental Impacts of Electric-Drive Vehicles

Vehicles have a deep and far-reaching effect on the quality of social and physical
environments, especially in urban areas Indeed, during the twentieth century, vehicles played a
central role in the evolution of human settlements — toward lower density and a more mobile
lifestyle In areas with rapid growth, human settlement patterns are far more dispersed, largely a
response to the speed advantages provided by cars and trucks In this report we limit ourselves to
the direct environmental impacts of replacing ICE vehicles with electric-drive vehicles

We limit ourselves primarily to air pollutant and greenhousc gas emussions of electric-
drive and ICE vehicles Other impacts include noise, water poliution, and solid waster disposal
Generally speaking, clectric-drive vehicles are inherently quieter and will cause less water
poliution (because they usc less fuel and engine lubricants that leak from vehicles on to roads,
and from storage tanks into water supplies). Vehicles with large battery packs are
environmentaltly problematic if toxic materials are used, as is the case with nickel-cadmium and
lead-acid batteries, but these battery technologies are not likely to gain widespread usage and
even if they did, recycling systems are relatively easy to create and operate and could prove
rehiable

In general, the inttoduction of electric-drive technologies are not likely to have more far
reaching (posiuve) impacts than those listed in the above paragraph One possible exception,
addressed earlier, 1s the creation of new mobility systems premuised on the application of
advanced information technologics that integrate smaller electric vehicles, smart paratransit,
smart car sharing, tclecommunication substitutions, and e-commerce deliveries The
environmental implications of this “new mobility” approach to transport could be very laige.
resulting in reductions in energy usc, air pollution, nosse, space devoted to parking and roads, and
a vartety of rclated phenomena

Air Pollutant Emissions

Au pollution impacts of velicle technologies are difficult o specify Impacts depend
upon the specific attitbutes of the vehicle. how and where the vehicle s used, and how the
different impacts are valued In general, though, y most regrons of the world and in most



situations, FCEVs and HEVs will tend to produce considerably less air pollution than ICE
vehicles, while BEV impacts are more site-specific, depending upon the source of electricity.
Except where BEVs rely mostly on coal-derived electricity, all electric-drive vehicles will be far
superior to ICE vehicles in reducing pollution.

These air pollution benefits could be very important, given the heavy contribution of
motor vehicles to air pollution 1n many regions. For example, in the European Union around
1990, motor vehicles accounted for approximately 49% of total volatile organic compound
emissions, 78% of total carbon monoxide emissions, and 52% of nitrogen oxide emissions
(OECD, 1993)

As indicated in Table 1, BEVs would practically eliminate emissions of carbon monoxide
and hydrocarbons (also known as reactive organic gases and volatile organic compounds) and
would greatly diminish nitrogen oxide emussions -~ regardless of the type of power plant, fuel,
and emission controls employed (Wang et al, 1990; Dowlatabad: et al, 1990, OECD, 1993. IEA,
1996). BEVs would add sulfur oxides and particulate matter to the air in arcas served by dirty
coal-fired powerplants, but this will usually not be a critical concern since gasoline-powered
vehicles generally account for only a few percent of total urban emissions of these two pollutants

Table 1: Emissions from Advanced-Technology BEVs Vs State-of-Art Gasoline Vehicles

Country Est. Electricity Mix for 2000 Percentage Change in g/km Emisstons
Coal Gas Ol VOCs CO NOx SOx PM
Australia 0 804 0076 0012 -979 -98 8 -283 1797 6 274 1
Belgium 0360 0099 0 007 -99 1 994 -61 4 490 49 5
Canada Q172 06029 0057 -99 2 99 6 =595 405 -123
France 0081 0006 0016 | -998 999 908 584  -592
Germany 0438 0129 0026 -98 2 -99 0 -65 8 96 1 957
Greece 0705 0104 0 082 -977 -98 8 -84 2970 2900
ltaly 0290 0265 0235 -98 5 990 51 100 7 105 3
Japan O 187 0 166 0143 -98 § -993 -66 2 -40 4 99
Norway 0 000 0083 0 604 -999 -69 § =920 -98 3 952
Spam 0431 0012 0123 98 6 993 -48 7 3275 1336
Sweden 0.028 0 005 0 020 -99.7 -99 9 -6 3 773 -69 3
UK 0552 0130 0061 98 4 990 159 4072 1651
United States 0501 0 180 0050 -97 8 98 % =520 401 5 419

Source GECD, 1993

Note See source for details

The air pollutant emissions impacts of HEVs are somew hat difficul to asscss because
they will depend on the configuration of the hybrid vehicle and tvpe of engine used. as well as on
the emission control system HEVs will not have emissions as low as BEVs, exeept pethaps
where electiicity 15 gencerated with coal, but should be supenor W Vs The Toyota Prius and
lHonda Instght both have very low emissions both meeting the Ultra-Low 1 mussion Vehicle



(ULEV) levels specified by the California Air Resources Board; with tighter controls on their
evaporative emissions, they probably could meet the more stringent Super Ultra-Low Emission
Vehicle (SULEV) requirements. Furthermore, HEVs with substantial battery packs and relative
large electric motors could be designed to have a certain amount of “zero-emission range” by
switching to a pure electric mode when beneficial, such as when operating in dense urbap areas

FCEVs will have very low emissions, though there will be some variation. FCEVs fuele
with hydrogen have essentially zero emissions. The amount of upstream emissions associated
with these FCEVs will depend upon how the hydrogen is produced For hydrogen produced fror
natural gas, these emissions are quite low but vary somewhat depending on the scale of hydroge
production For hydrogen produced with electrolysis, emissions can vary greatly from near zero
for solar electrolysis to relatively high emussions for electrolysis using electricity from coal-fired
powerplants.

FCEVs fueled with other fuels will have some small amounts of direct “tailpipe”
emissions, plus upstream emissions The on-board emissions result from chemuical reformation ¢
the fuel —likely to be methanol or a gasoline-like liquid in the near term - into hydrogen
Preliminary emission data {from methanol fuel reformers suggest that emissions from these
vehicles will be very low, almost certainly below ULEV levels (Prabhu, 1999)

The fuel cycle NOx emission reduction levels for a few types of BEVs, FHEVs, and
FCEVs, relative to late-1990s conventional vehicles ate summarized 1n Table 2. These emission
estumates are based on analysis using the GREET emuisstons model of Argonne National
Laboratory. NOx emuissions are highlighted here because they are the most challenging to reduce
from internal combustion engines Table 2 shows that in the U S in general, NOx emissions
would be expected to 1ncrease significantly with the use of BEVs, although there would be great
reductions in utban areas The increase in overall NOx emuissions is because these comparisons
are made with a late-1990s era gasoline vehicles, with heavily controlled NOx emussions While
California has tight NOx emission controls on 1ts power plants and no coal-fired plants. the U.S
national power mix contains generating technologies with much hugher NOx emission levels
Thus, in California, NOx would be reduced both in urban areas and in total. but in other U.S.
areas some net mcreases i NOx would be expected i the absence of addittonal NOx emission
controls  In the case of Sweden, the emission impacts of BEEVs would be simular to those of
California, since neither burns coal to generate electricity  The total NOx reductions shown in
the table for Cahfornia -- 95% reduction for near-term technology and 75% for long-term
technology — are sumilar to the NOx reduction estimate of 96 5% for Sweden shown in Table 1
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Table 2: NOx Emission Impacts of Electric-Drive Vehicles Relative to Late-1990s Era
Gasoline-Powered Vehicles

Vehicle Type / Fuel / Feedstock Percent Change
Urban / Total
Near-Term Technology:
BEV, California mix -95% / -56%
BEV, U S. mix -96% / +65%
HEV, spark ignition engine, reformulated gasoline 3%/ -19%
Long-Term Technology-
BEV, California mix “75% /-38%
BEV,U S mix -80% / +103%
HEV, spark ignition engine, reformulated gasoline -15% / -41% ‘
FCEV, hydrogen (gasecous H2 storage). natural gas 23% / -41%
FCEV, hydrogen (liqutd H2 storage), solar -75% [ -70%
FCEV, methanol, natural gas -80% / -63%

Source Santini, 1999

Electric-drive vehicles often provide greater pollution benefits than indicated by
calculations of total fuel cycle reductions of emussions. Some vehicles, especially BEVs and
direct-hydrogen FCEVs, shift the source of the pollutants away from population centers
Conventional cars emit carbon monoxide, particulates, and other pollutants from their tailpipes
wherever they travel -- which s usually where people Irve and are exposed [n contrast, pollution
associated with electric powerplants or hydrogen production facilities are located at a few
generation stations, usually at a distance from urban centers. Also, a large proportion of the
emissions associated with charging BEVs would be at night, when sunhight 1s not present to form
ozone and when people arc indoors and not exposed

The greatest air pollution bencfits are provided by BEVs and FCEVs when they are
powered by hydrogen produced through grid-power electrolysis. or electricity produced from
solar, nuclear, wind, o1 hydrociectiic power Those regions that would benefit most from BEVs
include the following

* California, where most of the electricity comes from tightly-controlled natural
gas plants and zero-emitting hydroelectric and nuclear plants,

* France, where most electricity comes from nuclear power,

* Japan, where more than a third of electricity s produced {rom nuclear power and
where fossil fuel-fired plants are ughtly-controlled. and

* Sweden and Norway, where most electricity comes from nuclear and
hydroclectine sources



In summary, large reductions in emissions from the use of electric-drive vehicles coul.
clearly reduce air pollution damage to human health, agriculture and other ecological systems
buildings and other landmarks, and visibility. Almost all electric-drive vehicles would be an
effective air quality control strategy almost everywhere.

Greenhouse Gas Emissions

Another major environmental benefit of electric-drive vehicles is reduced greenhouse
gases As with air pollution, virtually all electric-drive technology options will provide smalil t«
large greenhouse gas benefits

In the case of BEVs, the impact depends as before on the source of electricity. As show
in Table 3, the use of coal-fired electricity by BEVs would cause a small increase in emissions
all greenhouse gases, relative to the use of gasoline (on a per-kilometer basis), taking into
account all fuel-related activities from extraction to combustion, including encrgy used in vehic
manufacture But that 1s a worst case, no country relies exclusively on coal If natural gas were
used 1n the clectricity-generating powerplant, there would be a moderate decrease in emissions
greenhouse gases, mainly because of the low carbon-to-hydrogen ratio of natural gas.
Greenhouse gas enissions are reduced most when powerplants do not use fossil fuels, such as i,
France and Sweden where most electiicity comes from non-fossil energy If nonfossil fuels
(nuclear, solar, hydroelectric, or biomass) were used to supply electricity for BEVs, there would
be a virtual elimination of greenhouse gas emissions

Table 3: Greenhouse Gas Impacts of Electric-Drive Vehicles Relative to Gasoline-Powere
Vehicles

Vehicle Type / Fuel / Feedstock Percent Change
BEVs, solar and nuclear electricity -90 to -80
BEVs, natural gas powerplant -50 to -25
BEVs, new coal-fired powerplant 0to+10
BEVs, current U S power mix 20 t0 0
FCEVs. hydrogen from solar -80 to -75

[ CEVs, methanol from natural gas -45to-35
Gasoline vehicle —

Source OECD, 1993

Note Based on full fuel cyclc analysis Emissions from vehicle and materials manufacturing are assumed to be
from the use of fossi! fucls

IfHEVs operate on gasoline, as do the Toyota Prius and Honda Insight. they would 1esult
in fewer GHG emisstons The reductions would be determined by their improved fuct cconomy —
in the case of the Prius, about 173 less than a compaiable ICE vehicle in US driving conditions,
and about hall as much m slower Japanese driving conditions If other fucls were used. mcludimg
eud clectienty, the reductions would generally be even greater, depending on the tucl and how 1t
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is produced, transported and stored Natural gas fuel would be about 10-20% better than gasoline
and biofuels anywhere from zero to 100% better.

FCEVs would tend to be at least as efficient as HEVs, and eventually more likely to use
non-carbon fuels. If the FCEV were to use methanol, it would be about 35-45% superior to
gasoline ICEs, and if using solar hydrogen, even far better (see Table 3)

Petroleum Consumption

Related to ait pollution and GHG emissions is fuel use Electric-drive vehicles offer the
potential of dramatic reductions in o1l use, and therefore decreases in petroleum consumption
Oil use is reduced with BEVs becausc relatively little petroleum s used 1o generate electricity in
most countries -- less than 5 percent in the U.S | and 2 {o 3 percent in most Scandinavian and
Western European countries (OECD, 1993) With HEVs, fuel economy is improved by 25% to
200% depending on the tvpe of HEV, also leading to oil use reductions, and FCEVs operating on
hydrogen or methanol would use virtually no petroleum because these fuels would likely be
produced from natural gas or biomass sources Reduced petroleum imports translate into balance
of trade benefits, as well as protection against o1l supply and price shocks, and reduced risks of
oceanic otl spills

Costs of Electric-Drive Vehicles

Will electric-drive vehicles ever be cost competitive with gasoline vehicles? The answer
at present appears to be a definitive no, if considering only private costs and initial purchase
prices. On a lifecycle basis, however -- calculating costs over the life of the vehicle and
discounting them back to the present -- the answer is less certain. As demonstrated later 1n this
chapter, one can generate plausible cost projections in which electric-drive vehicles eventually
become cost competitive with gasoline vehicles on a per-kilometer hifecycle basis

In any case, future vehicle costs are the subject of intense debate  BEV costs have been
carefully analyzed in only a few publicly-avaiiable studies, and HEV and FCEV costs have been
subject to even less analysis What can be said with confidence 1s the following  the operating
costs of electric-drive vehicles (particularly BEVs) should be much lower than those of gasoline
cars; vehicle life should be longer, the electric-diive vehicles, minus batteries, should be less
expensive, and the non-market benefits arc large 1n some areas (Sperling, 1995, Deluchi, 1992)

BEV Manufacturing Costs

In the appendix (Table A-1), cost estimates of BI'Vs are provided from a varicty of
studies conducted between 1994 and 1998 by a variety of government agencies, consultants, and
rescarch organizations Most studies suggest that costs of BEVs are eapected o remain up to
several thousand dollars higher than those of conventional vehicle costs That finding 1s now the
conventional wisdom

Some of the vanation found in esumates of BV manufactuting costs as repotted
Table A-1 is due to differing assumptions about vehicle classes, production volumes, and battery
types. Other sensitive parameters nclude assumptions about vehicle performance, cost of the
assumed battery type, and costs of accessories and additional equipment needed for the BEEV

such as battery chargers heating and air conditioning systems and clectiical powet steeiing
uni(s




The largest single cost component of BEVSs is batteries. Even with likely cost and
performance improvements — resulling from economies of scale and industrial learning -- battery
packs for full-sized BEVs will not be inexpensive in the foreseeable future. The only way to
build a cost-competitive electric drive vehicles is to dramatically reduce the size of the battery
pack This can be accomplished either by building BEV's for those applications (and consumers)
that require less energy and power, by hybridizing the battery with another electricity source, or
replacing the battery altogether All are promising strategies They are described below.

HEV Manufacturing Costs

Hybndization of the vehicle power system with other electricity storage and production
devices is garning increasing attention from automakers Various strategies are possible, as
indicated above Devices with high power densities, such as ultracapacitors and flywheels, that
can charge and discharge quickly, could be used to provide surge power for short periods of time
(when passing or climbing hills), thus reducing battery needs Or devices that generate electricity
onboard, such as fuel cells or small ICEs, could be the principal energy source, with batteries
used only for surge power or extended driving These various hybridized designs have the
potential to be more energy efficient, lower-emiting. and less expensive than purc battery
clectrics

Potential manufacturing costs and purchase prices of hybridized vehicles are difficult to
assess because there are so many possible design configurations, types of motors, and batteries,
and because costs of key electric drive components vary strongly with production volume. Here
we focus on more conventional HEVs that combine batteries with combustion engines Few
detailed studies have been conducted on the potential manufacturing costs and purchase prices of
HEVs, but Energy and Environmental Analysis, Inc (EEA) of Arlington, Virginia has developed
some cost estimates for the following types of HEVs

= starter-alternator system [HEVs, where the typicai starter and alternator aie
replaced with an integrated motor/generator, and a small battery pack is included
to recapture regenerative braking energy.

* motor-assist HEVs, which are sinular to statier-alternator HEVs except that the
motor and battery are larger (allowing the engine to be downsized and mote
regenerative bracing encigy o be captured),

« fully mtegrated HEVs, which have even larget motors, higher capacity battery
packs, and possibly separate gencrator systems (as in the Toyota Prius), and

« {our-wheel drive HEVs, where a motor powers one axle and an engine powers
the other axie

EEA’s estimates for the mceremental manufacturing costs and retail prices of these different HEV

types. assuming high volume production. ate presented n lable 4

¥ n virtually all industrs, setail prices  the price pard by consumers at ietal outlers -- are much highet than the

cost of manutacturig the stem In the auto mdustty retarl prices are alimost twice the manufecturine cost Fhe entia
costs meund downsticam ot the manafacturer inctude the cost ot nansporting the 2ood (o the tetal store heepmg
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Table 4: Estimated HEV Incremental Manufacturing Costs and Purchase Prices

HEV Type Incremental Encremental Retail Price
Manufacturing Cost
Starter-Alternator HEV $500-700 ~$1,000
Mator-Assist HEV $1,450 ~$2,000
Integrated System HEV
~$4,000 $6,000-7,0007

Near Term

Future (2004+) ~$2,300 ~$4,000
Four-Wheel Drive HEV $2,600 -$4.000

Source Duleep, 1999

As indicated 1n Table 4, costs and prices of HEVs tend to increase as the size of the motor
and battery pack are increased The mcremental costs of wncreasing the size of the electiic-drive
portion of the drivetrain tend to be greater than the associated savings of downsizing the
conventional portion of the drivetrain However, the fuel economy benefits also increase with the
relative size of the electric portion of the drivetrain EEA estimates that the starter-alternator,
motor-assist, integrated system, and four-wheel drive HHEVs have fuel economy benefits on the
U.S. EPA city cycle of 22%, 33%, 50-52%, and 28%, respectively, relative to comparable
conventional vehicles (Duleep. 1999)

FCEV Manufacturing Costs

As with HEVs, few detatled. publicly-available studies have been conducted on the
potential manufacturing costs and purchase prices of FCEVs In one early study, DeLuchi (1992)
estimated that a mid-sized, direct-hydrogen FCEV with a 400-kilometer (248-mile) range would
have a full retail price (1 ., cost of vehicle production, plus manufacturer and dealer markups) of
$25,446. Meanwhile, a 250-kilometer (155-mile) range direct-hydrogen FCEV would have a
retail price of $23,183 (Del.uchy, 1992) [hese prices are compared with an estimated reta:l price
of $17,302 for a comparable conventional vehicle

In more recent work, Thomas et al (1998a) of Directed 1echnologies, Ine (D IT) estimate
that a mid-sized, durect-hydrogen FCEV with a 38 1 kW fuel cell system, a 40 3 kW lcad-acid
battery, and an 82 kW motor/controller system would have an initial production cost (not retail
price) of $110,398 and a mass-production cost of $20.179 Mecanwhile, the manufacturing costs
for a mid-sized “pure” (1 ¢ , no batteries) FCEV would 1ange from $136,953 imitially 0 $20,253
in mass production When compared with the manufactuning costs ol a compatable conventional
vehicle, these high volume FCEV manufacturing costs are estimated to result in meremental

goods i ventoty, and paying sales personnel Note that the goal of c-commerce 1s (o by pass or drastically reduce
Costs associated with rctaihing
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manufacturing costs of $2,179 and $2,253 respectively, for the hybrid and non-hybrid FCEV
designs (Thomas et al , 1998a). These manufacturing cost differentials imply retail price
differentials of perhaps $4,000 to $5,000 Also, Ogden et al (1999) estimate that the fuel celj
system, peak power battery, motor and controller. and compressed hydrogen storage system for a
77.5 kW direct-hydrogen FCEV would cost $3,600 to $7,000 in mass production, but they do not
estimate complete vehicle costs.

Table 5 presents the results of a recent analysis of the potential manufacturing costs and
retail prices of mid-sized, direct-hydrogen FCEVs, conducted at ITS-Davis The study considered
FCEV designs that arc hybridized with NiMH batteries, so that the fuel cell system can be
downsized and regenerative braking energy can be captuted The study considered potential
improvements in fuel cell and battery technology, as well as potential reductions in component
manufacturing costs with production volume. Two scenarios were constdered a low production
volume scenario of 10,000 to about 50,000 units per year, and a high production volume scenario
0f 20,000 to about 270,000 units per year As the table illustrates, cstimated purchase costs for
FCEVs can be expected to decline sharply due to the combination of technological improvements
and hugher production volumes, but even in high volume production purchase prices do not reach
the estimated $20,155 price of a convenuonal mid-sized ICE vehicle

Thus, technological improvements and/or cost reductions beyond those forecast in the
ITS-Davis study will be required if FCEVs are to reach first-cost parity with conventional
vehicles. The DTI and ITS-Davis studies suggest that mid-sized FCEVs in high volume
production ate likely to have manufacturing costs of perhaps $2,000 to $3.000 higher than those
of conventional vehicles, and retail prices that are perhaps $4.000 to $7,000 higher (depending on
the pricing strategy used by the automakers) However. {future cost reductions beyond those
estimated in these studies may well be achieved 1n time, and manufacturers may choose “forward
pricing” strategies to push prices down as fast as possible Furthermore, 1t is important to note
that both the ITS-Davis and DTI studied focused on mid-sized vehicles, but applications of fuel
cells to other vehicle types, such as compact vehicles or luxury vehicles, may prove more
attracuve. Further study 1s needed to assess the best potential applications of fuel cell technology
in motor vehicles, given various vehicle size categories and performance demands. Also, as the
following section notes, even if FCEV 1etail prices do remain above those of conventional
vehicles by a few thousand dollars, vehicle lifecycle costs can be comparable or even lower for
the FCEVs due to reduced maintenance expenditures. lower fuel costs due to high efficiency
operation, and a longer vehicle lifetime



Tabie 5: Potential Retail Prices of Mid-Sized, Direct Hydrogen FCEVs

Vehicle Generation and Low Cost Case Mid Cost Case High Cost Case
Production Volume

Generation 1 (2003-06)

39.2 kW-net fuel celf, 48 5 kW
NiMH battery, 82 kW motor

LPV 10,000-20,000/year $36,661-$93,589 $48,467-$129 894 $73.321-$176,265
HPV 20,000-59.850/ycar $31,750-$91,763 $40,440-$128,078 $59,999-8173,975

Generation 2/3 (2007-14)

23.8 kW-net fuel cell, 51.3 kW
NiMH battery, 70 kW motor

LPV 20,600-28,980/year $29,178-$30,676 $34.294-$37,574 $46,804-$52,498
HPV 65,460-118,690/year $26,897-$27,753 $30,115-$32,578 $39,785-$44,403

Generation 4 (2015-26)

20.9 kW-net {uel cell, 48 7 kW
MNiMH battery, 65 kW motor

LPV 30,436-52,055/year $25,803-826,571 $28,409-$30,246 $37,552-$40,884
HPV 128,500-270,100/year $24,093-$24,763 $25,910-$27.111 32,772-§35.354

AL,

Source Lipman, 19995

LPV=low production case

HPV = high production case

Note. The lower purchase price estumates n each range correspond to the higher production volume estunates in
each range shown in column one, and the higher purchase price estunates correspond to the lower production velume
estimates  The retail price estimates are fully-marked up for factory, division, corporate and dealer level costs

These are hypothetical estimates - clearly manufacturers would have to subsidize vehicle purchases i early
production years

Lifecycle Costs

Some arguc that electric-drnive vehicles could become cost competitive with gasoline
vehicles on a per-kilometer hifecycle basis mi the foresecable futute, though the major automakers
are publicly skeptical In Table 6, the lifecvele costs of a nud-sized conventional ICE vehicles ate
compared to BEVs and FCEVs In this case, the FCEV 1s a direct-hydrogen design that stores
hydrogen onboard the vehicle in compressed gas cylinders. and incorporates a nickel metal
hydride battery pack to allow for a smaller fuel cell system The BEV and FCEV designs
incorporate forecasts for improvements 1 key technologies, but they do not assume any radical
breakthroughs in battery or fuel celi technology High-volume production is assumed for battery,
fuel cell system, and hydrogen storage cylinders

[S9]
o2



Table 6: Lifecycle Cost Breakdowas for High Production Volume, Mid-Sized Vehicles

(19978 /km})
Lifecycle cost category Gasoline ICEV BEV FCEV
Purchased electricity 6 000 0.017 0 000
($0 065/kWh)
Vehicle (excluding battery, fuel 0 109 0 091 0088
cell, and hydrogen storage)
Battery, tray, and aux 0 000 Q0 008 Q017
(including recharger for BEV)
Fuel, excluding excise taxes? 0034 inc n elect 0.019
Fuel storage system inc 1 vehicle 000 0 008
Fuel cell system 0 0G0 0 000 0018
Insurance? 0 042 6049 0 049
Maintenance and repairs 0030 0023 0026
(excluding o1l and nspection)
O 0 001 0000 0 000
Replacement tires® 0003 0603 0002
Parking, tolls, and fines 0 007 0007 0007
Registration feesd 0003 0003 0003
Vehicle safety and emissions 0004 0 001 0 001
mspection fees
Federal, state, and local fuel 001! g0l 0011
excise taxes®
Accessories 6 002 0002 0002
Total hifecycle cost 0 246 $/kr 0274 $/km 0 249 $/km

Source Lipman, 19990 Analysis based on model described i Detucchi et al | 1999 See Lipman, 19990, for
higher and lower cost scenarios

Notes

8Based on fuel costs of $1 20/gatlon for gasohine and $9 47/ MMB I'U for hydrogen

bCalculated with a complex formula that estimates physical damage and hability msurance premiums as a function of
VM I and vehicle value  Insurance premuums related to theft and damage costs are estimated 1o be proportional to
vehicle value, while premiums for personal injury related costs are assumed 1o be independent of vehicle value

CCalculated as a function of VM T and vehicle mass  Tire wear 15 estimated (o be proportional to vehicle mass, and a
hinear function of VMT  if a scheduled tire replacement falls near the vehicle scrappage date (e, if the owner
would get 20% ar less of the fuli life of the last set of tires) then no final tire replacement occurs and the last set of
tires 1s worn past the usual pomt of replacement

dCalculated as a tinear function of vehicle mass, with a fee of $50 per year {ot the bascline ICUV (based on the fact
that most states charge vehicle mass-based regrstration fees with a tange of fees of $20 to $100 per year)

1

CFucthtanes arc assumed W be propottional to VM T, such that all vehicfos have the same pur-nufe fuck tas
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As shown in Table 6, the hifecycle costs of electric-drive vehicles (particularly FCEVs)
can be comparable to those of conventional vehicles, even though the purchase prices for the
electric-drive vehicles are considerably higher (in this case an estimated $25,990 for the BEV and
$25,910 for the FCEV, compared with $20,150 for the gasoline ICE). Reduced maintenance and
fuel expenses, plus the fact that EVs of all types are expected to last somewhat longer, nearly
makes up for the difference in initial purchase price over the lifetime of the vehicles. Of course
there are many uncertainties associated with the lifecycle costs of future vehicles types, and only
one set of plausible values is shown in the table (see Lipman, 1999b, for higher and lower cost

ca,ses).9

Markets and Marketing of Electric-Drive Vehicles

In the very early years of the automotive industry, when production was measured in
thousands of vehicles per year rather than tens of millions, electric vehicies competed head-to-
head with gasoline cars They soon faded {from the marketplace, however, because electricity
recharging infrastructure was too sparse (including at homes), batteries were far inferior to those
now available, and the technology did not match well with the contemporary market (Schiffer,
1994) After batteries were made somewhat more reliable around 1907, including Thomas
Edison's nickel-iron battery, BEVs made a brief resurgence. But limited-range cars had little
appeal to households owning only one vehicle, especially because vehicles at that time were used
disproportionately for "touring " Many people appreciated the BEVs® quietness, cleanliness, and
ease of driving - especially women (including Henry Ford's wife) -- but they were a shrinking
minority.

In the 1990s, BEVs gained renewed attention — in large part due to California’s ZEV
requirement -- but also because their quiet and zero emission attributes were attractive for
European city centers, and because of advances in battery technology Indeed, battery technology
was advancing at a rapid pace By the mid 1990s, new high-performing rechargeable battery
technologies were sweeping aside older technologies and making possible booming markets in a
variety of consumer products, fiom portable computers to camcorders As it has turned out,
however, the new nickel-metal hydride and lithium technologics have not been easily upscaled
for use in vehicles, and have remained far too expensive for normal vehicle applications.
Aspirations exceeded reality, and BEV commercialization has been slower than BEV proponents
expected Nonetheless, the BEV phenomena of the 1990s played an important 10le in the
evolution of electric-drive vehicles, and demonstrated the aitractions of electric-drive vehicles

Commercialization Activities

In general. commercialization of full-sized BEVs appears to be n stasis or contracting,
with two of the market lcaders, GM and Honda, having put production on hold Meanwhile,
several companies arec marketing small BEVs with linuted success. tentative commitments arc
being made to HEV products, and enthusiasm for FCEVs 1s expanding quickly

the large cost uncurtantics swamp any cost differences that might exist between Sweden and othar countrios
Thus we do not estimate costs specifically for Sweden
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Conventional BEVs

The limited introduction of BEVs to date has not been especially successful. In
the U.S., where California has been the focus of BEV marketing efforts, less than 3,000 vehicl
were leased between 1997 and 1999, including hundreds of each of the following -- GM EV1,
Toyota RAV4, Ford Ranger pick-up, GM 510 pickup, and Honda EV Plus. In addition, smalle
numbers of Nissan Altra, Chrysler EPIC minivan, and Solectria Force conversion vehicie were
sold or leased there and elsewhere in the US. Virtually of these vehicles were supplied in
response to memoranda of understanding agreed to by the State of California and mayor
automakers (as part of requirments of the state's ZEV mandate) In Europe somewhat larger
quantities of production BEVs have been sold by Renault, Peugeot, Citroen, and Elcat (vans).
Many others are sold elsewhere 1n the world in small quantities. In mid 1999, 580 BEVs were
operating in Sweden, one of the greatest concentrations of BEVs anywhere in the world on a pe
capita basts

Ne company has announced plans for major expansion of conventional-sized BEV
production As indicated above, both Honda and GM have ceased production. Renault and som:
others have indicated plans for limited production, but only for fleet sales It remains unclear ho
manufacturers will respond to the California ZEV mandate requirements in 2003 (which allows
some flexibility in vehicle technology but still requires 4% of velucles sold to be true ZEVs)
Most major suppliers, if not all, are hoping that the 4% rule 1s rescinded

Neighborhood BEVs

In addition to full-sized BEVs, commercialization efforts are also underway to produce
small “neighborhood” electric vehicles (NEVs). Perhaps the most prominent of these cfforts is
the recent opening of the new Think Nordic production plant in Aurskog, Norway This plant ca;
produce up to 5.000 of the two-seat Think vehicles annually Think Nordic AS is now primarily
owned by the Ford Motor Company, which purchased a controlling interest in the company {rom
Pivco AS 1n 1999. The commercialization of the vehicle was given a boost recently when the
Norwegian telecommunications provider, Telenord, agreed to purchase about 700 of the vehicles
over the next several years for use in its fleet The vehicle will seli for about $25,000,
considerably more than the cost of comparable ICE vehicles The principal market initially will
be in government and company fleets m Europe. although the vehicle will also be available to the
public

Several other manufacturers also have NiZVs in production or pre-production prototypes
A Canadian company, Bombardier, has been producing the two-seat, lead-acid battery powered
NV vehicle since 1997 The $6,200 (base price) vehicle 1s being sold through about 50 dealers in
the U S, primarily in California, FFlorida, and Arizona (Bombardicer, 2000) A mote recent entr)
in the NEV market 1s Global Electric MotorCars of Fargo. North Dakota (Global Electric
MotorCars, 2000) This company is now producing both two-seat and four-seat NEV models,
along with utility vehicles Another NEV that is commercially available 1s the $13.900 Corbin
Motors Sparrow, a one-seat vehicle that 1s produced in Hollister, California The Sparrow is
equipped with lead-acid batteries and a brush DC motor that provide it with a top speed of 110
km/hour (70 mph) and a range of 50-100 km (30-60 miles) (Corbin Motors, 2000)

Poyota has developed the e-com concept vehicle, a small two-scater with a nichel-metat
hydnide battery pack that provides a range ol about 100 km (60 miles) and a top speed of about
100 kimv/houwr (62 mph) [oyota has been showing the e-com in North America and Furope, and



testing up to 100 vehicles in Japan, but is not yet marketing the vehicle. Also, Nissan has
designed the “Hyper-mini” EV, which has a rear-mounted motor and a small lithium battery pack
(Miyamoto, 1999). This is also a concept vehicle, with production possible in the near future. In
addition, there are two small NEV models that have been preduced in Denmark. the two-seat
Kewet El-Jet and the one-seat Citycom City, both sold in Europe and the U.S About 50 small
BEVs are operating in Sweden, mostly Kewets

Off-Road BEVs
The most successful clectric-drive vehicles to date have been off-road BEVs. As indicated

in Table 7, about 1.5 million BEVs were sold in 1999 for about $7 bullion. Of this total,
conventional-sized on-road BEVs accounted for perhaps $60 million; they are included in the
“other” category of Table 7. The authors of the survey, with extensive experience in industry,
found that market growth of the overall BEV market 1s about 25% per year and a large share of
the companies are already profitable (79% of those providing services and 46% of those with
manufactuning operations) Only 7% of car, bus, and tax1 BEV operations were reporied to be
profitable; in contrast, fully 93% of manufacturers of vehucles for disabled, 85% of
manufacturers of industrial and commercial BEVs, 57% of leisure BEVs, and 50% of component
and subsystem suppliers reported being profitable in 1998. In addition, 95% of BEV maintenance
operations were also profitable

Table 7: Worldwide BEV Sales, 1999

Market Segments Number S$million
Fprk lifts and related 250,000 $5,100
Golf carts and related 250,000 800
Bicycles and scooters 500,000 400 ;
Wheelchaus and other vehicles for disabled 250,000 300 |
Other 250,000 400

Source Harrop and Harrop, 1999

Hybrid EVs

Toyota, Honda. and Renault are the first automakers to produce and market large numbers
of HEVs Asindicated earlier, Toyota began selling its Prius m fapan i late 1997 and will begin
selling in Europe and the US 1n 2000, Honda will begin seliimg its Insight in the US m carly 2000
and Europe shortly thereafier, and Renault will sell its Kangoo hybrid 1n 2000, probably just in
France

The Honda Insight 1s an innovative two-seat model that will be priced under $20.000 1t 15
composed primarily of alumimum and molded plastic The use of these hightweight matenals
allows for a rematkably low vehicle curh weight of just 840 kg The Insight also has a teardrop
shape that results 1 a drag coctfiaient of 0 25 Honda has mcorporated more than 300 patents



into the vehicle design, which combines a [-liter, 3-cylinder VTEC engine, a 144-volt nickel-
metal hydride battery pack, and a 3-phase BPM motor/gencrator. The vehicle achieves an
estimated 26 km/liter (61 mpg) city and 30 km/liter (70 mpg) highway, as well as ULEV
emission levels (Knight, 1999). Honda expects to sell about 4,000 Insights in the first year in the
U S., along with another 4,000 in Japan. Production is expected to rise in 2001 due to increased
production capacity and the introduction of the vehicle into the European market (Cogan, 1999a)

Meanwhile, Toyota sold 27,000 Prius vehicles in Japan in the two years after its
December 1997 launch (Hermance, 1999). The Prius combines a high expansion ratio, Atkinson-
cycle engine with a BPM motor and a nickel-metal hydride battery pack (which operates at 288
volts, double the 144 volts of the Honda Insight battery pack) Other innovative features include
a planetary gear transmission and a separate BPM gencrator (in addrtion to the motor) that allows
extra power from the engine to supply electricity to the motor. Over the U S combined test cycle,
the Prius has achieved about 23 km/liter (55 mpg) (Hermance, 1999)

A few other companies are nearing commercialization of HEVs Renault plans to
introduce a version of 1is ight truck, the Kangoo, as a BEV and HEV in 2000. The hybiid
version will have a parallel design intended to be used in ZEV mode most of the time with a
small engine avatlable as a range extender. Nissan has developed the Tino HEV, which is a small
station wagon A demonstration project with about 20 of the vehicles is currently underway in
Japan. and the vehicle may be sold 1n Japan as soon as 2000 (the project appears to be targeted at
the Japanese market at present) The vehicle uses a 1 8-liter, 4-cychinder engine, coupled with a
permanent magnet motor and a lithium-ion battery pack The Tino is reported to have
approximately double the fuel economy of similar conventional models (Katoh, 1999). Also,
General Motors has produced a prototype HHEV, called simply the “advanced technology
vehicle,” with an extraotdinarily low drag coefficient of 0 16 (lower than the EV1) The vehicle
combines a rear-mounted 1 3-liter diesel engine with a BPM moetor and a nickel metal hydride or
lithium polymer battery pack The fuel economy figures for the vehicle have not yet been
releascd, pending EPA testing, but it is considered possible that the vehicle will come close to the
80 mpg (3 luters/100 km) goal of the PNGV partnership (McCosh, 2000)

Fuel Cell EVs

Rapid developments in fuel cell component, stack, and system performance and
design have made near-term introduction of FCEFVs posstble Recently, a partnership was forged
between DaimlerChrysler, Tord, and Ballaid Power Systems of Canada (the wotld leader in

developing PUM fuel cell system {echnology) ' One of the first products of this partnership was
the new Think FC5 FCEV prototvpe by the Ford subsidiary his s the first velucle to
incorporate the newest Ballard Power Systems fuel cell system, known as the Mark 900 The

“ They formed thice new companies -- Xcellsts (formerly know as Dbb Fuel Celi LCngines), Clectric Drive Company
(ECO), and Ballard Automotive -- with the goal of commercializing fuel cell systems for transportation (Dirchs,
1998) They have targeted 2004 as the date by which o introduce T CEVS Withm the alliance Ballard Power
Systems 1s held 20% by DaunlurChrysler, 15 1% by Tord, with the remamder ttaded on the NASDAQ and Toronto
exchanges Xcellsis, which recerves fuel cell stacks from Ballard Powet Systems and produces complete fucl cell
“engines,” 1s held 51% by DamnlerClrysler, 27% by Ballard, and 22% by Ford 1 CQO, which produces electite
maotors and contrallus, s held 62% by Totd, 17% by DamlerChiysler, and 219 by Ballard Ballard Automotive is
the matheting company tor the athance



Think FCS is a four-door family sedan that is fueled with methanol (converted to hydrogen
onboard the vehicle). Production of the Think FCS is slated for 2004, and the vehicle will be
road tested in California in the summer of 2000 under the California Fuel Cell Partnership.

Meanwhile, Toyota and GM are apparently developing fuel cell technology “in-house,"
although various GM subsidiaries have purchased Ballard fuel cell stacks in the past Toyota has
demonstrated two FCEVs, one running on direct hydrogen stored in hydride tanks, and another
running on liquid methanol reformed onboard into hydrogen Toyota has announced that it plans
to reach market with a "mass-produced" FCEV 1n 2003, one year before DaimlerChrysler and
Ford (Sacramento Bee, 1999)

Smaller automakers have also announced their intent to produce fuel cell vehicles. Honda
is planning to produce 300 fuel cell vehicles in 2003, using the EV Plus as a base vehicle and
probably running on reformed methanol (Fuel Cells 2000, 1999) Also, Nissan and Volkswagen
have recently unveiled prototype vehicles that use Ballard stacks, and Mazda and Renault have
produced concept vehicles (Dircks, 1998).

These various efforts are indicative of the level of research and develepment attention
that the world’s automakers are applying to FCEV introduction Many technical achievements
have been made in recent years through these efforts, and the remaimng technical hurdles to
FCEV introduction primarily involve those associated with fuel choice and system optimization
and integration issues Increasingly, it seems that manufacturing cost and fuel infrastructure
issues, rather than technical feasibility, are the major barriers to FCEV mtroduction.

Demonstration Projects

A varlety of countries have created programs to accelerate the development and
commercialization of electric-drive vehicles, especially battery-powered EVs The programs arc
almost all in countries with major automotive manufacturing industries. Each program s distinct,
largely because they were designed with different goals in mind (Karlberg, 1999, Zwaneveld ct
al, 1999, Zwaneveld et al, 2000).

A variety of organizations in Sweden have undertaken programs to mtroduce electric-
drive vehicles, dating back to 1992 when the Swedish National Board for Industrial an Technical
Development (NUTFEK) issued a procurement Through various mechanisms and with funding
from various sources, and ofien in cooperation with government buyers elsewhete in Europe,
Sweden has imported over 500 BLVs

The two most active supporters of BEVs in Europe have been Switzerland and France
Motivated by the availability of abundant of{-peak electricity (from nuclear powerplants). air
pollution problems in Paris, and a strong aulomotive industry, France has promoted BEVs in a
number of ways Various French mustries contribute o a variety of projects, including the $5
million Praxitele car sharing demonstration project outside of Paris that closed in 1999, and a
citywide program in La Rochelle In addition, EDF (Electricite de France), the electric utility, has
provided substantial subsidies to BEV buyers and has purchased over 2000 BEVs for 1ts own
fleets. EDF does not plan to expand its BEV fleet much in the foreseeable future and vehscle
subsidies for new cars and batterics have been climinated, a byproduct of the ongoing
privatization of EU (and US) electric utilities  The Praxitele car sharing pioject used 50 small
Renault BEVs It did not prove commercially viable as implemented but new car sharig projects
using BEVs are planned for clsewhere i france (Massot et al, 1999)



Switzerland has actively supported BEVs for many years, motivated mostly by
environmental and energy concerns. The national government has provided several million
dollars to various electric-drive vehicle R&D projects, including hybrid and fuel cell research,
but mostly for lightweight vehicles. The Tour de Sol race initiated in the 1980s was an early focal
point for those interested in lightweight BEVs The centerpiece of these activities in recent years
is the small city of Mendrisio Almost 200 small EVs are now reportedly used in the small city,
with the goal of achieving 8% overali market penetration.

Germany’s efforts on behalf of BEVs have been less enthusiastic. The Environment
Ministry 1s actively critical of BEVs, mostly because Germany’s electrical supply system 1s
largely based on coal The most significant effort was the $30+ million (DM 60 million)
demonstration project on Rugen Island in former East Germany (Voy, 1996.) From 1992-96, 60
vehicles were driven under everyday conditions by 100 users, covering 1.3 million km. Vehicles
included German-made cars, minibuses, and buses, and were powered mostly by NiCad and
sodium nickel chloride (“Zebra™) batteries, plus three by sodium sulfur and another three by lead-
actd When the subsidized demonstration ended, the project came to a complete halt Since then,
the national government has had no BEV program The lack of enthusiasm for follow-up was
apparently due to the many problems with the retrofitted vehicles and the realization that BEVs
are not an attractive GHG strategy in Germany due to the high usc of coal 1n generating
electricity

In the U S . several EV demonstration projects have been conducted These include the
California and Anzona BEV lease programs by General Motors and Honda, 1n which GM EV 1s
and Honda EV Pluses were leased to private consumers and government and industry fleets, with
data collected on vehicle use and recharging behavior Toyota conducted various demonstrations
of the Prius HEV in several U.S cities in 1999-2000, in preparation for the commercial launch in
the summer of 2000

FCEVs have also been tested in neighborhood vehicles in Palm Desert, Califormia, where
a larger effort to introduce neighborhood electric vehicles as been n place for over five years
Perhaps the most notanle FCEV demonstration effort is the California Fuel Cell Partnershup.
inttiated 1 1999 In this program, DaimlerChrysler. Ford, Honda, Volkswagen, the California Air
Resources Board. and several energy companies have commuitted to testing a few dozen fuel cell
cars and buses in Califorma from 2000-2003

Market Demand

Automakers f{ace a large range of possibilities 1n designing and building electric-drive
vehicles These vehicles can, from a consumer’s perspective, be nearly identical to today’s
internal combustion engine vehicles — examples include FCEVs or 11EVs operating exclusively
on gasoline (or a gasoline-like fuel} Or, at the other extreme, they can be BEVs with limited
driving range per charge Moreover, automakers can make minor modifications in electric-drive
vehicles to render them more like today’s vehicles — for instance by altering the regenerative
braking to make the vehicle “feel” more like today’s [Cl: vehicles

Automakers thus confiont a broad array of electric-drive technology options, with very
different attiibutes, and they must decide which technologies and attributes to build into the
vehicles They will make that decision based primanty on what consumers are willing to pay f{or.
and sccondanly in response to government rules Here we review those attributes that differ




significantly from today’s ICEVs, and examine likely consumer responses to those differing
attributes. Some attributes are superior, some inferior, and some just different.

Positive attributes of electric-drive vehicles, from a buyer's perspective, include the
following:

« quieter than ICE vehicles;
« smell, toxicity, and combustion dangers of gasoline can be eliminated;

« fewer air pollutant and greenhouse gas emissions (no direct emissions with some
technologies),

« better driving “fecl”;
« can easily be pre-cooled, heated or defrosted,

« electrical appliances can be plugged 1n and opcrated when the vehicle is not
being used (for instance at recreational areas),

« high power electrical appliances can be utilized in the vehicle (such as coffee
pots and microwave ovens),

« BEV recharging can take place where the vehicles ate parked, including home.
work and shopping, eliminating trips to refueling stations

Meanwhile, the negatives for electric-drive vehicles are
= higher purchase cost,
= shorter driving range and longer recharging tume for BEVs,

= high battery replacement cost

Other attributes that are different from those of today's vehicles, but not cleatly superior or
inferior, are histed below Most are not understood well enough to be characterized as positive or
negative and vary greatly depending on the clectiic-drive technology employed In this list are
different braking characteristics, different cost and maintenance schedules, and costs that may be
equivalent on a lifecycle basis but are borne more as fixed or operating costs

Various stud:ics have been conducted attempting to predict consumer responses to these
various attributes (see Bunch et al, 1993, Garling and Thogersen, 2000, Kurani et al, 1994,
1996) The most sophisticated that are publicly available have focussed on BEV attiibutes and
technologies None have specifically addressed hybrid and fuct cell vehicles The various studies
have many weaknesses. 1n part because of questionable assumptions about vehicle technologies.
but more so because they are mvestigating consumer responses to unfanuliar attributes The
problem is that consumers are il prepared (o state then preferences and intentions As Bob Luts,
then vice chairman of Chrysler, noted in a 13 January 1997 Fortune magazine intctview:



[T]he customer, in this business...is usually, at best, just a rearview mirror. He
can tell you what he likes among the choices that are already out there But
when it comes to the future, why...should we expect the customer to be the
expert in clairvoyance or in certainty?

Based on the state of knowledge, including 15 years of personal involvement in market
research for alternative fuel vehicles, we conclude — setting aside cost considerations for now —
that electric-drive vehicles appear to be a superior option for consumers We are confident 1n
making this assertion, though we note that the underlying research is spotty and limited. The
fundamental and underlying premises for this conclusion are listed above, especiatly the
opportunitics presented by the high-power electric infrastructure within the vehicle, the driving
feel, and the pollution and energy advantages

BEVs have all the above positive attributes, plus two other strong consumer attractions.

BEVs allow home recharging. which many users apparently strongly prefer,'! and BEVs have no
combustion engine In this sccond case, it 1s not just that BEVs arc zero emutting, but that they
represent in consumer eyes an unequivocal break from today’s “unsustainable” ICEVs To many

people, BEVs represent a clean, healthy, quiet alternative " In contrast, HEVs and non-hydrogen
FCEVs have small combustion devices, and as a result are not scen as unambiguously “green” by
consumers

An important quahfication must be offered here regarding environmental attributes.
Market research is virtually unanimous in showing that consumers give little or no weight to
environmental benefits in determining whether to purchase a particular vehicle (Kurani et al,
1996, Golob et al. 1996} This finding does nof mean that environmental benefits are inelevant (o
consumers, or will be i the future Just as safety played little role in vehicle purchase decisions
unti] very recently, 1t 1s possible that environmental impact will play a role n the future.

Morcover, environment does play a role, but in scarch behavior, not purchase behavior
That 15, many consumers use environment tmpact as a criterton n focussing their search The
curtent car buyer 1s confronted with hundreds of available models of new cars and light truck, but
typically will actively constder not more than six vehicles and actually shop te compare only
three (David Powet, cited in Kurani et al. 1996) When awaie of vehicles that are clearly superior
environmentally, many consumers, those with strong envitonmental concerns, aire inclined to put
that vehicle on their short list of 3 or 0 to be seriously investigated This tole 1 search behavior

" These include elderly people and others concerned about security at fuel stattons, parents concerned about
children’s exposure to gasolinc fumes and dangers of moving vehicles at fuel stations, weli-diessed people who must
fuel themselves when full service 1s not available, and women who are ofien reluctant to aeal with the typically
young males working at fucl stations Indeed, research in the USA suggests that a significant portion of consumers
would pay several thousand doilars extra for home recharging [Kuran: ct al, 1996]

12 I'CEVs, operating on hydrogen may also be seen this way, what 1s unknown s whether users will be troubled by
hydrogen fucling and large on-board storage tanks

13 In market studies comparing natural gas and batlery electric velicles, consumers indicated that B Ve were greatly
preferred over natural gas vehicles as an environniental and lifestyle choice, if costs and other attiibutes were
equivalent (Turtentine et al | 1992) Based on our mtcipretation of those carbier studies and owr own ancedotal
obscrvations over 15 years of market tescarch with alternative fuel velucles, we capect that consumers will also
gicatly prefer pute electiies ovar vehieles with combustion eagines, all else bema ¢qual
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can be a huge aftraction for automakers, who spend billions of dollars trying to distinguish their
products in a crowded marketplace (automakers spend over $5 billion per year for advertising in
the U.S.).

Cost is the most powerful determinant of consumer preferences. Batteries are inherently
expensive and are expected to remain so into the foreseeable future. As indicated above, battery
costs are not likely to drop low enough in the foreseeable future for conventional sized vehicles
to be competitive with gasoline vehicles This is a perception widely held in the automotive
industry. As a result, the future of conventional sized BEVs is bleak, certainly into the
foreseeable future.

Automakers are most excited about the prospects for fuel cell vehicles, and secondarily
for hybrid electrics They are enthusiastic about FCEVs because they have the potential to be cost
competitive with gasoline ICEVs (they do not require large battery packs); from a consumer
perspective, they are, apart from cost, at least as altractive to consumers as gasoline ICEVs
(being fuelled similar to today’s ICEVs with a chemical fuel, perhaps even a gasoline-like fuel
and having similar driving ranges per tank of fuel)

Hybrid EVs are also attractive, for the same reasons, but do not generate the same
enthusiasm as FCEVs because they tend to require larger (more expensive) battery packs, may
have more complex drive systems because they are integrating a combustion engine system, and
suffer the various maintenance, pollution, and noise disadvantages of conventional ICEVs
(though to a lesser extent since the combustion engine is operated n a steadier more calm
fashion).

This assessment of automaker attitudes toward alternative technologies and fuels 1s
illustrated by their pricing strategies. Consider the most advanced BEVs available 1n the
marketplace General Motors, Honda, and Toyota all set the 1etail price for their respective
vehicles at $30,000 and up That price 1s far higher than the price of comparable gasoline ICEVs
In contrast, at the same time Honda and Toyota priced their hybrid clectrics in Japan and the
USA under $20.000, and DammlerChrysler publicly announced their intention in 1999 to sell theu
future fuel cell vehicle also under $20,000 This apparent irrationality 1s explained by strategic
constderations.

Automakers have a longstanding history of incorporating strategic considerations into
their pricing practices For instance, small vehicles are priced closer to cost than large vehicles
because automakers hope to lure new buyers in at the bottom of the market with the expectation
that the buyers will remain loyal and move up to larger cars that are more lucrative (And 1n the
US, they also price small cars near cost as a means of inducing more sales of those vehicles in
order to meet Corporate Average fuel Economy standards.} In another well known case, General
Motors built the entirely new Saturn car division in the 1980s to test and integrate new
manufacturing processcs. management practices, retail distribution methods, and labor 1elations
They priced the vehicles to be competitive, but in doing so, they were strategically deciding that
they would defer recovery of R&D and many other initial costs (perhaps forever)

In the case of BEVs, automakers set prices hugh because they never expected those
vehicles to be successful mass-market products, they were treating the vehicles as high-priced
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prototypes.'* In contrast, automakers priced HEVs and FCEVs very competitively because they
believe that hybrid and fuel cell electrics could be successful mass-market vehicles They take
quite seriously the prospect of being a market leader with HEVs and especially FCEVs,

Summary of International Assessment

The automotive industry and the world at large is entering a difficult transition period —
moving from a long-established technology to a new promusing set of electric-drive technologies
Such transitions are inherently disruptive, and naturally slowed by vested interests and
conservative personal and organizational behaviors During these transition periods, especially in
this case where large market externalities are involved, governments can play a particularly
influential role Indeed, in the case of certain technologies, such as many hybrid vehicle options,
one can imagine a modest set of government regulations and incentives resulting m large market
penetration

In any case, it seems certain that electric drive technology will eventually supplant
internal combustion engines -- perhaps not quickly, uniformly, nor entirely -- but almost
inevitably The question is when and 1n what form. Based on the cost, environmental, and
market analyses presented in this report, we believe that the following can be stated with some
confidence

« BEVs are unlikely 1o replace many conventional-sized private vehicles in the
foreseeable future,

« the most attractive applications of pure battery EVs in the foreseeable future
appear to be as off-road vehicles and small, limited-performance urban and
neighborhood vehicles, with the potential for significant market penetration in
some [ocations,

« FCEVs are the first choice of automakers as the vehicle technology of the future,

« HEVs are seen by automakers as a fallback choice for the consumer vehicle
market 1f FCEV costs do not drop to competitive levels or other problems are
encountered with FCEV commercialization,

« HEV and FCEV technologv may emerge as attractive options for various
medium and heavy-duty vehicle applications.

There can be many reasons and many ways (o participate in the advancement of electric-drive
vehicles, and to benefit from that technology While air quality 1s curiently the strongest
motvation i most countries for promoting advanced environmental vehicles. that need not be
the case 1n Sweden

14

Other companies such as Renault and PSA, priced therr BLVS somewhat mocc competitively | hey did so tarecty
because the vehicies were really converted gasohne vehicles and thaeto ¢ not costly (o develop ot manufactute
Converted vehicles tend to have reduced reliability and performance
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Candidate Technologies for Sweden

Given the above assessment, with the understanding that Sweden is a small country with
an economic and environmental interest in advanced technologies, what initiatives seem most
compelling? We answer in two stages Here, in this section, we identify and examine two sets of
technologies that we judge most relevant to Sweden’s interests and circumstances. In the
recommendations section that follows, we suggest specific actions Sweden might consider in
pursuing those two sets of technologies

Small BEVs: An Environmental Policy Initiative

As indicated throughout this report, the only type of BEVs that might prove attractive in
the foreseeable future are small and limited peiformance off-road BEVs. Sweden does not have
the industrial or research base to launch a BEV industry, but there are two other factors that make
BEVs an attractive option to pursue a very clean electricity supply system. and a strong
environmental ethic

Small BEVs include various off-road vehicles, and range from very small golf cart-like
vehicles with top speeds of about 35 km/h up to highway-capable vehicles with top speeds of
about 100 km/h and ranges (per charge) of about 160 km Here we limit ourselves to an

examination of the prospects for on-road vehicles ° The largest of the small passenger BEVs,
which we consider here. include the Toyota e-com, Nissan Hypermini, Ford Think, and Honda
City Pal prototypes (all similar in size to the DCX Smart). There are others as well, as noted
earlier in the text.

Much was learned 1in the 1990s about the market for BEVs It was learned that the
demand is potentially significant — that BEVs do indeed have some strong consumer attractions -
- but that the market 1s ltkely to evolve only under certain condrtions and only with considerable
marketing effort. This assessment 1s especially applicable to small BEVs. Generally, it was
learned that customers are conservative, slow to embrace new vehicle attributes, must be exposed
to intensive informational and education campaigns before they accept new attributes; are highly
sensitive to purchase prices; strongly influenced in then search behavior by environmental
attributes but not 1n their purchase behavior; often value home rechatging and the superior
driving feel of electric-drive vehicles, and retail outlets for new {uels must be widespread even
{or eatly adopters In the case of small BEVs, all of the above lessons apply (tlough the vehicles
will require fewer retail recharging outlets since they will be used only for local trips and
therefore more likely to be charged at home)

Generally, though. 1t will be a stow and arduous process building a matket for BEVs, and
even more so for small BEVs, though casier in some markets and locations than others 1t will be
especially slow and arduous 1n affluent OECD market regions since customers have little
experience with small vehicles, government safety and traffic rules often limit the use of small
vehicles, and few or no incentives exist for their use (Kuram et al, 1995, Lipman et al, 1994;
Stein et al, 1994) Nonetheless, 1t 1s our judgement that the large economice, environmental and
land usc benefits of small B Vs justify sttong public support, and that the provision of modest

As indicated elsewherc m thes topott, the ofi-road market for these vehicles s laroc and prowme but analysis of
thic market 15 sparse d 1d we dare unable 1o assess the spectfic opportunitics m Sweden
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incentives, such as preferred parking, could greatly increase the attiactiveness of such vehicles to
CONSUMETrs.

Several key factors influence the demand for small BEVs in Sweden. On the one hand,
the relative lack of traffic congestion and parking difficulties in Sweden may undermine demand
for small BEVs. On the other hand, lugh levels of affluence, high car ownership rates, and high
environmental awareness suggest that small BEVs could find a market as a second car.

Car ownership continues to grow As of 1998, 27% of households in Sweden had no cars,
55% had one, 16% had two, and 2% had three or mote (SIKA, 1999, Table 3 10) Small BEVs
could be of interest to each of these groups — as a convenient low cost means of mobility that
either supplements or replaces current vehicles, or as the principal means of travel for households
1n city centers.

Moreover, most vehicles are not used mntensively and most car trips are short In Sweden,
about 40% of trips are less than 2 5 km and 50% less than 5 km. half of which are by car (SIKA,
1998)

Even though most trips are not long and most vehicles arc not used ntensively, it is well
known that individuals purchase cars that can satisfy some “marker” need (such as, as indicated
ealier, a once-per-year family trip to visit Grandmother, an occasional need to dispose of large
amounts of trash or, 1 the case of BEVs, the ability to travel {from work to home to get a sick
child and bring her to a hospital without recharging)

Thus, for a small BEV to be accepted, most owners would need to have easy access to
larger, longer range vehicies for occasional travel needs This need could be filled by a second
household vehicle, easy access to rental cars, or easy access to “shared cars” (Whitelegg, 1999,
Shaheen et al. 1998)

As car ownetship increases, the opportunities to infroduce a more specialized vehicle,
such as a small limited range BEV, increase Indeed, the proliferation of cars creates a favorable
situation for small BEVs The small BEVs become more attractive because car owners no longet
require all vehicles to serve all purposes, and can substitute a lower-cost vehicle for larger more
expensive all-purpose vehicles And small BEVs are more attractive (o society because use of the
velucles leads (o sharp reductions n energy use, pollution, and space needs

Electric-Drive Trucks and Buses: An Industrial and Environmental Policy Initiafive

Sweden 1s home to a major truck and bus manufactuning industry As noted earhier, Volvo
Bus and Truck and Scama are ranhed third and siath in the world, respectively, in production of
heavy vehicles (over 16 tonnes) Almost all heavy buses and trucks everywhere in the world ate
powered by diesel engines and fuels This pattern is unlikely to chaage in the case of trucks.
Diesel fuel has a very high cnergy density, diesel engines ate energy efficient and long-lasting,
and large trucks are often uscd for long distance transport Thus, 1t is likely that most heavy
trucks will remain powered by diesel engines and diesel fuel into the foresecable future
Certainly. heavy trucks are likely to lag other vehicles i being switched to electiic-drive
technologies and alternative fuels

The same can not be said fot buses, though Indeed, it 1s Likely that the transformation of
buses to clectrie drrve will be faster than for any other vehicle type In the US. about 1/3 of new
bus orders n the late 1990« wete for natural gas, and a growmg numbet are for hybnid clectiic
powertrains As mdicated above, 12 HEV buses have been puichased for use and testing in
Sweden (plus Volvo 1s designmg and testing two hybrid heavy duty tacks and two hy biid buses)



Companies involved 1n heavy duty electric-dnve vehicle technology development in Sweden
include Volvo, Scania, Ericsson Communication System, ABB, Hoganis, and Ni-Me Hydrid AB.
Buses are an early target market for several reasons: their pollution causes a
disproportionate health effect because emisstons tend to be in areas with high outdoor
populations, diesel particulates are arguably the most serious health threat from vehicular
pollution, and buses are usually government owned and managed and therefore meore responsive
tc public policy. The bus market, though not nearly as large as the heavy-duty truck market, is
important because the engines and drivetrains are the same as used i heavy duty trucks. Thus,
early penetration of the bus market leads naturally to later penetration of the larger truck market

Policy Suggestions for Sweden

Below we provide a list of policy and investment suggestions that might be pursued in
support of the two initiatives proposed above -- to accelerate the use of small BEVs, and to
develop and commercialize heavy duty electric-drive vehicles This list is meant to be suggestive,
not comprehensive nor definitive

Inceantives for the purchase and use of small BEVs To accelerate the introduction of small BEVs
as efficiently as possible, a necessary pre-condition 1s the adoption of incentives These
incentives might be both monetary and non-monetary. ranging from lower vehicle purchase taxes
and registration fees to preferred parking in downtown areas These incentives ideally would be
adopted 1n a form that reflects the social benefits of these vehicles Some effort should also be
devoted to creating incentives for electricity recharging infrastructure at homes and for public
stations, but the small energy requirements of these vehicles suggest that recharging
mfrastructure costs should be small

Demonstrations of small BEVs These vehicles are unfamiliar to vehicle operators and travelers,
traffic enforcement officials, infrastracture managers and operators, and business owners. For
small BEVs to be introduced as passenger vehicles, changes should and 1n some cases must be
made i various rules and practices, so that travelers feel and indeed are safe It will take much
time and effort, and partnerships will necd to be formed with a variety of organizations.
Demonstration projects can be costly and not very useful but, if conducted wisely and with clear
goals, can also play a critical learning and cducational role The goal here ts to learn what
changes 1n the transport system arc necessary to accommodate the vehicles, and to increase their
exposure to potential buyers and users Related demonstrations might focus on deliveries of e-
commerce goods 1o neighborhoods. or integration of small BEVs mto car sharing programs

Create “EV" standard for clean urban cars Sweden 1s not alone in considering the use of
electric-drive vehicles in polluted and noisy city centers Many other cities are exploring and
enacting rules that prohibit vehicles with combustion engines on certain days and in certain arcas
Sweden might want to cootdinate with other cities and countries, o1 even take a leadership role,
in developing a standard for “clean™ urban cars Such a standard could be used to enact traffic
rules, adopt incentives and create the framework for habtlity determinations Adoption of this
standard could be prvotal in the introduction of small BILVs
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R&D funds for innovative, leading-edge technologies. Careful strategic thinking should go into
this program, since government funds are limited, government is not omniscient, and the
resources of large industrial companies dwarf what might be made available by government. In
this case, we suggest the highest priority be given to hybrid and fuel cell technologies for heavy
duty vehicles, and that funds be directed at small entreprencurial companies and major
companies with relevant expertise but not traditionally involved in vehicle manufacturing

Demonstration of hybrid and fuel cell buses. The role of the national government in this case 1s
mostly to facilitate the testing of buses in actual operation. The intent 1s to help the vehicle

suppliers learn about bus operator and customer acceptance issues and problems These tests can
be rather limited

Fuel cell research. We purposefully refrained from recommending a fuel cell strategy, given the
apparent lack of investment 1 {uel cells in Sweden ' We suggest, however. that Swedish
businesses and government seriously ponder this issue It appears plausible that fuel cell
technology will play a major role 1n powering a vast range of future products, from small
consumer devices to home energy use, cars, and stationary electricity generating powerplants
Can Sweden affoird to ignorce such an important development?

These suggested mitiatives and actions reflect our assessment of the state of knowledge,
and our interpretation of what might be most advantageous for Sweden We are not omnuscient,
however. Circumstances change Surprises happen To provide insight into our thinking, and
therefore to aid those confronted with the difficult decisions of how to proceed, we provide some
discussion of our general understandings and beliefs

First, we suggest that actions taken by Sweden for the soctal good can create a halo effect
for the entire country. That is. the country and its products will be seen more favorably and
treated better in world dealings Also, it could lead to more tourism

Second, we are skeptical of a large government role 1n funding R&D, especially i a
small country such as Sweden, but do believe that strategic suppott of rescarch will have large
payoffs The greatest payoffs are likely to result from tesearch funds directed at small innovative
companites, universities that train the next generation of scientists and engineers, and long term
rescarch in gencral We note that large industrial companies have R&D budgets that dwarf the
resources of government, R&D investments in those companies should be pursued with
prudence [t ts important, though, that major vehicle suppliers be involved to provide strategic
insight

Finally, Sweden necds to look to other partners and models in the case of small BEVs,
where Sweden would be a technology receiver, the critical partnerships are with other countries
and regions also interested in deploying those vehicles In the case of heavy-duty vehicle
technologies. Sweden would be a technology supplier and, since no single company is likely to
supply entire systems, companies need to form alhiances and partnetships with other component

X8 " ' '
A Swedtsh business macazine, Affarsvarlden, carmed a featuie story on fuel ¢clls i ts 26 fanuary 2000 1ssue it

claimed that only one Swedish company histed on a stock exchange 15 conpected to the fucl ol industry, and s a
siall company that manufactures compressots for fuel cells
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and subsystem suppliers, thus the critical partnerships n this case are with other technology
suppliers.
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Table A-1: Summary of BEV Purchase Cost Estimates from Various Studies

Cost Study Purchase Cost Estimate
ITS-Davis — Delucchi, et al (1999} Driving range | Driving range | Driving range | Driving range
Mid-sized vehicle, lead-acid battery, high 65 miles 80 nmuiles 110 mules 125 miles
volume production $23,669 $25,146 $28,527 $30,615
Mid-sized vehicle, NiMH battery, high velume 70 miles 100 mules 160 mules 190 miles
production $23,884 $25,785 $32,450 $35292
2000 2005 2010 2020
Argonne Nat'l Lab — Vyas et al (1999) (<10K/yr) (10-40K/yr) {(>40K) (>40K/vr)
Subcompact BEV $18,500 - $18,300 - $17,800 - $17,700 -
41,400 35,900 32,900 30,300
Mimvan BEV $27.300 - $27.100 - 526,300 - $26,000-
62,500 53,900 49,400 44,100
1998 2000 2002 2004
Booz-Allen & Hamilton (1995) 40.000/yr 41.000/vr 107.00/vr 243,000/vr
Compact BEV $28,173 $25,606 $20,060 $18,290
U.S DOE (1995) 1998 2005

Minivan BEV $25,409-30,739 $20,318-22,254
US GAO (1994) Handbuilt 1000/vr 10 000/yr 100.000/vr
Compact BEV $42,700 $28,700 $27,000 $18,300
NAVC - Moomaw et al (1994) 1995 (prototype) 1998 (20 000/yr)
Purpose-Built BEV $60.515 $22.915

Cost Study

fncremental Cost Estimates

(compared to comparable gasoline ICE vehicle)

Subcompact Mid-size Subcompact Mid-size
Office of Fechnology Assessment {1995} 2005 2005 2015 2015
(24.000/yr) (24,000/yr) (24 000/yr) (24 000/y1)
Incremental Cost (Retail) $8 090 - $10,920 - $2,260 - $3,175 -
$56,600 $74,100 $25,560 $33,090
Sterra Rescarch (1994) 1998 2002 2006 2010
Small Passenger BLV Incremental Cost $10,000 - $7.000 - $4,250 - $10,000 -
27,143 17,254 20,280 22,726

Rand Institute (1996)
Compact BLV Inuemental Cost

1998-2002
$2,320-515 000
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