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● operating battery-only on short trips
● displacing longer trips that could otherwise be

made only by petroleum-fueled vehicles, with
less oil usage and pollution because part of the
trip energy would be supplied by battery
storage, and the constant speed engine can be
both more efficient and less polluting than the
larger variable-power engine it would displace.

The counterpoint to this argument is that the very
attractiveness of the hybrid, concept might discour-
age development of, and compete in the marketplace
with, advanced battery-only vehicles with longer
range than today’s best vehicles and emissions
benefits superior to those of the hybrid. Also, a
battery-only vehicle will have a longer range “bat-
tery only” capacity-and thus can replace a higher
percentage of trips in a “zero vehicle emission”
mode—than the hybrid because it does not carry the
added weight and volume of the IC engine and fuel
tank, and can substitute additional battery capacity
in their place.

A third, possibly longer term alternative is to
forego battery storage entirely and generate electric-
ity from a fuel cell fueled with hydrogen or
methanol. The advantage of such a system is that it
combines key benefits of EVs--essentially zero
vehicle emissions (including no emissions of CO2 if
hydrogen is the fuel) and high efficiency powertrain—
with fast refueling capability and longer range than
offered by currently available batteries of the same
weight and volume as the hydrogen or methanol
storage tanks plus fuel cell. It eliminates problems
with NOX and hydrocarbon emissions (the latter
from engine oil burning) from hydrogen vehicles
using IC engines (see next chapter on hydrogen), and
of course eliminates the stronger concerns associ-
ated with methanol IC emissions. DeLuchi estimates
that a high-efficiency vehicle based on hydrogen
(equivalent in design and performance to a 40-mpg
gasoline vehicle) with a 200 mile range would have
a hydrogen storage system displacing about 40
gallons-about 8 times the volume of a gasoline
tank yielding the same range—if the hydrogen was
stored as a 4,500 psi compressed gas.26 The hydro-
gen could also be stored as a cryogenic liquid or as
a hydride, though the former would be challenging
for general use because liquid hydrogen is extremely
cold, and the latter would add considerable weight
unless major improvements in storage capacity were

made to hydride systems. A methanol-fueled vehicle
should have range capability similar to that of a
gasoline vehicle with similar storage volume, be-
cause of the efficiency advantages of the fuel
cell/electric motor system.

Methanol would be cheaper than hydrogen and
would add substantial range, though it would require
the addition of a reformer to dissociate the methanol.
If the issue at stake were only to reduce oil use at
moderate cost, methanol would appear the superior
choice. However, hydrogen offers the potential of
essentially eliminating C02 emissions from the fuel
cycle, so that policymakers might choose to trade off
the added fuel cost for the reduction in CO2. The fuel
cell itself would emit no CO2 if fueled with
hydrogen. Also, despite hydrogen’s current manu-
facture from fossil fuels, with consequent emissions
of C02, some analysts believe that the cost of
photovoltaically generated dc electricity-producing
zero CO2—will drop dramatically within a decade or
two and become a cost-competitive energy source
for generating hydrogen.

Aside from the options of focusing on either
methanol or hydrogen, an alternative strategy would
focus on both. Although considerable development
work will be necessary to construct a fuel cell
capable of meeting the requirements of general fleet
use, which include long life, low cost, and compact-
ness, the fuel cell work should not take nearly as long
as the hydrogen work. Conceivably, if development
of a commercial vehicular fuel cell came first,
methanol could serve as a bridge fuel until a
PV-based hydrogen fuel supply could be developed.

INFRASTRUCTURE
Although additional generating capacity may

eventually be required to support a large EV system,
tens of millions of EVs can be recharged daily with
no additional capacity if the recharging is accom-
plished at night, following the evening demand
peak. Consequently, the fuel delivery infrastructure
required for an EV fleet consists of the charging
stations. Although rapid charge stations are techni-
cally possible, they are unlikely to be widely used
(see discussion above). Most recharging will likely
be accomplished at millions of home stations
offering overnight recharging. DOE estimates the
cost for a station to be $400 to $600, assuming a

ZCM. DeLuc~, letter to AHan Lloyd, South  Coast Air Quality Mamgement  District, California, Da.  14, 1989.
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240-volt, 30-amp outlet, ground-fault circuit inter-
ruptor to guard against electrical shock, and a
time-of-use meter or other device to obtain reduced
nighttime charging rates.27 With 45 million EVs
needed to displace 1 mmbd of gasoline, the infra-
structure costs—attributed solely to charging fa-
cilities-are $21.8 billion for this level of oil
displacement. 28

EFFECTS ON EMISSIONS AND
AIR QUALITY

Although EVs must surmount substantial market
difficulties, and may be unlikely to save much oil (if
the competing vehicles are highly fuel efficient),
they will have an important positive impact on urban
air pollution if they become a significant factor in
urban travel. The vehicles have virtually no emis-
sions 29 and the emissions from the generating
facilities that would power an EV fleet are spread out
over a wide area and, in most cases, have only
moderate effect on any specific area such as a city.
Also, although not universally true, many urban
areas obtain their power from relatively distant
generating facilities, and an increase in their net
emissions will have little impact on the urban area’s
air quality.30

Trading local, low-level, small-source pollution
for centralized pollution sources with tall stacks is
not, of course, uniformly positive. As discussed
below, the types of pollutants change, but the change
of pollution distribution can have some negative
effects as well-especially the increased contribu-
tion to long-range transport of pollution to other
regions. Given the diversity of air-quality-related
parameters--powerplant location in relation to pop-
ulation centers, powerplant fuel and control effec-
tiveness, urban meteorologic conditions and pollu-
tion mix, regional long-range transport characteris-
tics, and so forth-gauging the air quality benefits

and costs of major shifts to electric vehicles requires
location-specific examinations.

The net effect on total emissions of a shift to EVs
will be mixed. Power for nighttime recharging of
EVs will come from baseload and intermediate
plants not needed to meet ordinary (low) nighttime
demand; depending on region, these will be primar-
ily coal-fired steam electric generators (coal fueled
57 percent of all generation in 1987, and higher
percentages of baseload power31), natural gas-fired
steam electric plants, and hydroelectric plants; some
additional power will come from natural gas-fried
combined cycle plants (though most of these plants
are likely to be used as intermediate rather than
baseload plants). Although nuclear steam electric
generators provided 18 percent of baseload power in
1987, 32 they are rarely cycled down when load
declines and thus may not be available to supply
excess power to charge EVS.33 Similarly, hydroelec-
tric capacity may not be available in most cases
because these plants generally are the last to cycle
down.

Because utility electric generators emit few emis-
sions of hydrocarbons and carbon monoxide, the net
effect of EVs on emissions of these pollutants will
be highly positive--emissions per mile of these
pollutants would be reduced over 90 percent.34 Older
coal and gas-fired baseload plants produce consider-
able emissions of NOX, and the net effect on NO=

emissions of a large EV fleet will be negative,
especially for coal plants. More recent plants with
moderate controls will have a positive net effect, so
that overall, with a mix of older and newer plants, the
net effect on NOX emissions is likely to be small and,
in areas with considerable nuclear and hydro capac-
ity or with stringent NOX controls, would be highly
positive. 35 Finally, because even stringently con-
trolled coal plants emit more SOX than automobiles
on a comparative ‘‘per mile’ basis, market penetra-

ZTDC)E  Tec~cal  Report  Five, op. cit., foo~ote 18.

281bid.
zg~ereare fioremissiom from paint, adhesives, and so for@ and possibly release of some gases from the batteties,  depending on heir type. ~so,

EVS  used in cold climates may have fossil-fueled heatecs.
%owever,  the net increase in powerplant  emissions will affect  air quality over a wide area and will also affect acid rain and visibility.
slEnergy  ~ormation Administration Annual Energy Review 1987, DOE/EIA-0384(87), May, 1988,  @ble 83.
szlbid.

ssAt tie present  tie, some excess nucle~ power  is av~lable  t. some utilities at low cost for off@& use. me zong-te~ avtiability of such power
is problematic.

MQ+ Wang,  M.A. DeLuchi, and D. SPerlirlg> ‘‘Emission Impacts of Electric Vehicles,’ Transportation Research Board Paper 890682, 1989.
s51bid.
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tion of EVs will increase sulfur emissions. The
actual effect will depend heavily on the timeframe (if
long enough, some of the older, dirtier powerplants
will retire), future controls placed on existing
powerplants, and future plant retirement programs
(plant life extension currently is an important part of
most utilities’ capacity planning programs).

The greenhouse impact of a significant shift to
EVs will be extremely sensitive to the mix of power
generation facilities used to power the vehicles, the
efficiency of the EVs themselves, and the efficiency
of the vehicles they replace. As discussed above, for
the immediate future, EV power generation is likely
to come from fossil fueled power plants (particularly
coal-freed plants), except in the few areas where
excess nuclear or hydro capacity is available. As
shown in figure 6-1, if coal is the dominant fuel
source for EV recharging, a switch to EVs will cause
greenhouse gas emissions to increase slightly even
with a high-efficiency vehicle. One source estimates
that the EV/coal fuel cycle generates about 3 to 10
percent higher greenhouse emissions than a similar
gasoline vehicle fuel cycle, with an EV system using
the projected year 2000 mix of power generation
yielding about 25 percent less greenhouse emissions
than the gasoline cycle.36 In the longer term,
nonfossil capacity availability for EV recharging is
likely to decrease, because no new nuclear plants
have been ordered for years and no large hydroelec-
tric facilities are in progress or planned. On the other
hand, natural gas in efficient plant configurations
(e.g., combined cycle plants) may dominate new
plant capacity for the next few decades, and these
plants offer both increased efficiency and reduced
carbon emissions per unit of fuel burned. If these
plants figure heavily in EV recharging, the net
greenhouse effect will improve; an EV system based
on these plants is estimated to yield about a 50
percent reduction in greenhouse emissions com-
pared to gasoline vehicles.37 The potential for
powering large numbers of EVs with nonfossil
electricity must wait for a revival of nuclear power
or the development and construction of economi-
cally competitive solar or biomass power genera-
tors. 38

Figure 6-l—Effect of Electricity Source on
Greenhouse Impact of Electric Vehicles

(Total fuel cycle considered except construction materials manufacture)
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Vehicle: EV powered by sodium sulfur batteries, ac powertrain,
150-mile range, 650-pound weight penalty v. competing gasoline
car.
SOURCE: D. Sperling and M.A. DeLuchi, Transportation Fue/s and Air

Po//ution,, prepared for Environment Directorate, OECD, March
1990, draft.

For the light-duty fleet, EVs seem most likely to
replace vehicles with limited performance and
carrying capacity, since the EVs themselves are
likely to have these characteristics. Examples of
ultra-high-mileage automobiles often share these
characteristics. It is possible, therefore, that the
fossil fuel savings and greenhouse benefits of a shift
to EVs will be smaller than many analyses show,
because EVs could replace gasoline or diesel vehi-
cles with very high fuel economy rather than
replacing ‘‘average” vehicles.

ELECTRICITY OUTLOOK AND
TIMING

Electric vehicles are extremely attractive in con-
cept, because they produce no vehicular pollution,
would be fueled from domestic sources, and can rely
on existing power generation capacity so long as
charging is done at night. Recent important improve-
ments in EV powertrains--lightweight dc-to-ac
converters coupled with small, efficient ac motors—
have moved EVs considerably closer to practicality
for mass application. Unfortunately, inadequate

36D,  Sperhg  ~d M*A. D&uc~,  University of California at Davis, Alternative Transportation FueZs and Air pollution,  report  to the ~v~~ent
Directorate, Organization for Economic Cooperation and Development March 1990, draft. The postulated EV uses a sodium/sulfur battery.

371bid.
38At the present ~e, tie solm the- ~enemtom built by L~ ~ California and the wood waste-powered generators and Cogenerators Operated by

the paper and wood processing industry are the primary examples of such facilities.
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One potential niche market for electric vehicles is urban delivery by vans. The ETX-II Aerostar research vehicle, built by
Ford and General Electric, achieves a 65 mph top speed and 100-mile range with a sodium sulfur battery.

battery technology remains a major hurdle for EVs. basic R&D may be needed, with considerable
Without successful development of advanced batter- uncertainty about both time required and likelihood
ies with high power and energy densities, EVs will of eventual success. Certainly, the time frame
have limited range and power, restrained to niche suggested for alternative fuels programs in current
applications. Also, the environmental effects of legislative initiatives-manufacture of large num-
power generation for EVs deserve careful attention. bers of vehicles starting in the mid-1990s--is too

Proponents of EV technology claim that commer- short for EVs to compete for a significant share of
cialization of advanced batteries awaits only engi- the programs. In the longer term, though, EVs
neering development, which, they assert, could be conceivably could play an important role in urban

accomplished within a reasonably well-defined time passenger travel if there are important successes in
frame given adequate resources. However, more battery development.



Chapter 7

Hydrogen as a Vehicle Fuel1

Using hydrogen as a vehicle fuel offers another
option for reducing oil use while addressing prob-
lems of urban air pollution and, possibly, global
warming as well. A hydrogen-fueled vehicle should
emit virtually no hydrocarbons, particulate, carbon
dioxide, or carbon monoxide;2 the only significant
air pollutant emitted would be NOX. And because
hydrogen can be produced through electrolysis of
water using nonfossil electricity-nuclear, biomass,
hydroelectric, or solar-a fleet powered by hydro-
gen conceivably could generate no net carbon
dioxide and only minor quantities of other green-
house gases.

FUEL SOURCE
Hydrogen is available from a number of sources.

It can be produced from any hydrocarbons by several
processes. For example, combining natural gas and
steam (steam reforming) will produce hydrogen and
carbon monoxide, or natural gas can be heated in the
presence of a catalyst to be “cracked” into carbon
and hydrogen. Coal (or biomass) can be gasified by
combining it with steam under high pressure and
temperature, forming carbon dioxide and hydrogen.3

Or hydrogen can be obtained from water by applying
high temperatures, with or without other chemicals,
to decompose the water (thermal and thermochemi-
cal decomposition); by adding an electrolyte and
applying a current to the water (conventional elec-
trolysis); by electrolyzing steam rather than water
(high-temperature steam electrolysis); or by using
light with a chlorophyl-type chemical to split out the
hydrogen (photolysis). At the moment, steam re-
forming of natural gas is the least expensive
production method. The near-term production sys-
tem with the largest resource base-coal gasifica-
tion—will create substantial negative impacts from
mining, from C0 2 emissions, and, with some
gasifiers, from waste disposal problems associated

with carcinogenic tars and other residues from the
gasification process. The latter problem can be
reduced or avoided by using higher temperature
gasifiers.

VEHICLES AND FUEL STORAGE
Although hydrogen can be carried onboard a

vehicle in a number of different ways, the two
methods that have received the most research
attention are as a liquid in cryogenic (ultra cold)
storage or as a gas bound with certain metals in a
hydride, and released gradually by heating the
hydride.

Both systems still have substantial limitations
compared to gasoline vehicles. Refueling should be
similar to refueling natural gas-powered vehicles:
refueling time with a hydride system should be
longer than required for gasoline vehicles and may
represent a market barrier; liquid hydrogen refueling
may be less of a problem. Existing hydride storage
systems must be very heavy and large, because they
can store only a few percent hydrogen by weight4;
hydrogen vehicles using such a storage system will
have limited range between refueling and reduced
storage space, performance, and efficiency com-
pared to cryogenic systems. Ongoing research is
aimed at developing a hydride storage system that
can store a higher percentage of hydrogen by weight
than the 3.5 percent or so that is the current practical
maximum for such systems. A developer has re-
cently made claims of a storage rate of about 7
percent using nickel-hydride in an amorphous form.5

This high a storage rate would make a hydride-based
system much more competitive. OTA is not aware of
independent confirmation of the claim, however.

Cryogenic systems will not be much heavier than
gasoline storage systems, so performance will not
suffer. However, cryogenic storage also has impor-

l~s section is based primarily on M.A. DeLuchi, “Hydrogen Vehicles: An Evaluation of Fuel Storage, Performance, Safety, Environmental
Impacts, and Cos~” Int. J. Hy&Oge~E~e~gy,  vol. 14, No. 2, PergamonPress,  1989. Information from other references is cited in the footnotes following
this one.

z~e o~y sowce for ~ese efissions will be the combustion of small quantities of engine oil, particularly in older vehicles.
sBiomass  may hold an advantage here because some biomass gasiilers do not require oxygen.
dFor most ~ten~s, the weight  of hydrogen Stored is o~y ().5  to 2.() percent of me to~  weight  of the storage m, ~thou@  a Inagnesillm  SyStem,

modified to account for the high temperature needed to maintain fuel flow from a pure magnesium systeq will store as much as 3.6 percent by weight.
5’ ‘Ovonic licenses Hydride Battery to V-,” The Hydrogen Letter, March 1989, vol. IV, No. 3.
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tant problems. Its bulkiness will reduce vehicle
space; even accounting for improved vehicular
efficiency with hydrogen, such a storage system
must be five or six times bulkier than a gasoline tank
sized for the same range. Further, the fuel t a n k s ’
generally spherical shape is difficult to integrate into
a vehicle design. Also, cryogenically stored hydro-
gen will begin to boil off if the vehicle is not used for
a few days, as heat seeps through the insulation. This
is a problem from both a safety and economic (fuel
loss) standpoint, though the former is probably more
important; if the vehicle is stored in an enclosed area,
the leaked hydrogen could form an explosive hazard.
Solutions to this problem could be either to burn off
the gas or vent it.

EMISSIONS AND PERFORMANCE
ATTRIBUTES

In addition to the differences in storage system
volume and weight, hydrogen-fueled vehicles will
differ from gasoline vehicles because of hydrogen’s
unique properties as a fuel. As with all other fuels,
engine efficiency, performance, and emissions from
a hydrogen-fueled engine are interdependent, and
maximizing one attribute may increase or decrease
the others. Nevertheless, the thermal efficiency of a
hydrogen engine should beat least 15 percent higher
than its gasoline counterpart, based on available
tests. 6 Power may be higher or lower, with a major
factor being the form in which the hydrogen is
injected into the cylinders.7 And as with other fuels,
operating very lean will increase efficiency and
reduce uncontrol led  NO X

8 at the expense of power
and driveability. In general, it should be possible to
keep Nox emissions at levels at or below those of a

catalyst-equipped gasoline vehicle, using only ex-
haust gas recirculation without exhaust treatment,
while maintaining adequate power and high effi-
ciency. And, aside from minor emissions associated
with burning small quantities of engine oil, the

hydrogen vehicles should emit no other air pollut-
ants. Consequently, with appropriate selection of the
remainder of the system, a hydrogen-based fleet
could have a significant positive effect on urban air
pollution.

SAFETY
In addition to the potential safety problem associ-

ated with boiling off of cryogenically stored hydro-
gen, such a hydrogen system has a few other safety
concerns. In particular, hydrogen is easily ignited
and, once ignited, will burn rapidly yet invisibly and
odorlessly—which could cause a detection problem.
Also, in an enclosed space, it is more likely to
explode than an equal concentration of methane or
gasoline vapors if contacted by a flame.9

Despite these potential problems, hydrogen is not
considered a particularly dangerous fuel. Any prob-
lems associated with its lack of odor or visible flame
should be solvable with additives. In some situa-
tions, its properties should add to safety, for
example, it will disperse or evaporate extremely
quickly in the event of a leak, in comparison to
gasoline, which evaporates more slowly and is likely
to remain a hazard until physically removed. Also,
it is nontoxic and noncarcinogenic. And in hydride
form, major leaks will not occur, and thus a hydride
fuel system should be quite safe.

DEVELOPMENT REQUIREMENTS
The components necessary to create a hydrogen-

fueled fleet-hydrogen storage and delivery sys-
tems, large-scale hydrogen production systems, and
hydrogen-fueled engines-are all at an early stage of
research or development. Coal gasification systems
may be the closest to becoming fully commercially;
the Cool Water integrated coal gasification com-
bined cycle plant based on the Texaco gasifier has
performed extremely well from both an operational
and an environmental viewpoint, and the next

6Tested efllciencies  range up to 50 percent higher than gasoline, though some analysts are extremely skeptical of the applicability of thehighervalues
to a practical commercial vehicle. Note that with a hydride Systeu vehicle efficiency will suffer because of the added weight of the fuel storage system.

TBecause  hy&ogen  in gaseous form has a low energy density, engine power using hydrogen in this form will be IOVVer  ti~ its gmo~e co~~~.
To recapture some of this power loss, or possibly to attain an increase, the fuel can be injected either as liquid hydrogen (if cryogenic storage is used)
or at very high pressures. Liquid hydrogen injection systems are technically demanding, and high pressure systems have not yet been tested.

8But  preclude tie  use of a reduction ca~yst for additional  NOX control, because these CaEdyStS ca~ot  OWrate ~ a Ian (oxYgen  rich) ~vkoment”

%Iydrogen  has extremely wide flammability limits, 4 to 74 percent. Handbook of Chenu”stry  and Physics, Forty Fourth Edition (Cleveland, OH:
Chemical Rubber Publishing Co., 1962), compared to, for example, methane with fl amiability limits of 5 to 15 percent. What this means is that virtually
any concentration of hydrogen in air, except one below 4 percent, can explode.

10~e  L@ gasifier  i5 flly comme~~-~d  some o~~s me ~~bly comm~ci~-~  producers  of sp~esis  gm, a combination of hydrogen ad
carbon monoxide.
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generation technology is expected to achieve sub-
stantial improvements in cost and efficiency. The
Japanese and West Germans have strong vehicle
development efforts, but these have produced only
a small number of prototype vehicles, and major
uncertainties remain about the configuration and
performance of an optimum hydrogen engine. Cur-
rent hydride storage systems impose a substantial
range and performance penalty because of their high
weight and volume, and a breakthrough in storage
technology may be needed to produce a marketable
vehicle. Work needs to be done on pipeline trans-
port, because pure hydrogen will damage certain
steels, and inhibiting agents to be added to the
hydrogen must be found--or a separate pipeline
infrastructure must be built. And if the greenhouse
gas problem associated with coal as a hydrogen
source is to be avoided, substantial advances in
large-scale electrolysis systems, hopefully based on
solar energy, must be accomplished.

COST COMPETITIVENESS

With these uncertainties, the costs of a hydrogen-
based system are speculative. One interesting cost
analysis that attempts to trace full lifecycle costs for
the entire hydrogen system calculates a range of
gasoline ‘‘break even’ prices-the price of gasoline
for which a hydrogen system would be fully
competitive, assuming the gasoline and hydrogen
vehicles were roughly equivalent in size.11 This
analysis estimates the break-even gasoline price for
a system based on coal gasification to range from
about $1.50 to $5.00/gallon in 1985 dollars. The
gasoline price computed for a system based on solar
photovoltaic-generated electricity and electrolysis
ranges from about $3.50 to $12-$ 14/gallon, with
even the higher value assuming electricity costs
substantially below that obtainable with current
solar technology.

Recent improvements in photovoltaic (PV) tech-
nology have convinced some analysts that hydrogen
can be generated at costs considerably below those
estimated above.12 Hydrogen delivered to vehicles
at gasoline-equivalent costs below $2.00/gallon may
be possible if substantial improvements can be made
in PV module cost and efficiency, e.g., module
production cost for amorphous silicon solar cells
reduced from the current $1.60/peak watt to $0.20 to
$0.40/peak watt, and module efficiency improved
from 5 percent to 12 to 18 percent.13

Given the high level of uncertainty, these cost
figures should be viewed cautiously. Of the alterna-
tive fuels considered here, hydrogen appears to be
the furthest from commercial availability. The
amount of development work remaining for all
phases of the fuel cycle essentially guarantees that a
commercial system will look very different from
current conceptual systems—with, presumably, quite
different actual costs than estimated here. Further,
the analysis compares vehicles that are not identical,
so that the direct cost comparisons, even if they were
accurate, could be misleading from a market attrac-
tiveness standpoint. For a vehicle with cryogenic
storage, performance and range could be comparable
to that of a gasoline vehicle of equal overall size, but
the hydrogen vehicle would have substantially less
storage space than the gasoline vehicle. For a vehicle
based on hydride storage, performance and range
would be substantially inferior to the gasoline
vehicle unless a substantial breakthrough were made
in hydrogen storage capacity and power was in-
creased by using a larger engine or untested high
pressure gas injection.

Because hydrogen vehicles emit no C02, they
may be viewed as especially attractive component of
a strategy to reduce global warming trends. Their
value as such a component depends on fuel produc-
tion, however. Although the lowest cost coal-based
system would be competitive with gasoline at

llDeLucJ& op. cit., footnote 1.
IZJ.M. Ogden  and R.H. Williams, The Prospects for the Production and Utilization of Hydrogen Produced Via Electrolysis Using Amorphous silicon

Solar Cells, draft  report to the Office of Technology Assessmen~  December 1988; and same authors, Solar  Hydrogen: Moving Beyond Fossil Fuels,
World Resources Institute, October 1989.

lsIbid. The cost reduction is obtained by gaining  economies of scale by increasing output from 10 to 100 MWp/yr; increasing module efficiency to
12 to 18 percent, increasing the plant depreciation period horn 5 to 10 years, reducing materials costs from $27.6 to $13.2/square meter, and reducing
balance-of-system costs from $50 to $33/square meter. The authors compute PV electricity, in DC form, generated by these modules at $0.020 to
$0.035/kilowatt-hr, and PV hydrogen at a gasoline-equivalent cost of $1.11 to $1.70/gallon. The authors also use wilily accounting and assume purchase
of PV modules at COS4  predicated on the development of large remote electricity generating and hydrogen production sites by a utility-type organization
that purchases PV manufacturing facilities rather than individual assemblies. Further, the authors calculate costs of both hydrogen and alternative fuels
based on zero income and property taxes, to rid the comparison of PV hydrogen and alternative transportation fuels of a tax system bias against
capital-intensive projects. Inclusion of these taxes would raise the gasoline break-even prices somewhat.
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$1.50/gallon, a price that is easily imaginable within
a few years, the coal-based system—which would
produce high levels of CO2 emissions during hydro-
gen production—would be extremely damaging to
efforts to reduce greenhouse gas emissions unless it
was designed only as a precursor to a system based
on renewable or nuclear energy, or unless the C0 2

generated in the fuel production could be seques-
tered rather than released to the atmosphere. PV-
based or  nuclear-based sys tems would  produced
essentially no greenhouse gases, but they are likely
be more expensive than coal-based systems, at least
compared to the lower end of the coal range, even
with the sharp cost reductions discussed for PVs;
biomass-based sys tems might  become cos t -com-
petitive with coal-based systems, however, if bio-
mass gasifiers were improved.

HYDROGEN OUTLOOK AND
TIMING

In Summary , the
has strong appeal
point, and could

use of hydrogen as a vehicle fuel
from a pollution control stand-
aid in efforts to slow global

warming if the hydrogen was produced from non-
fossil sources. However, much development work
needs to be done before a hydrogen-based system
could be practical, and the likely cheapest system—a
fossil-based system—would have strong negative
implications for global warming  and may have other
environmental shortcomings. On the other hand, if
PV-based electricity generation fulfills the hopes of
solar optimists, solar-based hydrogen could eventu-
ally be cost-competitive with coal-based hydrogen
and with gasoline priced at $2.00/gallon and below.

Aside from costs, hydrogen’s major roadblock
may be its bulkiness-hydrogen’s low energy den-
s i ty  impl ies  e i ther  very l imi ted range between
refueling or very large, heavy fuel tanks. Unless
there is a major breakthrough in hydride storage or
in vehicle efficiency (which would ease the range
problem), hydrogen-fueled vehicles cannot provide
a  c lose  subs t i tu te  to  gasol ine-powered vehic les .
Given the need for important scientific development
in several areas, hydrogen must be considered a
long-term prospect as an alternative transportation
fuel.



Chapter 8

Reformulated Gasoline

An examination  of the potential for methanol and
other alternative transportation fuels to compete
with petroleum-based fuels should not assume that
the existing fuel supply network is a stationary
target. Current investors in this network may be
expected to compete vigorously for market share
with the new fuels, rather than see their existing

investment in gasoline supply lose value. And to the
extent that Federal and State support for alternative
fuels  takes  the  form of  requirements  for  low-
emiss ion vehic les  or  o ther  requirements  t ied  to
improving urban air quality, gasoline refiners can be
expected to reformulate their product (see box 8-A)
to obtain similar emissions benefits and avoid a
mandated switch to the new fuels.

Until recently, with the important exception of the

lead phasedown,  there  has  been re la t ive ly  l i t t le

incentive, and little effort, to improve gasoline’s

performance in terms of reducing vehicle emissions.

Governments had exerted limited pressure to im-
prove this performance: on the Federal level, the past
pressure has on the whole been limited to require-
ments for lead reduction and elimination and, more
recently, to controls on fuel volatility to control

smog-causing evaporative emissions; at the State
and local levels, pressure has been limited to a few
areas requiring addition of oxygenates to reduce
c a r b o n  m o n o x i d e  e m i s s i o n sl and to  Cal i fornia’s
requirement  for  a  ce i l ing on gasol ine  vola t i l i ty

(more stringent than the Federal requirements) and
sulfur content (and the South Coast Air Quality
Management  Dis t r ic t ’s  reduct ion in  o lef in ic i ty) .
With this limited pressure, the oil industry generally

has avoided changing the composition of gasoline to

reduce emissions, because such changes are expen-

sive and unlikely to have market value. Instead, the

Box-8-A—What Is Reformulated Gasoline?

Unlike methanol or hydrogen, which are composed wholly of single chemical compounds, or even natural gas,
which is composed of several compounds but is predominantly methane, gasoline is a complex mixture of
flammable liquid hydrocarbons made from petroleum and natural gas. Some of these hydrocarbons are present in
the oil and gas and are obtained by separating them from the oil and gas using distillation and other separation
technologies. Others are created by a variety of physical and chemical transformation processes, often in the
presence of catalysts, in a modern refinery. For example, aromatics are obtained from catalytic reforming; olefins
from catalytic cracking or catalytic polymerization; and isoparaffins from distillation (separation) or by
isomerization of normal paraffins, or in the alkylation process.l

In order to be a practical fuel for a modern automobile, gasoline must satisfy a number of requirements
pertaining to its volatility, octane level, tendency to form engine deposits, and other characteristics. Refiners can
satisfy these requirements using a variety of different combinations of chemical components, with their selection
dependent on relative costs of the different components, market prices for other products, refinery capability, and
quality of the crude oil feedstocks available. The production of reformulated gasoline simply accentuates the
importance of a particular fuel characteristic—the fuel’s effect on emissions-in the selection of gasoline
components, and possibly also in the degree of purification applied to the fuel. For example, the addition of
oxygenates-ethanol, methanol, methyl tertiary butyl ether, and so forth-to the gasoline blend can reduce exhaust
carbon monoxide emissions and may serve to reduce the reactivity of exhaust hydrocarbon emissions, yielding a
net reduction in ambient ozone concentrations. Reducing the more volatile components of the fuel will reduce
overall volatility and yield lower evaporative emissions. Removing sulfur impurities will reduce emissions of sulfur
oxides and hydrogen sulfide. Because the gasoline components undergo radical chemical transformations inside the
engine, and then the exhaust emissions undergo still more transformations inside the catalytic converter, the precise
form that a reformulated gasoline must take can only be learned through extensive testing.

IBritish pe~ole~ Co., Our Zndustry Petroleum,  1%’T.

IDenva, ~buquer~ue, ~~ ~gele~,  ~~ Vegas, phoe~, Reno, ~d ~cson  r~fie g~o~e to COhti  oxygemtes corresponding tO 2 p~ent
oxygen G.A.  Mills, ‘‘High Performance Oxyfuels, ’ American Chemical Society, preprin~ April 1990.
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industry has focused its production and marketing
efforts on changes to achieve better vehicle perform-
ance and drivability and lower maintenance--
attributes that are valued by gasoline purchasers and
thus provide market advantage.

ARCO’S “EMISSION CONTROL 1“
GASOLINE

In August of 1989, Atlantic Richfield Oil Co.
(ARCO), fired the opening salvo in the new compe-
tition for the future light-duty fuel market by
introducing a so-called ‘‘reformulated gasoline’ to
replace leaded regular gasoline at its southern
California stations.2 This gasoline, named EC-1
(“Emission Control l“), contains one-third less
olefins and aromatics and 50 percent less benzene,3

no lead, and 80 percent less sulfur than regular
gasoline. 4 It has low volatility-its vapor pressure
(RVP) is 1 psi lower than the South Coast standard.
It contains methyl tertiary butyl ether, or MTBE, an
octane-raising additive derived from methanol that
raises the oxygen content of the fuel and provides
emission benefits, especially in reducing carbon
monoxide emissions, without the volatility increase--
and increase in evaporative emissions-normally
associated with adding oxygenates.

ARCO has claimed significant emissions reduc-
tions when EC-1 is used in place of regular leaded
gasoline in pre-1975 model-year cars5:

evaporative emissions –21 percent
carbon monoxide -9 percent
nitrogen oxides –5 percent
hydrocarbons (exhaust) -4 percent
sulfur dioxides –80 percent

ARCO redirects the olefin and aromatic streams
removed from EC-1 into its unleaded grades, how-
ever, so there maybe some increase in emissions, or
in the reactivity of emissions, from vehicles using
these grades. Because the catalytic controls of the
vehicles using these fuel grades are designed to
handle such emissions, it is likely that any increase
will be relatively small-but they should be ac-
counted for in an assessment of costs and benefits.

The emission benefits of EC-l-type gasolines can,
in theory, be gained immediately by a substantial
part of the fleet--ARCO claims that pre-1975
vehicles made up about 15 percent of the vehicles in
California’s South Coast air basin in 1989, and
emitted more than 30 percent of total vehicle
emissions.6

If environment-conscious drivers give ARCO
additional market share, or if California’s legislators
turn ARCO’s voluntary emission reduction into a
requirement, other refiners will follow ARCO’s
lead, probably within a short time. Reformulated
versions of unleaded gas for catalyst-equipped
vehicles are expected to appear as well, although not
until the early 1990s.

REFORMULATION POTENTIAL
Gasoline is made from crude oil by mixing natural

constituents of the crude with constituents formed
from the crude during the refining process, as well as
other nonpetroleum-based constituents such as alco-
hols or ethers made from alcohols. The four major
groups of petroleum-based constituents of gasoline
are:

●

●

●

olefins: high-octane chemicals produced from
crude during refining, and also occurring natu-
rally in the crude in very low concentrations.
Many of the olefins are both highly volatile
(they evaporate easily) and highly reactive (in
the presence of sunlight, they react with nitro-
gen oxides and other atmospheric constituents
to form ozone);
aromatics: even higher octane constituents,
occurring naturally in crude in moderate to high
concentrations and also created by refining.
Aromatics are reactive, though not as much as
olefins;
paraffins: consisting of two groups, “highly
branched” paraffins that are both high in
octane and low in reactivity, and “straight
chain’ paraffins that also are low in reactivity
but are very low octane. Paraffins, like aromat-
ics, are present in crude at moderate to high
concentrations, depending on crude type; and

ZM.L.  JVald, “ARC() Offers  New Gasoline to Cut Up to 1570 of Old Cars’ Pollutiow” New York  Times, Aug. 16, 1989, section 1, page 1.
sole~ and some aromatics are significant smog-producers; benzene is CarCkOgeniC.
46‘ARCO TO Market Low-Emission Regular Gasoline,’ Oil and Gas Journal, vol. 87, No. 34, Aug. 21, 1989, p. 31.
s~e.1975  cws do not have catalytic COnvtXterS.
@il ad Gas Journal, op. cit., footiote 4.
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. naphthenes: between paraffins and olefins in
octane; present in crude in moderate to high
concentrations.

The combination of Federal emission control and
lead phaseout requirements, higher crude prices, and
the growing demand for gasoline have caused major
changes in the makeup of gasoline. These changes,
in turn, had some negative effects on gasoline
environmental quality. For example, refiners ex-
panded cracking capacity and severity to increase
gasoline yields and octane, thereby increasing pro-
duction of light olefins, which are highly reactive
and volatile. Refiners also channeled increasing
supplies of butane into gasoline to increase yields, at
the cost of higher vapor pressure and thus higher
evaporative emissions.7

Federal requirements to reduce and eliminate lead
content created a need for additional octane en-
hancement, because lead had been a key octane-
raising constituent of gasoline. To replace lead,
refiners increased the conversion of paraffins and
napthenes into higher octane branched paraffins,
olefins, and aromatics. Ironically, these changes,
designed to allow the use of catalytic converters that
would reduce tailpipe mass emissions, increased the
reactivity of the fuels and presumably their emis-
sions (thus increasing their impact per unit mass on
ozone formation) and, by increasing gasoline vola-
tility, lessened the effectiveness of new controls on
evaporative emissions introduced at the same time.
Although the net effect of the vehicle and fuel
changes was a reduction in effective ozone-causing
emissions, the fuel reactivity and volatility increases
reduced the overall air quality benefit.

As a general rule, environmental reformulation of
gasoline will lower volatility, lower the concentra-
tions of aromatics and volatile olefins, and add
oxygenates. A primary holdup in gasoline reformu-
lation, however, is a significant lack of knowledge
about the precise role that each gasoline constituent
plays in vehicle emissions, and (to a lesser extent)
the role of the emissions in ozone formation. The
lack of understanding about vehicle emissions is
more severe with cars equipped with catalytic
controls, because sophisticated controls tend to

further complicate the relationship between gasoline
makeup and emissions, by destroying some hydro-
carbons and converting others into new compounds
with different reactivities. Directionally, refiners
know that they need to reduce aromatic and olefin
content, but they can’t as yet quantify the effects of
these reductions, and emissions benefits may be
strongly nonlinear. Also, aromatics and olefins are
produced during combustion and in the catalyst, so
even elimination of these compounds in the fuel will
not eliminate their presence in the exhaust. Further,
refiners do not yet understand the potential emis-
sions impact of switching the makeup of gasoline in
subtler ways, for example, in replacing certain
aromatics with other aromatics. And refiners will
have to figure out how to deal with excess aromatics
and olefins, since the option to move them to another
product pool will vanish as reformulation require-
ments expand to cover a larger share of the gasoline
pool.

The oil and automobile industries recently began
a joint research program to better define the impact
of changes in the major gasoline constituents on
emissions levels, as well as to examine alternatives
to gasoline.

The frost phase of the program, for completion by
1990, will test a variety of reformulated gasolines in
1989 vehicles and 1983-85 vehicles (the program
will test methanol fuels in flexible fuel vehicles, as
well). 8 The gasolines will be restricted to those
producible in volumes from existing refineries. A
critical aspect of the tests is that they will measure
specific chemical constituents of the emissions, and
then use the results in air quality models to estimate
urban ozone levels that would result from use of the
fuels. Collection of this type of speciated data has
been extremely limited thus far.

The second phase of the program will conduct
research on advanced technology gasoline and
alternative fuel vehicles. The reformulated gasoline
research will examine future gasolines including
those requiring significant refinery changes, and will
explore the potential to optimize the fuel-vehicle
system by simultaneously reformulating gasoline
and changing vehicle emission control parameters.9

W.J. Piel,  ARCO Chemica3 Co., “The Role of Ethe~ in Low-Emission Gasoline,’ National Conference on Motor Fuels& Air Quality, Oct. 3-5,
1989, Washingto~ DC.

s~erican  petroleum Institute and General Motors COrp., “Auto/Oil Air Quality Improvement Research Program,” news release of Oct. 17, 1989.
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Given the general direction in which they must
move, however, refiners appear to have several
options. One important option is the use of ethers,
produced by combining various alcohols with ole-
fins (examples: MTBE, made from methanol and
isobutylene; ETBE, made from ethanol and isobuty-
lene, and TAME, made from methanol and isoam-
ylenes) to displace light olefins (primarily the C4

olefins) and aromatics as octane boosters. Ethers
have the triple advantage of being oxygenates,
which tend to lean out engine combustion and
reduce carbon monoxide emissions (especially in
older vehicles, but recent test have shown they
reduce CO in new vehicles as well), of being high in
octane, and of having a low volatility effect. In
addition, ether manufacture, by providing an alterna-
tive use for C4 and possibly C5 olefins, will dilute the
concentration of these reactive compounds in gaso-
line.l0 Also, butane can be used to produce isobuty-
lene, needed for MTBE or ETBE production,
potentially providing an alternative use for this
compound as well.11

Refiners may also be able to increase catalytic
cracking severities12 and selectively favor the for-
mation of lighter constituents, e.g., isobutane and
butylenes, and then use alkylation or other polymer-
ization processes to combine these into highly
branched paraffins. And refiners could increase the
removal of benzene from gasoline using solvent
extraction, 13 and hydrogenate the benzene to cyclo-
hexane, which is less reactive but still moderate
octane. A key question here, as elsewhere, is the
expense of lowering benzene concentrations, or
concentrations of other aromatics such as xylenes.

There is also evidence that some aromatics are
less reactive for smog formation than others. With
proper identification of reactivity levels, refiners
will be able to convert highly reactive aromatics to
less reactive aromatics. Again, the presence of the
catalytic converter complicates these relationships.

Another option for some refiners is to increase
their use of deposit control additives to reduce
deterioration of vehicle exhaust emission control
systems. There is substantial evidence that differ-
ences between exhaust emissions levels in on-the-
road vehicles and levels achieved during EPA
vehicle certification testing-the on-the-road levels
are significantly higher-are caused in part by
insufficient deposit control additives.14 A 1986
survey by Chevron concluded that only 16 percent of
California gasolines contained high concentrations
of such additives.15 Advertising campaigns by
several of the major oil companies state that they
have increased the level of detergents in their fuel
formulations, primarily due to complaints from
owners of cars with fuel-injected engines, so that the
remaining margin for improvement may have
shrunk considerably.16

We cannot overstress the uncertainty associated
with projecting the emissions-reduction potential of
reformulated gasoline. With the exception of EC-1
and perhaps one or two more recent market entries,
reformulated gasoline is a concept, not a reality. The
potential effect on newer, catalyst-equipped cars is
particularly uncertain. Although discussions of re-
formulated gasoline tend to presume that it would
likely be able to match M85 in emissions perform-
ance, but not M100, there appears to be little basis
for such assumptions.

COSTS

The long-term costs of gasoline reformulation
cannot be predicted accurately until the nature of the
reformulation is better defined. However, some
basic aspects of reformulation costs can be pro-
jected.

IOpiel,  op. cit., footnote 7.

llrbid.
lzca~~ic  cracking subjects the feedstock to high temperature in the presence of a catalyst producing lighter constituents by brea.k@g  do~ h~vier

ones.
ls~ mmy M=S,  bewene is already being extracted for sale as a chemical, but this market is limited.
ldSiema  Researc~ ~c., “The Feasibility and Costs of More Stringent Mobile Source Emission Controls,” contract report prepared for the OffIce of

Technology Assessmen~  Jan. 20, 1988.
l%id.
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1 or 2 grades.
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EC-1 will cost ARCO an additional 2 cents per
gallon to manufacture.

17 These costs represent only
changes in operating costs (for example, refinery
energy costs are about 10 percent higher in produc-
ing EC-118), byproduct credits, and feedstock costs
rather than capital costs. ARCO’s existing Carson,
California refinery has the necessary equipment to
produce 36 million gallons/month of EC- 1, which is
more than the 23 million gallons/month of leaded
regular that ARCO previously sold in southern
California, 19 so ARCO did not incur significant
capital costs. Also, ARCO can use the aromatics
removed from EC-1 in its other unleaded gasolines
for catalyst-equipped vehicles, where the added
emissions potential of these components will be
controlled. However, with the current limited under-
standing of the relationship between fuel properties
and vehicle emissions, it is not clear how much
additional use ARCO can make of this fleet as a
‘‘sink’ for aromatics. The ability of refiners nation-
wide to repeat ARCO’s experience will depend on
the particular configurations and processing capabil-
ities of their refineries. Refineries oriented to pre-
mium, high octane fuels with high aromatics con-
tents may have a difficult time producing reformu-
lated fuels without major processing reconfiguration
and capital investment.20 Many other refiners—
especially those with modern, complex refineries—
are likely to be able to repeat ARCO’s experience at
similar costs if the quantities of reformulated gaso-
line demanded are moderate—up to perhaps 20
percent of total production.21

Producing much larger quantities of EC-1 or other
gasoline reformulations will have significantly higher
costs. Manufacturers will need to revamp or replace
refinery equipment at substantial capital cost, be-
cause existing refineries will not have the necessary
capabilities.

22 Blending of byproducts such as aro-

matics will be market limited, and refiners will have
to convert excess aromatics and other byproducts to
more desirable components, at added energy and
cost. Supply limitations for key materials, e.g.,
isobutylene (needed for MTBE and ETBE produc-
tion) must be overcome, presumably at added cost.
And with greater competition for crude feedstocks
most suited for producing “EC-1 ‘-type gasolines,
refiners will be forced to use less desirable feed-
stocks that require more processing.

ARCO estimates the added costs to manufacture
large quantities of EC-1 at 5 to 15 cents per gallon.23

These costs incorporate refinery capital charges,
higher feedstock costs or additional processing
requirements, and higher processing costs for bypro-
duct conversion, in addition to the costs presently
being incurred for EC-1. This cost range should
serve as a first-order estimate for the costs of
large-scale gasoline reformulations aimed at newer
vehicles but similar in severity to the EC-1/leaded
regular reformulation. Higher severity reformula-
tions may be more expensive; for example, the cost
of reducing aromatics to or below 20 to 25 percent
by volume may exceed 15 cents per gallon.24

The California Air Resources Board (ARB) has
been examining a number of gasoline quality-
control measures that would require changes in
gasoline composition that would likely be similar to
those selected as part of a reformulation program.
ARB’s cost estimates are as follows (these are not
necessarily additive):

●

●

●

●

Reducing Reid Vapor Pressure from 9 psi to 8
psi: $0.01 to $0.02/gallon25

Benzene content reductions from 2 to 0.8
percent: $0.025/gallon
Reduction of aromatics: $0.08 to $0.20/gallon
Oxygenate blending: $0.005 to $0.03/gallon

IWald,  op. cit., footnote 2, and confirmed by personal communication, Dwayne Smith ARCO,  Los Angeles, CA.
lgDwfie Smi@  ARCO, LOS Angeles, CA, personal communication.
Igoi[ ad Gas Jour~l,  op. cit., footnote 4.
20D.B.  Bwnes, office of ~ ~d Radiatio~  U.S. Envfionment~ ~otection Agency,  memo  to C.L.  Gray, Director,  Emission COn@Ol  Technology

Divisiou USEPA, “Comments on Draft OTA Report Section on Reformulated Gasoline,” Jan. 31, 1990.
zlDaniel Townsend, ARCO Products Co., Anaheim, CA, personal commtication.
22~e Option of w~tig  t. m~ecapit~ chmgesw~ capi~l ~moveris  requ~edanyway is notav~ableherebe~use of the longevity of major refinery

components and the shift in building new refinery capacity to overseas.
zsDwaWe  Smith, ARC(), personal communication.
~Bmnes,  op. cit., footnote 20.
~Nationwide,  R~ averages  about  11  psi. California already IIX@X  a S ummertime  reduction to 9 psi.
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● Addition of gasoline detergents/additives: not
known 26

An additional cost for some gasolines will be that of
olefin reduction, not addressed in these estimates.

The potential availability of moderate quantities
of reformulated gasoline at low cost, and the sharp
escalation in costs when larger quantities are de-
manded, point to a possible strategy of promoting
sale of such gasolines only in urban areas with
significant air quality problems. This type of strat-
egy can work well because the reformulations can be
aimed at achieving emission reductions without
vehicle modifications; vehicles can be used, unmod-
ified, outside of the areas where reformulated
gasoline is sold, and emissions benefits can be
achieved for all or most vehicles in the fleet without
waiting for vehicle turnover.

SECONDARY IMPACTS
Given the uncertainty associated with the nature

of the changes that will be made to gasoline
formulations and to refining processes, it is prema-
ture to attempt quantitative assessments of the
impact of broad reformulation of the gasoline pool.
However, the following qualitative impacts are
plausible:

1.

2.

3.

4.

5.

increases in processing energy required to
produce gasoline, with some adverse conse-
quences for emissions of greenhouse gases;
economic difficulties for some refiners, partic-
ularly the small independents;
changes in the import balance between crude
and gasoline, with the direction (more or less
product imports) and magnitude speculative;
changes in the relative desirability of different
crude oil feedstocks, with accompanying shifts
in the mix of supplier countries; and
changes in the ability of refiners to accept a
range of feedstocks, and thus changes in the

United States’ flexibility in shifting its sources
of supply (direction depends on the type of
refinery process shifts adopted).

Impacts 3 through 5 may involve changes in energy
security. Such changes, coupled with the substantial
economic impacts that widespread reformulation
may involve, demand careful analysis as research on
reformulation proceeds and as the likely physical
character of reformulation becomes clearer.

ADDITION OF OXYGENATES

Although it is not yet clear what perfected
reformulated gasolines will look like, they most
likely will contain significant quantities of oxygen-
ates such as ethanol, ETBE, and MTBE. Concentra-
tions as high as 15 percent are possible with some of
the oxygenates, so that the energy security and other
impacts of reformulated gasoline must account for
this presence of gasoline constituents that are
produced largely from non-oil components. For
example, a large increase in either ethanol or ETBE
use will affect energy security by simultaneously
increasing the percentage of gasoline volume pro-
duced from domestic components (e.g., domestic
corn), exposing this gasoline component to the
vagaries of crop production uncertainties, and chang-
ing the economics of gasoline production. With the
United States’ relatively secure system of crop
stockpiles, the risk of feedstock shortages should be
small until ethanol production becomes quite large--
but if all U.S. gasoline, or a large percentage of it, is
reformulated with a high ethanol or ETBE content,
this risk may become non-trivial. Similarly, large-
scale use of MTBE or methanol as oxygenates would
shift some supply risks from the oil supply system to
the methanol supply system, probably with positive
consequences as discussed in chapter 3.

26D.  sfiero~  c~ef,  Cnt~n~pOllU~t  B~~~@ c~~~fi  fiReSO~~ BO@ cited  b ~~ex cow., ECOnO~”CS  Report, VOZWWZV,  Aug. 4, 1989,
report to California Advisory Board on Air Quality and Fuels.


