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EXECUTIVE SUMMARY
Introduction

The issue of alternatives to petroleum-based fuels has been
around as long as the internal combustion machine. But in the 1970s,
there was a renewed and intensified effort to explore, develop and
test alternative fuel options. The reasons for this sudden surge in
interest in non-petroleum based fuels is obvious: the tremendous un-
certainty created over oil price and supply due to the emergence of
the Organization of Petroleum Exporting Countries (OPEC) as a power-
ful force.

Alternative fuels loomed as a partial solution to the nation's oil
vulnerability. After all, if a fuel could be developed from an Ameri-
can-based resource, then the U.S. would be energy independent,
free from the economic and political perils which international fuel
trading posed.

The main thrust in the development of alternative fuels in the
1970s was directed toward transportation fuels in general, and auto-
motive fuels in particular. Other modes of transportation spurred in-
terest in alternative fuel development. Alcohols for tractor, truck
and train utilization have been studied and tested. These three
modes dominate U.S. transportation consumption of diesel fuels.
Buses, on the other hand, are relatively small consumers of U.S.
diesel fuel supplies (currently, for example, transit buses consume
approximately one-thirtieth the amount of fuel that heavy trucks use
annually). As a consequence, alternative fuel development interests
in the bus and, in particular, the transit bus mode were not of major
significance in the U.S. In other nations, however (especially India
and Brazil), where transit plays a larger role in personal transport,
bus fuel alternatives have been researched to a larger extent.

This report summarizes the limited research that has been con-
ducted on alternative fuels for buses, matching results with relevant
objectives, and recommends further research and policy directions.

Technical Potential for Using Alternative Fuels in Buses

Five fuels have been identified as possible alternative fuels for
bus transit systems: namely methanol, ethanol, vegetable oils,
methane and hydrogen. All are in production at the current time, al-
though it should be noted that only vegetable oils are being produced
In any significant quantity in the United States from renewable re-
sources (a small portion of ethanol, that which is used for automotive
fuels as gasohol, is produced from agricultural products). Methanol,
ethanol, methane and hydrogen are principally derived from petroleum
or natural gas resources. The technologies for producing these fuels
trom these resources are well-deveioped, as are the economics. Alter-
native rechnologies for producing these fuels from alternative re-
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sources (e.g., agricultural products, coal, water, waste products,
etc.) are not fully developed, nor are the economics. Thus, only
vegetable oils can be considered an immediate alternative fuel for
transit systems from the point of view of production. In the near-
term however, ethanol would be a likely candidate (the facilities, pro-
duction and marketing capabilities of grain, corn and sugar alcohol
production are well established) although not of major significance.
Its production could be expanded without major problems to serve the
needs of transit systems. Long-term candidates, from the point of
view of fuel production and availability (from non-petroleum and non-
natural gas resources), include methanol, methane and hydrogen.

From the point of view of usability in current bus vehicles,
vegetable oils once again are the only fuel with immediate applications.
All others would require significant changes to a) engine design (pri-
marily through the use of glow or spark mechanisms), b) fuel stor-
age and delivery (both from vehicle storage tank to the engine and
from facility storage area to the vehicle), c) engine parts (particu-
larly elastomers). In addition, further testing would have to be
applied to establish appropriate blending percentages with diesel fuel
(if that is the route chosen), necessary fuel additives, emissions,
etc.; none of which have been well-explored in transit-type opera-
tions (vegetable oils would also have to undergo some of these tests
as well). Among these fuels, both methanol and ethanol would be
considered likely near-term candidates for development of appropriate
engine and fuel components, while methane would be a long-term can-
didate. Hydrogen's potential is far beyond the year 2000.

In summary, vegetable oils are the only fuel with immediate de-
velopment potential; ethanol has near-term potential, while methanol
has near-term potential of the end user point of view (i.e., transit
systems) but only long-term potential from the production point of
view; methane is a long-term potential fuel, while hydrogen is a post-
20th century potential bus fuel.

Alternative Fuels for Buses and Energy Contingencies

The role of alternative fuels as oil supply disruption contingency
fuels is the following:

0 Alternative fuels would never be relied upon to substitute
completely for diesel fuel, only supplement those supplies
due either to shortages or high prices.

0 Vegetable oils provide the only immediate contingency pro-
tection potential but only on a limited spot basis; there are
too few supplies to supplement the needs of all transit
systems.
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o) Ethanol would be an adequate contingency fuel in a near-
term disruption.

0 Methanol might be an adequate contingency fuel in a near-
term disruption (if oil prices rose but supply was constant)
but would definitely provide assistance in the long-term.

o) Government actions could alter the importance of alternative
fuels as contingency measures vs. simple allocation of diesel
fuel supplies to transit systems.

0 Methane and hydrogen should not be considered contingency
fuels.

Alternative Fuels for Buses and Their Environmental Effects

Findings regarding air quality impacts of alternative fuels are
derived from a) laboratory settings and b) engines not always similar
to typical transit bus diesel engines. Still, the data do suggest over-
all trends in the relative quality of fuels and diesel engines as contri-
butors to urban pollution. The relevant pollutants of interest are
carbon monoxide, hydrocarbons, nitrogen oxides and soot/smoke emis-
sions.

Carbon Monoxide (CO)

Alcohols were shown in some tests to emit significantly larger
amounts of carbon monoxide (CO) than diesel fuel -- on the order of
four to five times as much. (However, an oxidation catalyst can be
used to reduce CO emissions.) In any event, emissions are consider-
ably less than produced from gasoline. Vegetable oil emission data is
sketchy, but that which exists suggests little difference from diesel
fuel in CO emissions. Methane use drastically reduced CO emissions,
while limited hydrogen tests show virtually no CO associated pollu-
tion.

Hydrocarbons (HC)

The findings with regards to hydrocarbons (HC) is similar to
that of carbon monoxides: higher HC emissions among alcohol fuels
(50 to 120 percent greater than diesel fuel); negligible changes among
limited vegetable oil tests; lower HC emissions in methane use (except
for actual methane emissions); virtually no emissions due to hydrogen
use. In addition, methanol is a significant poiluting source of unre-
gulated hydrocarbons, particuiarly aldehydes (including formaldehyde).

Nitrogen Oxides (NO‘()

Here, alcohol fuels are significantly better than diesel fuel, on
the order of one-third lower. Again, vegetable oil emissions data are
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limited and not significantly different than diesel fuel. Methane use
produces lower emissions, while hydrogen has questionable indications
‘ that NO_ emissions could rise above those of diesel fuel, although en-

gine redesign could improve the situation.

Soot/Smoke

Here, all alternatives fuels produce significantly lower emissions
levels than diesel fueled vehicles.

In conclusion, methane is the only fuel consistently shown to
have lower emissions in all important pollutants than does diesel fuel
(except for the currently unregulated methane pollutant itself).
Otherwise, methanol and ethanol are lower polluters of NOX and soot

(i.e., particulates)/smoke but greater polluters of HC and CO. Vege-
table oil emissions are not really known, but preliminary indications
suggest little difference from diesel fuel. Hydrogen is expected to be
a relatively clean burning fuel, except for possible problems in NOX
emissions. ,

Alternative Fuels for Buses and Transit Operating Costs

On a per-gallon basis, methanol, cryogenic (i.e., liquid) methane
and cryogenic hydrogen are all cheaper than diesel fuel. On an
'energy content basis, however, almost nothing is cheaper than diesel
fuel, except methane sold at utilities' purchase prices. [n addition,
metal hydrides become prohibitively expensive under this analysis,
due to the relatively low weight of hydrogen in terms of the total
metal compound. Energy content becomes particularly important when
using alternative fuels in a non-blend manner; when viewed as blends
(particularly smaller blends of the 90% diesel/10% other type), the
energy content differences between diesel fuel and other fuels is less
meaningful and relevant.

Direct fu=l costs are not the only aspect of operating costs re-
lated to alternative fuels. There are also the costs related to mainte-
nance of a) the engine, b) the vehicle (due to additional parts re-
placement), and c) facility maintenance (i.e., the fueling facilities).
The only significant attempt to identify these costs for alternative
fuels was done in a recent UMTA report. That information clearly
indicates that alcohols cause significantly fewer maintenance costs
than either methane or hydrogen. Vegetable oils were not part of
this evaluation, but would likely be more similar to alcohol costs than
methane or hvdrogen costs.

In conclusion, utilizing the assumption that the average transit
bus uses 1,258 million BTU per vyear, diesel fuel remains the least
expensive fuel type to buy (and use on a 100% fuel basis) and to

intain. After that, methanol is clearly the most economically sound



alternative fuel from the point of view of both fuel and maintenance
costs. All other fuels are closely bunched well behind methanol, ex-
cept for metal hydrides, which are clearly economically inferior.

Research and Policy Initiatives

Current United States bus transit methanol tests and the con-
siderable wealth of foreign expertise suggest that expanded vehicle
testing efforts not be pursued to any large extent. What is recom-
mended is the following:

1.

A joint study between UMTA, the United States Departments
of Energy and Agriculture that would identify the potential
role of vegetable oils as contingency fuels. The key aspect
is to address a) price and availability issues, b) identifying
regions, markets and conditions where availability of vege-
table oils is assured, c) which transit systems (by size, lo-
cation, etc.) are the likeliest users, and d) what are the
benefits and costs compared to other, non-alternative fuel
means of providing assistance to transit systems during dis-
ruptions.

A cooperative effort between one or more bus manufacturers,
an alternative fuel provider and at least one transit system
to test the costs and benefits of developing alternative
fuels. Within this cooperative effort, costs and responsi-
bilities should be split and identified where they appropri-
ately belong: engine modifications to the manufacturer;
fuel quality characteristics and assurance, and delivery
methods to the fuel supplier; and maintenance and facility
redesign and readjusting to the transit system. Such an
effort could be supported by a federal demonstration pro-
ject.
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CHAPTER 1

INTRODUCTION, PURPOSE AND ORGANIZATION OF THIS
REPORT

why Alternative Fuels?

The issue of alternatives to petroleum-based fuels has been
around as long as the internal combustion machine. But in the 1970s,
there was a renewed and intensified effort to explore, develop and
test alternative fuel options. The reasons for this sudden surge in
interest in non-petroleum based fuels is obvious: the tremendous
uncertainty created over oil price and supply due to the emergence of
the Organization of Petroleum Exporting Countries (OPEC) as a
powerful force. Prior to the 1970s, the only oil supply problems ever
faced by the U.S. were related to military allocation of the fuel
during World Wars I and II. During the 1970s, the U.S. faced two
supply disruptions, predicated by OPEC as a means of limiting world-
wide oil production and thereby obtaining higher prices (as well as
prolonging their own supply). And prices did rise, not only due to
these two disruptions but also due to a decade-long effort to maintain
OPEC production quotas. In the U.S. oil prices had risen by @lzx
7 percent for the entire 80 vear period spanning 1890-1970 (using 197
dollars). From 1970 to 1980, domestically produced crude oil, which
was still subject to government price controls, rose by 250 percent
(in constant 1972 dollars). The issue had clearly become one of U.S.
vulnerability to a price/supply mechanism which it could no longer ade-
quately control.

Alternative fuels loomed as a partial solution to the nation's oil
vulnerability. After all, if a fuel could be developed from an Ameri-
can-based resource, then the U.S. would be energy independent,
free from the economic and political perils which international fuel
trading posed. And there were the other benefits:

1. The environmental consequences of oil-based fuels, in
particular lead from gasoline (as well as other noxious fumes
from incomplete combustion of the petroleum hydrocarbon
fuels) were severe and actually produced an environmental
crisis (or awareness) which preceded the energy crisis by
some 5-10 years. Surely a different fuel could be developed
which was less detrimental to air quality.

2. As oil prices rose (and indicated a trend toward steady
price increases throughout the 20th century) other fuels
became more economically attractive. When oil was cheap,
these fuels were not economically viable due to necessary
reformulation of extraction, production, distribution and
consumption practices. But as oil prices soared, the
boundary between unaffordability and marketability of alter-
native fuels seemed to be approachable.




3. Finally, alternative fuels were attractive on a strict conser-
vationist basis: joining the least amount of the most effi-
. cient fuel to the appropriate purpose. Methanol, for
example, had long been championed as a more efficient in-

ternal combustion engine fuel than gasoline.

The movement toward alternative fuel development reached a climax at
the end of the 1970s, when the federal government's interest in
alcohol and other synthetic fuels was spurred by the Iranian fuel
crisis of 1978-79 and the grain embargo against the U.S.S.R. in late
1979.

why Alternative Fuels for Buses?

The main thrust in the development of alternative fuels in the
1970s was directed toward transportation fuels in general, and auto-
motive fuels in particular. States, corporations and even the federal
government sponsored automotive tests and marketing aids (e.g., fuel
tax abatements) for ethanol and methanol blends. Brazil pledged it-
self in the late 1970s to convert its automotive fleet to 100 percent
alcohol by the 21st century. This policy gave U.S. researchers, fuel
developers and government energy policy officials alike an enthusiasm
and optimism about the likelihood of developing a major alternative fuel
industry in the U.S. to meet automotive needs. The reasons for this
emphasis were obvious: automobiles dominate all other forms of U.S.
transportation, while transportation is the single largest consuming
sector of energy (re: oil) products in the nation.

At the same time, however, other modes of transportation spurred
interest in alternative fuel development. Alcohols for tractor, truck
and train utilization have been studied and tested. These three modes
dominate U.S. transportation consumption of diesel fuels, and through-
out the 1970s all three experienced dramatic fuel cost increases and
interim supply problems of extremely serious nature.

Buses, on the other hand, are relatively small consumers of U.S.
diesel fuel supplies (currently, for example, transit buses consume
approximately one-thirtieth the amount of fuel that heavy trucks use
annually). As a consequence, altzrnative fuel development interests
in "he bus and, in particular, the _ransit bus mode were not of major
significance in the U.S. In other nations, however (especially India
and Brazil), where transit plays a larger role in personal transport,
bus fuel alternatives have been researched to a larger extent.

Despite the lack of emphasis placed on alternative fuel develop-
ment for transit buses in the U.S., the objectives of such research
compared to overall alternative fuel development efforts are verv
similar. That is:



1. Can a fuel be developed to serve as a permanent or emer-
gency diesel replacement fuel in the event of shortages
brought on by oil supply disruptions?* The issue is parti-
cularly crucial for transit, since public transportation would
be expected to at least maintain and possibly expand ser-
vices during a disruption, in order to provide basic urban
mobility needs at a time when automobile use may be severe-
ly restricted. Service maintenance or expansion can only
be achieved, however, if the fuel is readily available.

2. Is there a more environmentally sound fuel than diesel fuel
which, although not a significant producer of carbon mon-
oxide, is a highly visible source of particulates and sulfur
dioxide emissions? (To such an extent that many transit
systems resist switching from diesel fuel #1 to cheaper, yet
higher polluting diesel fuel #2.

3. Is there a more economical fuel, especially in terms of the
effects upon engine wear and maintenance?

4. Finally, is there a more efficient fuel for transit-type opera-

tions (i.e., stop and go travel; continual use throughout
the day; variable loads)?

Alternative Fuels in the 1980s and Beyond

Large segments of the alternative fuel research and development
movement lost ccnsiderable financial and political support in the 1980s
as a result of an altered oil supply/demand picture. Spurred by the
major increases in worldwide oil prices in 1979-80 and the deregulation
of U.S. oil prices in 1981, worldwide production soared while consump-
tion dropped. The result was an oil glut, beginning in Spring 1981
and extending to this day, which has brought with it a lowering in
oil prices and a diminishing of the pricing and production influence of
OPEC. U.S. oil production in 1982 was at its highest level in years.
Suddenly, the urgency in alternative fuel development seemed to di-
minish and the boundary of economic competitiveness seemed further
away. Interest in synthetic fuels by the federal government, in parti-
cular, decreased.

*Another objective which has been proposed at times is to develop a
non-petroleum based substitute fuel in the event of eventual depletion
of oil supplies. Such an objective is not pertinent to transit systems,
however, for two reasons. First, the time of any possible worldwide
oil depletion is removed from any near- or long-term consideration
[i.e., one source indicates that proven oil resources, which are only
33 to 30 percent of recoverable ocil resources, are available at least
through the early 21st century (1)]. Second, the issue of oil deple-
tion is such a large, encompassing one that dwarfs investigation of
alternative fuel development Ior such a negligible user of petroleum
products as transit systems.
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Beyond 1985, the world is expected to increase oil consumption,
and, at the same time, OPEC is expected to regain significance as a
‘ determinator of oil prices and supply. That would once again set up
a situation ripe for oil price increases and supply disruptions. How-
ever, U.S. and other nations appear better and differentl prepared
to handle future disruptions, utilizing major petroleum storage re-
serves, international fuel sharing and, at least in the U.S., market-
place mechanisms. All are intended to reduce the magnitude and dura-
tion of future disruptions, and return normal modes of interna-
tional fuel trading as quickly as possible. Thus, energy independence
is a lesser national and international goal of the 1980s and beyond,
although reduced wvulnerability and reduced uncertainty remain as
important objectives.

Where does this leave alternative fuel development and, in parti-
cular, alternative fuel development for transit buses? Basically, it
can be expected that federal involvement to alternative fuel research
and development beyond 1985 will not reach the levels once expected.
Furthermore, if the U.S. and the developed world are successful in
reducing the disruptive influence of OPEC, then clearly there will be
little need for any such involvement. On the other hand, the objec-
tives of bus fuel research are still relevant:

0 Contingencies may still occur and while the market mecha-
nism may work well for private or individual oil consumers,
government-sponsored transit services will face the double

' bind of a) being expected to continue to provide its basic
' public services, while b) not having the financial means
available to afford to do so:

0 Environmental concerns persist and extend beyond the con-
cerns of energy utilization:

0 Transit systems face a further federal financial constriction,
that of diminished operating subsidies. Therefore, there is
greater pressure for improved productivity both from the
services standpoint (e.q., articulated buses) and maintenance
standpoint. The coordination of improved productivity with
an overall more economic fuel is a natural link; and

o) Finally, although the short-term payoffs may not be appar-
ent, in an era of diminishing energy resources there are
long-term benefits to serving public transportation needs
with an appropriate and adequate level of energy.

Possible Alternative Fuels for Buses

Those fuels most often suggested as bus alternatives can generally
be classified as liquid and gaseous fuels. Liquid fuels include alcchois
(namely methanol and ethanol) and vegetable oils. Gaseous fuels

.inciude methane, hydrogen and other miscellaneous gases (e.q.,
ammonia, producer gas). Liquids can be viewed as either diese] fuel




extenders or diesel fuel substitutes. Gases can be viewed only as

diesel fuel substitutes. Some fuels require minor adjustments to

current bus diesel fuel engines while others require major modifications .
or else complete engine redesign.

Objectives of this Research

This study of alternative fuels for buses utilizes existing research
findings found in the literature to answer three general question areas,
which are discussed below:

1. Likelihood of near-term development - Are there alternative
fuels available for near-term (within the 1980s) development
which are likely to:

a. provide transit system fuel security in light of
future oil disruptions;

b. improve air quality;
c. result in lower operating costs; and/or
d. be a more efficient/powerful urban transit fuel?

If near-term development is unlikely, what about long-term
(by the year 2000) development? .

2. Key development factors - How important are these factors
in achieving near-term or long-term developments:

a. economies of fuel/engine production;

b. size of the transit market; and

c. transit vehicle replacement costs and schedule?
3. Lead development role - If near-term or long-term develop-

ment is feasible, who should take the lead role in develop-
ment:

a. federal government;
b. state government;

c. transit systems;

d. fuel producers; or

e. engine/bus producers?

The literature consulted includes research not only in the area of .
bus-related developments but other diesel engine developments as well.



Organization of the Report

Chapter II summarizes state-of-the-art knowledge about various
alternative fuels. This information includes a) a description of the
fuels, b) a description of necessary engine/bus changes, c) present
and potential market for the fuels, d) environmental consequences,
and e) economics of production and marketing. The conclusion of the
chapter judges near-term and long-term development feasibility.

Chapter III draws upon the near-term/long-term development
evaluation and specifically addresses it to a) transit fuel security ob-
jectives, b) urban air quality concerns, c) transit operating costs and
d) better transit efficiency.

Chapter IV then asks whether developments should indeed be
pushed and if so what are the consequential factors involved:
a) economics of development, b) market size, c) transit replacement
and d) lead agency.

Notes to Chapter I

1. International Energy Agency, World Energy Outlook, Paris, 1982,
p. 203.




CHAPTER II

ALTERNATIVE FUELS FOR TRANSIT BUSES: STATE-OF
THE-ART REVIEW

Introduction

When Rudolph Diesel patented the diesel cycle in 1892, he pre-
sumed that any fuel would be suitable for an engine operating in the
manner he detailed (1). Indeed, high-speed diesel engines of the
current type used to power transit buses impose only a few minimum
requirements on the fuel. Over the years, however, diesel engines
have been fueled most effectively with the liquid petroleum fuel known
as diesel fuel.

In determining the possible effectiveness of diesel fuel alterna-
tives, the following considerations are addressed:

1. Does the alternative fuel meet minimum diesel engine
requirements?

2. If not, what engine or fuel changes are necessary?

3. What are the environmental consequences of utilizing the
alternative fuel and its possible engine/fuel adaptations?

4. Are there other impacts of alternative fuel/engine adapted
utilization?

Following a determination of effectiveness is an evaluation of the
near-term or long-term developmental feasibility of the alternative
fuel. This evaluation includes these following points:

1. Economics of fuel production/marketing;

2. Market demand for fuel/engine adaptation;

3. Other interest in development potential.

The determination of effectiveness and developmental feasibility is

done for two subsets of alternative fuels: liquid and gaseous fuels.

Liquid Fuels: Alcohols

A. Effectiveness

There is probably more published research on alcohol fuels than
any other alternative fuel type. Among the most notable and acces-
sible examples include generalized discussions of alcohols as transpor-



tation fuels (1,2,3); specific evaluations of alcohols as diesel fuel

substitutes (4,5,6,7); and the economic and policy issues related to
. alcohol fuel development (8,9). Alcohols are comprised of carbon,
hydrogen and oxygen, whereas gasoline and diesel fuel are simply
hydrocarbon fuels. Alcohols can be operated in diesel as well as
spark ignition engines, but there are serious problems to consider.
They are the following.

1. Energy content of alcohols vs. diesel fuel;
2. Cetane quality of alcohols vs. diesel fuel;
3. Compatibility of alcohols with diesel engine materials;
4. Alcohol fuel emissions.
These are discussed below.

1. Energy Content. Table II.1 lists many of the characteristics
of diesel fuels and two of the most important alcohol fuels: ethanol
and methanol. The net heating values (by volume) reveal that the
BTU content of ethanol and methanol are 60 and 45 percent of that of
diesel fuel, respectively. This means that a) buses equipped with
equal amounts of diesel fuel vs. alcohols will be able to operate for
greater periods of use, or to put it another way, b) buses equipped
with alcohol fuels will need to carry larger amounts of fuel in order
‘ to operate for a comparable period of use as diesel powered buses.

The typical 100 gallon fuel tank in buses would either have to be
expended or supplemented with an additional tank, or else fueling
procedures changed (i.e., multiple fuel fill-ups during the day).
Assuming, for example, that tank expansion would be the plan
followed, then the size of that increase is shown in Table II.2.

2. Cetane Qualitv. This is the key concern, requiring one of
many possible engine modifications. For diesel engines, where the
fuel must ignite on compression, ignition quality of a particular fuel
Is measured by the cetane number of the fuel. Simply put, cetane
number is a measure of ignition delay, or the time between fuel injec-
tion into the combustion chamber and the fuel's ignition. The mini-
mum cetane number established by many of the world's diesel engine
manufacturers is 40. Present day . .esel fuels range from 40 to 60
and are primarily found within the tighter range of 45-50. A cetane
rating of 15 is generally classified as a minimum baseline number,
signifying poor ignition quality. Alcohols, in particular ethanol and
methanol, have cetane numbers ranging from zero to eight.

There are many proposed solutions to the poor cetane quality
issue. Some involve fuel additives: castor oil, nitrated compounds,
2tc. Figure II.1 shows what happens to alcohol cetane level when
cvclohexyl nitrate is added in varying amounts. Others recommend

.:perau‘on of alcohols only as a blend with diesel fuel, although any-



TABLE II.1
PROPERTIES OF ALCOHOLS AND OTHER FUELS

NO. 1 NO. 2
CHARACTERISTIC GASOLINE DIESEL FUEL DIESEL FUEL ETHANOL | METHANOL GASOHOL
90% UNLEADED
MIXTURE OF MIXTURE OF MIXTURE OF GASOLINE
CHEMISTRY HYODROCARBONS | HYDROCARBONS | HYDROCARBONS CaH40H CH,OH 10% ETHANOL
Aporox. Specific Grawty 72-.75 82 85 79 79 .73 -.76
@ 60°F
Boikng Point
°F 85 - 437 360 - 530 375 - 630 173 149 77 - 410
% 30 - 225 190 - 280 210 - 325 78.3 65 25 - 210
Net Heating Value (Mass)
3TU/Ib 18.700 18.500 18.400 11.600 8.600 18.000
MJ/kg 43.5 43 43 27 20.1 419
Net Heating Value (Volume) . : '
8TU/gal 117.000 126.000 130.000 76.000 57.000 112.900
MU/ 32 353 366 213 15.9 309
Heat of Vaporization 170 250 250 390 500 200
J/kg 400 600 600 900 1.110 465
Vapor Pressure @ 100°F
ps) 9-13 .08 .04 2.5 48 8- 16
kPa 62 - 90 .34 27 17 32 55 - 110
| Octane Number
| Resesrch 91 - 100 Note 1 Note 1 111 112 ‘Note 2
! Motor a2 - 92 92 91
Cetane Number Below 15 40 - 60 40 - 60 Below 15 |  Below 15 Below 15
Stoschuometric A/F Ratio 146 146 1486 9 6.4 14
Vapor Flammability Limits,
% by Volume 6-8 6-65 8-85 35-15 5.5-286 Note 3
Viscosity @ 40°C
Centipoise 5 1.45 . 24 83 48 5
Centistokes .8 1.7% ’ 279 11 58 6
Appearance Coloriess to light Coloriess to light Light amber color | Coloriess Coloriess Coloriess to Iight
amber color amber color amber color
Vapor Toxicrty Maoderate irritant. Extreme concentration Causes Narcoss. Irritant leritant Moderate irritant.
toxic only cumulative| Extreme concen-
in large toxicant. traton causes
doses. Causes narcosis.
narcosis.

iote 1. Not appiicable.
iote 2 May be the same as gasoline. or add 1.5 or 2 numbers depending on blending prachce.
iote 3. Values not published.

Source: Alternative Fuels Committee of the Engine Manufacturers
Association, "A Technical Assessment ot Alcohol Fuels,”
SAE Technical Paper 320261, February 22-26, 1982.
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' TABLE II.2

FUEL AND TANK REQUIREMENTS
[F SUBSTITUTING DIESEL FUEL OPERATION
WITH AN ENERGY EQUIVALENT AMOUNT OF ALCOHOL FUELS

AND ASSUMING SINGLE TANK

% Increase in Diesel Fuel Characteristics

Due to the Use of the Following Alcohols:

Ethanol Methanol

Fuel Weight +57% +102%
Tank Volume +60% +107%
Tank Spherical Diameter +19% +31%
Estimated Tank Weight +46% +92%
‘Fuel Plus Tank Weight +57% +101%

Source: Data from University of Miami and Escher Technology Associ-
ates, Alternative Fuels and Intercity Trucking, prepared
for USDOE, Miami, June 1978.




thing greater than a 10 percent blend of alcohol is likely to reduce
cetane level below manufacturers' specification (see Figure II.2).
Finally, others recommend engine modifications. In a recent report,
five options to adapt U.S. bus diesel engines for methanol operation
were analyzed (10). These included the following:

Conversion to Otto cycle engine.

Conversion to Otto cycle engine and vaporize methanol.
Add spark ignition.

Add surface ignition.

Add indirect, prechamber ignition

(G IV OS I O

The option chosen as most promising was the surface ignition option:
use of glow plugs in the combustion chamber provide a hot surface,
vaporizing and igniting methanol shortly after injection. The use of
these glow plugs may be conserved for cold starts and during the
warm-up period.

3. Compatibility with Diesel Engine and Vehicle Materials.
Diesel engines and diesel fuel are naturally compatible. Alcohols, on
the other hands, could cause accelerated wear of diesel fuel systems
and engine components (1l1). This is especially true if fuel additives
are used: all nitrate compounds are particularly corrosive and, pro-
longed castor oil use can clog fuel injector tips (12). In European
experiences, methanol rapidly diluated crankcase oil, requiring more
frequent oil changes (13). Furthermore, methanol corrodes some
materials contained in on-board fuel tanks, damaging the tanks and
causing downstream deposits (ethanol will do the same for any diesel
fuel related deposits in fuel tanks). Both methanol and ethanol ad-
versely affect most elastomeric (rubber) parts such as fuel-pump
diaphragms and fuel hoses.

In summary, as one source puts it:

"Using alcohol fuels in vehicles designed for gaso-
line or diesel fuel will result in small and usually
manageable materials compatibility problems. How-
ever, in some cases the effects could be drastic
enough to cause massive failure of major parts.
Each particular conversion will have its own
specific problems and solutions (14).

4. Alcohol Fuel Emissions. Using a Volvo constructed diesel
engine operated under transit bus test conditions (although in a
laboratory setting), hydrocarbon and carbon monoxide emission levels
were higher, while nitrous oxide and particulates were lower for both
ethanol and methanol, as Table II.3 shows. However, a more recent
report indicates that, for methanol at least, hydrocarbon emissions
are less volatile than diesel fuel emissions and less likely to cause
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TABLE II.3
EMISSIONS FROM VOLVO DIESEL ENGINE

OPERATED IN TEST BUS OPERATIONS

% Change in Emissions When

Fueled By:
Diesel Fuel Ethanol Methanol
Pollutant Emissions* _Fuel _ Fuel**
Hydrocarbon 1.00 +119% +46%
Carbon Monoxide 3.42 +428% +457%
Nitrogen Oxides 9.28 -35% -32%
Patriculates 0.62 -2T% -27%

*Grams per horsepower-hour

**As the text explains, other tests show less dramatic carbon monox-
ide increases for methanol use, even suggesting that decreases may

occur.

Source: Terry Ullman and Charles Hare, Emission Characterization of

an Alcohol/Diesel Pilot Fueled Compression-Ignition Engine

and its Heavy Duty Diesel Counterpart, prepared for
EPA, San Antonio, August 1981.
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smog, while carbon monoxide emissions vary considerably from test to
test, due to the relative leanness or richness of the fuel-air mixture

(15).

Besides these emissions (which are regulated by the Federal
government), other relevant emissions include smoke (essentially
non-existent for alcohol fuels) and aldehydes. These emissions
(particularly formaldehyde from methanol) are considerably higher for
alcohols than for diesel fuel (16).

B. Developmental Potential

1. Economics of Fuel Production/Marketing. Currently, diesel
fuel prices average around $1.00 per gallon (especially for relatively
large users such as transit systems). Ethanol prices range from 50
to 70 percent higher than that, while methanol is about 30 percent
less than the diesel fuel price (17). Clearly, methanol is the more
cost-effective alcohol option, based strictly on price of fuel. Methanol
costs even show signs of declining to a level nearly half that of diesel
fuel.

2. Market Demand. Alcohols, in particular ethanol, have estab-
lished a minor foothold in the U.S. transportation sector, primarily as
a blend with gasoline, Currently nearly 10 percent of all the gasoline
is the U.S. contains either ethanol or methanol (primarily the former)
(18). Both, however, are primarily used for industrial purposes.
Methanol, for example, is produced at a rate of over 1 billion gallons
annually; in 1980 (the most recent year for which data is available),
95 percent was used as a chemical precursor for industry; 3 percent
as a gasoline octane booster; and 2 percent as a direct fuel (19).

There is considerable interest among diverse transportation
providers in a) alcohol fuels as diesel fuel substitutes and blending
agents and b) appropriately matched diesel engines to accomodate the
special characteristics of alcohols, in particular the low cetane number.
These providers include the intercity trucking industry, the railroad
industry, the farming community and, of course, the public transpor-
tation sector. The following excerpts from recent reports reflect the
concern, however, that while potentially attractive, alcohols may not
pe likely diesel fuel substitutes:

"If ethyvl alcohol (ethanol) is blended with diesel fuel [in
diesel-powered farm tractors], it will reduce engine power
output, increase fuel consumption per unit of work, delay
combustion, and increase engine delay (20)."

"A representative of the Association of American Railroads
told us that methanol can be used as an extender mixed with
diesel fuel, but it introduced technical problems for loco-
motives (21)." (In particular, methanol use would require
either a considerably larger locomotive fuel tank or more fre-
quent refueling.)



On the other hand:

"Ethanol must be considered a valid contender as an alter-
native fuel for intercity trucking. ... [Methanol] might thus
also be considered a candidate for a given 'minority' trans-
portation sector such as intercity trucking (22)."

3. Other Interest in Development. As Chapter I stated, alcohol
fuel development was pushed in the Tate 1970s by the federal govern-
ment and a number of agricultural states, all of which were looking
for alternative uses for various products (e.g., corn grain). Whereas
federal involvement has declined, state interest remains strong, par-
ticularly in agricultural states and some states with significant alter-
native energy programs and concerns (e.g., California). Petroleum
companies have shown growing interest in ethanol as a gasoline octane
booster, but nearly all (except ARCO) reject the use of methanol for
similar purposes.

Liquid Fuels: Vegetable Oils

A. Effectiveness

Vegetable oils lend themselves particularly to applications in diesel
engines. As early as 1931, researchers noted that the hydrocarbon
structure of vegetable oils had a capacity for compression ignition in
diesel engines. A wide range of vegetable oils are possible diesel fuel
substitutes or blending agents, including:

o} Corn
0 Cottonseed
0 Peanut

o) Soybean
o Sunflower

as well as others. Most experimental research conducted in the last
few vears to determine the fuel opportunities of vegetable oil has
centered on cottonseed and sunflower oils (in part because of the
availability and market development potential of these oils) and has
been confined to laboratory settings. Some of the concerns raised
about alcohols do not pertain to vegetable oils, while others are impor-
tant for these fuels too. The following sections discuss:

Energy content of vegetable oils vs. diesel fuel
Cetane quality of vegetable oils vs. diesel fuel
Cold weather performance of vegetable oils
Engine compatbility

Emissions
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1. Energy Content. Unlike alcohols, the BTU content of vege-
table oils is relatively close to that of diesel fuel: sunflower and
cottonseed oils, for instance have approximately 90 percent the BTU
content of diesel fuel (23, 24). As a result, the fuel volume and
associated fuel tank requirements are not much greater than those of
diesel fuel, as Table II.4 indicates.

2. Cetane Quality. Also unlike alcohols, cetane levels of
vegetable oils are much closer to those of diesel fuel, as Table II.5
indicates. In fact, cottonseed oil exceeds diesel fuel cetane quality
produced via the transesterification process (i.e., lowering the
viscosity of the oil).

3. Cold Weather Performance. Vegetable oils have relatively
high cloud and pour points, indicating potential difficulties with cold
weather operations (i.e., fuel flow will be irregular and slow). In
fact, significant cold start problems arose in test temperatures of
-1°C (30°F) and -7°C (20°F) when only a 50 percent blend of sun-
flower oil was used with diesel fuel, as Table II.6 indicates.

As one source puts it:

"Cold temperature operation is a very critical issue related to
sunflower oil and blends thereof. High viscosity can cause fuel
system problems, failed starting, unacceptable emission level, in-
jection pump failures due to lack of lubrication (25)."

4. Engine Compatibility. Engine durability is a key issue in
the use of vegetable oil-based fuels in diesel engines. There is an
increased propensity for oils to leave behind carbon deposits after
only short periods of operations. As considerable and fast growing
as these deposits can be, they do tend to be blown off to some extent
during engine operation (26). Deposits in the piston and the cylinder
liner area are more stubborn, however, (and considerably more than
either diesel or alcohol fuels produce) due to a) the oiliness of the
fuel and b) the large droplet size characterizin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>