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Executive Summary

Increasingly stringent emissions standards have been imposed or are scheduled to take effect in
the next several years for heavy-duty vehicles. The time frame for urban bus compliance is even
shorter than that for heavy-duty vehicles as a whole. The new standards have generated a great deal
of research and development work on diesel engines, both to clean up existing diesel technology and
to develop cleaner burning fuels, a.k.a. alternative fuels. This has led to an overwhelming addition to
the body of research literature in only the last few years. Therefore, the first objective of this review
is to summarize recent developments in the use of alternative fuels in heavy-duty engines, particularly
those suitable for urban bus powerplants. Fuels examined include methanol, ethanol, natural gas,
liquid petroleum gas (LPG), and hydrogen; a discussion of battery and fuel cell technologies is also
included for completeness.

The second objective was to compare the advantages and disadvantages of various alternative
fuels and/or combustion strategies, and to establish a preliminary rating scale. A true cost/benefit
ratio was not tabulated because of the scarcity of actual cost data (fuel, maintenance, and capital) as
well as the difficulty in defining exactly what to include as a "benefit." Evaluation criteria, in rough
order of importance with respect to determining the final rankings, included:

1) The ability to meet current and future emissions standards, without producing new pollutants,
toxic wastes, greenhouse gases, or other environmental hazards;

2) Operating costs (fuel and maintenance);

3) Current and potential safety of each technology, including fuel storage and refueling systems;

4) Capital costs of engine and refueling infrastructure;

5) Development status of original equipment manufacturer (OEM) engines and retrofit conversion
packages for existing engines;

6) Performance (power, acceleration, range, and cold starting); and

7) Current and long term fuel availability.

From the above list, one can see that the development of new engine technologies is a

complicated process involving tradeoffs between many factors. All of the alternative fuels considered
produce very little particulate matter, and generally small amounts of carbon monoxide (CO). (CO
emissions may actually be somewhat higher than for diesel vehicles, but they are still well below the

allowed standards, which have been set primarily to constrain CO emissions from gasoline engines.)
Hence, alternative fuel buses will give a public perception of being very clean. On the other hand, all

are relatively new technologies which have somewhat higher maintenance costs, primarily because of
the need to train service personnel.

The following table summarizes the key advantages and disadvantages that differentiate the
state-of-the-art for various alternative fuel engines. The order of appearance follows from a rating



scale which reflects the author's opinion of the relative capabilities of the various technologies at this
time. The scores are given here only to indicate the closeness of the ratings--variations of less than
2% of the average score are not considered significant, and the numerical placement on the left
reflects that analysis. Such an ordering is likely to be highly controversial, and it is not the only
possible ordering which can logically be arrived at. The list should be considered as an initial attempt
at a cost/benefit rating scale for the various alternatives. The relative ordering can change depending
on how one weights the various categories, as well as how the technologies are distributed within a
given category. The method by which the relative rankings were obtained is spelled out in detail in
the Comparison section of the report body; this section should be carefully examined before the
results are accepted.

The new "clean diesel" engines are currently preferred as long as emissions standards are not
lowered any further. Further reductions in the standards or a higher relative weighting for lower
emissions would tip the results in favor of the alternative technologies. The battery vehicle rating
seems somewhat high for full size buses and current technology, most likely because penalty points
were not assigned for poor driveability and high costs. This rating seems more fitting to electric
trolleys or small van buses. Readers should be cautioned that lower rankings should not be
interpreted as an indication that development of particular technologies should be discontinued; on
the contrary, some of the low-ranking technologies represent the best opportunities for future
reductions in transit emissions and fuel availability. However, because the current development
status is not competitive with other available engines, a major shift to such technologies is not
feasible at this time.

Alternative Fuel Technology Rankings (for Transit Buses)

Rank 1 Technology Footnote Score2

(1) Clean Diesel Engines 3 1662
(2) Compressed Natural Gas (CNG), Stoichiometric + 3-way catalyst 4 1543
(3) Compressed Natural Gas (CNG), Lean Burn + Oxidizing Catalyst 5 1456
(4) Liquefied Petroleum Gas (LPG), Stoichiometric, Carbureted 6 1387
(4) Methanol (MeOH) 7 1384
(4) Batteries (Pb-Acid) 8 1376
(4) Liquefied Natural Gas (LNG), Vaporized, Stoichiometric 9 1375

(4) Lead-acid Battery / Stoich. CNG Hybrid 10 1367

(9) Ethanol (EtOH) 11 1317
(10) Hydrogen (H2), Direct Injection, Hydride Storage 12 1219

(10) Proton Exchange Membrane (PEM) Fuel Cells, Hydride Storage of H2 13 1209

(10) Lead-acid Battery / PEM Fuel Cell Hybrid 14 1203
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The rank is an indication of the relative point rating of the technology; variations of less than 2 % of the average point
rating are not considered significant, and therefore the associated technologies have equal rank.

2The point system is explained in detail in the Comparison Section of the report. The numerical values can change
dramatically depending on the relative weights assigned to various categories and the distributions within
categories. Therefore, the relative rankings should not be viewed as absolute, but rather an indication of merit
based on a particular point scale.

The newest engines are reportedly able to meet the 1994 heavy duty standards without using particulate traps on the
exhaust. The best of these also reportedly meet the 1994 urban bus standards. The emissions data is from
manufacturer's tests: certification procedures are still in progress.

Probably the fastest growing technology, very promising for low emissions. Stoichiometric combustion combined with a
three-way catalyst results in more than a 60% reduction in NO over clean diesel options, and very low reactive
hydrocarbons. Also, greenhouse gas emissions are reduced by approximately 10-15%, including CH 4 emissions.
Major drawbacks are increased explosion risk, volume and weight of fuel storage system, and cost and availability
of high capacity, fast-fill refueling stations.

5Similar to stoichiometric CNG above, but uses a lean bum combustion strategy. This yields better fuel economy but
slightly higher NO and hydrocarbon emissions.

Generally retrofitted diesels converted to turbocharged, lean-bum, spark ignition engines with gas carburetors and
oxidizing catalysts. Conversions are fairly easy to implement. Low NO , but hydrocarbons are a little high;
further optimization would help. Advantages are that LPG can be distributed and stored as a liquid at ambient
temperatures and only moderate pressure. The major drawback relates to supply: LPG is primarily a byproduct of
natural gas production, and prices increase in the wintertime due to heating demand. Direct injection of LPG
deserves further study.

Probably the most well developed of the OEM technologies, yields low NO emissions. Liquid fuel allows adequate on-
board storage and eases refueling requirements. Major drawbacks inxclude formaldehyde emissions, especially in
cold climates and enclosed areas, and fuel flammability and toxicity. Fuel costs are also relatively high.

Vehicle emissions are nonexistent, but emissions from electrical powerplants for recharging can be important. Transfer
of pollutants from congested urban areas to remote plant locations is an advantage. Primary drawbacks are high
costs, limited lifetime and range, and slower acceleration due to increased weight Lead-acid batteries still
dominate the market; new technologies with higher energy densities and longer lifetimes are in the development
stage. The score appears artificially high because reduced performance and high costs were not fully taken into
account.

9Again, this is a rapidly developing technology. Liquid fuel addresses drawbacks of on-board fuel storage associated with
CNG, but adds complexity of cryogenics and the associated boil-off problems. Safety issues remain for
distribution and refueling stations.

'°This combination offers an excellent potential for emissions reductions while maintaining reasonable driveability and
development status. The drawbacks are the complexity and expense of the entire system. A "zero-emission"
hybrid with a lead-acid battery and a proton exchange membrane (PEM) fuel cell is rated below.

Advantages include liquid form and non-toxic (in small amounts). The major drawbacks are fuel cost (over $2 per
gallon diesel equivalent) and acetaldehyde and formaldehyde emissions during cold starts. Continued agricultural
subsidy is probably required to maintain competitiveness. NO and hydrocarbon emissions are still high, primarily
because not much effort has been directed at combustion optimization due to the high cost of fuel.

Eliminates hydrocarbon, particulate, and carbon monoxide emissions (except those originating from lubrication oil), but
NO must be controlled using EGR or lean-bum strategies. The primary drawbacks are the cost of the fuel, safety,
and limitations of on-board storage systems.

As close to completely zero emission as possible, if pure hydrogen produced with non-fossil fuels is used as the
feedstock. The technology is currently in the research stage and is extremely expensive. Therefore, these are most
often employed in hybrid vehicles. Phosphoric acid fuel cells are the most developed to date, but aren't quite as
efficient.

14As with battery-powered vehicles, no emissions are emitted directly from the vehicle pure hydrogen is used for the fuel
cell. The drawbacks are the complexity and expense of the entire system and the safety and range limitations
associated with hydrogen fuel.
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ABSTRACT

The purpose of this report is to present a critical assessment of the current state-of-the-art of
alternative fuel technologies for heavy-duty transit vehicles. Fuels considered include compressed
natural gas (CNG), liquefied natural gas (LNG), methanol, ethanol, liquefied petroleum gas (LPG),
hydrogen, and several advanced battery and fuel cell technologies. For each fuel type, results from
the recent literature are collected to allow comparison of the combustion methods, emissions, power
output, fuel efficiency, range, refueling requirements, development status, safety aspects, and
infrastructure requirements of various engine designs. Since many of the engines are under various
stages of development, data for operation and maintenance costs are somewhat scarce; however, such
information is provided when possible. Short descriptions of problems remaining to be solved are
given, but detailed comparisons between technologies are withheld until the Discussion and
Comparison section in order to avoid biasing the initial presentations.

The economic implications of the various strategies are then discussed in relation to the
technical performance. Since the viability of heavy-duty vehicle operation depends to large extent on
future emissions standards as well as the widespread availability of the given fuel, current and
proposed emissions standards are listed, along with trends in light-duty and stationary applications
involving the various fuels. Most of the work to date has centered on conversion and/or optimization
of existing engine designs to accommodate the new fuels rather than the development of completely
new engine concepts. Estimates of the capital cost and fuel economy of the various designs have
been made, and the feasibility of retrofits versus dedicated engines are presented. The latter is
especially important when one considers that poorly optimized retrofits may result in substantially
higher emissions and maintenance costs than the original engines. A relative cost/benefit scale is
formulated and used to rate the technologies, and the importance of the relative weighting factors in

determining the outcome is discussed.
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INTRODUCTION

The diesel engine was originally conceived to burn cheap, low grade fuels. Thus, over the
years, many fuels have been used, ranging from heavy petroleum fuels, coal slurries, gasoline and
aviation fuels, various plant-derived oils (e. g. rapeseed, cottonseed, peanut, sunflower), alcohols
(methanol and ethanol), natural gas, and hydrogen. Because of its inherent efficiency advantage over
conventional spark-ignition Otto cycle engines, operating costs tend to be lower. However, capital
cost, weight, and noise considerations have tended to make the diesel engine dominant in medium and
heavy-duty applications, while the spark-ignition engine dominates light-duty applications.

Recent and proposed reductions in heavy-duty emissions standards have generated intense
interest in alternative, "clean-burning" fuels for use in diesel engines. The problem for engine
designers is to reduce particulate, nitrogen oxides (NOx), and hydrocarbon (HC) emissions while
maintaining low carbon monoxide (CO) emissions, equivalent engine power and driveability.
Moreover, this must be accomplished without giving birth to any new pollutant emissions or toxic
wastes, or reliability, durability, or maintenance problems. A more recent concern is the reduction of
carbon dioxide (CO2) emissions to lessen global warming impact. Ideally, all of these tasks are to be
done without adding greatly to initial and/or operating costs of the engine.

Because of the time frame of the proposed emissions reductions (scheduled for 1994 for

heavy-duty vehicles, with urban buses subjected to the same standards by 1991, and even lower
particulate emissions in 1994), much work has been done in the last several years. The objective of
this paper is to review the state-of-the-art for alternative heavy-duty propulsion systems, with an eye
toward urban bus applications. This review will be organized according to fuel: methanol (CH 3OH,

or MeOH), ethanol (C H OH or EtOH), compressed and liquefied natural gas (CNG and LNG, which

consists primarily of methane, CH 4), liquefied petroleum gas (LPG, which consists primarily of

propane, C3H8), and hydrogen (H2) will be discussed. In addition, a section on battery- and fuel

cell-powered systems is included. Since modifying an existing engine to run on a cleaner-burning

fuel presents a less formidable challenge than designing an entirely new engine, much of the current
work has taken this form. A distinction is made, however, between retrofits of existing, installed

engines and optimization of dedicated systems at the manufacturing stage.

For each of the alternative technologies, a description of the general combustion (or electrical
generation) characteristics is given, followed by a more detailed discussion of the emissions, long
term availability of fuel, development status, performance, safety, and maintenance characteristics of

various engines (batteries or fuel cells). Where data is available, economic factors are also discussed.

Finally, references to light-duty applications are included to demonstrate the potential market for the
various fuels. This is done because the future light-duty market will largely determine the availability

of various alternative fuels.



Because of the tremendous volume of literature encompassed by the above topics, the literature
search was restricted to the most recent papers (most within the last 3 years), and no attempt was
made to produce a totally comprehensive review of all the papers published on a given topic. Rather,
an attempt was made to obtain a representative sample from published papers and from conversations
with individuals in industry.

It is instructive to begin by examining a list of the bus projects supported by the Urban Mass
Transit Administration's Clean Air Program to get a feel for the extent and trends in alternative

fuel-powered buses. Table Al gives a list, grouped according to fuel type.22 In terms of the number

of buses, CNG is currently the most popular, followed by methanol, ethanol fumigation, LPG, and
LNG. In addition, particulate traps are being ordered in fairly large quantities for installation on
existing vehicles. While the list is not totally up-to-date (Minneapolis is scheduled to purchase 25
buses, 5 each with CNG, ethanol, LPG, and particulate traps, along with 5 standard diesel vehicles), it

does demonstrate the increasing importance of alternative fuels. It also shows a fair degree of
regional bias, where for one reason or another, state governments have decided to support one

technology over the others. Such regional variations can also be observed on a worldwide basis,

where various different governments have supported the development of one or more of the
alternative fuels, but not all.

The remainder of this report presents the advantages and limitations of the various different
alternative fuel/alternative powerplant systems. Results are collected in tables in Appendix A to
facilitate comparisons among the different fuels/engines. In order to avoid biasing the reader's

opinion of various different alternatives, detailed comparisons are not made until all of the
technologies have been discussed. The order of presentation is based on similar fuel characteristics,
not in order of preference.
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METHANOL

Methanol (CH3 OH) is an oxygenated liquid fuel which can be produced from natural gas, coal,
or biomass material. Currently, production from natural gas is the most economical. From Table A2
(see appendix) one can see that the volumetric energy density of methanol (a.k.a. MeOH) is only
about 44% of that of diesel fuel; therefore to maintain engine power output and range, the volume of
injected fuel and the fuel tank volume must be increased by a factor of 2.3. MeOH has a very low
cetane number, so ignition aids are generally required for use in compression-ignition engines; on the
other hand, it has a high octane number because of the oxygen content, and hence higher compression
ratios can be used without exceeding allowable engine pressure ratings. MeOH also has a high latent
heat of vaporization; this is especially important in fumigation applications, since evaporation results
in significant cooling of the intake air, and hence increases the volumetric efficiency of the engine.
This partially offsets the lower energy content of the fuel (as compared to diesel), and therefore
MeOH powered engines deliver higher output powers than would be calculated from an energy
content analysis alone. However, large cyclic temperature fluctuations produced when liquid fuel
evaporates from injector, spark or glow plug, piston, or combustion chamber surfaces can lead to
thermal fatigue and possible material failures.

Emission results from transient tests on a number of heavy-duty engines have shown that M100
combustion has the capability to reduce NOx emissions by about 25-85% over a variety of operating
conditions compared to diesel fuel operation. 2'3'15'26' 49'67 And as one would expect with an oxygenated
fuel, particulate emissions were dramatically decreased, generally by at least an order of magnitude,
because of the lack of soot-formation. Use of M85, diesel pilot injection, dual fuel, or MeOH
fumigation leads to increases in soot output when compared to M100, but the levels are still typically
substantially less than would be produced by the same engine with diesel fuel. CO emissions, which
aren't generally a major problem with diesel engines, have also generally been reduced on the order
of 30 to 50% except at light load conditions.

On the other hand, HC emissions often rose by an order of magnitude during the initial engine
development tests because of emissions of unburned methanol. 16 Subsequent optimization of injector

design and timing, ignition source placement, compression ratio, and the addition of oxidation

catalysts have brought hydrocarbon emissions down to levels in line with the upcoming standards (see

Table A3).

Another drawback is the increase in formaldehyde (HCHO) emissions, which can be as much
as 100 to 300% higher than those from a diesel-fueled engine, even with oxidation catalysts. Cold
start emissions are very high, because formaldehyde forms as a result of partial oxidation of
methanol. To overcome this problem, rapid catalyst light-off is desired, much as with the three-way

catalysts employed in light-duty vehicles. Work on close-coupled catalysts, pairings of light-off and
main catalysts, and electrically heated catalysts is progressing. As with their light-duty brethren,
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these catalysts can be damaged by prolonged rich excursions or a misfiring cylinder, and degradation

of the catalysts conversion efficiency with time is fairly severe. The latter may require catalyst
replacement during the life of the engine, which is an expensive maintenance cost. Based on studies
of the health effects of long term exposure to low concentrations of formaldehyde in houses,
California has proposed a standard of 0.1 g/bhp-hr. If significant numbers of cars and trucks are
converted to operate on methanol, this level may have to be re-examined. Formaldehyde emissions

are also an important consideration for fleets in confined environments, such as mining or indoor
operation. In such cases, many vehicles tend to be started at once in a relatively small area, leading to
a buildup of formaldehyde concentrations as the engines warm-up. Therefore, very good ventilation

is required in order to keep formaldehyde concentrations at an acceptable level.

Fueling costs of methanol vehicles tend to be higher than diesel vehicles, partly because fuel
consumption tends to be a few percent higher for MeOH on a per gallon diesel fuel equivalent basis

(based on lower heating values). The cost per gallon of MeOH before taxes is also significantly
higher (see Table A2), but tax incentives play a large role in determining overall fuel costs.

Pure MeOH (sometimes called neat methanol, or M100 for 100% MeOH) is corrosive and lacks

lubricity, and does a fairly good job of washing lubricating oil from the upper cylinder surfaces.
Therefore, lubricity enhancers, corrosion inhibitors, and detergents are generally added to the fuel. In
earlier work, nitrated esters were sometimes added as well to improve ignition;2'3 however, the overall
cost of the fuel increased significantly as a result, and these additives have since been largely

abandoned. The exception is in retrofit kits designed to convert existing engines to neat MeOH with a
minimal amount of hardware changes. 1 In addition to the fuel additives, lubricant additives must be
carefully matched to MeOH, including any fuel additives; in some of the earlier work, reactions in the
cylinder between the MeOH and metal additives formed hard ceramic-like deposits which plugged
injectors and/or caused unacceptable wear rates on valves, valve seats, and cylinder liners.6'7 In

addition, ignition-improved methanol blown past the rings into the crankcase led to the formation of

very heavy sludges and subsequent bearing damage. 84 Because of the corrosiveness of MeOH,
corrosion inhibitors are also added to the oil, and special plastics, nitrite elastomers, nickel-plated

brass fittings, in-tank brushless fuel pumps, and stainless steel fuel tanks must be used in the fuel
system. And since MeOH boils at 64 °C (148 °F), fuel line cooling may also be important for heavy
duty operation in hot climates. Most of these difficulties have since been overcome, but it is
important to keep in mind their implications for vehicle maintenance and retrofit kits.

Methanol engines are particularly difficult to start under cold weather conditions because
MeOH has a low vapor pressure at temperatures less than 0 °C. In fact, most light-duty M100 engines

typically won't start below about 0 °C (32 °F) without an ignition improver or high energy ignition

systems. To overcome this problem, a mixture of 15% gasoline with 85% MeOH by volume, known

as M85, has been used in light duty vehicles. While this takes cold starts down to the range of -20 to
-29 °C (-5 to -21 °F) depending on the engine and ignition system, 65 it is highly undesirable from an
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emissions standpoint. The reason is that only a fraction of the gasoline is actually forming the
combustible mixture--most of the gasoline and methanol end up as unburned hydrocarbons.

Compression ignition engines have utilized several strategies for starting, as shown in Table 1.
Diesel fuel and methanol do not readily mix, and stable emulsions require large amounts of
surfactants, which makes them expensive. 26 Fumigation of, methanol into the intake air or
emulsification of methanol with diesel have tended to be retrofit options, since the amount of diesel
fuel which can be replaced, and hence the emissions reductions, are limited. Even then, fairly
sophisticated control strategies are required if maximum diesel replacement is the goal, as the fraction
of MeOH which can be used varies with speed and load (see also ethanol). Many retrofits have
therefore made use of the existing diesel injection system for pilot fuel injection, while OEM systems
have used either spark or glow plug ignition assists.33 ,15 ,26,33t67

TABLE 1: COMPRESSION IGNITION COLD START STRATEGIES FOR MEOH

Method Advantages Disadvantages

3-5% by volume only minor engine ignition improver
ignition improver modifications required is expensive

diesel pilot cost and complexity of

ignition dual injection systems,
some soot produced

spark plug cost of ignition system,
ignition durability of spark plugs

hot surface/glow glow plug durability
plug ignition

High C.R. 11 cyl. pressure =* friction t, = efficiency 4;
(> 26 for M100) 1 cyl. temp. =* NOx 1T

but still less than diesel

Safety concerns with methanol include high toxicity, low flash point, flammable air-MeOH
vapor mixture above the liquid MeOH in the fuel tank, and an invisible flame (M100). MeOH can be
absorbed though the skin and does not taste bad or induce vomiting when swallowed. Ingestion of
several ounces can be fatal, and prolonged exposure to low concentrations can lead to blindness. The
low flash point means that indoor storage or spills are hazardous, but probably no more so than
gasoline. And since MeOH is miscible in water, large fuel spills such as might occur during transport
could imperil water supplies. Flame arrestors are a must for fuel tank fill nozzles and vents; these are
not necessary for gasoline. Also, neat methanol burns with an invisible flame, so no visible clues exist
to help locate the source of a methanol fire. Combustion of M85 does produce a visible flame.
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Table A3 compares the emissions of various MeOH engines. Light-duty results are included to

demonstrate the potential of MeOH for becoming a major transportation fuel. This has both

advantages and disadvantages: on the plus side, distribution systems would be much more

widespread; on the down side, such a large demand would probably exceed production capacities for

at least 5-10 years. Production of MTBE (methyl tertiary butyl ether, a compound used in oxygenated

gasoline) will also reduce MeOH availability.

Many MeOH-powered bus demonstration projects have been undertaken since the early '80's.

Daimler-Benz and M.A.N. both developed spark assisted engines for transit buses which were used in

New Zealand, while Detroit Diesel Corp. (DDC) was the first to consider compression ignition.

Table 2 lists several methanol bus demonstration projects in the U.S. and Canada.85 Even though this

list is by no means complete, the DDC 6V-92TA (92 cubic inches per cylinder displacement, V-6,

turbocharged and aftercooled) is in fact the most widely used MeOH engine for bus applications in

North America. The current version has been certified to meet the 1991 California heavy duty

standards with a platinum oxidation catalyst employed. The catalyst reduces both HC and

formaldehyde emissions, but at a cost of about $1000. Long term durability of the catalyst is still not

well documented. Glow plug durability, which plagued some of the initial demonstrations, has now

reportedly been extended to about one year of normal operation. Injector wear is still a problem, but a

recent change to include an oil-squirting rocker arm to lubricate the injector has led to significant

improvements in durability. 1'22 The current engine manufacturer's cost is roughly 2.5 times that of a

conventional diesel engine (which can't meet the emission standards), but this should decrease as the

engine matures.86 Data from the Southern California Rapid Transit District MASSCAR project given

in Table 3 allow some cost comparisons to be drawn.

While the Avocet ignition improver (a commercially available fuel additive) allows existing

engines to be converted to MeOH operation for a relatively low capital cost, the cost of the additive

significantly increases the operating expenses. Moreover, based on the amount of optimization that

has been necessary to bring OEM engines into compliance with emission standards, it is quite likely

that arbitrary application of conversion packages to different engines could actually lead to an

increase in HC's. For example, Cummins Engine Corp. has been working for some time to optimize

MeOH combustion with Avocet in its L10 engine.87 The emissions results shown in Table A3 for the

DDC 6V-92TA retrofit to burn MeOH + 3% Avocet indicate that some emissions benefits can be

obtained by switching to the alternate fuel, but it is not clear whether these results could not be

matched by adding a particulate trap and a catalyst to the exhaust of the original diesel.

Navistar International is also developing a glow plug-assisted version of the DT-466 engine

fueled on M100, and which incorporates an oxidizing catalyst. This engine is comparable to the

300 hp version of the DDC 6V-92TA engine in power output, but produces slightly higher levels of

PM and NOx, while only minimal amounts of HC, CO, and aldehydes. 82' 83,85 A demonstration project

is currently underway in South Lake Tahoe, CA, where the DT-466 is used to power a dump truck. 1



TABLE 2: ME"

Transit System/
Location

Golden Gate Transit
San Francisco, CA

RTA
Riverside, CA

Triboro Coach
Jackson Heights, NY

Phoenix Transit
Phoenix, AZ

SCRTD
Los Angeles, CA

Denver RTD
Denver, CO

Medicine Hat Transit
Medicine Hat, Manitoba

Winnipeg Transit
Winnipeg, Manitoba

Seattle Metro
Seattle, WA

State of CA
School buses

SCRTD
Los Angeles, CA

Jacksonville Transit
Jacksonville, FL

Hudson General
Kennedy Airport, NY

Orange County Transit
Orange County, CA

THANOL BUS

New/
Retrofit

New
New

Retrofit

Retrofit

New

New

New

Retrofit
New

Retrofit

New

New

DEMONSTRATION PROJECTS85

M1l00
M100

M100

M100

M100

M100

M100

M100
M100

M100

M100

M100

Retrofit Ign. Improved
MeOH

Retrofit Ign. Improved
MeOH

Retrofit Ign. Improved
MeOH

Retrofit Ign. Improved
MeOH

Engine

DDC 6V-92TA
MAN 2566 FMUH

DDC 6V-92TA

DDC 6V-92TA

DDC 6V-92TA

DDC 6V-92TA

DDC 6V-92TA

DDC 6V-92TA
DDC 6V-92TA

DDC 6V-92TA

MAN 2566 FMUH

DDC 6V-92TA

DDC 6V-92TA

DDC 8V-71TA

DDC 8V-71TA

Cummins L10

8

No. of
Units

1
1

3

6

2

30

5

2
3

2

10

50

9

2

1

2
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TABLE 3: COMPARISON OF METHANOL BUS COSTS 22

Retrofit
Dedicated Ignition-Improved

Diesel M100 MeOH

Capital Cost 190,000 240,000 17,000

Fuel and Maintenance

Costs ($/mile)

Methanol 0.22 0.39 0.39
Avocet (Ignition Improver) 0.00 0.00 0.26
Lubricants 0.01 0.01 0.01
Tires 0.06 0.06 0.06
Replacement Parts 0.29 0.40 0.34
Labor 0.45 0.51 0.45

1.03 1.37 1.51Totals
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ETHANOL

Ethanol (C HsOH, sometimes abbreviated as EtOH) is similar to methanol in that it is a liquid

at atmospheric conditions, has a high heat of vaporization and a fairly low flash point, and is an

oxygenated fuel which does not tend to form soot when burned. It differs from methanol in several

key respects, possessing a volumetric energy density almost 35% greater than MeOH and being

non-toxic in moderate amounts (ethanol is the alcohol part of beer, wine, and liquors). Ethanol is

often blended with gasoline in a 10% to 90% ratio to form an oxygenated gasoline, sometimes called

gasohol. The primary proponents behind ethanol engines are the agriculture and forestry industries,

since fermentation of corn, wood, or other cellulose-containing plant products provide the principal

sources of ethanol. Of course, reduced particulate emissions and the potential for NO x reductions

compared to standard diesel engines have also played a role. And more recently, lowered global

warming impact via substantial reductions in net CO2 emissions has also become a strong selling

point. (CO2 is consumed during the photosynthesis process which produces the cellulosic feedstocks

from which ethanol is produced, then re-emitted during combustion.)

The drawback with ethanol is that it is currently considerably more expensive to produce than

is gasoline or diesel fuel. Estimates vary, but most agree that the production cost exceeds $2 / gallon

on a diesel-equivalent basis (based on lower heating values, see Table A2), which is about three and

one-half times the cost of diesel fuel before tax levies and incentives are taken into account. To make

ethanol production more competitive, federal and state governments offer significant tax incentives.
Small producers (< 30 x 106 gallons per year total production) receive federal income tax credits of

$0.10 / gallon of ethanol for the first 15 x 106 gallons produced, blenders (companies that produce

blends of gasoline and ethanol) receive $0.54 / gallon of ethanol federal income tax credits, and

retailers receive federal excise tax exemptions of $0.054 / blended gallon of gasoline-ethanol blends

of at least 10% by volume ethanol. (Note: typical gasohol or oxygenated gasoline blends contain

10% by volume ethanol, so the subsidy amounts to $0.54 / gallon ethanol). In addition, many states

offer additional incentives. For example, Minnesota producers receive a subsidy of $0.20 / gallon

ethanol (up to a maximum of $3 million / producer) from the state, and sellers receive $0.02 / blended

gallon tax exemption for 10% ethanol blends. Other states have similar programs (see Table 4).

Adding all this up, the total subsidy for transportation uses of ethanol via tax credits and exemptions

comes to $1.58 / gallon ethanol in Minnesota, which exceeds the current market price for ethanol
(approximately $1.25 / gallon)! And this figure still doesn't include money used to support the

development of additional production facilities or applications.

While this is indeed a very large subsidy, the argument is that the production of ethanol actually

saves millions of federal dollars by reducing agricultural support payments made to farmers to fallow

their fields, as well as helping to clean up the air. (We should note that many of the incentives are

scheduled to expire in the next several years, and it is not clear how many will be renewed.) Lynd
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TABLE 4: STATE TAX INCENTIVES FOR ETHANOL USE 22

Excise Tax Exemption
$ / blended gallon Producer Tax Credit

State (10% ethanol) $ / gallon Other

CT 0.01
HA 0.04
10 0.01 All state owned gasoline-powered

vehicles must use 10% ethanol blends
beginning January 1, 1993

KS 0.20
MN 0.02 0.20
MO 0.02 0.20
MT 0.30
NE 0.03 0.20 Additional excise taxes on grain

sales for development fund
NJ 0.04
NM 0.03
NC Tax credit for up tp 30% of cost

of plant using agricultural or
forestry product feedstocks

ND 0.40
OH Some state vehicles required to use

10% ethanol blend
SC 0.06
SD 0.02 0.20
VA 0.20
WA 0.029
WY 0.04

et al. present data showing that there is sufficient idle farmland to supply about one-sixth of the total
amount of energy consumed by the transportation sector.45 (This figure is somewhat misleading
because it does not indicate a net energy production value of the amount of energy stored in the
ethanol minus the amount used to produce it--see below.) Moreover, since ethanol is the only fuel
(outside of hydrogen produced from electrolysis of water using solar or hydroelectric power) which is
produced from renewable resources, others argue that development of ethanol vehicles is an
investment in the future and will help establish more energy independence.

As indicated above, an important consideration is the net amount of energy required to produce
ethanol versus the amount of energy available in the final fuel form. Estimates of the amount of
energy consumed in the production of ethanol have generated a great deal of controversy, and values
range from 15% to 100% of the lower heating value (LHV) of the ethanol, depending on whether
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wood or corn is used as the feedstock, as well as details of the conversion process. 45 While ethanol
production from wood is the most energy efficient (and often cheaper than from corn, including co-
product valuation), significant use of wood feedstocks would place an added strain on forest
resources, possibly pushing prices higher. Ethanol can also be produced from pre-separated
municipal solid waste, which by definition requires no energy input. However, large scale production
facilities are not yet common. Recently, University of Florida researchers used biomedically-
engineered bacteria to produce ethanol from agricultural waste (i.e. corn stalks and cobs), which
theoretically also requires very little energy input not already required for corn production. (Again,
one can argue about whether to assign an energy value to the corn stover, since its value as cattle feed
or fertilizer would presumably have to be made up using another product.) The technology was
licensed to Quadrex Corporation of Gainesville, FL, which claims that ethanol could be commercially
produced at a cost of less than $1 / gallon.22 This price is still not competitive with present gasoline
or diesel fuel prices, but the development could prove to be important for future ethanol supplies.

Blending of 10% ethanol with gasoline to form an oxygenated gasoline (sometimes called
gasohol) accounts for the majority of non-liquor-related EtOH consumption in the United States.
This is because the use of oxygenated gasolines are mandated in all regions classified as CO
non-attainment areas according to the standards established in the 1990 Clean Air Act Amendments.
ETBE (ethyl tertiary butyl ether), like MTBE, is also used as an oxygenating additive. Recent results
from Southwest Research Institute (SwRI) on a 1990 Chevrolet Lumina comparing emissions from
standard gasoline fuel with an ethanol blend, an MTBE blend, and an ETBE blend all with 2.7% by

weight oxygen content showed that the ethanol blend had the lowest total HC emissions. Unregulated
toxic emissions, including 1,3 butadiene, benzene, formaldehyde, and acetaldehyde, also fell by
13.7%; the same species were down 22.6% with MTBE, but rose 1.2% with ETBE.22 A more recent

study110 showed similar reductions in HC and CO emissions and small increases in NO for the three

oxygenated fuels, but very large increases in acetaldehyde emissions for ethanol and ETBE blends.
The ethanol blend also had much higher evaporative emissions than the other oxygenates. Air quality

measurements in several cities have indicated a reduction in CO concentrations since the introduction

of oxygenated gasolines.

In terms of combustion characteristics, ethanol is very similar to methanol. Important

differences include the fact that neat EtOH (100% ethanol) has even poorer cold start and cold
driveability performance than neat MeOH. However, its volumetric energy content is about 58% of
#2 diesel (MeOH is approximately 44%), and it produces smaller amounts of formaldehyde emissions

than MeOH (however, acetaldehyde emissions are higher). The former translates to smaller increases
in fuel tank volume and injection volume required to match the characteristics of diesel fuel

operation. Acceptable cold start performance generally requires some form of ignition improver (e.g.

adding 15% gasoline, known as E85) or ignition assist for compression ignition engines.
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Some early work attempted to fumigate ethanol into the intake air in order to partially replace
the amount of diesel fuel required to produce a given torque. Maximum substitution levels were
limited at low loads and low speeds by misfire and at high loads and any speed by the onset of knock
within the premixed ethanol. Therefore, for heavy duty applications where a substantial fraction of
engine operation is spent at high loads, this technique leads to high rates of pressure rise, high overall
pressures, and high wear rates. Some results have shown reduction in NO and increases in HC, 4

while other results have shown decreases in HC and CO emissions, with NOx emissions strongly
dependent on load and ethanol proof.50 Particulate emissions were not greatly affected because the
amount of diesel replaced was generally only in the 30-50% range. These results can be explained by
noting that NOx emissions will increase with increasing temperature, while HC and CO emissions
will decrease. The results at all speeds, loads, and torque replacements were similar regardless of
whether ethanol or methanol was used as the fumigant, as long as the alcohol-water mixtures were
formulated to have the same LHV and enthalpy of vaporization. Thus, fumigation retrofits can
actually worsen pollution problems as well as increase engine wear.

To address the need for a retrofit system, Midwest Power Concepts designed a dual fuel
ethanol-diesel system. This is a popular option because it is much cheaper than buying an entirely
new engine. The UMTA projects listed in Table Al indicate some of these systems, with a total of
600-700 buses expected to be operating by the end of the year.22 The use of the dual fuel system
should lead to reductions in particulate emissions and possibly a small reduction in NOx, but the
actual results will vary depending on engine design and operating condition.

Detroit Diesel has also done some initial tests using direct-injection of ethanol in its 6V-92TA
engine. 8 Somewhat surprisingly, these results showed that ethanol had a greater tendency to produce
particulate emissions than did MeOH. However, not much optimization had gone into the
combustion system design as of this point, and it would be fair to anticipate improvements as better
matching between the injector spray distribution, timing, and combustion is obtained.

Other recent research on a naturally-aspirated direct-injection diesel engine with spark-assisted
ignition has been carried out by a group at Helsinki University in Finland.s55. 68 They mixed 1% castor
oil with the ethanol to increase its lubricity, and also used a high energy, multiple-spark ignition
system which could be fired over extended periods (20-50 crank-angle degrees) to create multiple
ignition sources. Steady state emission results taken downstream of an oxidizing catalyst showed CO
levels reduced to roughly 1% of the baseline diesel emissions, followed by HC at 33%, while NO

x

emissions were roughly equivalent or slightly higher at low loads. Once again, the trade-off between
NO and HC emissions was an important design constraint.

The lack of significant development work on dedicated ethanol engines reflects a continuing
doubt on the part of engine manufacturers on the future role of ethanol as a major transportation fuel.
Many point to Brazil, which had subsidized ethanol production for use in E85 and E100 vehicles for
over a decade, but which has now been forced to switch largely to gasohol because of fuel costs.
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NATURAL GAS

Natural gas (NG) is a mixture of gases, consisting primarily of methane (typically at least
90%), with small amounts of ethane, propane, nitrogen, carbon dioxide, and several other gases as
well. Combustion of NG in heavy-duty engines has the potential to yield significant reductions in
particulate matter (PM) and photochemically reactive hydrocarbons (HC). CO emissions are also
well below proposed standards, although generally about the same as new "clean" diesel engines.
NO x emissions vary somewhat depending on combustion strategy, but tend to be lowest from
stoichiometric engines equipped with three-way catalysts, followed by lean-bum engines, and then
dual fuel engines. Only the stoichiometric configuration has demonstrated the ability to obtain lower
NO x emissions than new "clean" diesel engines, while the lean-bum systems give roughly equivalent
NO levels.

x

Two forms of natural gas storage on-board the vehicle are being considered: compressed
natural gas (CNG) stored in tanks at 21-25 MPa (3000-3600 psi), and liquefied natural gas (LNG)
stored in cryogenic tanks at relatively low pressures and 110 K. CNG may be premixed with the
intake air using a gas carburetor or solenoid injectors located in the throttle body or intake ports, or it
can be directly injected into the cylinders at high pressure. LNG is generally vaporized before use in
the engine to reduce thermal stresses, but from there it is handled in much the same manner as CNG.
The heat required to vaporize LNG can be obtained from the intake air, leading to charge cooling and
an increase in volumetric efficiency. According to an LNG industry analysis, 22 LNG becomes
favorable for a vehicle requiring at least 9.5 liters (25 gallons) per day of diesel fuel and 13.2 liters
(35 gallons) or more of storage. This falls within the requirements of urban buses, and hence LNG
should be considered. At this time, LNG systems are still in the initial stages of development, and
many details about fuel distribution, storage, and refueling still need to be worked out.

As indicated in Table A2, the storage volume required by LNG is about one-third that of CNG
at 21 MPa (3000 psi) for an equivalent energy content. Not included in this figure is the physical
requirements of the tanks themselves. Cryogenic insulation does not add significantly to the size or

weight of the tank, so that LNG tanks tend to be about 3-4 times smaller than their CNG counterparts,

and anywhere from 2.5-5 times lighter as well (this depends on whether the CNG tank is reinforced

Al or steel). However, an additional tank may be required on an LNG vehicle to store boil-off gases

for eventual combustion in the engine. The size and weight of this tank depends on how long the
vehicle will be allowed to remain dormant; current LNG holding times are typically on the order of

one week.

Regardless of which combustion strategy is used, unburned methane (CH 4) emissions are much

higher than with any other fuel discussed in this report, but not necessarily total HC. State-of-the-art

engines which employ special catalytic converters have brake-specific fuel consumption around

150 g CH4/bhp-hr and emit about 1 g CH4/bhp-hr on the heavy duty transient test cycle. This may
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2) Even with catalysts, current fuel/air mixture controls are not capable of maintaining
proper fuel/air ratios during transients, with the result being an increase in unburned CH4

emissions. This is especially true for stoichiometric engines which use three-way
catalysts, since the range of mixtures where good conversion efficiency occurs is very
narrow. Since, heavy-duty transit vehicles often operate under highly transient
conditions, it will be important to check methane emissions under actual operating loads.

The abundance of natural gas within the United States' borders is also often cited by
proponents of natural gas as a reason for converting to NG-powered vehicles. The argument is that
known reserves are sufficient to meet current demands for at least another 50 years, so that converting
to NG vehicles would reduce dependence on foreign oil. While this statement is correct as it stands, it
is somewhat misleading. The key phrase is "current demands." The transportation sector currently
accounts for roughly 25% of the total energy consumption in the United States (of which 98% comes
from oil), with electric utilities accounting for another 25%, industry 25%, and commercial and
residential buildings the remaining 25%. Natural gas currently supplies 10% of the energy consumed
in the electric power generation sector, and 24% of the total energy consumed. 21'109 Assuming that
natural gas feedstocks account for the 2% non-petroleum transportation energy usage, then it must
account for nearly 70% of the industrial and residential energy usage. Thus, converting 10% of all
vehicles to natural gas would imply a 12.2% increase in natural gas demand. Therefore, switching to
a natural gas dominated transportation sector (> 50% of vehicles using natural gas) would imply that
new reserves would have to be brought into production within the next 25 years to satisfy demand.
Obviously, other fossil fuels will have similar problems with future availability, and conversion to a
NG transportation sector is not likely to occur overnight. However, if natural gas vehicles are to
significantly reduce our dependence on foreign oil, they must represent a significant fraction of
vehicles. Hence, using current consumption rates to estimate future availability is not a valid
analysis.

The major limitations on CNG and LNG use in the transportation sector are availability of
refueling stations and safe fuel storage at the refueling station as well as on-board the vehicle. If a
leak should occur, a combustible mixture would exist in the vicinity of the leak. This is not true of
diesel fuel. Other drawbacks are the need to compress or liquefy the fuel, the volume required for the
fuel tanks (mostly applies to CNG), and reduced volumetric efficiency in the case of homogeneous
charge engines. The latter arises because the gaseous fuel displaces a significant volume of air, and
hence the power output of a given engine decreases when natural gas is used rather than a liquid fuel.
The loss in volumetric efficiency can be partly recovered in LNG engines by using the fuel
evaporation to cool the intake air.

Fuel storage on-board the vehicle represents a significant hazard, especially with high pressure

CNG systems. Many tests have been conducted to examine the integrity of CNG cylinders in crashes
and fires, as well as the susceptibility to explosion in the event of puncture. Most of these studies
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have used gasoline tanks for comparison, and have not been designed to test heavy-duty vehicle

tanks. For example, a study in New York concluded that CNG cylinders are at least as safe as

gasoline tanks. It was also noted that of the 300,000 or so CNG vehicles currently operating in Italy,

no deaths have been attributed to failure of the fuel storage system in the aftermath of any crashes.21

No data was given on injuries or fire damage. However, CNG or LNG fuel systems would be

significantly more dangerous than diesel fuel. Composite overwrapped aluminum CNG tanks for

buses have typical sizes of 1.8 m length x 0.38 m diam. (72" by 13"), with six tanks providing the

equivalent of about 231 liter (61 gallon) diesel equivalent capacity. The total tank cost is about $700

and adds about 900 kg (2000 lbs) to the vehicle weight. 22'4 LNG tanks are expected to be somewhat

cheaper than this, but information is not readily available due to the newness of the application.

Moderate pressure carbon adsorbent storage systems are also being investigated. The goal is to

reduce natural gas storage pressures to 3.4 MPa (500 psi) while maintaining the same storage capacity

per unit volume as a CNG system at 21 MPa (3000 psi). This strategy is similar to metal hydride

storage of hydrogen, but is not as safe as that technology because the pressure is still relatively high.

The weight penalty with this type of storage will also be substantial. Current technology is limited to

a storage capacity of about 100-150 standard m3 CH 4 per m3 carbon (100-150 SCF CH/ft3 carbon). 40

This corresponds to a stored energy density of about 2-3 MJ/kg, which is significantly less than either

CNG or LNG technologies, which have stored energy densities including tank weight on the order of

8.5 MJ/kg and 25 MJ/kg, respectively.

Refueling station safety is also a primary concern, and regulations are still being developed;

fairly large variations in fire/explosion safety requirements exist in different localities. In addition,

the cost of the refueling technologies can be very high: five minute fast-fill CNG refueling stations

capable of refueling 50 buses per day require an investment of $600,000-$1,000,000. Such a cost can

typically only be justified in conjunction with fleet use and with significant government subsidies.

LNG has the potential for relatively fast fills, but current systems are not very well developed.

This results in an unacceptably large amount of methane boiloff during refueling, which is often

vented to the atmosphere. Such emissions are analogous to evaporative emissions which occur at

gasoline service stations. Even if the gaseous methane generated during refueling was totally

recovered, the refilling process requires improvement to minimize the boiloff, and hence the amount

of LNG which must be supplied and the refueling time. Cost estimates of LNG refueling stations

depend greatly on the size of the facility and its intended usage. Liquefaction plant technology has

been around for 20 years, as has over-the-road transportation of cryogenic liquids, which could be

used to distribute LNG from a central facility to local refueling stations. 89 The difference is, of

course, the explosive potential of LNG; regulations governing its transportation and storage at

refueling stations have not yet been finalized.

In the United States, the availability of CNG refueling stations is increasing fairly rapidly,

mostly in areas where state governments have given strong support to natural gas vehicles. Southern
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sound high, but the total hydrocarbon emissions are often slightly less than those from conventional
diesel engines. The reduction comes in the higher molecular weight hydrocarbons, which, generally

speaking, have higher reactivities and greater health effects in terms of photochemical smog and
ground level ozone formation. 21'53 Methane itself is quite stable and does not contribute to the
production of photochemical smog (hence the non-methane organic gas, NMOG, and non-methane

hydrocarbon, NMHC, standards). However, it is a very strong greenhouse gas. Estimates vary

greatly, but the most recent analyses which included atmospheric lifetime effects put CH 4 at about 15

times more effective as a greenhouse gas than CO2 on a mass basis. 37,38 If one assumes a brake-

specific fuel consumption of 150 g CH4/bhp-hr and an emission of 1 g CH/bhp-hr, one finds that

unburned CH4 contributes only about a 3.5% increase in CO2-equivalent global warming units.

However, because CO2 emissions are lower, the net effect is still a significant reduction in greenhouse

gas production compared to diesel fuel combustion.

Both CNG and LNG systems greatly reduce cold start CO and HC emissions compared to

gasoline vehicles, because there is no need for substantial enrichment to form a combustible mixture.

Evaporative losses can also be eliminated because the fuel systems are pressurized. (This depends on

refueling station hardware--some current LNG refueling technologies vent significant amounts of NG
to the atmosphere.) These factors are attractive in both warm weather and cold weather climates, and

are important factors pushing light-duty applications. The advantage is not as clear cut for heavy-

duty vehicles, since evaporative emissions are low because of the low volatility of diesel fuel, and

substantial enrichment is not required to start compression-ignition (CI) engines. Therefore,
evaporative and cold start emissions from NG vehicles are not always significantly less than those
from diesel vehicles. However, the primary hydrocarbon in the exhaust from NG engines is unburned
methane, so that non-methane hydrocarbons (NMHC) emissions are reduced. The amount of

unburned methane emitted during warm-up will depend mostly on the speed at which the catalyst
reaches light-off conditions. It should also be noted that combustion of natural gas does not result in

significant aldehyde emissions, as occurs with combustion of alcohol fuels (and to a lesser degree,
diesel fuel).

California and EPA regulators have indicated that the non-methane standards will probably

revert to total hydrocarbon standards in this decade. 86 In order to reduce methane emissions, the

following problems will need to be overcome:

1) Because of its low reaction potential, methane is difficult to oxidize with a catalyst.

Special catalysts, operating in excess of 500 °C (930 F), are required to achieve 90%
conversion efficiencies, and catalyst lifetime is still a serious problem at these elevated

temperatures. 94 In addition, elevated temperature operation leads to slow light-off, and

increases the potential for catalyst damage in the event of misfire. Without such

catalysts, unburned CH4 emissions are about 10 times higher (i.e. about 10 g/bhp-hr).
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California will have at least four public stations by the end of 1991. Texas, Colorado, and
Washington, D.C. are additional examples. Locally, Minnegasco has a fast-fill refueling station (260-
1000 cfm capacity) with a 21 MPa (3000 psi) supply pressure located on S. Lynndale. Canada, New
Zealand, Australia, Italy, and the former Soviet Union also all have substantial natural gas vehicle
programs as well, with refueling stations numbering from several hundred to several thousand, and

vehicles numbering from 10's to 100's of thousands. Thus, it seems likely that the availability of
refueling stations will continue to grow. Tren-Fuels of Austin, TX, has also developed a mobile CNG
refueling system which can simultaneously refuel up to 50 mini-buses on-site. This may alleviate
transition problems somewhat. Finally, there is always the option for local fleet operators or vehicle

owners to install their own small compressors and refuel vehicles overnight.

Combustion Strategies

If a spark-ignition engine is converted to natural gas combustion, the power output of the NG
engine will be lower because the volumetric efficiency of the engine is lower for a gaseous fuel. The
same is true if a diesel engine is converted to NG and designed to operate at the same overall

equivalence ratio, which is the case for most currently available systems. Thus, lean burn engines are
generally turbocharged to maintain power outputs equivalent to diesel fuel operation, and utilize
ignition assist devices for stable combustion. However, if stoichiometric NG operation is employed

in the diesel, power outputs can be very similar or even increase slightly. In order to burn

stoichiometric mixtures, some modifications to the original cooling system of engines designed for

diesel combustion may be required to handle the increased heat load. Because of the high octane
rating of natural gas, it is possible to operate with higher compression ratios than are normally used in
premixed engines in order to regain- some of the power loss without experiencing knock; however,

compression ratios are typically limited by corresponding increases in NOx emissions before knock

occurs. Most of the heavy-duty natural gas engines employ "lean-burn" strategies, i.e. they purposely
burn less fuel than would be required to produce maximum power in order to reduce in-cylinder

temperatures, and hence overall NO x emissions. The principal benefit of lean-burn operation is that

the thermal efficiency of the engine is slightly higher than at stoichiometric conditions, which leads to

better fuel economy without sacrificing low emissions.

Gas carburetors are employed in most of the currently available NG engines and retrofit kits to
create the homogeneous, premixed charge of fuel and air for the engine. However, mixing of the

natural gas with the air is often less than perfect in these carburetors, which leads to variations in the

fuel-air mixture composition distributed to each cylinder. For example, stoichiometric systems are

designed to use the minimum amount of air required to completely burn all the fuel. These systems

incorporate three-way catalysts (similar to those employed on gasoline vehicles) to oxidize unburned

HC's and CO while simultaneously reducing NO to bring the emissions into compliance with the

standards. Unfortunately, the range of fuel-air ratios for which good conversion efficiencies occur for

all species is very narrow for natural gas combustion, so that excursions of even a few percent away
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from stoichiometric conditions result in increased emissions of either NO or HC's and CO. On thex
other hand, lean-bum systems must operate close to the lean flammability limit in order to keep NOx
emissions low, as current catalysts cannot reduce NO in the presence of excess oxygen. This means
that excursions to even leaner mixtures can lead to misfire and associated increases in HC emissions,
which in turn can cause the catalyst to overheat.

The above situations have resulted in a great deal of work to improve gas metering accuracies
and enhance mixing. 90 Both single point and port injection gas metering systems have recently been
introduced. The former type increases metering accuracy but not necessarily cylinder-to-cylinder
uniformity, while the latter addresses both problems, albeit at higher cost. These systems are just now
being installed on heavy-duty natural gas vehicles, and it is not clear yet which system will produce
better results. There is also a question of ignition requirements as the injectors move closer to the
cylinder and the NG has less time to mix with the air.

As more accurate metering systems become available, the variation in natural gas composition
will also become more important. Ethane, propane, nitrogen, and carbon dioxide concentrations can
vary substantially as a function of time and location of the gas source. If the composition is not
sensed and lean-bum operation is employed, increases in N2 and CO2 could lead to misfire. On the
other hand, variations in ethane and propane can cause the engine to run rich unless exhaust oxygen
(O2) sensors are employed. For stoichiometric engines, rich operation would lead to increased CO
and HC emissions. For lean-bum engines, the overall equivalence ratio would move toward
stoichiometric and NO x emissions would rise rapidly. Currently, wide ranging 02 sensors for sensing
air-fuel ratios in lean-burn engines are very expensive and their durability has not yet been
demonstrated.

Direct injection of NG into the cylinder eliminates the volumetric efficiency penalty. Such
strategies require extensive engine optimization, for example, to avoid pre-ignition problems which
can occur with early injection or to enhance mixing in the case of high pressure injection near top
dead center. Additional hardware is typically required to maintain a constant gas supply pressure to
the injectors. For high pressure injection, the cost and inefficiency of an on-board gas compressor
required to maintain a 21 MPa (3000 psi) supply pressure to the injectors as the CNG storage tank
pressure drops is difficult to justify. However, the same objective can be accomplished with an LNG
system by pumping the liquid to the desired pressure before evaporating it. Such high pressure
cryogenic pumps may entail development and/or maintenance problems of their own.

Development Status

Since it is relatively easy to convert diesel engines with displacements under one liter per
cylinder to NG operation, 29 a number of aftermarket conversion packages are now available. Such
systems often operate in a dual fuel mode where the NG replaces a significant fraction of the diesel
fuel. The original diesel injection system is often retained to provide a pilot ignition source for the
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natural gas. Alternatively, the diesel injector can be replaced with a spark ignition system and the
compression ratio lowered such that the engine operates more like a conventional spark-ignition
engine, where NG is the only fuel. As mentioned above, the majority of dual fuel and SI
configurations are currently employing gas carburetors, but the added expense and complexity of
solenoid gas injection systems may be required to obtain lower emissions levels, and therefore may
see increased use in the near future. Lean-burn operation generally requires an ignition assist (spark
or glow plug), and prechamber engines are often favored. In general, reactive HC (non-methane) and
CO emissions are reduced; unfortunately, NOx emissions tend to be somewhat higher, and CH 4 and
CO emissions can be quite high at light loads. Thus, the aftermarket conversions have a difficult time
meeting the 1994 heavy-duty standards (1991 bus). 25'27,28 "3 1 54 This might be expected, since the
engine is not optimized for NG combustion.

Heavy-duty engine manufacturers have also responded to the potential of reduced HC and PM
emissions using natural gas. Development efforts have focussed on optimizing the combustion
process to simultaneously achieve low NOx at full load, low CO at part load, and low CH4 emissions
at all conditions, while maintaining engine performance. The optimization process almost always
involves a tradeoff between NOx and HC emissions (including CH4), and this tradeoff generally
determines the design strategy. Compared to clean diesel engines, lean-burn NG engines with
oxidizing catalysts typically have lower NMOG and PM emissions, equivalent NO x emissions, and
higher total HC emissions. Fuel consumption (on an equivalent energy basis) also rises by about 5%.
Stoichiometric NG engines with exhaust gas recirculation (EGR) and a three-way catalyst have been
demonstrated which produce lower NOx and HC emissions, but are about 10% less efficient than the
diesel.91 Lean-burn systems with EGR could produce lower NOx levels, but at the expense of higher
HC levels. A breakthrough in catalyst technology allowing reduction of NOx in the presence of O2, or
efficient oxidation of CH4 over the life of the vehicle could tip the scales in favor of lean-burn
technology.

Current state-of-the-art engines which fit the requirements of urban buses are exemplified by
the Cummins L10 engine, the Ricardo-CoNordic Scania DSC11, and the Detroit Diesel Corp. 6V-
92TA. The Cummins engine has gone through several design stages, including pilot diesel injection,

stoichiometric with three-way catalyst, and lean-bum with oxidation catalyst. All versions operated

on the principle of the Otto cycle with a compression ratio of 10.5:1, and employed a wastegated
turbocharger to obtain desired torque output and fuel economy over typical transient operating

conditions. They have now opted to concentrate on the lean-bumrn version because of its fuel
efficiency advantage and acceptable emissions, and are currently undergoing certification tests at the

California Air Resources Board (CARB). The 10 liter turbocharged engine generates 180 kW
(240 hp) at 2100 rpm and 244 N-m at 1100 rpm, with a peak thermal efficiency of 37%. The engine

currently uses an Impco carburetor and a high energy Altronic spark-ignition system. Throttle-body
and port injection systems are also being considered. Just as the DDC 6V-92TA currently dominates
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the MeOH market, the L-10 currently dominates the natural gas market. Table 5 gives a list of
current projects.

TABLE 5: CUMMINS L-10 NATURAL GAS BUS DEMONSTRATION PROJECTS 108

Transit System/
Location

Toronto, Canada
SCRTD, So. CA
Ft. Worth, TX
Dallas, TX
Cleveland, OH
Columbus, OH
Mississauga, Canada
New York, NY
New York Consortium, NY
Pittsburgh, PA
San Diego, CA
Hamilton, Canada
Miami, FL
New Jersey, NJ
St. Louis, MO
Tacoma, WA
Orange County, CA
Salt Lake City, UT

Totals

Number
In Service

23
4
3
2
3
1
1
3
0
1
1
0
0
0
0
0
2
0

44

To be
Delivered

4
0
9
0

20
0

10
6

31
4
5

15
5
5
2

30
0
5

151

Ricardo has been developing a version of the Scania DSC11 engine over the last several years

as part of the Co-Nordic Natural Gas Bus Project.92'93  Again, baseline engine operation was
compared to stoichiometric operation with cooled EGR and a three-way catalyst and lean-bum

operation with an oxidizing catalyst. Both of the NG systems were turbocharged and intercooled,
used Deltec carburetors, and had Altronic high-energy spark ignition systems; both also met 1991
transient emission bus standards. After compiling results from these and numerous other engines
illustrating the tradeoff between NOx and HC emissions, they concluded that the lean-bum engine

would be the best option because of its relatively good fuel economy, as long as neither NOx or total

HC standards were reduced any further. If standards were tightened, then the stoichiometric

configuration would produce even lower NOx and HC emissions, at the expense of about a 6% loss in

fuel economy. Critical to low emission operation of both engines were accurate fuel-air control and

good fuel-air mixture uniformity, as well as proper choice of catalyst.
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Detroit Diesel Corp. (DDC) has also been developing their 6V-92TA two-stroke engine for NG
operation. They have evaluated no less than five concepts, including 1) dual fuel operation with a
diesel pilot, 2) prechamber spark-ignition stratified charge, 3) homogeneous charge compression-
ignition, 4) prechamber compression-ignition stratified charge, and 5) direct injection compression
ignition. The dual fuel engine has demonstrated the ability to meet the 1991 urban bus standards and
is now undergoing field testing. The other four concepts were investigated in anticipation of even
tighter emissions standards. The homogeneous charge compression ignition version showed very low
NOx emission ( <0.1 g/bhp-hr) at medium loads, but unacceptably high NOx emissions at low and
high loads. The spark-ignition version was similar in concept to engines investigated by Ortech for
the Gas Research Institute (GRI) and by Southwest Research Institute (SwRI) for New York Gas. All
three of these experienced difficulty avoiding high speed knock.

Emissions from the compression-ignition prechamber engine were sensitive to ignition
characteristics, which presented a difficult optimization problem to determine prechamber/main
chamber fuel-air ratios and the overall compression ratio needed to obtain satisfactory performance
over all speeds and loads. The tradeoff between NO and HC was once again a limiting factor. As a

consequence, DDC has decided to concentrate on developing the direct-injection version, which
allows accurate control of in-cylinder stoichiometry and very lean overall operation. The drawback is
that high pressure NG (21 MPa, or 3000 psi) must be supplied to the injector. As discussed earlier,
this requirement may be better met using an LNG storage system rather than CNG; details of the
DDC implementation have not yet been released.
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LPG

Liquefied petroleum gas (LPG) is a by-product of natural gas production and to a lesser extent,

petroleum refining. Like natural gas, it is a mixture of several species, but rather than methane, it

consists primarily of propane, C3H . Because it can be stored and transported as a liquid at moderate

pressures (approximately 10 bar, or 150 psi) and at ambient temperatures, it is widely used as a fuel

for heating in rural areas. Because of this, LPG distribution systems are in general more highly

developed than those for other alternative fuels. In fact, worldwide, there are perhaps 10 times as

many vehicles powered by propane than by any other alternative fuel.22 However, this popularity

does not appear to apply on the same scale for heavy-duty vehicles.

The advantages of propane as an alternative fuel are 1) the ability to store it as a liquid at

ambient temperatures and moderate pressures; 2) its relatively high volumetric energy density (about

70% of diesel); 3) its low HC, CO, PM, aldehyde, aromatic, and CO2 emissions; and 4) the existence

of a widespread fuel distribution system. The disadvantages are 1) it is primarily a by-product of

natural gas production, and hence its price fluctuates substantially, especially from summer to winter;

2) its composition varies from place-to-place (regional) and time-to-time (seasonal); and 3) low NO x

emissions can be difficult to obtain. Limitations (2) and (3) are similar to those encountered with

natural gas combustion.

In light of the above, it is somewhat surprising that there seems to be relatively little interest in

developing heavy-duty engines for LPG. The biggest limitation appears to be the supply factor. It

has been suggested that technology could be developed to produce propane from natural gas,22 but the

details and economics of such a process have not been investigated. Much of the effort to date has

centered on converting diesel engines for use in dual fuel operation with carbureted or fumigated

propane., 30'41 The required modifications for such engines are similar to dual-fueled natural gas

engines: new fuel tank and lines; vaporizer and carburetor or low pressure injector for fuel control;

throttle, lower compression ratio (approx. 8.5-11:1), and a spark ignition system for Otto cycle

operation. The main limitations of such systems are unacceptably high rates of pressure rise at high

loads (knock) unless the proportion of propane used is reduced, and no significant reductions in NOx
emissions.

Direct-injection (DI) of liquid propane would appear to offer several advantages: 1) the ability
to operate in a stratified charge mode to reduce NO emissions and increase fuel economy,

2) increased volumetric efficiency and lower pumping losses, and 3) greater percent diesel fuel

replacement and/or operation on 100% LPG. Oester and Wallace conducted some studies on DI of

propane in a single cylinder test engine (CFR cetane engine) and compared them to straight diesel

operation. 41 They found that emissions of CO and HC actually increased slightly at all speeds and

loads, while NO decreased slightly and PM was down substantially. Fuel consumption was roughly

equivalent to diesel on an equivalent energy basis. Compression-ignition cold starts using DI
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required a larger fraction of diesel pilot than did fumigation, while starting on 100% LPG required a
glow plug ignition source. At first glance these results do not appear to be very promising; however,
the engine used did not incorporate modem fast-bum combustion chamber design improvements. It is
probable that optimization for propane (i.e. LPG) combustion could lead to engines with very good

performance and emissions characteristics, similar to the results observed during the development of

natural gas engines.

There are several reasons why LPG combustion might offer some advantages over natural gas:

1) Unburned propane (C3H,) is much easier to oxidize with a catalyst than is methane (CH 4).
Therefore, it might be possible to run at even leaner fuel-air ratios to further reduce NO x while
maintaining low HC emissions. 2) Direct-injection of LPG near top dead center (TDC) of the diesel

cycle implies that the fuel will enter at a super-critical state. The density ratio between propane

injected at approximately 70 bar (1000 psi) and the air in the cylinder during injection will be on the

order of 10. This may cause the LPG to mix with the air more as a spray would mix rather than as a

gaseous jet. High pressure methane injection (nearly 200 bar, or 3000 psi) is required to obtain a

density ratio of 10, and is much more difficult to accomplish because of the gaseous nature of

methane at ambient temperatures. In light of these facts, it seems that direct injection (DI) of LPG

should receive additional investigation.

Safety is once again an issue: if a leak or spill occurred, the LPG would quickly vaporize,
creating a potentially explosive mixture near the spill. The hazard would be similar to that of

gasoline. Refueling station technology for refueling large numbers of vehicles has not been widely

developed in the United States, but several European cities have large transit programs powered by

propane. Due to the energy density of LPG, refueling times should be similar to those of diesel fuel.

Moreover, because of the moderate pressures required to maintain a liquid state at ambient
temperatures, refueling station technology is fairly simple, and hence less expensive to operate and
maintain than natural gas systems. Storage on-board the vehicle has not received a great deal of

attention, with standard LPG tanks developed for home heating applications being the usual choice.

Use of reinforced cylinders similar to CNG fuel tanks has been suggested to increase safety.

Pressure-tight fuel systems would reduce evaporative losses compared to gasoline systems, but
probably not compared to diesel systems.
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HYDROGEN

Of all the alternative fuels listed thus far, hydrogen (H2 ) has by far the greatest potential for
reducing emissions from conventional internal combustion engines. Because it contains no carbon,
hydrogen combustion does not produce unburned HC, CO, or PM emissions (other than those which
arise from the lubricating oil). It can, however, produce NOx emissions on the same order as
conventional diesel engines. This last fact is one of the major differences between using hydrogen in
internal combustion engines and using it in fuel cells. The latter are discussed in the next section.

Very low emissions are the primary advantage of hydrogen; the primary disadvantages are
1) the difficulty in storing the hydrogen on board the vehicle, and 2) the high current cost of hydrogen
(see Table A2). Storage technologies have used high pressure compressed gas (similar to CNG
storage), cryogenic liquid storage (similar to LNG, only temperatures < 20 K are required to avoid
rapid boiloff), and low pressure metal hydride storage systems. Compressed gas storage has been
mostly abandoned because of the low volumetric energy content (see Table A2) and safety hazards in
the event of leaky or ruptured tanks. Liquid H2 allows the greatest energy storage per unit volume,
but requires expensive cryogenic (20 K) storage tanks, and boiloff losses amount to at least 2% of the
fuel per day. (In contrast, gasoline evaporative losses amount to about 1% per month.)95 Safety is
also a big factor, and both refueling and vehicle storage systems require extensive development.
Metal hydrides are attractive because of their ability to store hydrogen at low pressures. Extraction is
also relatively simple, as a slight increase in the temperature of the matrix will drive out the H2 . The
largest caveat of hydride storage is that commercially available ambient temperature systems store
less than 2% by weight hydrogen.23'37'80 Thus, hydride storage systems tend to require relatively large
volumes and add significantly to vehicle weight, but are generally considered much safer than either
compressed or liquid H2 storage. Mercedes, Mazda, Toyota, and the U.S. Dept. of the Interior-Bureau
of Mines (with Hydrogen Consultants, Inc.) have all developed hydride storage systems,23 while
BMW is working on liquid H2 storage.4

Another strategy involves on-board production of H2 rather than on-board storage. The only
currently feasible method for doing this is through a hydrocarbon reformer, which converts a
particular hydrocarbon fuel into a mixture of mostly H2 and CO2. Methanol reforming is the most
common, which first dissociates methanol into CO and H2 with the aid of a catalyst, followed by a
water shift reaction (which requires an on-board source of water) to obtain the final yield of H2 and
CO2 . Because of the size, weight, and complexity of these systems, they have primarily been used as
a means of producing hydrogen for fuel cell use rather than for use in engines. More information on
reformers is given in the section on electric vehicles.

Hydrogen-air mixtures have very wide flammability limits and high flame speeds. This is both
good and bad--in terms of engine combustion efficiency, these characteristics are very good, as
ignition and flame propagation can take place over a range of fuel-air mixture ratios, thus easing
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mixing requirements. From a safety standpoint, these characteristics are bad, as explosion and

flashback (i.e. backfire) potentials are high whenever H and air are present together. Thus, safety
will always be an extremely important consideration with hydrogen vehicles. Even if the engineering
aspects can be satisfactorily accomplished, it may be difficult to overcome public perceptions of the
dangers of hydrogen caused by such tragedies as the Hindenburg and Challenger explosions.

Various combustion strategies have been employed for heavy-duty engines. Some have

essentially converted diesel engines to run as spark ignition engines with premixed hydrogen-air

charges. This configuration generally is limited by pre-ignition (which leads to unacceptably high

cylinder pressures) and/or knock, especially at high loads. 24' 33937,58,62 Also, power output typically

suffers because gaseous hydrogen displaces a significant quantity of air, thereby lowering the

volumetric efficiency of the engine. Direct injection of H2 into the cylinder eliminates the danger of
backfire into the intake manifold, retains volumetric efficiencies equivalent to the baseline diesel
engine, and is less likely to exhibit pre-ignition or knock phenomena. This strategy was employed in
a hydrogen-powered mining vehicle developed by the U.S.-Bureau of Mines. 23 If liquid hydrogen

storage is used, the injected hydrogen can significantly cool the cylinder temperatures, thus reducing

NO . The problem with liquid H2 or cold gaseous H2 injection is, of course, thermal cycling of the

injectors, which can drastically shorten injector lifetimes.

In direct-injection systems, control of injection timing is critical, and generally must be varied
as a function of load in order to obtain satisfactory operation under all conditions. Early injection
results in good mixing but is subject to pre-ignition at high loads, and therefore may be suitable only
for part-load operation. Late injection also requires variable timing, as ignition characteristics (and

hence peak combustion pressures and rates of pressure rise) are sensitive to engine speed and load via

cylinder temperature and turbulence levels. Enhanced mixing and ignition assist systems (spark or
glow plugs) are often required. The volume of fuel required also must be considered, as choked flow
conditions will probably exist at the injector nozzle. This allows good control of the amounts of H2

injected into the cylinder, but limits the H2 mass flow rate into the cylinder, and therefore engine
power output.

Lean burn operation is required to keep NO x levels low while maintaining good overall

efficiency. Since this also reduces engine output power, turbocharging is generally employed to

retain power output similar to naturally aspirated diesels. Cooling of the air and/or hydrogen is also
effective at reducing NOx levels, but may add significant capital and operating expenses to the engine.

The lean bum, D.I. hydrogen engine developed by the Bureau of Mines and Hydrogen Consultants,

Inc. for use in underground mines, uses hydride storage. The modified Caterpillar 3304 engine
delivers 75 kW (100 hp) at full load. Current hydrogen storage capacities limit vehicle operations to
roughly four hours at light to moderate duty (30% load average) before refueling is required.
Refueling to 90% capacity could be accomplished from bottled hydrogen in about 90 seconds. 23 A
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group in Japan came up with a very similar strategy for burning H2 in a 2 liter, 4 cylinder passenger
car diesel, but they did not address the issue of on-board hydrogen storage. 24

Another promising concept is "hythane", a term coined by a consortium of industry and
government agencies in Denver to indicate a mixture of hydrogen in methane (natural gas).
Typically, 15% by volume hydrogen is added to natural gas, which amounts to about 5% of the
energy content of the resultant fuel. The hydrogen gives rise to broader flammability limits and

higher flame speeds which in turn lead to better ignition and more complete combustion. As

indicated in Table A3, this concept has the capability to meet California Ultra-Low Emission Vehicle

(ULEV) standards for light-duty vehicles; however, as yet it has not been tried in heavy-duty

applications.

Widespread use of hydrogen as a primary fuel for heavy-duty engines is still probably at least
10 years away. Significant progress is required in the areas of on-board storage, refueling stations
(technology and availability), and low-cost production methods. The question of safety standards

also must be addressed.
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ELECTRIC VEHICLE TECHNOLOGIES - BATTERIES AND FUEL CELLS

Batteries and fuel cells differ from internal combustion engines because they directly convert
chemical energy into a low voltage D.C. current, whereas the latter use chemical energy to run a heat
engine cycle. Fuel cells differ from batteries in that fuel is supplied from an external source rather
than from within the cell itself, and the reaction employed is generally H + 1/2 02 --> H2 O. Two
important factors distinguish batteries and fuel cells from internal combustion engines: 1) the
reactions take place at relatively low temperatures compared to combustion processes, and 2) the
efficiencies do not decrease drastically at part load as they do in spark-ignition vehicles. The lower
reaction temperatures mean that nitrogen and oxygen are not mixed at high temperatures, and hence
NOx emissions from batteries and fuel cells are very low. The second fact applies to engines which
control power output by throttling the intake air, but not to engines which operate using direct fuel
injection and burn in a diffusion mode. Diesel engines fit the latter category, and power output is
controlled by reducing the amount of fuel injected into the cylinder rather than by throttling the intake
air. However, some of the gaseous and/or fumigated alternative fuel heavy-duty engines use
throttling.

Vehicles powered by batteries and fuel cells are often classified as "zero emission vehicles."

While this is generally true for the vehicles themselves, it ignores the fact that energy is being used to
produce either the electricity for charging the batteries, or possibly to process the fuel for the fuel cell.
In the case of rechargeable battery systems, when the charging efficiency and emissions from the
utility plants are properly accounted for, overall fewer emissions are produced if the generating
station uses nuclear, hydroelectric, solar, geothermal, wind, or natural gas. However, emissions from
fuel oil facilities are roughly the same as for light duty gasoline vehicles, but NOx, SO z, and
greenhouse gas emissions can be significantly worse for coal plants.13 Since coal plants are projected
to account for roughly 60% of electric power generation by the year 2010, 37 this is important. Hence,
while electric vehicles can by very effective at reducing local emission levels in confined or
congested areas such as indoors, in underground mines, or in busy urban areas, their impact on a more
global scale should not be overlooked.

Batteries

The main limitations of battery technologies have been, and continue to be, range, size and
weight, and cost, with power output and recharging times sometimes also important. Fuel cells tend
to be limited by many of the same factors, except on-board hydrogen storage and/or generation
becomes an additional factor. Three key specifications tend to determine whether batteries and/or
fuel cells are appropriate for transportation uses: 1) energy density (a.k.a. specific energy), 2) power
density (a.k.a. specific power), and 3) cycle life. Specific energy determines the amount of energy
which can be stored in a given size battery system, and hence the range of the vehicle and the size and
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weight of the power plant. Specific power determines the maximum rate at which a given amount of
energy can be supplied, and hence the number of cells required to meet peak power requirements.
This typically limits vehicle acceleration, and hence performance capabilities can be just as important

as range in determining battery requirements. Cycle life represents the number of recharges that can
be made before the battery has lost, for instance, 20% of its ability to store energy. Table 6 lists the

characteristics of some advanced batteries and fuel cells, while Table 7 compares the characteristics

of several vehicle technologies. (The tables are located at the end of this section.)

The values for specific energy and specific power for a given battery are typically measured at
a given steady-state power output with the battery fully charged. For most systems, as the percent

discharge increases, the specific power output also decreases. Conversely, as the discharge rate

increases, the available specific energy decreases. This results in a decreased vehicle range as speeds

increase. The effect is even worse for transient driving cycles, since vehicle accelerations cause

peaking in the required power outputs. The use of regenerative braking, which recovers some of the
vehicle kinetic energy and uses it to recharge the batteries, extends the range on the order of 10%.

Accessories such as heaters and air conditioners, if powered by the batteries, also significantly reduce

vehicle range. Cold weather presents yet another problem: as the temperature drops, so does the

specific energy which the battery can store, and hence, vehicle range. Factor of two reductions are

not uncommon.

Finally, the batteries must be recharged. For fleet vehicles with set schedules and well-defined
ranges, this can generally be done overnight, with the advantage of off-peak electrical rates. A
problem arises for any case where extended operation is desired; one must either 1) exchange
batteries, 2) exchange electrodes/electrolytes, or 3) supply electrical energy via power cables to the
vehicle or via inductive coupling from coils buried in the roadway. The first option poses problems
because batteries deteriorate with age, and hence, trading a new battery for an old one can result in

decreased performance. Moreover, in cycle life tests, discharge levels are typically limited to
30-50%; deep discharges can severely decrease battery life for some types, e.g. lead-acid. This, along

with space requirements for storage and recharging of batteries at service stations, pretty much rules
out the first option for personal vehicles, although not necessarily for fleets. The second option,
replacing electrodes or electrolytes, is somewhat less problematic, although significant replacement
inventories would be required and one would have to have a program in place for recycling used
substances. The last option has been proposed for parts of the Los Angeles area -- this obviously
requires both specialized vehicles and specialized roads, both of which would be expensive.

Moreover, the electricity to power the vehicles would now be required during peak utility load times.

We should note that Nissan has recently introduced a battery charging system using Ni-Cd
batteries which allows a 40% recharge in six minutes, or 100% in under 15 minutes. They have
proposed installing automated recharging stations at supermarkets and service stations which would
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record recharging costs as well as battery maintenance data on a special card. 102 No data was given

on the cycle life of the batteries used in such systems.

Data in Tables 6 and 7 support the assertion that the main technical limitation of battery
systems is the weight and volume required to store a given amount of energy. The comparison to the
lower heating value of gasoline in Table 6 is not really fair, but is does put things in perspective. A

more appropriate comparison is given by examining the power-to-weight ratios of entire powertrain

systems, i.e. battery - motor - drivetrain, fuel - fuel tank - fuel cell (plus reformer, if used) - motor -

drivetrain, or fuel - fuel tank - engine - drivetrain systems. Unfortunately, such information is system

specific and rarely published. Some information has been compiled in Table 7. An explanation of
how the numbers were calculated is given in Appendix B.

A short list of the advantages and difficulties associated with various battery technologies

follows:

Lead/Acid (Pb/Acid): cost $1500 - $8000 for a battery pack capable of powering a compact
car. The entire battery pack must be replaced every 20,000-30,000 miles due to limited cycle
life. Discharges > 30% drastically reduce battery life.

Sodium/Sulfur (Na/S): good power and energy densities, but relatively high operating
temperature (300-350 °C). This in itself is a safety hazard, but more importantly, so are sodium
and sulfur in the event of a rupture. These batteries have long cycle lives, but used batteries are
classified as hazardous waste.

Aluminum/Air (Al/Air): good energy density but poor power density. Systems with
replaceable Al electrodes have been developed, and used aluminum oxide can be recovered and
recycled.

Other batteries: Generally speaking, these are being developed because they have higher power
and energy densities as well as long lifetimes. However, they are also generally high cost,
operate at moderate temperatures, require materials which are not necessarily in abundant
supply, are not capable of immediate start up, and/or are inefficient during start-stop operation
because of the need to maintain elevated operating temperatures.

Fuel Cells

Fuel cells have several advantages over batteries. First of all, the energy density can be

increased by increasing the size of the fuel tank, since the specific weight (kg/W) of the fuel plus fuel

tank are typically much less than the fuel cell itself. Secondly, fuel cells can be quickly refueled by

refilling the fuel tank. Compared to throttled engines, the most important advantages of fuel cells are

low emissions and similar part- and full-load efficiencies.

Disadvantages are similar to those of batteries, including volume, weight, cost, and lifetime.

Refueling can also take significantly longer than conventional IC engines, depending on the fuel. The

difficulties of storing hydrogen on-board the vehicle are similar to those described in the hydrogen

fuel section, namely low volumetric energy density for compressed hydrogen, cryogenic storage of
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liquid hydrogen, and weight for hydride systems. Therefore, a good deal of work has gone into
developing reformers to convert methanol or other liquid hydrocarbon fuels into mostly H2 and CO 2.
While this alleviates the hydrogen storage problems, it adds a complicated, heavy, relatively large
reformer which is about 75% efficient, often does not follow transients well, generally takes some
time to warm up, and which now produces some CO and HC emissions. In addition, maintenance of

the reformer can be a significant task.

Phosphoric acid fuel cells (PAFC) are fairly well developed and are being demonstrated as part

of a hybrid PAFC - battery electric power plant for a small bus.7 0' 7 1 This is the only fuel cell

technology which has demonstrated the ability to run on hydrogen from reformed hydrocarbon fuels
for long periods without degradation. Disadvantages include the use of noble metal catalysts, slow
start up (200 °C operating temperature), large volume, and weight. Proton exchange membrane
(PEM) fuel cells (also known under the trademark of solid polymer electrolyte, or SPE, fuel cells)

require purer grades of hydrogen (typically in excess of 95% H2), and only ppm concentrations of

CO, which can poison the noble metal catalyst. Noble metal loadings are currently about ten times

higher than those required for PAFC's, which adds a significant cost to the cell. However, PEM fuel

cells offer fast start up, rapid response, good power density (relative to other fuel cells), long life, and

good low-temperature performance. 78 . Ballard Power Systems of Canada is participating in a 9.8 m

(32 ft) bus demonstration project in which 120 kW will be supplied by a group of 5 kW PEM stacks.
The current cost of such a system is not commercially viable ($10,000 / kW), but costs should fall
dramatically if a significant market develops and mass production becomes possible. Therefore, this
technology is still some years away from large scale use.

Other promising fuel cell technologies have also been proposed for electric vehicles, but have
not yet been proven. Alkaline fuel cells (AFC) have high power densities (60-250 W/kg), can be
made without noble metal catalysts, and have rapid response and start up capabilities, but are
sensitive to poisoning by CO2 . Thus, operation on reformed fuels is not possible. Several vehicle
demonstrations were carried out in the 1960s, and the technology has found fairly extensive

application in spacecraft power generation.78 Finally, high temperature (800-1000 °C) solid oxide
fuel cells (SOFC) similar to those being developed for stationary utility applications, are also being

considered for vehicle use. This technology is still many years away: safety hazards, warm up time,

and start/stop operation difficulties associated with vehicle applications have not yet been addressed.

Hybrid Vehicles

Because of the high cost and relatively low power outputs of currently available fuel cells, they
have often been combined with battery systems to form hybrid vehicles. Similar hybrid

battery-engine power plants have also been proposed 43'72 to solve the limited range and power

capacity problems of electric vehicles while simultaneously eliminating the efficiency penalty of
part-load operation of internal combustion (IC) engines. The idea is to operate the IC engine (or fuel
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cell) at peak efficiency to supply the baseline power required by the vehicle, recharge the batteries,
and power accessories such as air conditioners or heaters. Another advantage of including a battery
system is that a regenerative braking system can be employed to recover some of the vehicle kinetic
energy by recharging the batteries during decelerations. The drawback of hybrid systems is that they

are complex and relatively high cost because of the need to couple two complete power systems. And
if reformed fuels or IC engines are employed, the vehicles are no longer zero emission.

A joint DOE/DOT development project used a battery-fuel cell hybrid to power a small 8 m
long bus (12-20 passengers). This system coupled a 50 kW phosphoric-acid fuel cell with a 38 kW
lead-acid battery pack. The fuel cell provided the average power and a majority of the energy
required for vehicle operation and recharged the batteries during dwell times. The battery overcomes
the power density and response limitations of the fuel cell by providing peaking power for

accelerations, and also supplies power while the PAFC comes up to the 190 °C operating temperature.

Phosphoric acid fuel cells were chosen because they are the most highly developed to date and have

demonstrated ability to use reformed fuels (e.g. methanol). The use of methanol increases the range
of the vehicle, but adds a reformer to the system, with all the difficulties described earlier. Starting

the bus requires two methanol burners operating for nearly 30 minutes to heat the PAFC and the
reformer up to operating temperature. Thus, the vehicle is not zero emission, but overall emissions

are still very low. Waste heat from the fuel cell can be used for heating the passenger compartment.

The fuel cell is expected to last about five years, after which about 70-90% of the platinum could be

recovered for reuse. Battery life was not given.

The cost, weight, and size penalties associated with current battery and fuel cell technologies

make such hybrids best suited to electric-powered medium- to heavy-duty vehicles, whereas light-

duty applications appear to lean toward battery-IC hybrids.43' 102 Fleet operation is somewhat more
attractive because of the potential for longer service lives. This assumes the power plant has been

optimized for vehicle usage and receives regular maintenance. Except for fuel cells which use
reformed methanol, operating costs tend to be higher, and maintenance costs will undoubtedly be

higher because of the newness of the technology and the additional complexity of dual powertrain

hardware. Government support will probably be required to continue development of such systems

for heavy-duty applications.

Table 7 compares the specific power, specific energy, and capital costs of several engine,
battery, fuel cell, and hybrid systems. Substantial capital cost penalties are evident, as are power and

energy deficiencies. An explanation of how the numbers were calculated is given in Appendix B.
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DISCUSSION AND COMPARISONS

The sections thus far have discussed many aspects of alternative fuel technologies without
drawing many comparisons. The purpose of this section is to compare the various technologies in a
semi-quantitative manner. Since the reduction of emissions is the primary driving force behind the
development of alternative fuel engines, we begin there. Table A3 summarizes recently published
emission levels associated with various engine/fuel technologies. This table is not meant to be an
exhaustive listing of all alternative fuel engines, but rather a representative sample of currently
available systems. The data have been grouped by fuel to simplify comparisons. From the entries in
the table, one can see that straightforward comparisons are not always possible: often times, either
the test cycles used to load the engines are not the same, or the emission measurements themselves
are not directly comparable.

The latter is especially true for hydrocarbon emissions, which are variously reported as total
hydrocarbons (THC), non-methane hydrocarbons (NMHC), non-methane organic gases (NMOG),
and organic material hydrocarbon equivalent (OMHCE). It is important to realize how these differ:
total hydrocarbons are generally measured with a flame ionization detector (FID), which does not
respond uniformly to all HC species which may be present in the exhaust. This measurement
technique was developed for measuring emissions from gasoline and diesel engines, and standards
were written accordingly. Since many of the alternative fuels produce a substantially different
mixture of hydrocarbon emissions, the same standards are not necessarily appropriate. For example,
FID detectors are essentially insensitive to unburned methanol and ethanol, have only slight
sensitivities to aldehydes, and are about 50-75% sensitive to methane.

Since methane does not participate in photochemical smog or ground level ozone formation,
California regulators have decided that it need not be considered in the same context as other
hydrocarbon emissions. Thus, NMHC and NMOG measurements are often shown, with the former
indicating that the FID response to methane has been subtracted out, while the latter indicates a more
complete hydrocarbon speciation in which only the organic content of each species is measured
(oxygen is factored out). NMOG thus accounts for alcohol and aldehyde emissions. OMHCE
measurements are similar to NMOG, but different relations are used to specify the relative reactivities
of each species. To date, the federal standards have remained total HC standards, while California
has adopted various non-methane standards over the last several years, with the current versions
based on OMHCE. It now appears that upcoming federal standards will also be based on OMHCE.

In Table A3, one should also notice that many of the heavy-duty alternative fuel systems
employ turbochargers to maintain power output and catalytic converters to control emissions. We
point this out because the "1994 clean diesel" engines now being produced by several manufacturers
employ much of the same technology. Higher turbocharger boost ratios have allowed power output to
be maintained at even leaner overall fuel-air ratios; coupled with efficient intercooling or
aftercooling, this also leads to reduced NO and PM emissions. This, along with optimization of the
fuel injection and combustion chamber geometries, has allowed new diesel engines to meet the 1994
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heavy-duty vehicle standards (equivalent to the 1991 urban bus standards) without the need for
particulate traps in the exhaust.

The emission values used for determining the relative merits of different technologies are given
below in Table 8 for convenience; they are representative of current state-of-the-art heavy-duty
transient test results shown in Table A3. NO, emissions for ethanol were assumed to comply with the
standard, even though the data in Table A3 do not indicate this. There should be no reason why
ethanol engines cannot be optimized in a manner similar to the work done on methanol engines.
Similarly, hydrogen vehicles are shown to have PM emissions equivalent to those of stoichiometric
CNG vehicles; in both cases, the PM arises from the lubrication oil, not the fuel.

TABLE 8: REPRESENTATIVE EMISSIONS FOR HEAVY-DUTY TRANSIENT TESTS (g/bhp-hr)

Total
Total Toxics, Ozone Equiv. C02

Fuel PM NOx HC CO Wastes Form Emissions

1994 Bus Standards 0.050 5.00 1.300 15.50 0.10 NA NA
#2 diesel 2.000 4.60 0.750 2.00 0.05 0.80 342.2
clean diesel 0.050 4.60 0.175 2.00 0.05 0.70 368.0
MeOH DI (from Nat Gas) 0.035 2.25 0.275 0.50 0.05 0.65 400.9
CNG (lean bum) 0.050 3.00 1.200 0.35 0.00 0.40 285.5
CNG (stoichiometric) 0.025 1.40 0.730 1.00 0.00 0.40 302.2
LPG (stoichiometric) 0.050 0.90 1.050 7.00 0.00 0.65 384.2
EtOH DI (from corn) 0.050 5.00 0.500 0.50 0.05 0.80 229.1
LNG (stoichiometric) 1 0.025 1.38 0.730 1.00 0.00 0.40 499.7
H2 DI (steam reform) 0.025 3.00 0.000 0.00 0.00 0.10 389.0
Pb-Acid Battery 0.000 0.00 0.000 0.00 S02 0.10 307.0
PEM Fuel Cell (H2) 0.000 0.00 0.000 0.00 0.00 0.10 207.5
Pb-Acid Batt/CNG IC 2  0.013 0.70 0.365 0.50 S02 0.25 304.6
Pb-Acid Batt/PEM-H2 2 0.000 0.00 0.000 0.00 SO2 0.10 257.2

Best 0.000 0.00 0.000 0.00 0.00 0.10 207.5
Worst 2.000 5.00 1.200 7.00 0.05 0.80 499.7
Average 0.179 2.06 0.444 1.14 0.02 0.42 329.0
Standard Deviation 0.548 1.83 0.418 1.89 0.02 0.28 79.7

1LNG is assumed to have essentially the same emissions as CNG, except NOx is slightly lower due to charge
2 Hybrid vehicles assume arbitrary 50-50 split in power production.

Finally, because of the potential impact on fuel availability which would accompany the use of
a particular alternative fuel in the light-duty market, emissions from several alternative fuel light-duty
vehicles have also been listed in Table A3. A more complete discussion of the trends in light-duty
vehicles and their impact on heavy-duty vehicles is beyond the scope of this review.

While emissions reductions can arguably be called the most important factor in alternative fuel
engines because of increasingly stringent regulations, they are not enough by themselves to bring
about implementation of a given technology. As mentioned in the introduction, safety, performance,
capital and operating costs, and development status are also very important. In order to give some
kind of indication as to which technology might be the most appropriate to pursue (either now or in
the future), one must assign relative weights to each of these categories. In an ideal situation, a
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cost/benefit ratio could then be tabulated for each alternative technology; unfortunately, this assumes
that the benefits are quantifiable. In reality, benefit ratings are often largely subjective, since very
few standards and norms exist which are suitable as evaluation criteria. Local conditions can
justifiably influence the relative weightings. For instance, one state may have a large natural gas
industry, while another may be stronger in agriculture. Moreover, who is performing the analysis is
also an important factor: government regulatory agencies may be primarily concerned with emissions
reductions and safety, whereas fleet operators are concerned with capital and operating costs, and
engine manufacturers are concerned with all of the above plus performance in order to remain
competitive. Therefore, such rating scales are often controversial.

We have included a rating scale in an attempt to pull together the advantages and disadvantages
of the various technologies and be somewhat more quantitative than a good-fair-poor ranking allows.
The relative weightings of the categories, and in some cases the relative rankings of technologies
within the categories, were chosen by the author in an attempt to be representative of various
concerns. As mentioned above, this scale is by no means the only scale which can be reasonably
justified, and therefore the category weightings and distributions within the categories should be
closely examined before the results are accepted. It is quite possible to change the outcome by
changing the relative weighting of a category(s) and/or by changing the distribution of points within a
category(s), without ever changing the relative ordering of the technologies within the category(s).
That this is possible should not be surprising: if one or another of the various technologies was highly
favored with respect to the others, then the marketplace would already have eliminated the less
preferred technologies. If nothing else, the analysis demonstrates that none of the technologies is
perfect; the future may well be a mixture of different technologies which are best suited for particular
applications and/or regions. A spreadsheet makes a logical choice for such ratings because it is
simple to set up, and the effect of different point weightings can be quickly analyzed.

The point ratings of each alternative fuel technology are summarized in Table A4. "Clean"
(1994 technology) and conventional diesel engines were also evaluated for comparison purposes. The
table is organized such that the upper half contains categories in which points are calculated from
quantitative or semi-quantitative relations, while the lower half contains categories in which point
assignments are more subjective in nature or for which little data was available. Categories are then
arranged from left to right in order of importance based on the number of possible points. The high,
low, average, standard deviation, and standard deviation normalized by the average are listed for each
category to aid interpretation. The standard deviation gives an indication of which category is the
most important in determining placement in the final rankings, while the normalized standard
deviation gives an indication of the relative spread of the ratings within a given category. The PM
standard deviation is artificially high because of the penalty points given to conventional diesel
vehicles.

Since hybrid vehicles vary quite widely in their design, the hybrid ratings assume a 50-50 split
between power sources. However, this does not necessarily imply that the ratings equal the average
of the individual technologies. This is most evident with regard to maintenance (i.e. reliability) and
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safety ratings. The hybrid ratings should be viewed as indicative only; a complete analyses requires a
baseline driving cycle and a breakdown of the usage of each source. The rationale for the other
rankings is described below.

First, the percent reduction in emissions relative to the proposed 1994 urban bus transient cycle
standards were calculated for each of the regulated pollutant categories of CO, NOx, particulate matter
(PM), and hydrocarbons (HC). Penalty points were assessed on a linear scale according to the percent
increase in emissions, with a maximum penalty of -100 points in any one category. Thus, an engine
whose overall emissions are on average 50% below the 1994 standards would receive 200 points for
reductions in regulated emissions. This sets the scale for establishing the relative weights of
subsequent categories. Note that the conventional diesel engine received the maximum penalty for
particulate emissions.

The allowance of penalty points further establishes the importance of meeting the emission
standards. One could argue that as long as a particular technology meets the emission standards, it
should receive the total possible points. However, this provides no means of identifying the best
performance amongst the various technologies. More importantly, it assumes that the regulatory
levels have been set at "acceptable" levels and will not decrease again in the near future; in reality, the
standards are set according to what is regarded as attainable with current technology. Thus, as cleaner
vehicles become available, the standards are almost certain to be lowered yet again. Similarly, one
could argue that any technology failing to meet an emission standard should be eliminated from the
comparison. This argument does not allow for further development to reduce emissions in the
problem area(s), which is also almost certain to occur.

Ratings of regulated emissions were confined to vehicle emissions, since data from
standardized tests is most often only reported in this form. Non-exhaust emissions from refueling or
associated with other aspects of vehicle operation (for example from evaporation, boiloff, or leakage
from unsealed fueling systems) were not included due to a lack of data. However, estimates are
included under the heading of unregulated emissions, discussed below. Similarly, power plant
emissions were not charged against electric vehicles because 1) the emissions are typically displaced
from congested urban areas and therefore represent less of a hazard, and 2) the emissions vary quite
widely from region to region depending on the local energy sources used for power generation (e.g.
coal vs hydroelectric). However, emissions and/or wastes from the utilities and their effects (e.g.
greenhouse warming, acid rain, radioactive waste, etc.) are included in the unregulated emissions
category below.

Unregulated emissions were evaluated on a similar basis, although quantitative data was not
readily available. Individual categories included air toxics and hazardous wastes, ozone forming
potential, and relative greenhouse emissions. Emissions from fuel production, distribution, and
refueling were considered along with evaporative and exhaust emissions (which included power plant
emissions associated with battery recharging). The primary offenders in the aiir toxics category were
polyaromatic hydrocarbons from diesel vehicles, aldehydes from alcohol vehicles, and sulfur dioxide
(SO ) from coal-burning power plants. We note that hydrocarbon emissions from alternative-fueled



39

vehicles tend to have lower average molecular weights than those from diesel vehicles, which
generally results in lower concentrations of aromatic hydrocarbon emissions. However, at this date,
complete hydrocarbon speciation data of alternative fuel emissions is scarce, as are data on
atmospheric reactions. Moreover, health impact data is scarce and/or not highly conclusive, so the
only points awarded on this basis were to give all the alternative fuel vehicles a 25 point advantage
over diesel-fueled vehicles. Hazardous wastes were limited to disposal of used batteries and
radioactive wastes from nuclear power plants.

A separate category for percent reduction in ozone forming potential was included in order to
address the fact that high total hydrocarbon emissions do not necessarily imply high ozone formation
rates. The most obvious example comes from natural gas engines, which have relatively high total
hydrocarbon emissions (primarily methane), but relatively low ozone formation potential. Thus, one
often sees non-methane hydrocarbon (NMHC), or non-methane organic gases (NMOG) emissions
tabulated in the literature (California led the way in classifying emissions in this way). Relative
ozone formation factors were taken from Chang et al.21, 3 Note: organic material hydrocarbon
equivalent (OMHCE) standards already include a relative reactivity scale; therefore, if OMHCE
emissions are compared, the ozone formation potential should not be included as a separate category.

Finally, percent reductions in greenhouse gas generation were calculated. Vehicle CO2

emissions were calculated as follows: first, the energy specific CO2 factors were calculated from a
chemical balance and the known lower heating value of the fuels (see Table A2). Then, the mass of
CO2 emitted from an alternative fuel vehicle relative to a diesel vehicle was found by taking into
account the relative powerplant efficiencies as well as the energy specific CO2 emissions (see Table 9,
following page). Finally, in addition to CO2, factors must be included to account for other species
which have greenhouse warming effects, as well as additional greenhouse gas emissions during
production, distribution, and refueling. For example, on a mass basis, methane is roughly 15 times
more effective as a greenhouse gas than CO2 when atmospheric lifetime is taken into account. 37'38

This is an important factor for natural gas engines, and accounts for the large penalty associated with
LNG boiloff losses. Relative global warming factors taking into account production, distribution, and
refueling losses as well as equivalent CO2 factors were obtained from the literature.2 •.37,38 Natural gas
is used to produce both methanol and hydrogen, resulting in the release of copious amounts of CO2;
this explains the penalties for these two fuels. Relative greenhouse emissions from ethanol vehicles
vary widely in the literature, primarily because different assumptions are employed to handle CO2

consumed by the plant feedstocks and released during cultivation and production. The value listed in
the table assumes a net release of CO, equal to 50% of the normal vehicle emissions.

Next, fuel operating costs were calculated based on current before-tax fuel costs and estimates
of the efficiencies of the various engine technologies. Note that the ratings are not based on actual
mileage data due to the scarcity of such data and the variable conditions under which available data
were collected. Therefore, factors which influence mileage such as increased vehicle weight due to
heavy fuel tanks or batteries are not taken into account. The lowest cost fuel production method was
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TABLE 9: FUEL COST, GREENHOUSE GAS, AND OZONE RATINGS

FUELING COSTS--poss pts: 200
Average % Chng in Rel Cost of Linear Scale Linear Scale

Cost per Powertrain Effcy vs Delivered pts-%inc pts-2.5x%incr
Fuel Gal #2 equiv Efficiency #2 diesel Energy (#2 dsl base) (#2 dsl base)

#2 diesel 0.60 0.28 0.00 0.60 250.0 250.0
clean diesel 0.70 0.26 -7.00 0.75 224.6 186.4
MeOH DI (from Nat Gas) 0.96 0.25 -10.00 1.07 171.7 54.1
CNG (lean bum) 0.60 0.25 -10.00 0.67 238.6 221.4
CNG (stoichiometric) 0.60 0.24 -15.00 0.71 232.0 205.1
LPG (stoichiometric) 0.68 0.22 -20.00 0.85 208.1 145.3
EtOH DI (from corn) 2.14 0.25 -10.00 2.38 0.0 0.0
LNG (stoichiometric) 0.69 0.24 -15.00 0.82 214.1 160.2
H2 DI (steam reform) 1.65 0.22 -20.00 2.06 5.9 0.0
Pb-Acid Battery 2.04 0.46 93.00 1.06 173.8 59.6
PEM Fuel Cell 1.61 0.42 50.00 1.07 171.1 52.8
Pb-Acid Batt/CNG IC 1.32 0.39 39.00 0.88 202.9 132.3
Pb-Acid Batt/PEM-H2 1.83 0.48 71.50 1.07 172.5 56.2

Possible Points 250.0 250.0
Best 0.60 0.48 93 0.60 250.0 250.0
Worst 2.14 0.22 -20 2.38 0.0 0.0
Average 1.19 0.31 11 1.08 174.3 117.2
Standard Deviation 0.60 0.09 38 0.54 80.6 84.9

GREENHOUSE EMISSIONS AND OZONE FORMATION POTENTIAL'
Energy Specific Relative Total Ozone
C02 Veh Emiss Vehicle Equivalent Greenhouse Formation Ozone

Fuel (g C02/MJ) C02 Emiss 2 C02 Emiss 3 Points Potential Points

#2 diesel 74.8 290.0 342.2 71.8 0.80 20.0
clean diesel 74.8 311.8 368.0 66.3 0.70 30.0
MeOH DI (from Nat Gas) 68.4 294.8 400.9 59.4 0.65 35.0
CNG (lean bum) 53.9 232.1 285.5 83.6 0.40 60.0
CNG (stoichiometric) 53.9 245.7 302.2 80.1 0.40 60.0
LPG (stoichiometric) 64.4 312.3 384.2 63.0 0.65 35.0
EtOH DI (from corn) 70.9 305.4 229.1 95.5 0.80 20.0
LNG (stoichiometric) 54.8 249.8 499.7 38.7 0.40 60.0
H2 DI (steam reform) 0.0 0.0 389.0 61.9 0.10 90.0
Pb-Acid Battery 0.0 0.0 307.0 79.1 0.10 90.0
PEM Fuel Cell 0.0 0.0 207.5 100.0 0.10 90.0
Pb-Acid Batt/CNG IC 26.9 75.1 304.6 79.6 0.25 75.0
Pb-Acid Batt/PEM-H2 0.0 0.0 257.2 89.6 0.10 90.0

Possible Points 100.0 100.0
Best 0.0 0.0 207.5 100.0 0.10 90.0
Worst 74.8 312.3 499.7 38.7 0.80 20.0
Average 41.7 178.2 329.0 74.5 0.42 58.1
Standard Deviation 31.5 137.9 79.7 16.7 0.28 27.6

1Data from references 21, 22, 37, 38, 53, 65, and 86.
2 Energy specific emissions divided by powertrain efficiency.
3 Relative emissions including refueling losses and greenhouse factors for different gases.
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chosen in all cases, including off-peak electricity rates for recharging battery-powered vehicles. In
choosing the relative point scale, it was noted that the average alternative fuel technology emitted
64% less pollutants than allowed by the 1994 urban bus standards, which corresponded to about 250
points. Conventional diesel fuel--the lowest fueling cost option--was assigned an importance of 250
points, approximately equal to the average number of points given for emissions reductions. With
this weighting, two-and-one-half points were subtracted for each percentage increase in fuel costs
over conventional diesel technology, whereas four points would be gained for a one percent reduction
in emissions. Thus, equal percentage increases in fuel costs and reductions in regulated emissions,
denoted by f, produce a linearly increasing point subtotal, P, where P = 250 + 1.5f. The average fuel
cost score thus also turns out to be less than the average emission score. Together, this indicates a
moderate willingness to trade off higher operating costs for lower emissions. Penalty points were not
used in cases where the fueling costs exceeded twice those of conventional diesel fuel, i.e. ethanol
and hydrogen. The assumption here is that government subsidies would be available, since these
fuels can be derived from non-fossil fuel sources. Because of this limit, cost/benefit ratios will not
reflect the true cost of expensive fuels. Table 9 shows the calculations which lead to the point values
shown in Table A4. Several possible point assignments are shown in order to indicate the effect of
assigning different values to fuel efficiency.

The above point scale may seem too lenient from an economic perspective; however, one can
argue that the petroleum industry is currently subsidized in various forms (e.g. exploration tax
credits), thereby keeping wholesale prices artificially low before sales and excise taxes are added on.
One need only examine prices in Europe or Canada to realize that current fuel prices in the United
States are significantly lower than the norm. Therefore, under the assumption that current diesel
prices do not reflect the true cost of production and therefore will rise in the future, one does not want
to assign a large penalty to the current cost of alternative fuels compared to diesel fuel. Moreover,
substantial government support is available to subsidize the use of alternative fuels, and hence the
cost increase is spread across the entire population as well as the vehicle operators. Since a large
fraction of the population (particularly those in urban areas) benefits from cleaner vehicles, this is not
inappropriate.

Long term fuel supply was considered equally important as operating costs, i.e. the sum of fuel
and maintenance points. The latter leads to a spread of about 250 points, so 250 was assigned as the
weighting for long term fuel supply. In terms of points, this makes fuel supply slightly more
important than a 50% reduction in regulated emissions. This seems reasonable, since if the prospects
for future fuel availability are not good, then development of a given technology and refueling
infrastructure is at best a short term fix, and at worst a waste of time and resources. However, since
the spread in the point assignments for the various fuels is relatively small, the net effect of fuel

supply is more like that of a single emission category.

Diesel fuels were penalized because of the dependence on foreign oil imports; however, known
world reserves are still able to fuel the entire light- and heavy-duty fleets for about 20-25 years,
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allowing for continued growth in consumption. Known natural gas reserves are generally said to be
good for about 50 years at current consumption rates; however, if 50% of the vehicles are converted
to natural gas, new reserves would have to be brought into production in 25 years. Methane can be
produced from natural decomposition processes, but commercial production is not yet used. Since the
most economical commercial processes for producing large volumes of methanol and hydrogen use
natural gas as a feedstock, the availability of the former two fuels follows that of the latter. Hydrogen
was rated somewhat higher because of the ability to produce it via electrolysis of water using non-
fossil fuel sources of electricity. LPG scores poorly because it is primarily a byproduct of natural gas
production rather than a principal end-product. Therefore, prices vary widely from region-to-region
and time-to-time, with prices being much higher during winter months when heating demand is high.

Ethanol is the only fuel in this review which is commercially produced primarily from
renewable resources, and so one would expect good long term potential. The inherent assumption in
such a statement is that the energy needed to acquire, transport, and process raw materials and
distribute the fuel is properly taken into account. If a poor yield results, then the land may be better
used for other purposes. Use of agricultural and forestry waste products is advantageous since the
energy required to produce the feedstock would be charged to another industry; however, the energy
needed to collect, transport, and process the feedstock must still be supplied. Production from corn
was assumed since that is currently the source of the majority of U.S. ethanol supplies. Allowance
was made for the use of hardwood as an alternative feedstock, since that process is competitive with
corn production. 45

Most battery technologies have good long term supply potentials, since in general, battery
materials are fairly common and electrical plants should be able to keep up with recharging demands
in the near future. If significant numbers of vehicles become battery powered, then additional power
plants will have to be built. Long term availability of fuel cell technologies depends primarily on the
development of economical sources of pure hydrogen, and also future reductions in the quantity of
noble metals required to catalyze the reactions.

Safety is a major consideration in developing new engine technologies. Fuel production,
distribution, refueling, and storage (at refueling stations as well as on the vehicle) must be taken into
account. The choice of 300 possible points was made based on the average number of points possible
for reductions in regulated emissions. The reasoning is that acceptable safety levels can generally be
engineered provided that potential benefits (reduced emissions) are high enough to warrant the capital
and operating costs. The average number of points received and the standard deviations indicate that
the safety category falls between emissions and fuel costs with respect to relative importance in this
analysis. However, that ordering is partly a reflection of the development status of the technology,
and safety levels should continue to improve. Since emissions and costs are considered separately,
the safety rating must be applicable to the technology which produces the given emissions levels at
the rated costs.

Diesel fuel is considered relatively safe because of its relatively high flash point temperature.
Methanol is penalized because of its high toxicity and miscibility in water, and also because the fuel



43

vapor and air mixture above the liquid in the fuel tank is flammable. On-board storage of natural gas
in either compressed gas or cryogenic liquid form appears to be at least as safe as gasoline, but some
questions remain about the safety of refueling stations. Ethanol ranks the safest of the non-electric
technologies, but scores fewer points than diesel because of its higher flash point. Hydrogen, is
dangerous because of the wide range of mixture compositions over which a flame or an explosion can
occur. The safety rating shown is applicable to on-board low pressure storage of hydrogen in metal
hydrides; lower ratings would apply to cryogenic liquid storage or compressed gas storage. The same
rating applies to internal combustion engines and to hydrogen-powered fuel cells, because both
require on-board hydrogen storage. LNG, and to a lesser extent, LPG, fuels are dangerous because of
their tendency to "pool" rather than rapidly dissipate in the event of a leak. Conventional battery-
powered vehicles are very safe except for an increased electrical hazard compared to diesels; newer
systems which operate at elevated temperatures and/or with hazardous chemicals would receive lower
ratings. Hybrid technologies are only slightly safer overall than the most dangerous component.

Development status is of primary concern to those responsible for purchasing and operating
vehicles, but of less concern to government regulatory agencies interested in stimulating the
development of clean vehicle technologies. A value of 200 points was chosen as a compromise. The
standard deviation indicates that this category has slightly less importance than fuel costs but slightly
more importance than safety in determining the final rankings in this analysis. The point assignments
were based in part on the length of time a given technology has been in use, the number of vehicles in
operation, and the availability of vehicles which have been certified for operation under existing
standards. If a significant number of vehicles are currently operating below specified emission
standards, the technology was given 200 points. If such a development is anticipated in the next two
years, 175 points were given. Similarly, 100, 25, and 0 points were given for development periods of
3-5, 6-10, and greater than 10 years, respectively. Lead-acid battery systems received a low rating
because of the need to improve energy storage density and increase cycle lifetimes. As discussed in
the electric vehicle section of this report, other battery systems are in various stages of development,
but also have different cost and safety ratings. And although proton exchange membrane (PEM) fuel
cells are technically possible, mass production methods and reduced noble metal usage are required in
order to make them economically feasible.

Vehicle performance is often measured in terms of "driveability," (e.g. acceleration,
responsiveness and handling, cold start and drive-away, etc.), vehicle range, and reliability.
Reliability was not considered here because it was felt that this would simply increase the importance
of the development status rankings; however, some technologies will be more prone to failure even
after the designs mature, and this could be taken into account in future ratings. A relative weight of
150 points was chosen for the total of these sub-topics, indicating a willingness to sacrifice some
performance for a decrease in emissions. Most engine manufacturers have labored to maintain
similar engine power outputs while modifying existing diesel engines to accommodate alternative
fuels; in this way, they can maintain their status in existing markets without developing entirely new
engines from scratch. Often, turbochargers are employed, and sometimes sophisticated timing and
mixture control strategies are also required to maintain reliable engine performance with fuels which
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are prone to knock or pre-ignition. With the exception of electric vehicles, performance has not
suffered greatly, but engine costs have risen accordingly. CNG and hydrogen-powered vehicles
employing compressed gas or hydride storage also have slower acceleration because of the weight of
the fuel tanks.

Substantial differences exist with regard to vehicle range, because the energy which can be
stored per unit volume (or per unit weight) varies substantially from one alternative to the next.
Rather than fix the volume allowed for the powerplant and its associated fuel storage in determining
vehicle range, it seems more appropriate to assess vehicle range based on currently available vehicles.
This means that some vehicles require larger fuel and/or powerplant volumes, but as far as ratings go,
these should be accounted for in other categories (e.g. reduced acceleration or higher overall cost).
Note that this differs from light-duty vehicle ratings, where volume is a much bigger factor. In
addition, cold start and operation during warm-up were given a small number of points because of
the inconvenience of warm-up periods and their importance for ease of use and emissions in northern
climates.

Capital costs associated with the technologies can be split into powertrain (including the fuel
system) and refueling infrastructure costs. A total of 250 possible points were allowed for these
categories, and 12.5 points were subtracted each time an additional one million dollars was added to
the cost to purchase and fuel a fleet of 100 buses compared to the costs required for a fleet of
conventional diesel buses. This point scale may seem to place a very small penalty on what appears
to be a very large cost; however, considering the level of government support which is available (the
federal government typically picks up 80% of the capital costs of alternative fuel vehicles, and often
times 50-80% of the cost of infrastructure development), it was deemed appropriate. Fifty point
penalties were assigned when capital costs of the powerplant would remain high even after further
development unless technological breakthroughs are realized; this applies to lead-acid batteries and
PEM fuel cells.

Most of the alternative fuel engine systems currently cost about two and one-half times that of
conventional diesel vehicles, which adds roughly $20,000 to the engine cost. For a 100 vehicle fleet,
this translates to $2 million. In addition, refueling requirements cannot be overlooked. For example,
fast fill CNG refueling stations appropriate for a 100 bus fleet would cost in excess $1 million, and
the cost of larger gas mains to supply the station would raise the price far higher. Accommodating a
fleet of methanol or ethanol vehicles would entail ventilation of enclosed areas and new fire safety
procedures. And since hydrogen is arguably the most hazardous of the alternative fuels when stored
in bulk, safety considerations would lead to very high capital costs for the fueling stations. Even
clean diesel vehicles, which require low sulfur diesel fuel, will require expensive modifications to
current distillation plants to meet demand if they gain widespread use. Still, this cost would be spread
out over the entire diesel fleet, and would most likely appear as a small increase in fuel costs. Finally,
the electric vehicle systems would require the implementation of recycling programs to recover the
materials used in the batteries and fuel cells.



45

Maintenance costs are similar to reliability in that they generally improve as a technology
matures; however, points were taken away based on inherent complexity and/or lifetime limitations of
required parts. Examples include cryogenic controls for LNG, fuel injector wear in the case of
MeOH, and battery replacement in the case of the lead-acid batteries. Data from the Southern
California Regional Transit District (SCRTD) indicated that parts and labor maintenance costs per
mile amounted to $0.83 for 1989 diesel, $0.89 for CNG, $0.96 for diesel with particulate trap, $0.98
for methanol-Avocet retrofit, and $1.00 for neat methanol buses.104 These costs can be expected to
decrease as the technologies mature and maintenance crews become more experienced. Again, lead-
acid battery-powered vehicles are the exception because of the need to replace the battery pack
roughly every 25,000 miles. The National Renewable Energy Laboratory in Boulder, CO, with
funding from the U.S. Dept. of Energy, is starting an alternative fuels data base with data from
numerous demonstration projects, complete with fuel and maintenance cost information. When this
information becomes available, more quantitative cost/benefit analyses will be possible.

The results shown in Table A4 are somewhat surprising: clean diesel vehicles are strongly
favored. In this analysis, emissions were the most important in determining the final rankings. Fuel
economy, safety, development status, and capital costs came next, with the rest of the categories
having somewhat less impact on the relative placement of the technologies. Clean diesels place first
because they meet the emission standards employed here (1994 EPA heavy duty standards), are
relatively safe, have low fuel costs, and are strongly favored in the development status and capital
cost categories. Conventional diesels placed second, even though they failed to meet the EPA PM
standard. Aftertreatment devices, which were not considered in this review, could most likely bring
their emissions into compliance, albeit at the expense of higher capital and/or maintenance costs.

The alternative technologies exhibit much smaller spreads, with only ± 5% of the average score
separating the next seven places, and several technologies separated by less than 1%! Therefore, it
should be obvious that changing the relative weightings of the categories or the assignments within a
category can easily change the rankings. The closeness of the results was at first surprising; however,
on closer examination, one realizes that if any of the technologies were highly favored, the
marketplace would already have identified them, and there would not have been the need for such a
broad comparison. Because of the level of approximation used in the qualitative ratings, small
differences in the ratings are not significant. The significance of the final rankings can often be tested
by making small changes in the category weightings and/or point assignments within the categories,
and examining how the results change.

The battery vehicle rating seems somewhat high with respect to full size buses and current
technology, most likely because penalty points were not assigned for poor driveability and high costs.
The rating seems more appropriate for electric trolleys or small van buses. We point this out for two
reasons: 1) to show the importance of obtaining better cost and performance data for inclusion in the
analysis, and 2) to show how it easy it is to discount one's own analysis. If one begins the analysis
with a bias for (or against) a particular technology, then it is very easy to adjust the category
weightings such that that technology wins (or loses), or to simply ignore the outcome.



46

CONCLUSIONS

The primary objective of this report was to summarize the results of a non-inclusive review of
the recent literature pertaining to the operation of heavy-duty alternative fuel transit vehicles. The
recent lowering of emission standards and the interest in alternative fuel engines which resulted has
led to an explosion in the number of papers published on the subject. Because of the breadth of this
review, many more publications could have been cited; however, time did not permit an all-inclusive
review. It is believed that the results presented give an accurate account of the current state-of-the-
art. The alternative fuel technologies which were examined include methanol, ethanol, natural gas,
liquid petroleum gas (LPG), and hydrogen; a discussion of battery, fuel cell, and hybrid technologies
was also included for completeness.

The second objective was to establish a semi-quantitative rating scale which can be used to
assess the various technologies even though only limited quantitative data was available. A true
cost/benefit ratio was not tabulated because of the scarcity of actual cost data (fuel, maintenance, and
capital) as well as the difficulty in defining exactly what to include as a "benefit." Evaluation criteria,
in rough order of importance with respect to determining the final rankings, included:

1) The ability to meet current and future emissions standards, without producing new pollutants,
toxic wastes, greenhouse gases, or other environmental hazards;

2) Operating costs (fuel and maintenance);

3) Current and potential safety of each technology, including fuel storage and refueling systems;

4) Capital costs of engine and refueling infrastructure;

5) Development status of original equipment manufacturer (OEM) engines and retrofit conversion
packages for existing engines;

6) Performance (power, acceleration, range, and cold starting); and

7) Current and long term fuel availability.

The following table summarizes key advantages and disadvantages of the various alternative
technologies. Both OEM engines and retrofit conversions were considered. The order of appearance
follows the ratings obtained from the analysis described above. The conventional diesel category was
not included here because it did not meet emissions standards in the configuration rated here. Score
variations amounting to less than 2% of the average score were not considered significant, and this is
reflected in the numerical placement on the left. One could even argue whether as much as a 5%
variation should be considered significant. Therefore, we emphasize that lower rankings should not
be interpreted as an indication that development of particular technologies should be discontinued; on
the contrary, some of the low-ranking technologies represent the best opportunities for future
reductions in transit emissions and/or fuel availability. However, the current costs and performance
of these systems are not competitive with other available systems based on the rating scale used here.
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TABLE 10: ALTERNATIVE FUEL TECHNOLOGY RANKINGS FOR TRANSIT BUSES

Rank Technology Points

(1) Clean Diesel Engines 1662

The newest engines are reportedly able to meet the 1994 heavy duty standards

without using particulate traps on the exhaust. The best of these also reportedly

meet the 1994 urban bus standards. The emissions data is from manufacturer's

tests: certification procedures are still in progress.

(2) Compressed Natural Gas, Stoichiometric + 3-way catalyst (CNG Stoich.) 1543

Probably the fastest growing technology, very promising for low emissions.

Stoichiometric combustion combined with a three-way catalyst results in more

than a 60% reduction in NO over clean diesel options, and very low reactive

hydrocarbons. Also, greenhouse gas emissions are reduced by approximately

10-15%, including CH4 emissions. Major drawbacks are increased explosion

risk, volume and weight of fuel storage system, and cost and availability of

high capacity, fast-fill refueling stations.

(3) Compressed Natural Gas, Lean Bum + Oxidizing Catalyst (CNG Lean) 1456

Similar to stoichiometric CNG, but uses a lean burn combustion strategy. This

yields better fuel economy but slightly higher NOx and hydrocarbon emissions.

(4) Liquefied Petroleum Gas (LPG), Stoichiometric, Carbureted 1387

Generally retrofitted diesels converted to turbocharged, lean-bum, spark

ignition engines with gas carburetors and oxidizing catalysts. Conversions are

fairly easy to implement. Low NOx , but hydrocarbons are a little high; further

optimization would help. Advantages are that LPG can be distributed and

stored as a liquid at ambient temperatures and only moderate pressure. The

major drawback relates to supply: LPG is primarily a byproduct of natural gas

production, and prices increase in the wintertime due to heating demand.

Direct injection of LPG deserves further study.

(4) Methanol (MeOH) 1384
Probably the most well developed of the OEM technologies, yields low NO

emissions. Liquid fuel allows adequate on-board storage and eases refueling

requirements. Major drawbacks include formaldehyde emissions, especially in

cold climates and enclosed areas, and fuel flammability and toxicity. Fuel

costs are also relatively high.
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Rank Technology Points

(4) Batteries 1376

Vehicle emissions are nonexistent, but emissions from electrical powerplants

for recharging can be important. Transfer of pollutants from congested urban

areas to remote plant locations is an advantage. Primary drawbacks are high

costs, limited lifetime and range, and slower acceleration due to increased

weight. Lead-acid batteries still dominate the market; new technologies with

higher energy densities and longer lifetimes are in the development stage. The

score appears artificially high because reduced performance and high costs

were not fully taken into account.

(4) Liquefied Natural Gas (LNG), Vaporized, Stoichiometric 1375

Again, this is a rapidly developing technology. Liquid fuel addresses

drawbacks of on-board fuel storage associated with CNG, but adds complexity

of cryogenics and the associated boil-off problems. Safety issues remain for

distribution and refueling stations.

(4) Lead-acid Battery / Stoichiometric CNG Hybrid 1367

This combination offers an excellent potential for emissions reductions while

maintaining reasonable driveability and development status. The drawbacks

are the complexity and expense of the entire system. A "zero-emission" hybrid

with a lead-acid battery and a proton exchange membrane (PEM) fuel cell is

rated below.

(9) Ethanol (EtOH) 1317

Advantages include liquid form and non-toxic (in small amounts). The major

drawbacks are fuel cost (over $2 per gallon diesel equivalent) and acetaldehyde

and formaldehyde emissions during cold starts. Continued agricultural subsidy

is probably required to maintain competitiveness. NO x and hydrocarbon

emissions are still high, primarily because not much effort has been directed at

combustion optimization due to the high cost of fuel.

(10) Hydrogen, Direct Injection, Hydride Storage 1219

Eliminates hydrocarbon, particulate, and carbon monoxide emissions (except

those originating from lubrication oil), but NO must be controlled using EGR

or lean-bum strategies. The primary drawbacks are the cost of the fuel, safety,

and limitations of on-board storage systems.
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Rank Technology Points

(10) Proton Exchange Membrane (PEM) Fuel Cells, Hydride Storage of H2  1209
As close to completely zero emission as possible, if pure hydrogen produced
with non-fossil fuels is used as the feedstock. The technology is currently in
the research stage and is extremely expensive. Therefore, these are most often
employed in hybrid vehicles. Phosphoric acid fuel cells are the most developed
to date, but aren't quite as efficient.

(10) Lead-acid Battery / PEM Fuel Cell Hybrid Vehicle 1203
As with battery-powered vehicles, no emissions are emitted directly from the
vehicle pure hydrogen is used for the fuel cell. The drawbacks are the

complexity and expense of the entire system and the safety and range
limitations associated with hydrogen fuel.

The evaluations indicated that clean diesel vehicles have a distinct advantage for urban transit
applications, while stoichiometric combustion of natural gas placed a relatively close second. The
difference lies mainly in the diesel's abilities to safely and reliably meet existing standards with low
operating and capital costs. Further reductions in emission standards, or lower relative weightings on
development status, capital cost, and maintenance categories, which strongly favor diesel engines,
would tip the results in favor of the alternative technologies. This, of course, presumes that diesel
technology is approaching the point of diminishing returns such that emissions cannot continue to be
reduced--a fact which has not yet been evidenced.

With the exception of conventional diesel engines, all of the technologies considered produce
very low amounts of particulate matter. Hence, alternative fuel buses will give a public perception of
being very clean. Aftertreatment devices, including catalytic converters and particulate traps, can
probably bring conventional diesels into compliance. (Note that many of the non-electric alternative

technologies already employ catalytic converters, so the only drawback faced by conventional diesels
will be the need for a particulate trap.) CO emissions from alternative fuel technologies tend to be
somewhat higher than diesel vehicles, but still well below allowed levels. All of the alternative fuel
technologies are relatively new and have somewhat higher capital and maintenance costs. Many of
these costs will diminish as development continues and service personnel become more experienced,

but others will remain.

Establishing an appropriate scale for tradeoffs between the many factors was very difficult.
The relative weightings chosen represent the author's attempt at establishing a scale applicable for
urban transit systems; it is not the only scale which can be justifiably chosen, and the results can
change quite dramatically depending on how one weights the categories listed above. Moreover,
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most of the technologies fall within ±5% of the average. In fact, during the process of compiling this

report, the relative rankings changed several times as new pieces of information where taken into

account. The closeness of the rankings implies several things: (1) careful analysis of the weighting

of each category and the distribution within categories is necessary before one puts much faith in the

relative rankings; (2) small changes in emissions and fuel economy data can change the outcome

because of the large relative weights of these categories; and (3) the competition amongst the

alternative fuel technologies for limited development funds will continue to be heated.

The competition between diesel and alternative fuel powerplants can only serve to stimulate the

development of cleaner vehicles. However, because of the large development costs, support from

state and federal agencies will determine in large part which of the low-emission technologies
advances in a given area. This is already visible with natural gas and ethanol fuels. Since the

likelihood of having enough money to support all technologies is essentially non-existent,

governmental agencies will have to make tough decisions on which technologies to support based on

incomplete data sets such as that analyzed here. It is hoped that the information and procedure

outlined here will be of use, but not misuse, in such decisions.
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APPENDIX A: COMPARISON TABLES FOR ALTERNATIVE FUEL
TECHNOLOGIES

The following data have been compiled into tables in order to ease comparisons among the
different fuels and technologies. In order to keep Tables A2 and A4 from extending across more
than one page, the originals were reduced. Full size versions immediately follow the reduced
versions in case legibility is compromised.



TABLE Al: UMTA ALTERNATIVE FUEL BUS PROJECTS22

State Project Description

Providence
Newark
Albany
Buffalo
Nassau
New York
Rochester
Syracuse
Baltimore
Pittsburgh
Reading
Norfolk
Charleston
Miami
Decatur
Peoria
Detroit
Jackson
Minneapolis
Cleveland
Oklahoma City
Oklahoma City
Dallas
El Paso
Fort Worth
Cedar Rapids
Des Moines
Lincoln
Omaha
Tucson
Denver
Denver
Denver
Salt Lake City
Los Angeles
Los Angeles
Los Angeles
Sacramento
San Diego
San Diego
Santa Ana
Portland

RI
NJ
NY
NY
NY
NY
NY
NY
MD
PA
PA
VA
WV
FL
IL
IL
MI
MS
MN
OH
OK
OK
TX
TX
TX
IA
IA
NE
NE
AZ
CO
CO
CO
UT
CA
CA
CA
CA
CA
CA
CA
OR

Convert 2 Volvo buses to CNG
Purchase 5 CNG & 5 particulate trap buses
Purchase 2 CNG buses
Purchase 5 buses with 100% CNG (gasoline engines)
Purchase 10 AFI buses
Purchase 12 100% CNG buses
Purchase 5 CNG buses
4 retrofits; 4 new 100% CNG buses
Purchase 10 ING buses
Purchase 5 CNG buses
Purchase 1 CNG bus
Convert 4 diesel engines to CNG on 2 ferries
Purchase 3 medium size methanol buses
5 each CNG, dual fuel CNG, methanol, and traps
Retrofit 5 buses with ethanol injection
Purchase 14 ethanol buses and 13 ethanol-injection buses
Purchase 6 methanol buses each for SMART and DDOT
Convert 18 buses & 12 small buses to Midwest Power system
Purchase 2 CNG & 2 ING rubber tire trolley buses
Convert 6 paratransit vehicles to duel fueled CNG
Purchase 10 30-foot CNG buses, 14 E&H vehicles
Purchase 4 CNG minis/2para; cony 4 std/2 school/4para/5serv.
Purchase 2 CNG buses
Purchase 5 CNG buses
Purchase CNG vehicles: 3 buses, 4 E&H vans
Convert 7 vehicles to Midwest Power system, 4 to LPG, 2 to CNG
Convert 20 buses to Midwest Power system alcohol additive
Purchase 39 vehicles (20 CNG and 19 LPG)
Purchase 1 CNG or LNG full size bus
Convert 2 trolley like buses to CNG
Purchase 5 small CNG buses
Convert 3 buses to CNG
Purchase 46-ft CNG transit mall vehicle
Purchase 5 CNG buses
Convert 12 DDC 6V92 & 2 Cummins L-10 engines to methanol
Purchase 3 CNG buses and fast fill fueling station
Purchase 103 methanol fueled buses
Purchase 3 CNG buses
Purchase 7 CNG buses
Purchase 7 CNG buses
Convert 6 buses to CNG, methanol and LPG, & 1 to electric
Purchase 2 CNG full sized buses

City
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TABLE Al (Continued)

State Project Description

Lynwood
Tacoma
Tacoma
New York
Des Moines
Sacramento
Washington
Washington
Pittsburgh
York
Pensacola
Champaign
Painesville
Roswell
Austin
Dallas
Fort Worth
Galveston
Houston
Cedar Rapids
Lincoln
Tuscon
Denver
Denver
Los Angeles
Los Angeles
Phoenix
Indiana County
Fort Myers
Arlington Heights
Gary
Minneapolis
Dayton
Albuquerque
Albuquerque
Topeka
Fort Collins
Reno
Fresno
Santa Barbara
Temecula
New York

WA
WA
WA
NY
IA
CA
D.C.
D.C.
PA
PA
FL
IL
OH
NM
TX
TX
TX
TX
TX
IA
NE
AZ
CO
CO
CA
CA
AZ
PA
FL
IL
IN
MN
OH
NM
NM
KS
CO
NV
CA
CA
CA
NY

Purchase 23 artic. buses (CNG, methanol, or LPG)
Purchase 34 100% CNG & 5 supervisory vehicles
Purchase 16 CNG full size buses
Facility design for methanol
Retrofit 78 and purchase 23 buses with ethanol injection
Purchase 2 each mini buses with lifts (CNG, methanol, LPG)
Convert 25 WMATA diesel buses to Midwest Power system
Purchase 5 CNG buses
Purchase 18 CNG buses and emission testing facility
Convert 20 small buses to CNG
Purchase 23 small CNG buses
Purchase 18 CNG buses and CNG fueling station
Purchase 20 CNG buses & 2 CNG bus facilities
Purchase 2 CNG buses, 4 CNG vans, slow fill station
Purchase 26 natural gas buses and 14 vans
Purchase 70 natural gas buses; construct fueling facility
Purchase 29 natural gas buses and 10 vans
Purchase 1 CNG bus
Convert, purchase and retrofit 263 LNG buses
Convert 9 ethanol injection buses & 4 ethanol inj. paratraps
Convert 7 gasoline handivans to dual fueled CNG
Purchase 12 out of 48 buses to be clean fueled
Purchase 21 CNG intercity & 18 CNG standard buses
Convert 12 paratransit buses to CNG power
Purchase 20 low emission buses; modify 2 facilities
Purchase 150 low emission buses
Purchase 5 CNG buses for RPTA, 12 for Phoenix
Purchase 1 CNG powered ADB
Convert 5 medium buses, 4 cars, 1 van, 2 trucks to LPG
Purchase 6 CNG and 6 ethanol buses
Purchase 5 CNG buses
Purchase 30 CNG shuttle buses
Replace trolley fleet with CNG buses
Purchase 6 small CNG buses and CNG fueling station
Convert 10 buses to CNG, purchase 6 CNG mini-buses
Convert 5 buses to ethanol injection
Purchase 10 small AF buses
Purchase 2 CNG buses
Convert 10 small buses to CNG; purchase 10 large CNG buses
Convert 1 existing bus to CNG; 2 battery powered
Lease 8 propane mini-buses
Purchase 28 methanol or CNG buses

City
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TABLE A4: POINT RATINGS FOR VARIOUS ALTERNATIVE FUEL TECHNOLOGIES

Fuel
#2 diesel
clean diesel
MeOH DI (from Nat Gas)
CNG (lean bum)
CNG (stoichiometric)
LPG (stoichiometric)
EtOH DI (from corn)
LNG (stoichiometric)
H2 DI (steam reform)
Pb-Acid Battery
PEM Fuel Cell
Pb-Acid Batt/CNG IC
Pb-Acid Batt/PEM-H2

Possible Points
Best
Worst
Average
Standard Deviation
Std Dev/Avg Points

Fuel
#2 diesel
clean diesel
MeOH DI (from Nat Gas)
CNG (lean burn)
CNG (stoichiometric)
LPG (stoichiometric)
EtOH DI (from corn)
LNG stoichiometric)
H2 DI (steam reform)
Pb-Acid Battery
PEM Fuel Cell (H2)
Pb-Acid Batt/CNG IC
Pb-Acid Batt/PEM-H2

Possible Points
Best
Worst
Average
Standard Deviation
Std Dev/Avg Points

PM

-100.0
0.0

30.0
0.0

50.0
0.0
0.0

50.0
50.0

100.0
100.0
75.0

100.0

100.0
100.0

-100.0
35.0
56.3
1.61

NOx

8.0
8.0

55.0
40.0
72.0
82.0
0.0

72.4
40.0

100.0
100.0
86.0

100.0

100.0
100.0

0.0
58.7
36.6
0.62

Total
HC

42.3
86.5
78.8
7.7

43.8
19.2
61.5
43.8

100.0
100.0
100.0
71.9

100.0

100.0
100.0

7.7
65.8
32.1
0.49

SAFETY LONG TERM DEVELOPMEI
FUEL SUPPLY STATUS

300.0
300.0
150.0
150.0
150.0
165.0
240.0
112.5
150.0
285.0
150.0
225.0
175.0

300.0
300.0
112.5
196.3
65.4
0.33

187.5
187.5
187.5
187.5
187.5
125.0
250.0
187.5
200.0
212.5
175.0
200.0
193.8

250.0
250.0
125.0
190.9
27.1
0.14

200.0
200.0
200.0
175.0
175.0
200.0
100.0
100.0
100.0
100.0
25.0

175.0
100.0

200.0
200.0

25.0
142.3
57.2
0.40

EMISSIONS
Toxics,

CO Wastes

87.1
87.1
96.8
97.7
93.5
54.8
96.8
93.5

100.0
100.0
100.0
96.8

100.0

100.0
100.0
54.8
92.6
12.2
0.13

qT
Power &

Acceleration
60.0
60.0
60.0
45.0
45.0
60.0
60.0
60.0
30.0
6.0
6.0

20.0
6.0

60.0
60.0
6.0

39.8
23.1
0.58

75.0
75.0
75.0

100.0
100.0
100.0
90.0

100.0
100.0
50.0

100.0
75.0
75.0

100.0
100.0
50.0
85.8
16.1
0.19

Ozone

20.0
30.0
35.0
60.0
60.0
35.0
20.0
60.0
90.0
90.0
90.0
75.0
90.0

100.0
90.0
20.0
58.1
27.6
0.47

PERFORMANCE
Driveability Cold

and Range Operation
60.0 30.0
60.0 30.0
45.0 20.0
30.0 30.0
28.0 30.0
60.0 30.0
51.0 15.0
54.0 30.0
12.0 30.0
6.0 0.0

10.0 20.0
30.0 15.0

8.0 10.0

60.0
60.0

6.0
34.9
21.2
0.61

30.0
30.0
0.0

22.3
9.9

0.44



72

(TRANSIT BUSES )

Greenhouse

71.8
66.3
59.4
83.6
80.1
63.0
95.5
38.7
61.9
79.1

100.0
79.6
89.6

100.0
100.0
38.7
74.5
16.7
0.22

Regulated
Emissions

Subtotal

37.4
181.6
260.6
145.4
259.4
156.1
158.3
259.8
290.0
400.0
400.0
329.7
400.0

400.0
400.0
37.4

252.2
113.2
0.45

Unregulated SUBTOTAL
Emissions All

Subtotal Emissions

166.8
171.3
169.4
243.6
240.1
198.0
205.5
198.7
251.9
219.1
290.0
229.6
254.6

300.0
290.0
166.8
218.4

37.7
0.17

CAPITAL COSTS MAINTENANCE

Engine Infrastructure pts*(1-%incr)
150.0 100.0 100.0
135.0 50.0 100.0
112.5 50.0 75.0
112.5 25.0 90.0
112.5 25.0 85.0
112.5 50.0 85.0
112.5 50.0 75.0
102.0 50.0 60.0
75.0 0.0 80.0
37.5 50.0 0.0
0.0 0.0 80.0
0.0 10.0 0.0
0.0 0.0 0.0

204.2
353.0
430.1
389.1
499.5
354.0
363.8
458.5
541.9
619.1
690.0
559.3
654.6

700.0
690.0
204.2
470.5
140.3
0.30

FUEL COSTS SUBTOTAL
Linear Scale Fuel +

pts*(1-%incr) Emissions
(#2 dsl base)

250.0 454.2
186.4 539.4
54.1 484.2

221.4 610.5
205.1 704.6
145.3 499.3

0.0 363.8
160.2 618.7

0.0 541.9
59.6 678.7
52.8 742.8

132.3 691.6
56.2 710.7

250.0
250.0

0.0
117.2
84.9
0.72

SUBTOTAL
Qualitative
Categories

1187.5
1122.5
900.0
845.0
838.0
887.5
953.5
756.0
677.0
697.0
466.0
675.0
492.8

950.0
742.8
363.8
587.7
117.0
0.20

SUBTOTAL W/O TOTAL
Capital Costs, POINTS
Maint., Devel.

1092 1642
1177 1662

947 1384
1053 1456
1145 1543
939 1387
980 1317

1063 1375
964 1219

1188 1376
1104 1209
1182 1367
1103 1203

1650 2200
1188 1662
939 1203

1072 1395
90 149

0.08 0.11

150.0
150.0

0.0
81.7
53.8
0.66

100.0
100.0

0.0
35.4
29.0
0.82

100.0
100.0

0.0
63.8
37.9
0.59

1250.0
1187.5
466.0
807.5
213.6
0.26
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APPENDIX B: BATTERY AND FUEL CELL COMPARISON DATA

In order to get a feel for the performance capabilities of batteries and fuel cells, one would like
to compare them to conventional fossil fuel-powered vehicles. One way to do this is to calculate
specific power and specific energy values for fossil fuel-powered engines. The literature carries a
wide range of values based on various assumptions, some of which support the viability of electric

vehicles and others of which do not. The values in Table 6 pertain to the battery and/or fuel cell

systems themselves, not to any of the supporting subsystems. The lower heating value of gasoline is

often compared to the energy densities of these systems to indicate the range disadvantage of electric
vehicles. This also does not include any of the supporting hardware, so it is not really a valid
comparison. The purpose of this appendix is to derive figures of merit which are useful for

comparing different powerplant systems.

Table 7 compiles a list of data for various systems which allows a comparison of performance
and cost of engine-, battery-, fuel cell-, and hybrid-powered vehicles to be made. Similar data could

be compiled for any alternative fuel powerplants. The specific power is an indicator of how fast the

vehicle will accelerate, whereas the specific energy dictates the range of the vehicle before refueling

or recharging is required. Since the energy conversion efficiency of different powerplants varies
substantially, it must be taken into account when tabulating available specific energies for range

comparison purposes. Obviously, range can be extended by adding more energy storage capacity in

the form of larger fuel tanks or more batteries; however, this will increase vehicle weight, require

more space within the vehicle, and may increase costs substantially as well.

The component efficiencies listed in the table are meant to indicate an average value

appropriate to driving conditions under which the vehicles are actually operated. Thus, the average

powerplant efficiency of a light-duty internal combustion engine shows a substantial penalty

associated with part load operation. Note also that drivetrain efficiencies are not identical, tending to

be slightly higher for electric systems. Ballpark numbers for overall powerplant efficiencies are 15%

for light-duty IC engines, 25% for heavy-duty IC engines, 25-30% for hybrids, 35-40% for fuel cells,

and about 50% for batteries. The last figure does not include charging efficiency, so it is appropriate

to range calculations, but not to "fuel" (i.e. electricity) cost estimates. Finally, note that the battery

values tabulated are indicative of an average depth of charge and an average rate of discharge at a

moderate temperature (approx. 25 °C). These affect the available power and available energy,
respectively.

The simplest way to proceed would be to compile weight data for each subsystem, compute the

total system weight, and then perform the specific energy and specific power calculations.
Unfortunately, data on the mechanical components (the engine or electric motor, transmission, and

drivetrain) is rarely given along with powerplant specifications. Therefore, values involving these
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weights have been tabulated separately so that assumed values can be readily identified. A sample

calculation for the specific power of the heavy-duty diesel engine is given by

200 x 10' W
Pdiesel (300 kg + 30 kg + 190 1 * 0.852 kg/1) 407 W/kg

where the weight terms in the denominator correspond to engine, fuel tank, and fuel weight when

completely full. Similarly, the specific power of the GM Impact electric vehicle is given by

85 x 103 W
PGMImpact (85 kg + 30 kg + 395 kg) 167 W/kg

where the weight terms in the denominator correspond to electric motor (specific weight assumed to

be 1 kg/kW), drivetrain, and batteries.

The specific energy of the diesel engine is likewise given by

0.28 * 1901 * 36.5 MJ/1 * 278 W-hr/MJ
ediesl = (300 + 30 + 190 * 0.852) kg = 1100 W-hr/kg

where the numbers in the numerator correspond to overall efficiency and fuel energy (from Table A2)

based on the lower heating value of a full tank of diesel fuel. Similarly, the specific energy of the GM

Impact is given by

0.54 * 395 kg * 34 W-hr/kg
e - = 10 W-hr/kgGM Impact (85 + 30 + 395) kg

where the numbers in the numerator correspond to overall efficiency, battery weight, and nominal

energy density. 37'39

From the values listed in the table, it is obvious that conventional engines have large

advantages over electric power plants in terms of specific power output and energy storage. These

translate to faster acceleration and longer range, all else being equal. Thus, electric vehicles need to

be made significantly lighter while still devoting a larger percentage of overall vehicle weight and
volume to the power plant in order to achieve performance values similar to their IC counterparts.

Accessories such as air conditioners and heaters can further reduce the range of electric vehicles.
Heat can be a particularly large load since waste heat from the power plant is only available in the

high temperature systems. Thus, additional complexity and expense is sometimes encountered in the

form of accessory heat pumps for electric vehicles.102
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APPENDIX C: GLOSSARY OF TERMS

AFC - acronym for alkaline fuel cell

autoignition temperature - the temperature at which a mixture of fuel and air, usually of
stoichiometric composition, will sustain a runaway reaction (i.e. an explosion). Autoignition
temperatures can be measured for any mixture ratio, but non-stoichiometric mixtures generally have
higher autoignition temperatures.

Avocet - commercially-available additive used to enhance ignition characteristics of methanol

CARB - acronym for California Air Resources Board

CH 4 - methane, a gas at atmospheric conditions; the primary component of natural gas, and also a
very strong greenhouse gas.

CH OH - methanol, a liquid at atmospheric conditions, sometimes abbreviated as MeOH, and
sometimes also referred to as wood alcohol.

CI - acronym for compression ignition

CO - carbon monoxide, a toxic gas at atmospheric conditions, a product of incomplete combustion or
rich combustion.

CO2 - carbon dioxide, a nontoxic gaseous product of hydrocarbon combustion at atmospheric
conditions, of concern for its role as a greenhouse gas.

C2H5OH - ethanol, a liquid at atmospheric conditions, sometimes abbreviated as EtOH, and
sometimes also referred to as grain alcohol.

C3 H - propane, a gas at atmospheric conditions, the primary component of liquefied petroleum gas

(LPG), which is stored at pressures in excess of 125 psi in its liquid state.

catalyst - a substance which promotes the occurrence of chemical reactions without itself being
consumed in the reaction.

catalytic converter - module designed to reduce concentration of pollutant gases in engine exhaust,

i.e. oxidize hydrocarbons and CO to CO2 and HO20 and/or reduces NO to N and 02 .

"clean" diesel - generally refers to current state-of-the-art diesel engines which are generally

turbocharged and burn low-sulfur diesel fuel (a.k.a. reformulated diesel fuel).
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close-coupled catalyst - catalyst mounted physically close to exhaust manifold so that it operates at a
higher temperature and achieves light-off conditions more rapidly.

CNG - acronym for compressed natural gas, typically stored at 3000 or 3600 psi (full tank pressure),
under which conditions it is a dense gas.

E85 - a mixture of 85% ethanol and 15% gasoline

E100 - 100% ethanol, a.k.a. neat ethanol

EGR - acronym for exhaust gas recirculation

EPA - acronym for Environmental Protection Agency

ETBE - acronym for ethyl tertiary butyl ether, a fuel additive containing oxygen used in some blends

of oxygenated gasoline.

fumigation - atomize fine mist of fuel into the air before it is inducted into the engine.

gasohol - a mixture of ethanol and gasoline (most commonly 10% ethanol and 90% gasoline) used to

form oxygenated gasoline.

greenhouse gas - any of a number of gases which transmit ultraviolet and visible radiation from the

sun but strongly absorb certain bands of infrared (thermal) emission reradiated from the earth, similar
to the action of glass in a greenhouse.

GRI - acronym for Gas Research Institute

HCHO - formaldehyde, a toxic gas at atmospheric conditions, generally formed as a product of

incomplete combustion; primarily of concern in the combustion of alcohol fuels (i.e. methanol and

ethanol).

H - hydrogen

HC - acronym for hydrocarbon

heat of vaporization - the amount of energy needed to vaporize a given liquid at a specified

temperature and pressure.

incomplete combustion - the condition under which hydrocarbons are not completely converted to

CO2 and HO20 even though enough oxygen is present to do so; results in formation of unburned

hydrocarbons and CO.
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lean - (a.k.a. fuel lean) refers to the condition when more than enough (excess) 02 is available for

burning the fuel. (see also stoichiometric and rich)

light-off - condition at which catalyst reaches operating temperature such that good conversion

efficiencies of pollutants are achieved.

LNG - acronym for liquefied natural gas, typically stored at about 110 K (-262 F), under which

conditions methane condenses into a liquid.

M85 - a mixture of 85% methanol and 15% gasoline

M100 - 100% methanol, a.k.a. neat methanol

MTBE - acronym for methyl tertiary butyl ether, a fuel additive containing oxygen used in some

blends of oxygenated gasoline.

NG - acroynym for natural gas

NMHC - acronym for non-methane hydrocarbons; a measure of hydrocarbon emissioqs with the

contribution due to methane subtracted out.

NMOG - acronym for non-methane organic gases; a measure of hydrocarbon emissions which

includes a fairly detailed identification of species and factors out the weight of any oxygen atoms

bound up in the molecules. For example, a factor would be required when accounting for alcohol or

aldehyde emissions.

NO x - nitrogen oxide (NO) and nitrogen dioxide (NO2).

neat ethanol - 100% ethanol, a.k.a. E100

neat methanol - 100% methanol, a.k.a. M100

OEM - acronym for original equipment manufacturer

OMHCE - acronym for organic material hydrocarbon equivalent; a measure of hydrocarbon

emissions which includes a fairly detailed identification of species, factors out the weight of any

oxygen atoms bound up in the molecules, and weights the result according to the relative reactivity of

the species under atmospheric conditions. It is thus similar to NMOG measurements except for the

relative reactivity weighting.

oxidation catalyst - a catalyst which oxidizes hydrocarbons and CO to CO2 and H O.

oxygenated fuel - a fuel which contains a significant amount of atomic oxygen within its chemical

composition.
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PAFC - acronym for phosphoric acid fuel cell

PEM - acronym for proton exchange membrane

reformulated diesel - diesel fuel with low-sulfur, low aromatic content.

rich - (a.k.a. fuel rich) refers to the condition when not enough 02 is available to burn the fuel to CO2

and H20. (see also stoichiometric and lean)

SCAQMD - acronym for South Coast Air Quality Management District (southern California)

SCRTD - acronym for Southern California Rapid Transit District

SI - acronym for spark ignition

SO, - sulfur dioxide

SOFC - acronym for solid oxide fuel cell

stoichiometric - refers to the amount of air used to burn the fuel; stoichiometric mixtures contain just

enough air to completely bum the fuel (producing CO2 and H20) without any excess 02. (see also
lean and rich)

SwRI - acronym for Southwest Research Institute

THC - acronym for total hydrocarbons

three-way catalyst - a catalyst which simultaneously oxidizes hydrocarbons and CO to CO2 and H20
and reduces NO to N2 and O0..




