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ABSTRACT

Alternative fuel use is becoming more popular within the United States,
especially in transportation applications. In bus transit, conventional diesel is the most
heavily used fuel. However, since the Energy Policy Act of 1992, transit agencies
have been implementing more alternative fuel buses within their bus operations. The
Act listed eight fuels to be designated as alternatives: ethanol, methanol, propane,
natural gas, electric, biodiesel, hydrogen, and p-series (added in 1999). The effect of
using a particular fuel has not been fully discovered. A comparative analysis is
conducted in this thesis to evaluate alternative fuel and conventional diesel buses
within a bus transit scenario.

Several parameters are considered when evaluating a certain fuel. The
parameters are safety, reliability, serviceability, maintainability, infrastructure, fuel
economy, and environmental effects. The alternative fuels are analyzed and compared
with No. 2 diesel by examining case studies and traffic simulation software. The fuels
that are analyzed are E95 (95% ethanol, 5% Diesel), M100 (100% Methanol),
Compressed Natural Gas (CNG), Liquefied Natural Gas (LNG), Hydrogen, B20 (20%
Biodiesel, 80% Diesel), and Hybrid-Electric. Given the results of the comparative
analysis, data is available to transit agencies, government bodies, and fuel and bus
providers on the efficiency of the different fuels to operate along a bus transit network.

Case studies have been conducted by the National Renewable Energy
Laboratory (NREL) and Department of Energy (DOE). They have run an alternative

fuel bus along the same route as a diesel control bus. The results reflect differences in



vehicle failure rates, maintenance and fuel costs, and environmental effects. Once the
data is collected, each alternative fuel is compared in terms of bus operations. For
example, the high capital costs associated with a hydrogen fuel cell bus are weighed
against its efficient fuel economy and zero emissions capabilities.

The data from the case studies can further be analyzed in this thesis by
applying it to traffic simulation software. The CORSIM software is utilized to model
a bus using a particular fuel. Each fuel is compared on the same network, and changes
within the network are made to establish the distinction between the capabilities of
each bus. Tests are employed that illustrate changes in volume, number of stops,
headway, and city versus highway travel. The results demonstrate how alternative fuel
buses compare to diesel buses in terms of travel time, delay, speed, fuel economy, and
emission rates.

Transit agencies, government bodies, and fuel and bus providers can use
the results of traffic simulation software to determine which type of fuel to develop or
implement. The software allows these groups to take information from real-world
experiments and apply it to a computer model that replicates any type of network.
After weighing each of the parameters, it is clear that the alternative fuels have the

capability of outperforming a conventional diesel bus.

xi



Chapter 1

INTRODUCTION AND PURPOSE OF STUDY

This chapter provides background information on conventional diesel and
alternative fuels. Statistics of usage and recent trends are shown in order to explain
why a comparative analysis of the fuels is necessary. With the world’s energy needs at
the forefront of our society, it is important to evaluate the types of options that are
available for the world’s energy future.

The overuse of gasoline, diesel, and other fossil fuel products within
transportation has led to serious national and international environmental issues, as
well as energy security matters that have led to political chaos and rising energy prices.
Greenhouse gases and ground level ozone production have both increased dramatically
over the past 50 years, and shortages and shocks in the oil industry have resulted in
rising fuel prices.

The increasing amount of carbon dioxide (CO,) which has entered the
atmosphere and accelerated global warming can be traced to the burning of fossil fuels
used to produce gasoline and diesel [1]. Carbon dioxide, nitrous oxide (NOy), and
methane are three by-products of diesel, and are three main attributers to Greenhouse
Gases (GHG) [2]. Alternative fuels produce a considerably smaller amount of
emissions of GHG and other toxins such as carbon monoxide, particulate matter, and
hydrocarbons [1].

Energy security can be achieved through less dependence on fossil fuels

and a switch to alternative fuels. The U.S. imports approximately 13 million barrels



per day of crude oil and petroleum products compared to 1 million exported, thus
creating an imbalance between its foreign and domestic markets [3]. A switch to
alternative fuels will allow local economies within the U.S. to grow, since the
alternatives can be produced domestically. Also, fossil fuel reserves are depleting, and
it is estimated that the reserves will be completely exhausted within the next century
[4]. Relying on domestically produced resources will also limit the risk associated
with importing an excessive amount of fuel from foreign nations since the domestic
market will tend to be more predictable overtime.

As aresult of these issues, the EPAct of 1992 recommended that the
United States should begin experimenting with alternative fuels for transportation
needs. The Act established fleet percentage requirements for government fleets
mandating that a certain amount of the vehicles run on alternative fuels [5].

Now that alternative fuel buses are expected to become more prevalent
within public transportation, there must be a method to model these buses within a
network. The model must be able to evaluate fuel economy, emission rates, travel

times, and other parameters that are associated with bus operations.

1.1 Scope

The alternative fuels and conventional diesel are compared within the
limits of public transportation, mainly bus operations. Diesel, biodiesel, CNG, LNG,
ethanol, methanol, hybrid-electric, and hydrogen will be discussed later in the chapter.
Only alternative fuels in which reliable data has been collected within bus transit are
used. General recommendations are provided for the fuels based on the comparative
analysis. The following parameters are evaluated: safety, reliability, serviceability,

maintainability, infrastructure, fuel economy, and environmental effects.



1.2 Problem Statement

Currently, there is a lack of traffic software that can extensively and
efficiently model alternative fuel buses. Transportation programs that can report data
such as fuel economy or emission rates are available; however they are not designed to
replicate a particular fuel. Similarly, there are few programs that allow the user to
create and evaluate a bus network. Bus stations and their resulting impacts on the
traffic conditions can be modeled. However, once a bus is placed into operation, it
must be known how effectively the bus can provide the transportation service.
CORSIM allows the opportunity to fully model a bus operation on any type of
network. Furthermore, although CORSIM does not allow the user to explicitly enter
the fuel type, input data can be manipulated in order to represent a particular fuel that a

bus is using.

1.3 Purpose and Objectives

The purpose of this thesis is to provide accurate information describing the
effectiveness of a particular fuel for a bus operation. It is not necessarily intended to
declare an optimal fuel to implement, rather, this thesis will provide a means of
comparing different types of fuels within a particular bus network. The thesis will

answer the following questions:

1. How do the alternative fuels compare to diesel in terms of
safety, reliability, serviceability, maintainability, infrastructure,
fuel economy, and environmental effects?

2. How can a traffic simulation program be used to develop
reliable data for an alternative fuel bus?

3. How can the network within the software be adjusted to reflect
the extreme cases (i.e. volume increase/decrease) in which a bus
will be operating?



The comparative analysis is performed using both real-world applications
and theoretical computer networks. In order to provide the analysis, the following

objectives will be met:

1. Obtain data from real-world case studies that compare
alternative fuel and diesel buses.

2. Apply the real-world data to traffic simulation software.

3. Manipulate the input data within the software to represent an
alternative fuel

4. Provide results that accurately reflect bus operations with
changes in the network.

The intended audience of the comparative analysis is transit authorities,
fuel developers, and government agencies. These three groups are directly associated
with potential to implement alternative fuel buses into transit systems within the
United States at a faster rate.

City transit authorities are beginning to push for more programs utilizing
alternative fuels. Some cities have recognized the need to switch from diesel to
alternative fuels in order to operate their bus system. However, the authorities that are
prepared to make this decision must be fully aware of the different types of alternative
fuels. By reading this thesis, transit authorities can determine what alternative fuel bus
will work the most efficiently within their system.

Fuel developers have been required by the EPAct to develop alternative
fuels and provide a certain percentage of AFVs (Alternative Fuel Vehicles) within

government fleets. These developers must formulate a cost/benefit analysis to



determine which alternative fuel will be most advantageous for its business. Also,
they must be able to determine which fuels can easily be placed into the market for
both short-term and long-term market potential [6].

Since the government agencies are the entities that are requiring
alternative fuel vehicles to be produced, they must be aware of the advantages and
disadvantages of having these fuels on the market. One of the key factors for the
government is the initial costs of the fuels and their infrastructure. Both the suppliers
and users of alternative fuel vehicles must be subsidized for the initial higher costs, as
compared to conventional diesel buses. In order to compete with conventional diesel,
the cost of alternative fuels must be lower. As a result, the federal and state
governments must provide a subsidy to fuel developers in order to encourage them to
maintain a level of commitment for alternative fuels. This thesis will describe several
cost parameters that will make government officials aware of the cost implications of

the fuels they promote.



Chapter 2

BACKGROUND OF FUEL USE IN PUBLIC TRANSPORTATION

Within the United States, public transportation has been evolving in terms
of its applications and fuel use. As technologies advance, faster means of
transportation are being applied, such as high-speed rail and bus rapid transit. As land
use patterns change as a result of urban sprawl, techniques such as demand response
programs are implemented to service an extended society. However, as public
transportation applications and needs change, bus transit remains the most employed
and accessible service [7]. This chapter shows the current trends of services and fuel

use in public transportation and describes the alternative fuels to be analyzed.

2.1 Conventional Diesel in Public Transportation

Buses are the most widely used form of public transportation within the
United States. In 2004, of the 640 transit agencies that reported data to the Federal
Transit Authority (FTA), 471 agencies employed bus operations [7]. Table 2.1 shows
the submission of types of services that transit agencies have been operating since
1991. Bus and demand response operations are the two most widely used forms.
Demand response services can be either a passenger car, small bus, or van that is
dispatched upon the request of a passenger [7]. Although they are not widely used,
vanpools have doubled over the past 14 years. Vanpools operate under a ride sharing
arrangement that provide transportation to passengers from their homes to regular

destinations [7].



Table 2.1 Number of Agencies Reporting to FTA [7]
Number of Agencies Reporting
Commuter Demand Heavy Light
Year Bus Rail Response Rail Rail Vanpool
1991 396 16 331 12 15 21
1992 400 16 340 16 16 26
1993 407 17 363 14 17 26
1994 405 17 378 14 19 27
1995 390 15 370 14 19 23
1996 392 15 376 14 20 27
1997 401 16 390 14 20 27
1998 427 16 408 14 20 32
1999 437 18 413 14 20 40
2000 433 19 416 14 21 42
2001 448 21 432 14 23 43
2002 456 19 423 14 23 42
2003 463 19 433 14 25 47
2004 471 19 441 14 27 43
g’nfgig%i 16% 16% 25% 14% 44% 51%




All forms of transit have been growing as transit agencies are expanding
their operations, resulting in an increasing supply of services to passengers. Figure 2.1
is a graph that shows this trend of growth for each form of transportation based on
Table 2.1. Similarly, the vehicle revenue miles have been steadily growing over the
same time period. Vehicle revenue miles are the miles traveled when the vehicle is in
revenue service [8]. Figure 2.2 shows this trend. Although bus operations are roughly
half of the services supplied in Figure 1, they represent the majority of the vehicle
revenue miles.

A third category in which transit agencies submit data is unlinked
passenger trips. Figure 2.3 shows that the demand side of the transit market is also
steadily growing. Vanpools are not shown on this graph because they are negligible
compared to the other modes. These three sets of data clearly show that the transit
market within the United States is developing. Demand response and vanpool
programs have been increasing at a higher rate over the past 14 years; however bus

operations remain the most widely used.
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2.2 Types of Alternative Fuels

The EPAct of 1992 described seven fuels (P-series added in 1999) that
should be developed for use within the transportation sector [5]. Within this study
propane and p-series are neglected due to limited data on its use and applications.
Therefore, ethanol, methanol, natural gas, hydrogen, electricity, and biodiesel are
explored within the comparative analysis. These six fuels, as well as diesel, are
described in terms of their chemical composition, production methods, and general

physical properties.

2.2.1 Ethanol

Ethanol is an alcohol composed of carbon, hydrogen, and oxygen. The
fuel can be produced by several different processes. The most common process is the
fermenting and distilling of starch crops such as corn, wheat, and barley [9]. The
Midwest has been most suitable for this production method because of its fertile soils
and developed agricultural economy. Another method is known as a cellulosic
biomass process in which trees and grass are converted to sugar [9].

In order to be recognized as an alternative fuel, a mixture of 85% ethanol
and 15% gasoline (E85) is required. In terms of bus usage, the remaining 15% is
composed of diesel. Most bus engines can be designed to accommodate E100,
however as the composition of the ethanol mixture increases, so do the costs.
Mixtures of at least 10% ethanol are desired for vehicle use.

Ethanol is less powerful than diesel, as its energy content is approximately
30% less [9]. It also possesses a higher octane rating which allows a slower and more
controllable fuel burning procedure [10]. As a result, ethanol can be used in high

compression engines, which leads to high fuel efficiency and more power: two
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characteristics suitable for heavy-duty buses, which are continuously accelerating and
decelerating.

Ethanol has a lower flashpoint than No. 2 diesel (14° C as compared to
52° C), which creates a larger fire hazard. The explosion limits for ethanol are 3.3% -
24.5%, which is the suitable volume percentage of ethanol in the air in order to cause
an explosion. The range for No. 2 diesel is slightly lower (0.6% - 6.5%), however a

smaller percentage of diesel is required for an explosion [11].

2.2.2 Biodiesel

Biodiesel is a fatty acid that has similar properties to No. 2 diesel. Similar
to ethanol, biodiesel can be produced from biomass feedstocks. Biodiesel is made
from biodegradable, non-toxic oils and fats. The fats and oils react with alcohol to
produce the fatty acids [9]. Soybeans and soy oils have been the predominant products
used in the production process because of their excess production capacity, product
surpluses, and declining prices [9].

Pure biodiesel is considered an alternative fuel, however blends of B20
(20% biodiesel, 80% diesel) or greater can be used to obtain fuel credits [9]. B20 can
be used in most diesel engines as well as storage and transportation systems without
modifications. Therefore, compared to ethanol and methanol, biodiesel is most
compatible to diesel infrastructure.

Biodiesel’s energy content is comparable to diesel with a ratio of 1.1 to 1.0
[9]. Therefore, larger tanks to store more fuel on-board a bus are not necessary.
Similar to ethanol, biodiesel has a higher octane rating than diesel, making it more
suitable for high compression engines. The flash point of biodiesel is much higher at

149° C allowing it to be safer than diesel because it needs a higher temperature to
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ignite its vapor [12]. Finally, the explosion limits range from 0.6% to 8.0%, which is
approximately the same as diesel, and thus only a small amount of biodiesel

percentage in air will cause an explosion [12].

2.2.3 Methanol

Methanol is a wood alcohol derived mainly from the steam reforming of
natural gas [9]. Therefore, unlike ethanol and biodiesel, methanol is not entirely a
renewable resource because it can be a product of the fossil fuel process. A synthesis
gas is created by the natural gas, and then converted to methanol and water vapor
through a reactor vessel containing a catalyst [9]. This synthesis gas is composed of
carbon monoxide (CO) and hydrogen.

A mixture of 85% methanol and 15% gasoline (M85) is considered an
alternative fuel according to the EPAct of 1992. Few methanol bus programs are in
operation throughout the country. Most efforts are being focused on using methanol to
create hydrogen for fuel cells.

Methanol has 43% less energy content than diesel, therefore more fuel
must be placed on-board a bus in order to have a comparable travel range to diesel [9].
However, methanol has the same octane level as ethanol at 100, which increases its
power in high compression engines relative to diesel. Methanol has a flashpoint of
11° C, which is much lower than diesel, and therefore more dangerous. Finally,
methanol has an explosion limit range of 6.0% to 36.5%, which is larger than diesel’s

range; however, its lower bound is slightly higher [9].
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2.2.4 Natural Gas

Natural gas is a group of hydrocarbons, largely composed of methane
(CHy). Table 2.2 shows a typical composition of natural gas. Natural gas is shapeless,
colorless, tasteless, and odorless, however its combustibility makes it viable as a fuel.
Natural gas can be used as a fuel in either a liquefied or gaseous state.

When natural gas is liquefied, carbon dioxide, oxygen, hydrogen sulphide,
and water are removed. This liquefaction process must take place at -260 °F [14].
LNG is typically stored at 20-150 psi, whereas compressed natural gas must be stored
at 3,000-3,600 psi [9]. Natural gas is produced from gas wells and also as a by-
product of the crude oil process [9]. Although it is not a renewable resource, most of
the natural gas used in the United States is domestically produced. Therefore, it has a
trade-off within energy security. The natural gas can be separated from gas streams
and crude oil and then further processed to reach a more pure form, releasing any
water content, hydrocarbon dewpoint, heating value, and hydrogen-sulfide content

through dehydration and gas sweetening [9].

2.2.5 Hydrogen

Hydrogen (H») is the simplest and most abundant element [9]. It occurs as
a gas in nature, however it never occurs alone. However, because of its abundance, it
can be extracted from a variety of other fuel sources, such as coal, oil, nuclear energy,
natural gas, biomass, and water [9].

Two of the most common techniques currently employed to produce
hydrogen are steam reforming of gas and electrolysis [14]. Although steam reforming
is not used to produce hydrogen as a vehicle fuel, it is the most cost-effective

production method. The electrolysis of water however can be used to create hydrogen
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as a fuel. Electrolysis splits water into hydrogen and oxygen by passing an electric
current through water to separate the atoms (2H,0 + electricity = 2H, + O,) [14].

Hydrogen has a lower energy content than conventional diesel. As a gas at
3,000 psi, its energy content is 6,500 Btu; at 10,000 psi, its energy content is 16,000
psi. By contrast, in a liquid state, only at 30,000 psi can it reach an energy content of
16,000 Btu. The flammability limits of hydrogen encompass a large range; a lower
bound of 4.1% up to a higher bound of 74%. A wide range of volume % in the air can
certainly decrease the safety of the fuel. Also, its autoignition temperature ranges from
1,050-1,080 °F [9].

Fuel cells are being used as a viable transportation energy source. Several
fuels can be used to produce the hydrogen, such as natural gas or methanol, however,
if pure hydrogen is used, only water and heat are emitted, therefore creating a zero-
emissions vehicle [9]. Figure 2.4 shows a hydrogen fuel cell.

Essentially, hydrogen, or a hydrogen-rich fuel, is fed to the anode in order
to separate negatively charged electrons from positively charged protons. At the
cathode, oxygen combines with electrons, resulting in water or hydroxide ions. The
electrons from the anode are restricted from traveling through the electrolyte to the
positively charged cathode. Instead, the electrons travel through an electrical circuit in

order to reach the other side of the cell, thus resulting in an electrical current [9].
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Table 2.2 Chemical Make-up of Natural Gas [13]
Compound Chemical Formula Percentage
Methane CH, 70-90%
Ethane C,H¢
Propane C;Hg 0-20%
Butane C.Hio
Carbon Dioxide CO, 0-8%
Oxygen 0O, 0-0.2%
Nitrogen N, 0-5%
Hydrogen Sulphide H,S 0-5%
Rare Gases A, He, Ne, Xe Trace
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2.2.6  Hybrid-electric

Electricity can be stored on-board a vehicle through batteries which are
used to generate power. While the other alternative fuels utilize chemical energy
through the combustion process, electricity uses mechanical energy to run an electric
motor. Hybrid systems are commonly used, which run on both electricity and diesel.
The electric motor can be utilized during heavy acceleration, while the diesel fuel can
be used when the vehicle is cruising.

Electricity for vehicles can be produced from existing utility grids.
Currently, most electricity used is produced from the petroleum or nuclear power
processes, thus resulting in a high level of emissions [1]. However, electricity can also
be produced from solar or wind power. If this electricity is utilized, a dedicated
electric vehicle would have zero emissions. However, typically in transit, electric
vehicles are hybrids, and therefore run on diesel.

Batteries on-board the bus must be charged, and recharge times are
dependent on the type of battery being used. Finally, some batteries, such as lead-acid
batteries, have a relatively low energy density, and more batteries are required to be
on-board the bus, resulting in increased weight [16]. Batteries have an associated life-
cycle and require replacements more frequently than other fuel systems [16].

Since it is an electrical system, there are no flammability limits or
autoignition temperature for an electric vehilce. However, since most bus applications
of hybrid systems run on diesel fuel, the properties of diesel are applicable and should

be addressed.
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2.3 Conventional Diesel and Alternative Fuel Use

The most common source of fuel used in bus transit has been No. 2 diesel.
Since 1996 transit agencies have been reporting the type of fuel used for each service
to FTA. For example, in terms of total gallons of fuels used, in 2004 diesel was 68%
of the mixture for all transit modes and 80% of the mixture for bus transit [7]. This
percentage has been decreasing since 1996, especially in bus transit. Figure 2.5 shows
the decrease in the amount of diesel being used from 1996 to 2004 compared to the
increase in total fuels being used as a result of increased service.

Figure 2.5 shows that as the amount of fuel being used is increasing, the
percentage of the total fuel that is composed of diesel is decreasing. Thus other types
of fuels are becoming more popular not only in public transportation overall, but bus
transit specifically. Since bus transit is the largest market for public transportation,
this concept is very important. In 2004, over 81% of all diesel fuel used in public
transportation was used in bus transit [7]. This number is diminishing as the transit
fuel mix attempts to strive for balance. The intense use of diesel has led to two issues
that were addressed in the Energy Policy Act of 1992: energy security and
environmental effects. As a result of the high demand for diesel fuel, any shortages in
supply will result in large price increases. Also, as described earlier, the pollutants

emitted by diesel fuel directly contribute to the greenhouse effect.
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Figure 2.5  Fuel use in Bus Transit. Overtime, the dependence of diesel
fuel within bus transit has been alleviated by the use of other
fuel sources [7].
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Since 1996, the Federal Transit Authority has also kept records of the
amount of alternative fuels used in the transit fuel mix. LPG, LNG, CNG, and electric
have all been consistently growing since 1996 in terms of gallons consumed. Within
this section, kilowatt-hours used by the electric buses are converted to an equivalent
gallon of diesel. Ethanol and methanol were large contributors in 1996, but their use
has dramatically decreased. Not until 2002 did a transit agency report biodiesel use.
However, since then it has grown by 63% [7]. Figure 2.6 shows the trend of
alternative fuel use in bus transit since 1996. The percentages represent the proportion
of gallons used in the total fuel mix. Alternative fuel use saw its largest increase in
2002, as it increased by 28% from the previous year [7]. Coincidentally, in this same
year, diesel use saw its largest drop, as it decreased by 5.4% since the previous year.

In 1996, alternative fuels only made up roughly 6% of the fuel mixture [7].
Figure 2.7 shows the proportion of alternative fuels within this 6%. At the time, CNG
vehicles dominated the alternative fuel transit buses. Alcohol buses, methanol and
ethanol, were used heavily relative to other alternative fuels, however this application
would quickly decline. Figure 2.8 shows a snapshot of the proportion of fuels within
the alternative fuel mix in 2004. In 2004, alternative fuels comprised nearly 20% of
the fuel mix [7]. However, ethanol and methanol appear to have been phased out.
Biodiesel became the popular biomass product. CNG has become an overwhelming
favorite to transit agencies. Table 2.3 shows all the fuels used by transit agencies that
reported data to the Federal Transit Agency. All forms of fuel in the chart have
increased since 1996 except for methanol, ethanol, and conventional diesel. Natural
gas has been the fastest growing fuel over this time period. LNG gallons consumed

increased by 83% while CNG increased by 88% since 1996 [7].
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Figure 2.6  Alternative Fuel Use in us Transit [7]
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Proportion of Fuels in Alternative Fuel Mix in 1996
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Figure 2.7  Proportion of Fuels in Alternative Fuel Mix in 1996 [7]
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Proportion of Fuels in Alternative Fuel Mix in 2004
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Figure 2.8  Proportion of Fuels in Alternative Fuel Mix in 2004 [7]
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Table 2.3  Fuels Use Reported to FTA (Thousands of Gallons) [7]

Year Diesel Gasoline LPG LNG | Methanol Ethanol CNG Kerosene | Biodiesel | Electric | Other
1996 465775 1001 417 2240 7172 3792 10124 0 0 2973 493
1997 463311 1323 845 3229 948 7170 17710 0 0 2965 494
1998 468380 1512 735 2570 800 2719 27256 0 0 2997 638
1999 476648 1081 550 4383 1196 534 33274 0 0 3096 532
2000 489598 1014 604 8733 109 84 42104 0 0 3251 492
2001 491838 1233 980 9775 29 50 51026 0 0 3313 560
2002 468340 1056 1529 14004 1 50 64987 660 774 3340 6018
2003 441738 922 1519 11729 0 35 78200 529 852 3327 122
2004 440518 1440 1382 13166 0 34 85390 634 2123 3417 951




24 Chapter Summary

Although diesel is the most used fuel within bus transit, it is clear that
transit agencies are developing strong efforts to incorporate alternative fuels within
their programs. LNG, CNG, and hybrid-electric are the most popular alternative fuels
used by transit agencies. This is due in large part to the availability of their fuel
systems. Natural gas is prevalent in the United States with a large infrastructure in
place [6]. The cost of the gas is relatively inexpensive compared to the other fuels.
Similarly, hybrid-electric systems have been used over the past half century and the
fuel system components are relatively common within transportation use. The hybrid
systems run on diesel fuel, which provides a lower cost than fully battery operated
system.

In all, LNG, CNG, methanol, ethanol, biodiesel, hydrogen, and hybrid-
electric are sources of energy that can be produced domestically. Although they are all
not renewable resources, they still assist in providing a level of energy security [9].
Through using domestic resources, the United States will no longer have to be
concerned with the risks associated with foreign dependence, such as supply shocks.

Since the chemical composition of the alternative fuels differ from that of
diesel, their properties affect the way in which they operate. The energy content,
flammability limits, and autoignition temperature present safety issues between the
fuels. However, these are issues that can be resolved through proper preventive
maintenance. Aside from the issue of availability and recent trends of growth,
Chapters 3 and 5 will explain how these types of fuels operate within the bus transit

system.
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Chapter 3

COMPARATIVE ANALYSIS I: NREL/DOE CASE STUDIES

With the use of alternative fuels on the rise and the potential for a diverse
fuel market for transit buses, it is necessary to evaluate these alternatives based on
transit applications. Transit agencies must be aware of the advantages and
disadvantages of each fuel if they intend to implement one into their program. A
comparative analysis can be undertaken to achieve this goal. Within this first part of
the analysis, the following parameters will be evaluated: safety, vehicle reliability,

serviceability, maintainability, and infrastructure.

3.1 Safety

Since alternative fuels are not as common, the safety characteristics of
each fuel are not well known. The chemical composition and properties of each fuel
change the way they are handled as compared to conventional diesel. Safe handling
and operating procedures must be adequately addressed in order to prevent serious
health risks.

The toxicity of a fuel is the degree to which the fuel is poisonous [17].
The level of toxicity is dependent upon the form of contact (skin, ingestion, or
inhalation), the time of exposure, and the amount of the fuel [17]. Diesel has a low
toxicity level, unless the time of exposure is high [18]. Small doses could result in
skin or respiratory irritation. Methanol is the most toxic of the fuels being studied.

Ingestion of methanol even at small doses could be fatal. Table 3.1 compares the
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alternative fuels with diesel. Skin irritation is the most common effect of contact with
the fuels. Of course working with a hybrid-electric motor could produce a shock
potential due to electrical charges. Skin contact is less of a problem compared to
inhalation and ingestion. At the point of inhalation or ingestion, serious health
problems may occur, with a potential fatality occurrence. However, with the
appropriate safety procedures, inhalation and ingestion would be unlikely to occur.
Inhalation would occur mainly due to inadequate ventilation within storage facilities.

Their chemical make-up force alternative fuels to operate at lower energy
levels than conventional diesel [19]. Typically, fuels with lower energy content will
be less volatile and therefore present a higher level of safety. Table 3.2 compares the
energy content of the fuels. Biodiesel ranks best in energy efficiency compared to
diesel because its properties are quite similar to those of diesel.

The alternative fuels have considerably higher autoignition temperatures
and flammability limits than diesel, making them more volatile. The autoignition
temperature is the lowest temperature at which a material will ignite without an
external source of ignition [18]. The flammability limit is the concentration of the fuel
vapor in the air in which a flammable substance can produce a fire or explosion when
an ignition source is present [18]. At the upper range, the percentage of the fuel vapor
in the air is too rich to burn, and at the lower range the percentage lacks sufficient fuel
vapor to burn [18]. Therefore, fuels that exhibit a large range of flammability limits
are more likely to cause a fire or explosion. Hydrogen exemplifies this concept, such
that anywhere between 4% and 75% of hydrogen vapor in the air will cause a fire or

explosion if an ignition source is present.
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Table 3.1 Toxicity and Potential Hazards. The effects of skin contact, inhalation, and ingestion are different for each
fuel as a result of their varying chemical compositions [18].
- Hazard
Fuel T
ue oxicity Skin Contact Inhalation Ingestion
Irritation of the upper respiratory tract and eyes, | Irritation of throat, esophagus
Diesel Low Dry Skin & Redness with possible euphoria, dizziness, headache, and | and stomach which may result
respiratory arrest. in nausea and vomiting
Biodiesel Zgg Moderate Skin Irritation Unlikely to be a problem Dizziness, headache, Nausea
Central nervous system effects characterized by
. S .. . May be fatal or cause
Ethanol Moderate | Skin Irritation nausea, headache, dizziness, unconsciousness . .
. N blindness if swallowed
and coma. May cause respiratory tract irritation.
May cause adverse central nervous system Mav be fatal or cause
Methanol | High Moderate Skin Irritation effects including headache, convulsions, and & .
. . . . blindness if swallowed
possible death. May cause visual impairment.
Only excessive prolonged May cause irritation of the respiratory tract. May
LPG None contact can cause skin also cause headaches or dizziness at moderate Unlikely to be a problem
irritation exposures
Only excessive direct Inhalation of high concentrations may cause
LNG None contact with pressurized ce.:nt.ral nervous system de.prf.:ssmn such as Unlikely to be a problem
vapor may cause freeze dizziness, headache and similar narcotic
burn and frost bite symptoms.
CNG Low Unlikely to be a problem High vapor concentrations may cause anesthesia | Unlikely to be a problem
. May cause dizziness, headache, fatigue, and .
Hydrogen | None Unlikely to be a problem difficulty breathing Unlikely to be a problem
Electric N/A Electric shock potential N/A N/A




Table 3.2  General Fuel Characteristics. The energy content, autoignition temperature, and flammability limits provide

safety concerns for each fuel [9].

£3

No.2 | g odiesel CNG K85 Hydrogen | LNG M85
Diesel
Energy 33,000
Content per 128,000- 117,000- e Gas — 65,000 56,000-
Gallon 130,000 120,000 38,000 @ 80,000 @ 3,000 psi; 73,500 66,000
3000 psi
(Btu)
Energy Ratio 3.94 @ 3000
compared to 1.1 psi: 3.0 @ 1.42 N/A 1.55 1.75
Diesel 3600 psi
Autoignition |5, 5 N/A 1350 797 1085 900-1170 851
Temp. (°F)
Flammability
Limits None
(volume % in 0.7-5.0 Known 53-14 33-19 4.0-175 50-15 85-11
air)
Physical State Liquid Liquid Gas Liquid Gas or Liquid Liquid Liquid




3.2 Vehicle Reliability

Once a bus is in operation, it must be able to establish a reliable service. Two
main parameters define reliability: service reliability and vehicle reliability. Service
reliability is a measure of bus operations such as travel time, capacity, and headway.
Service reliability is further discussed in Chapters 4 and 5. Vehicle reliability depends
on the bus’ ability to stay in operation without breaking down [20].

A measure of vehicle reliability is a roadcall, which is an on-road breakdown
that would require a replacement bus to complete the route [20]. However if the bus is
fixed immediately and can then continue the route, a roadcall is not recorded.

Multiple studies have been conducted which document the number of roadcalls for a
particular bus and the reasons for which they occurred. NREL has been collecting this
data in different cities using various alternative fuel buses. Since 1994, studies have
been conducted in Miami, New York, Tacoma, Minneapolis/St. Paul, Peoria, St. Louis
Dallas, Denver, and Palm Springs. Table 3.3 shows these studies and the types of
alternative fuels that were used. Each case study, except for the hydrogen fuel cell,
used diesel control buses along the routes in order to compare the services. The year
in which the report was conducted is used when comparing costs. However, the
studies are referred to by the year in which the report was published. Apart from

ethanol and methanol, each fuel has been studied since 2000.
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Table 3.3 NREL/DOE Case Studies
Fuel City Transit Agency Year Published | Year Conducted
. St. Louis, MO Bi-State 1996 1994
Biodiesel Regional Transportation
Denver, CO District (RTD) 2005 2003
CNG Miami, Florida Metro Dade 1996 1994
New York, NY New York City Transit 2006 2005
Tacoma, WA Pierce Transit 1996 1994
Minneapolis/St. Metropolitan Transit
Ethanol Paul, MN Commission 1996 1994
Peoria, IL Greater Peoria Transit 1996 1994
Hybrid- New York, NY | New York City Transit 2002 2001
electric
2006 2005
Hydrogen | Palm Springs, CA | SunLine Transit Agency 2003 2002
Dallas Area Rapid
LNG Dallas, TX Transit (DART) 2000 1998
Portland, OR Tri-Met 1996 1994
Methanol Miami, Florida Metro Dade 1996 1994
New York, NY Triboro 1996 1994
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The roadcalls are broken down into two categories: total roadcalls and
engine/fuel system related roadcalls. The engine/fuel system roadcalls relate to the
engine, fuel system, electrical, ignition, engine cooling, and exhaust systems, where as
total roadcalls incorporate door failures, wheelchair lift failures, or any other problem
not specifically related to the engine or fuel system [21]. Figure 3.1 shows the total
roadcalls per 1,000 miles for the alternative fuel and diesel buses. The shaded bar is
the alternative fuel and the non-shaded bar is the diesel control bus on that route. The
St. Louis and Palm Springs studies did not include roadcall data. It must also be noted
that in Peoria, a switch from E95 to E93 took place in order to save costs. However,
the roadcall data is still listed as one set of data.

In general, the alternative fuel buses were as reliable as the diesel control
buses. However, for three of the cases, the alternative fuel buses were considerably
outperformed by their diesel counterparts. The CNG buses in Miami had roughly 4
times as many roadcalls as the diesel buses. Most roadcalls were directly related to the
fuel system, and because of the low mileage of the buses, they often ran out of fuel
along the routes [21]. The hybrid-electric buses in New York in 2002 experienced
roadcalls mostly related to the electric propulsion system [22]. However, this issue
has been corrected in 2006 with considerably less roadcalls. In contrast, in the
Portland case, the LNG buses failed mostly because of body system rather than

fuel/engine related systems [21].
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Although it cannot be directly compared, the hydrogen fuel cell bus in Palm
Springs was out of service 29% of the time that it was available for service [23]. This
is a significant percentage, and could be expected with a relatively immature
technology. Unfortunately, the number of roadcalls for the hydrogen bus was not
recorded in the report.

Figure 3.2 shows the roadcalls related to the fuel/engine system. In this case,
the diesel buses outperform the alternative fuel buses in all but two cases. This graph
shows the reliability of the buses is largely dependent on the type of fuel used, and in
most cases diesel fuel and its engine components are more reliable. However, the CNG
buses in 2006 have fewer roadcalls per 1,000 miles than the diesel buses, and in the
hybrid-electric case in New York roadcalls are identical. This merely shows that
overtime, as technologies improve and lessons are learned from previous programs,
the alternative fuel buses can be at least as reliable as diesel buses. Similarly, the
Dallas LNG buses in 2000 have fewer roadcalls per 1,000 miles than the Portland
LNG buses from 4 years earlier. Table 3.4 shows the major causes for roadcalls for
each type of fuel. Hydrogen, as expected since it is a new technology, had several
roadcall instigations. The causes for roadcalls in the biodiesel study were not

recorded.
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Table 3.4 Causes of Roadcalls Recorded in Case Studies

Fuel Causes of Roadcalls
CNG Running out of gas, non-lighting electrical
Ethanol Fuel filter plugging

Hybrid-electric Electric Propulsion,

Air Intake
Battery management,
Hydrogen Fuel cell cooling system,
DC-DC converter adjustment
LNG Fuel leak detection system
Methanol Fuel filter plugging
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In terms of vehicle reliability, the diesel bus remains the best option. The
technology is fairly advanced and therefore breakdowns are less likely to occur.
However, since biodiesel can be used in diesel engines with few modifications, it too
has a very reliable fuel system [24]. The roadcall rates in Denver show that there were
fewer breakdowns by biodiesel buses. However, the data does not distinguish between
engine/fuel systems related roadcalls. The CNG and hybrid systems in New York also
had fewer roadcalls than their diesel counterparts. In all, these types of fuels, which
have comparable characteristics to diesel engines, appear to be the most reliable buses

in terms of roadcall rates.

3.3 Serviceability

Once a bus is in operation it must be serviced in order to prevent a
breakdown or failure. This preventive maintenance process defines the serviceability
of the bus. Through the case studies that report roadcalls, serviceability measures can
be taken in order to prevent roadcalls from occurring. As a result of their more
complex features, alternative fuel buses must be checked more often and more
thoroughly than conventional diesel buses [19]. There are a number of different tasks
that must be performed to warrant a safe and usable bus.

For the alcohols, methanol and ethanol, special attention must be paid
to the glow plugs and fuel filter plugs. Most roadcalls in the case studies are a result
of the plugs allowing contaminants into the fuel composition [21]. Also, ethanol and
methanol are susceptible to fire hazards. Checks for leaks must be conducted
constantly since methanol will burn with an invisible flame and ethanol with a slightly
luminous flame [19]. To ensure that the vapor in the alcohol tank does not ignite,

flame arrestors must be installed on the tank filler neck and vent [19].
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On CNG buses, the fuel pressure must be checked to ensure that no leaks
will occur. It is important to note that all CNG cylinders should be turned off and the
fuel system must be depressurized during leak inspection [19]. As for the LNG buses,
special attention must be paid to methane levels to ensure that no methane leaks have
occurred [19]. The alcohol and natural gas buses also must have properly working on-
board fire systems for safety concerns [19].

In terms of the fuel cell buses, the fuel cell operating temperature, system
voltage, tank pressure, and tank vents and overflow lines must receive special attention
during routine inspections. Typically, the most common cause of breakdown is a
result of the propulsion system [23]. Since it is the latest technology in alternative
fuels, it can also be the most sensitive to failures.

Similar to hydrogen buses, the main concern with hybrid buses is the
electric propulsion system. Electric motor, generator, and battery repairs can be
extremely expensive [25]. Therefore, it is necessary to ensure that these systems are
operating at the appropriate capacity. Batteries will typically have a shorter life-cycle
than a diesel engine, and it is essential that the full cycle is achieved in order to limit
repairs and replacements.

Biodiesel preventive maintenance is similar to that of diesel because of the
small differences in their engine/fuel systems. However, it is essential to maintain the
appropriate composition of biodiesel/diesel blends in order to prevent filter plugging

and achieve the maximum amount of energy from the fuel.
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3.4 Maintainability

Once a bus has broken down, there is a cost associated with its repair. The
NREL/DOE studies have also recorded the vehicle maintenance costs. Since the
studies were conducted over the past decade, an inflation calculator can be used to
normalize the costs. In this analysis, the cost will be listed in 2005 dollars and the
calculation will be made with an inflation calculator provided by the Federal Reserve
Bank of Minneapolis [26]. The costs for each study are taken from the year in which it
was conducted. Similar to the roadcall data, the engine/fuel system related costs are
documented separately from the total maintenance costs. It should be noted that transit
agencies differ in their maintenance operations, and therefore it is more important to
compare the alternative fuel to its diesel counterpart [21].

Figure 3.3 shows the engine/fuel system related maintenance costs per
1,000 miles. Relative to its diesel counterpart, the New York hybrid case has the
highest costs. However, the number of roadcalls decreased in the 2006 case. Only the
biodiesel case in Denver was able to outperform the diesel buses. This parameter
gauges the immaturity of the alternative fuel engine systems. Breakdowns occur more
frequently and the parts and equipment are relatively expensive. Figure 3.4 shows the
total maintenance cost for the bus operation. In this case, the alternative fuels are
competitive with the diesel control buses. Four out of the 12 cases result in more
expensive maintenance for the diesel control buses. These two graphs show that the
gap between alternative fuels and diesel in terms of maintenance cost is dependent
upon the engine/fuel system. Alternative fuel buses experience more engine/fuel
system related roadcalls, requiring increased maintenance using expensive parts and

equipment that are not as easily available as diesel engine parts.
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3.5 Infrastructure

The additional infrastructure costs to be analyzed in this section are fuel
cost and bus cost. The fuel cost will be provided as a fuel cost per 1,000 miles of
service for the case studies. Therefore, it is not a cost per gallon value since fuel costs
vary in different regions of the country. Instead, this cost will also take into account
the miles traveled by the bus. The bus cost will be for a standard 40 foot bus, which

was used in each study.

3.5.1 Fuel Cost

The case studies were conducted over a ten year period, and therefore
there will be a large variance in prices. Figure 3.5 shows the fuel cost per 1,000 miles
in the year of the actual study. The alternative fuel is compared to its diesel
counterpart. Only the hybrid case has a fuel cost lower than its diesel counterpart [22].
The hybrid systems run on diesel as well as batteries, therefore the fuel cost can be
expected to be comparable to their diesel control buses. In this figure it not important
to compare year to year values, rather to compare the alternative fuel to its diesel
control bus. As expected, in all cases except the hybrid, diesel is cheaper.

In order to attempt to normalize the costs in Figure 3.5, the costs can be
converted to 2005 dollars using the appropriate inflation rates. The inflation calculator
provided by the Federal Reserve Bank Minneapolis can be utilized [26]. Figure 3.6
shows the results. All costs are in 2005 dollars. However, there is not a significant
change in costs between the alternative fuels. The CNG and hydrogen buses in 2005
remain the most expensive. After converting the 1994 CNG costs, they are
significantly lower than the 2000 New York case. The 1994 test was conducted in

Tacoma, Washington, and therefore it is still safe to assume that comparing costs for
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fuels between case studies is difficult because of varying fuel prices in different
regions of the United States.

The hydrogen technology is relatively new which explains its high cost.
Studies have only recently begun to collect data on the costs for fuel cell buses. This
is the main disadvantage of implementing fuel cell buses into transit operations. The
fuel cell buses, as will be shown in Chapter 5, are very efficient along bus routes
compared to the other fuels. However, it is the extremely high costs which
overshadow their potential in bus transit. In this section, data from a study in Santa
Clara, California is used because the SunLine Transit Agency did not provide fuel or

bus costs. The Santa Clara costs are significantly high as seen in Figures 3.5 and 3.6.
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3.5.2 Bus Cost

Incremental costs to purchase an alternative fuel bus are very important to
transit agencies. Figure 3.7 compares the real costs of the alternative fuel buses with
their diesel counterparts from the case studies. Hydrogen is not included in the figure,
because of its tremendously high cost. The study in Santa Clara used fuel cell buses
with an average cost of $3.5 million [27]. The diesel buses are cheaper except for
three cases in the figure. Biodiesel can be run in a diesel engine with little
modifications, and therefore the price is similar. LNG and CNG buses were more
expensive in 1994 than their diesel control buses, however, overtime as the production
process became more efficient, and the cost of the bus relative to diesel is cheaper.

Figure 3.8 attempts to normalize the costs in 2005 dollars. An average
cost for all the diesel buses was determined using each study, and set as the baseline
value. The hybrid bus is the most expensive, which is expected because of the higher
costs of its batteries and electric propulsion systems. However, the remaining buses,
other than hydrogen, have prices that are comparable to diesel. At most there is a
$50,000 increase in cost. However, as more buses are produced, the production costs

are expected to decrease, and therefore the cost of the bus will also decrease.

48



Bus Cost

450,000

400,000 -

350,000 -

300,000 -

250,000

Dollars

200,000

150,000

100,000

50,000

0

O o I
S S

O o> O &
s & s & &

Figure 3.7 Bus Cost

0 Alternative Fuel

49




Bus Cost (2005 Dollars)
500000
450000
400000 1 Diesel - $308,000
350000
300000
4
=
8 250000
8
;5
200000
150000 -
100000 -
50000
0 ‘ . . .
LNG CNG Ethanol Methanol Biodiesel Hybrid
0 Alternative Fuel [ ] Diesel

Figure 3.8 Bus Cost in 2005 Dollars

50



3.6 Chapter Summary

Conventional diesel remains one of the safest options. The small range of
flammability limits keeps it from igniting easily when its vapor mixes with the
surrounding environment. Since it is the predominant fuel, its fuel/engine system is
very familiar in terms of service and maintenance. Therefore, its roadcall rates will be
low relative to other fuels. Only the CNG buses from the case studies had a
comparable roadcall rate per 1,000 miles. The maintenance costs for diesel will be
relatively lower because the engine parts and equipment are produced at a lower cost.
Similarly, the bus cost is cheaper relative to the other fuels. In terms of fuel cost,
diesel was cheaper in every study except for the hybrid case, which ran partially on
diesel fuel as well. Diesel fuel prices can vary from one region of the country to the
next, however, it is clear that diesel fuel prices are continuing to rise as the price of
distillate fuel increases [3].

Within this study, biodiesel is comparable to diesel fuel since it is a blend
composed mostly of diesel. It does have a very low toxicity, however, its unknown
autoignition temperature and flammability limits could pose a safety hazard. The total
roadcall rate was comparable to diesel, however, the engine/fuel system roadcalls were
not recorded. Since a blend of B20 can run in a diesel engine, it is safe to assume that
it will have similar engine/fuel system related failures. Maintenance and bus costs are
expected to be similar to those of diesel and therefore relatively low. Although a large
portion of the mixture is diesel, biodiesel fuel is more expensive because of the higher
cost associated with biodiesel production [9].

The natural gas buses have low levels of toxicity, however a larger range of

flammability limits than diesel. In two out of three CNG studies, the CNG buses were
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able to outperform diesel in terms of engine/fuel system related roadcalls. In contrast,
the LNG buses were outperformed by their diesel counterparts. However, in terms of
maintenance costs, the natural gas buses were comparable to diesel, since most
roadcalls required relatively routine maintenance procedures. In terms of fuel cost,
natural gas is also comparable to diesel since it is a prevalent fuel used in the United
States. The bus cost can be expected to be slightly higher than diesel because larger
storage tanks are needed on-board the bus.

The studies for the alcohol buses are the oldest studies, and therefore the data
may not reflect the latest technologies. Ethanol and methanol are more toxic than
diesel, and therefore present a larger safety hazard. Methanol is the most toxic of the
fuels as handling should be conducted with extreme caution. Roadcall rates were
comparable for the ethanol buses, since ethanol blends can run in a diesel engine with
few modifications. However, the methanol buses experienced a higher roadcall rate
than their diesel counterparts. The maintenance costs associated with the alcohol
buses were higher than diesel, especially for the engine/fuel system costs. Similarly,
as the cost was the defining characteristics for the alcohols, their fuel costs were
relatively high as well. Fortunately, the bus cost for alcohols is comparable to diesel
because similar on-board tanks can be used.

Aside from the electric shock potential, the hybrid system is relatively
safe. The hybrid buses were very reliable as the technology improved from studies
made in the previous years. However, maintenance costs were high because most
roadcalls were associated with the expensive electric propulsion system. The fuel cost

for hybrid buses was low since they also ran on diesel. In contrast, the bus cost for a
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hybrid bus will be higher because of the cost associated with its electric propulsion
system.

Although hydrogen is not toxic, its large range of flammability limits
presents a safety hazard. The case study for hydrogen did not provide a significant
amount of data. Roadcall rates were not documented, however, the bus was out of
service almost 30% of the time. The causes of roadcalls were reported, and the
hydrogen bus experienced a wide range of issues related to the engine/fuel system.
Since it does require an electric propulsion system, similar to the hybrid bus,
maintenance cost can be expected to be high. As previously mentioned, the bus and
fuel costs are extremely high. These two key costs provide the challenge in

implementing a hydrogen fuel cell bus within a bus operation.
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Chapter 4

INTRODUCTION TO CORSIM SOFTWARE

Data is taken from the NREL/DOE studies and applied to traffic
simulation software. CORSIM software is used to provide the simulation [28]. Once
the simulation process is complete for each type of bus, the service reliability, fuel
economy, and environmental effects of each type of fuel are compared. However,
before this simulation is performed, the CORSIM software is modified in order to

represent a particular fuel that a bus is using.

4.1 Parameters Analyzed and Evaluated

As mentioned, the parameters used in this analysis are service reliability,
fuel economy, and environmental effects. After the bus data is entered into CORSIM,
a series of tests, or simulations, are conducted in order to compare the fuels in terms of

these parameters. The comparative analysis is conducted in the next chapter.

4.1.1 Service Reliability

The reliability parameter encompasses two concepts: service and vehicle
reliability. Vehicle reliability was discussed in Chapter 3, and focused on the
reliability of the bus itself. Service reliability, however, focuses on the service, or
operations, provided by the bus along its specified route. Therefore, the travel time,
delay time, and average speed of the bus are the main elements provided by the

service. These three elements are directly related to the headway of the bus service.
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The headway is the amount of time between bus arrivals at a station. Typically,
headway is predetermined for a bus service. The fleet size, or number of buses, is
determined from the headway and travel time.

In this analysis, the main parameters for comparison within service
reliability are travel time, D/T (Delay/Travel Time), average speed, and the fleet size.
Travel time is the amount of time it takes the bus to traverse the entire route and will
be expressed in minutes. D/T is percentage of time that the bus is delayed, or the
percentage of time that the bus is not moving while on the network. The average
speed is an average of all speeds collected on each link throughout the network and is
expressed in miles per hour (mph). Finally, the fleet size is the number of buses

needed by a transit agency in order to provide the service.

4.1.2 Fuel Economy

The fuel economy of the bus is relatively straight forward. It is the
number of miles that can be traveled by the bus per gallon of fuel. The gallon of fuel
is a No.2 diesel gallon equivalent since the fuels each possess different energy

contents. This parameter is expressed as miles per gallon (MPG).

4.1.3 Environmental Effects

Perhaps the most common parameter used when comparing alternative
fuels is the environmental effects. In this analysis, three types of emissions are
compared: hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides (NOy).
These three are selected because they are the only emissions that can be measured

within CORISM [28]. They are expressed in grams per mile.
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4.2 CORSIM Software

CORSIM is a traffic simulation program produced by the Federal
Highway Administration [28]. Within the software the user can create a network in
order to model traffic behaviors. Surface and freeway networks can be created which
encompass a wide range of variables such as signal timings, traffic volumes, and
roadway geometry. Most importantly for this analysis, CORSIM can also model a bus
network. Bus data, such as its length, occupancy, headway, fuel economy, and
acceleration and deceleration rates can be explicitly entered [28]. Bus station data can
be entered in terms of capacity, dwell time, and location [28]. A network can be
created along a corridor or throughout a city network in order to determine various
levels of output. Given the network and conditions such as volumes or number of
stops, CORSIM provides output such as travel time, delay, speed, fuel economy, and
emission rates. The output is given for each link, allowing the user to analyze
specifically where delay or the lowest speed may occur. CORSIM is quite detailed in
terms of the output, and therefore is an appropriate tool for this analysis.

Unfortunately, CORSIM does not differentiate between the types of fuels
that a vehicle is using. There are default values that report data such as fuel
consumption and emission rates. However, the code within CORSIM can be
manipulated in order to represent a particular fuel. The objective is to determine what
types of characteristics that are related to a fuel type will change how the bus operates.
Four parameters that CORSIM allows the user to change that have a direct effect on
the bus operation are fuel consumption, emission rates, acceleration rates, and dwell
times.

Fuel consumption and emission rates can be entered into the software

dependent upon the speed and acceleration or deceleration rates of the vehicle. Thus
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for a given speed and acceleration rate, the user can input the fuel consumption
(gal/sec) or emission rate (gram/sec) of Hydrocarbons (HC), Carbon Monoxide (CO),
or Nitrous Oxide (NOy) [28]. For a given network, CORSIM will then produce output
of the actual fuel consumption and emissions rate that occurred throughout the
network. These rates are listed for every link in which the bus traveled.

Similarly, acceleration rates can be entered as a function of speed. They
are entered for speeds from 0-110 feet/sec at 10 ft/sec intervals. The acceleration rates
have a direct effect on the speed in which the bus in which along the links. Therefore,
travel time and delay associated with the constant acceleration form a bus station or a
signal will be dependent on the inputted acceleration rates.

Dwell times can be established depending on whether the bus is low-floor
or high-floor. The bus station data can be explicitly manipulated in terms of the
amount of time the bus spends at each station. Within CORSIM, this time variable
typically depends on the arrival rates of the passengers. However, in this analysis, this
time will depend on whether the bus is low or high-floor. This will have a direct effect
on the travel time that the bus experiences throughout the network.

It is assumed that within CORSIM the fuel and emission characteristics
are intended to represent diesel. However, even the diesel fuel input data is updated
based on the case studies. The software was originally developed in 1995; however,
since then there have been improvements in diesel bus efficiency. Similarly, due to
environmental standards, new technologies have been adopted that require diesel buses
to emit fewer pollutants. This data input process is discussed in more detail later in the

chapter, as the diesel bus input data is examined.
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4.2.1 CORSIM Models

Two types of networks are utilized within CORSIM. One is a model that
is provided with the program (CORSIM City) and the second is a model that has been
created to replicate the campus of the University of Delaware [28]. CORSIM City is a
much larger network that encompasses both surface and freeway networks. The
campus network is on a smaller scale and only utilizes a surface network. The model
uses a bus route on the University campus. The route is the South Chapel/Wyoming
Road route which runs primarily on the east side of the campus [29].

Although this network is based on an actual University bus route, it does
not entirely replicate the real-world conditions. The links in which the bus travels, the
link lengths, bus stop locations, and intersection control are consistent with the actual
route. However, other parameters such as volumes, lane geometry, signal timings and
phasing are not consistent with the actual conditions. Therefore, the network is
designed on a theoretical basis in order to model changes that would normally be fixed
within the real world. Figure 4.1 shows a map of the bus network used on the campus
taken from the University’s website. Figure 4.2 then shows a snap shot of the network
that is created within CORSIM to attempt to replicate the route and the City of

Newark.
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Figure 4.1  South Chapel St./Wyoming Road Bus Route [29]
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The University network has a headway of one bus per 20 minutes [29].
This headway can be explicitly entered into the model. CORSIM requires that each
bus route has a given headway, and thus it is an input value rather than an output.
CORSIM allows the user to input data for the bus characteristics (other than fuel type)
and the bus station characteristics. Figure 4.3 shows two boxes taken from CORSIM
in which data can be entered. The first box is “Network Properties.” There are nine
possible vehicle types and seven performance indexes in the software [28]. A bus is
vehicle type 7 in the FRESIM analysis and vehicle type 4 in the NETSIM analysis
[28]. However, they have the same vehicle properties as represented by the
performance index of 7. This data was not changed, as the defaults were used.
However, it is possible to change the length, occupancy, and maximum deceleration
rate of a bus.

The second box in Figure 4.3 shows the bus station data on a particular
surface link [28]. Here it is possible to input the location along the link, the capacity,
station type, and mean dwell time. The capacity is the number of buses that can be
operating at the bus station at one time [28]. The station type signifies the arrival of
passengers to the station; however, this parameter is ignored in this analysis [28]. The
mean dwell time is the time the bus spends at the station while passengers are boarding
and alighting [28]. This parameter is described later. The bypass percentage is the
percentage of time that the bus will not stop the station [28]. This is set to zero so that
the bus will make every stop.

Figure 4.4 shows the input for the actual bus route. Once stations are
placed along the network, the user must list the nodes in which the bus is designated to

travel. The stations are listed in the order in which the bus will arrive along the route.
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The headway for the buses can be entered within this box as well. In this case, 1200
seconds, or 20 minutes, is entered. CORSIM has a large amount of parameters, and
most parameters can be left as the default values. Other notable parameters within the
network are:

Vehicle Entry Headway — Erlang Distribution

Simulation Duration — 9600 seconds (2 hours 40 minutes: 8 bus trips)

Bus Route Length — 3.5 miles

The CORSIM City network is much larger and therefore a snapshot is not
shown. It uses the same assumptions as those in the campus network other than
headway. In this model, the headway is set at 5 minutes, and as a result 32 bus trips
are made over the course of the simulation. The CORSIM City network has two bus
routes initially established within the network. However, these routes are replaced
with a new bus route which utilizes more freeway links. The purpose of the CORSIM
City network in this analysis is to demonstrate the differences between surface and
freeway travel. The freeway results also incorporate the effect of the ramps as the bus
accelerates and decelerates to the appropriate speeds. Other notable parameters within
the network are:

Vehicle Entry Headway — Erlang Distribution
Simulation Duration — 9600 seconds (2 hours 40 minutes: 32 bus trips)
Bus Route Length — 15.2 miles

Surface — 11.6 miles

Freeway — 3.1 miles

Ramp - 0.5 miles
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4.3 CORSIM Input Data Manipulation

As previously mentioned, CORSIM does not model a particular fuel for a
bus. In order to differentiate between the different types of alternative fuel buses, the
bus input data must be manipulated. Four types of data can be entered into CORSIM
in order to represent a bus using a particular fuel. These four inputs are fuel
consumption, emission rates, acceleration rates, and dwell time. Once these inputs are
entered into the software, a series of test can be conducted with the resulting output of

travel time, D/T, speed, MPG, and emissions.

4.3.1 Fuel Consumption (MPG)

The NREL/DOE studies collected data on the fuel economy of the
alternative fuel buses. Since some of the alternative fuels were used in various case
studies, an average value is taken for the fuel. Unfortunately, a simple MPG input is
not available within CORSIM. Instead, an MPG must be entered based on the speed
and acceleration rate of the bus. The units of the fuel economy also must be converted
to gallons per second. Speed within CORSIM has the units of feet per second and the
MPG must be entered for speeds of 1-110 feet per second. An example for the diesel
bus is shown. From the case studies, an average of 3.54 miles per gallon was

determined for a diesel bus. When the bus is traveling at 1 ft/sec:

1 ft/sec * 1 mile/5280 ft. * 1 gallon/3.54 miles = 5.35%107 gallons/sec @))
This value is then multiplied by 100,000 to be entered into the simulation file because
decimals cannot be entered. This calculation is made for every foot per second up to
110 feet per second. Also, CORSIM requires that this value is entered for a given
acceleration rate (0-10 ft/sec?). For simplicity, the same gallons/second rate is entered

for each acceleration rate. Therefore, the gallons/second rate is the same for both quick
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and slow acceleration scenarios. Table 4.1 shows an example of this calculation
process for the diesel bus as an example. This process is then conducted for all eight
fuels and typed into the simulation file in CORSIM. Table 4.2 shows the MPG used

for this input process for each fuel. These calculations are shown in Appendix A.

4.3.2  Emission Rates

The same process performed with the fuel consumption is done with the
emission rates. For each pollutant, HC, CO, NOy, the grams per second emitted at
each speed is entered for the acceleration rates of 0 ft/sec® to 10 ft/sec’. Emissions
data is taken from the NREL/DOE studies and applied to the software. The data from
the studies is in the units of grams per mile. These rates are converted to grams per
second and entered into the simulation file. Table 4.3 shows an example using the
diesel emission rate for nitrogen oxides. The original value for the NOy emissions
used in the calculation is 30.21 grams per mile. The grams per second value is
multiplied by 1,000 and entered into CORSIM at every speed.

This process is then conducted for all eight fuels and typed into the
simulation file in CORSIM. Table 4.4 shows the emission rates used for this input
process for each fuel. The units are grams per mile. The full calculations are shown in
Appendix B. The hydrogen bus in the studies is a zero emissions vehicle. The LNG
bus has an extremely low HC emissions rate which is too small to enter into CORSIM.
Even though the value of gram/sec is multiplied by 1,000 in order to be entered into
CORSIM, the number is so small there will be no discrepancies for the HC emission

rate of the LNG bus.
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Table 4.1

Example of MPG Calculation

Speed Gallons per second CORSIM Input
1 5.35%107 5
2 1.07*%10™ 11
3 1.61%10™ 16
110 5.86%107 589
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Table 4.2

MPG Input Data

Fuel Miles per Gallon (No. 2 diesel equivalent)
Diesel 3.54
Biodiesel 4.27
CNG 3.20
LNG 2.85
Ethanol 3.25
Methanol 3.00
Hydrogen 11.5
Hybrid 3.05
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Table 4.3 Example of Emissions Input

Speed Emission Rate (grams/sec) CORSIM Input
1 0.00572 6
2 0.0114 11
3 0.0172 17
110 0.629 629
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Table 4.4

Emissions Input Data

HC

Fuel co NOy
Diesel 1.40 6.21 30.21
Biodiesel 1.48 3.90 35.20
CNG 8.38 5.50 12.23
LNG 0 0.234 21.25
Ethanol 7.05 23.15 11.45
Methanol 1.05 6.25 7.35
Hydrogen 0 0 0
Hybrid 0.46 1.73 27.43
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4.3.3 Acceleration Rates

The data for acceleration rates is obtained from both the NREL/DOE
studies and the Altoona Research Center [30]. The studies only report acceleration
rates at certain speeds. However, CORSIM requires that the acceleration rates be
entered for speeds of 0-110 ft/sec at 10 ft/sec increments. Therefore, the data is
extrapolated in order to obtain the acceleration rate at speeds up to 110 ft/sec. The

acceleration rates are based on the figures in Appendix C.

4.3.4 Dwell Time

The dwell times are based on a study published by the Transportation
Research Board. TCRP Report 41 provides data from a national study of dwell times
for low-floor versus high-floor buses. The study explains that on average, a low-floor
bus has a dwell time of 28 seconds and a high-floor bus has a dwell time of 47 seconds
[31]. Out of the eight types of fuels used in the studies, only the hydrogen, hybrid, and

CNG buses are low-floor, and therefore will have a lower dwell time.

4.4 CORSIM Simulation Tests

In order to provide results for the comparative analysis, a series of tests is
conducted in CORSIM. After the input data is entered to represent a particular fuel,
the simulation program is run and the results are used to compare the service
reliability, fuel economy, and environmental effects of the fuels. The tests that are
conducted reflect changes in volume, the number of stops, and headway as well as a

comparison of a surface versus freeway network.

71



4.4.1 Volume Test Description

The first test conducted reflects changes in volumes within the network.
The base scenario uses volumes that result in an MPG similar to the input value of
MPG for each fuel. For example, the network is calibrated such that by running a
diesel bus through the model, the resulting MPG for the bus is close to 3.54.
Therefore, the base scenario has modest volumes; however it is not in a free-flow
regime. The output of the volume test is travel time, D/T, speed, MPG, and emissions.
In order to reflect changes in these parameters, the volumes are increased by 15%,
30%, 40%, and 45%. The volumes are also decreased by 80% to represent the extreme
of a free-flow regime along the network. The volume test is performed on the campus
network and done for all three parameters: service reliability, fuel economy, and

environmental effects.

4.4.2 Stop Frequency Test Description

The second test conducted reflects changes in the number of stops along
the bus route. The actual route used by the University has 12 stops. The software is
run using 6, 9, 12, 15, and 18 stops. The output of the stop frequency test is travel
time, D/T, speed, MPG, and emissions. The stop frequency test is performed on the
campus network and done for all three parameters: service reliability, fuel economy,

and environmental effects.

4.4.3 Headway Test Description

The third test compares the travel time and necessary fleet size with
changes in headway. The software is run using headways of 100, 300, 600, 900, 1200,
1500, 1800, and 3200 seconds. The number of buses is determined from the following

equation:
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N=T/H 2)
In the equation, N is the fleet size, T is the travel time, and H is the headway. The
value of T is normally meant to represent not only the time traveling on the route, but
also the layover time that the bus experiences at the bus facility. This equation is
taken from TCRP Report 41 [31]. For simplicity, T will only represent the travel time
along the route during the entire simulation process. Therefore, the output of the
headway test is travel time and fleet size. The headway test is performed on the

campus network and will be done for only one parameter: service reliability.

4.4.4 Surface vs. Freeway Test Description

The final test conducted reflects changes between surface and freeway
travel. The output of this test is MPG and emissions. The test is performed on the
CORSIM City network and done for two parameters: fuel economy and environmental

effects.

4.5  Chapter Summary

The CORSIM software is used to evaluate the service reliability, fuel
economy, and environmental effects of each fuel. The CORSIM simulation code is
modified in order to represent each particular fuel. Two networks are used to conduct
the analysis: the University bus route and CORSIM City. Four different types of test
are run, reflecting changes in volume, the number of stops, and headway as well as
differences between city versus highway travel. The following chapter performs this

analysis.
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Chapter 5

COMPARATIVE ANALYSIS II: CORSIM SIMULATION

This chapter evaluates the service reliability, fuel economy, and
environmental effects of each bus based on the test described in the previous chapter.
The service reliability compares travel time, delay, average speed, and fleet size. The
fuel economy compares the miles per gallon (MPG). Finally, the environmental
effects compare the emission rates of Hydrocarbons (HC), Carbon Monoxide (CO),

and Nitrogen Oxides (NOy). Figure 5.1 shows a flow chart for the analysis.

5.1 Service Reliability Comparison
The first parameter analyzed using the CORSIM software is service
reliability. The volume, stop frequency, and headway tests are used to evaluate the

service reliability. Only the University network is utilized in this analysis.

5.1.1 Volume Test for Service Reliability

The volume test is conducted first for each fuel. The travel time, D/T
percentage, and average speed are compared individually with changes in volume.
Table 5.1 shows the travel time results. The star (*) next to CNG, hydrogen, and
hybrid denotes a low-floor bus. When the volumes are increased by 45%, the network
becomes unstable as the traffic has reached a gridlock condition. Only three of the
buses, LNG, ethanol, and methanol, are able to complete the eight trips that are

predetermined in the network with a headway of 20 minutes.
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Figure 5.1 Flow Chart for CORSIM Analysis
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Table 5.1 Volume Test for Travel Time

Volume Diesel Biodiesel CNG* LNG | Ethanol | Methanol | Hydrogen* Hybrid*
-80% 22.6 22.6 19.3 22.4 23.4 23.4 17.5 17.9
Base 243 243 21.2 233 25.1 25.1 21.7 20.7

Volume
+15% 26.3 26.3 22.5 26.7 20.1 29.1 22.1 21.4
+30% 28.7 28.7 26.2 32.1 33.2 33.2 26.7 27.2
+40% 29.0 29.0 30.0 324 35.2 35.2 32.0 31.3

41.5 41.5 25.7 34.1 31.8
+45% (7 trips) (7 trips) (2 trips) 357 327 327 (6 trips) (2 trips)

e * T ow-floor Bus

Note: The diesel and biodiesel buses have the same acceleration rates. Similarly, the
methanol and ethanol buses have the same acceleration rates
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The data from Table 5.1 is shown in Figure 5.2. The travel time that is
reported is the total travel time though the entire 9600 seconds of simulation divided
by the number of bus trips. Therefore, it is an average time per bus trip. CNG,
hydrogen, and hybrid perform the best because of their lower dwell time as a result of
low-floors. Also, the hydrogen and hybrid buses have quicker acceleration rates at
lower speeds, which further separate them from CNG, as can be seen at the lower
extreme case. At the low volume extreme, these three buses clearly outperform the
other five fuels. In fact, the travel time of these three buses remains below the high
floor buses up until the gridlock scenario. Unfortunately, the data at the gridlock
scenario is not completely reliable; however it cannot be dismissed since all of the
buses run on the same network, and experience the same gridlock. The
diesel/biodiesel bus experiences a much higher travel time at the gridlock scenario,
however at the previous data point, 40%, diesel/biodiesel has the lowest travel time.
This can be seen more easily on Figure 5.3. As the volumes are increased, the
diesel/biodiesel bus increases at the smallest rate. Also, the methanol/ethanol bus has
the highest travel time due to its high-floor and its slower acceleration rate at low
speeds.

Perhaps the most recognizable feature of the graph is that at volumes
lower than the base volumes, the decrease in travel time is relatively small. In
contrast, as the volumes are increased, the rate at which the travel time increases is
relatively large. This is shown in Table 5.2. In all, the travel time of the
diesel/biodiesel bus increases at a smaller rate, however, the low-floor buses clearly
outperform the other five buses at each point. On average, the low-floor buses have a

travel time of almost four minutes lower than the high-floor buses.
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Figure 5.2  Volume Test for Travel Time
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Table 5.2 Rate of Increase in Travel Time

Diesel/ Methanol/
Biodiesel CNG LNG Ethanol Hydrogen Hybrid
-80% to 8% 10% 4% 7% 24% 16%
Base
Base to 19% 42% 39% 40% 47% 51%
+40%

Table 5.3 shows the D/T percentages for the volume test. The data
follows the same trends as the travel time results. The low-floor buses, CNG,
hydrogen, hybrid, experience less delay, especially at the low volume scenarios. As
the volume increases above the base volume, the D/T increases at a greater rate. Once
again, at a volume increase of 45%, the network is unstable, as can be seen in Figure
5.3. However, diesel experiences a large jump in delay at this point, similar to the
travel time test. Figure 5.5 shows the results without the gridlock scenario. Although
the low-floor buses experience on average 5% less delay than the high-floor buses at
the lower extreme volume case, as the volumes increase, the different fuels tend to
converge together. At -80% of the base volumes there is a difference of 11% between
the highest and lowest D/T, while at +40% of the base volumes this difference is only

4%. However, it is obvious that the low-floor buses outperform the high-floor buses.
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Table 5.3 Volume Test for D/T
Diesel/ Methanol/ .
Volume Biodiesel CNG LNG Ethanol Hydrogen Hybrid
-80% 0.66 0.6 0.66 0.67 0.56 0.57
Base 0.68 0.63 0.67 0.69 0.64 0.62
Volumes
+15% 0.72 0.66 0.72 0.74 0.65 0.65
+30% 0.74 0.71 0.77 0.77 0.72 0.72
+40% 0.75 0.75 0.77 0.79 0.76 0.76
+45% 0.81 0.69 0.8 0.77 0.77 0.76

81




Percentage of Time Delayed (D/T)
—e— Diesel/Biodiesel —#— CNG LNG Methanol/Ethanol —%— Hybrid —— hybrid
0.85
0.8
/
0.75 A
0.7
=
a
0.65 A
0.6
o0
™ 0.55 1
0.5 T T T T T T T T T T T T T T
-90% -80% -70% -60% -50% -40% -30% -20% -10% 0% 10% 20% 30% 40% 50%
Percentage Change in Volume

60%

Figure 5.4

Volume Test for D/T




€8

0.85

Percentage of Time Delayed (D/T)

—e— Diesel/Biodiesel —#— CNG LNG

Methanol/Ethanol —%— Hydrogen —@— Hybrid

0.8

0.75 1

0.7

D/T

0.65 A

0.6

0.55 1

0.5

-90%

-80%  -70%  -60%  -50% -40% -30% -20% -10% 0%
Percentage Change in Volume

10% 20% 30%

40%

50%

Figure 5.5

Volume Test for D/T without Gridlock




As the volumes are increased, the speed follows a decreasing trend as
expected in Figure 5.6. The low-floor buses are able to operate at a higher speed than
the high-floor buses at each different volume. Methanol/ethanol has the lowest speed
at each volume because of its slower acceleration rate at lower speeds. This is a small
network with low design speeds, therefore buses with poor acceleration rates at low
speeds will perform at a lower average speed. Unlike the travel time and D/T, the
decreasing rate in speed remains relatively constant from -80% to 45%. At -80% the
speeds of each bus vary by the largest margin; there is a 3.2 mph difference between
the highest and lowest speeds. The speeds do not converge at higher volumes,
however, at the base volumes the difference between the highest and lowest speed is
only 1.9 mph. This reinforces the accuracy of the calibration process in that the base
volume case provides a “level playing field” for each bus. In all, as in the previous
two cases, the low-floor buses operate the best in terms of speed. The hydrogen and
hybrid buses further separate themselves because of their higher acceleration rate at

lower speeds.
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5.1.2  Stop Frequency Test for Service Reliability

The second test conducted to demonstrate service reliability is the stop
frequency test. The travel time, D/T, and average speed are compared for each
condition of stop frequency. As expected, the travel time increases as the number of
stops along the route increases, shown in Figure 5.7. The low-floor buses have lower
travel times than the high-floor buses at each point. Also, the rate of change is
consistent for each bus as the stops are added. At the low extreme of stops, the buses
have similar travel times, and as the number of stops increases, the travel times begin
to diverge. At six stops, the difference between the highest and lowest travel time is
2.7 minutes. However, at 18 stops this difference has increased to 8.1 minutes. It is
safe to assume that with a low number of stops, the buses are comparable in terms of
travel time; however, as the number of stops increases, using one of the low-floor
buses is more beneficial. Once again, the hydrogen and hybrid buses have the lowest
travel time at 18 stops because of their quicker acceleration rates.

The value for D/T follows the same trend as the travel time in the stop
frequency test as shown in Figure 5.8. The low-floor buses remain below the high-
floor buses at each point. However, in this test there is not a divergence of the points
as the number of stops increases. It is apparent though that the changes between D/T
for each are more rapid than the travel time case. In other words, these data points do
not follow a smooth path; however the trend is consistent with travel time. As the
delay increases, the average speed of the buses is expected to decrease, as shown in
Figure 5.9. At the low stop case, six stops, there is a difference of 1.9 mph between
the highest and lowest speed, and at 18 stops this difference has increased to 3.0 mph.

Therefore, the speeds of the buses are diverging as the number of stops increases.
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513 Headway Test for Service Reliability

This is the final test conducted for service reliability. The headways are
increased and the travel time of the entire simulation duration is reported. The number
of bus trips that are made is also documented. Therefore, with the travel time per bus
trip and the headway known, the fleet size for the bus operation is calculated.

Although the headways are changing, the simulation duration time
remains at 9600 seconds. Therefore, as the headway increases, the total travel time
will decrease because there is a longer amount of time between bus arrivals at each
stop. Figure 5.10 shows these results. At the lower extreme case, 100 seconds, or one
bus per 1 minute 40 seconds, the travel times for each bus have a significant
difference. However, as the headway increases, the travel times for each bus
converge. At the high extreme case, 3200 seconds, or one bus every 53.3 minutes, the
travel times are relatively closer together. Taking away these two extreme cases, the
trend can be more easily seen, as in Figure 5.11. However, even though the travel
times appear to be converging together, the relative difference between the points at
each headway is not decreasing. For example, at a headway of 300 seconds, the
highest travel time (Methanol/Ethanol) is 22% percent longer than the lowest travel
time (Hydrogen). Similarly at a headway of 1800 seconds, the highest travel time

(Methanol/Ethanol) is 21% longer than the lowest travel time (Hydrogen).
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The total time traveled through the simulation process divided by the total
number of bus trips made results in the travel time per bus trip. Figure 5.12 shows the
trend for each fuel at the various headways, without the two extreme cases. The figure
appears erratic however the data points do follow an interesting trend. The top three
lines represent the high-floor buses, and the bottom three lines represent the low-floor
buses. The high-floor buses and the low-floor buses follow mirrored trends. For
example, where the LNG and methanol/ethanol buses are decreasing in travel time per
bus trip, the hydrogen and CNG buses experience an increase in travel time per bus
trip. Furthermore, the convex shape of the diesel/biodiesel curve is countered by the
concavity of the hybrid curve. It is a very interested scenario, however it is
unexplainable. The buses that mirror each other do not exemplify completely opposite
characteristics since the input data for the buses is acceleration rates and dwell time.
At the low extreme case of 100 seconds, all six of the curves increase to higher travel
times, and at the high extreme case of 3200 seconds, all six curves decrease to lower
travel times. This is shown in Figure 5.13. Although the region in between appears to
follow a particular trend it is merely a coincidence that the mirrored situation occurs.
Figure 5.12 follows the same trend as Figure 5.10 because of the convergence of the
travel time per bus trip as the headway increases. At 100 seconds, the difference in
travel time per bus trip between the highest and lowest value is 9.7 minutes. At 3200

seconds, this difference is almost cut in half as it decreases to 5.4 minutes.

93



v6

Travel Time per Bus Trip

—e— Diesel/Biodiesel —#—LNG Methanol/Ethanol Hybrid —%— CNG —e— Hydrogen

29.0

28.0 - A/'\’\\
2] \
26.0

25.0 |

minutes

24.0 1

23.0 A

22.0

21.0

0 300 600 900 1200 1500 1800 2100
Headway

Figure 5.12  Travel Time per Bus Trip without Extreme Cases



¢6

Travel Time per Bus Trip

—e— Diesel/Biodiesel LNG —*— Methanol/Ethanol —— Hybrid —+— CNG —— Hydrogen
40.0
35.0
30.0
(%]
o
5
£
£
25.0
20.0
15.0 T T T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Headway

Figure 5.13 Travel Time per Bus Trip with Extreme Case




With the travel time per bus trip known at each headway, the number of
buses needed at each headway is calculated. Table 5.4 shows these results for each
fuel. At aheadway of 100 seconds, the largest difference in fleet size is noticed, and
as the headway increases, this difference decreases. The table shows that at 100
seconds CNG only requires 18 buses as opposed to the 24 buses required by
diesel/biodiesel. A difference of six buses results in hundreds of thousands of dollars
saved by a transit agency. However, buses arriving every minute at a station are highly
unlikely. The results do show that using a low-floor bus with quicker acceleration
rates results in lower travel times, and potentially a smaller fleet size. This concept
can only be utilized however with smaller headways, as shown in Figure 5.14, which

provides an example of three of the fuels at each headway.
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Table 5.4 Fleet Size at Each Headway

Hie;ggay Bli)(:fl?:il CNG | LNG l\%etg‘;:;’ll/ Hydrogen | Hybrid
100 2% 18 19 21 19 23
300 6 5 6 6 5 5
600 3 3 3 3 3 3
900 2 2 2 2 2 2
1200 2 2 2 2 2 2
1500 2 1 1 2 ! !
1800 1 1 1 ! ! !
3200 1 1 1 1 ! 1
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5.2 Fuel Economy Comparison

The second parameter analyzed in CORSIM is the fuel economy of the
buses. In order to evaluate fuel economy the volume, stop frequency, and surface vs.
freeway tests are conducted. This analysis uses both the University and CORSIM City

networks.

5.2.1 Volume Test for Fuel Economy

The results for miles per gallon are very similar for each fuel. Figure 5.15
shows that the increase in volume has only a small effect on the MPG of the fuels
within CORSIM. Hydrogen experiences the largest decrease in MPG, however, its
fuel economy is considerably higher than the other fuels. The remaining seven fuels
follow a practically identical rate of decrease. Hydrogen, biodiesel, and diesel have
the highest original input values of MPG at 11.5, 4.27, and 3.54 respectively. As the
volumes increase, these three fuels experience the largest decrease in fuel economy
relative to the other fuels. From -80% to +40% hydrogen decreases by 28%, biodiesel
by 14%, and diesel by 13%. The remaining fuels lose less than 10% of their fuel
economy as volumes increase. The CNG appears to be a special case at the gridlock
point, where its MPG drops to 1.88 MPG. This is a difficult point to model since the
bus cannot complete the network, and therefore it is ignored. The important trend is
from -80% to +40%, where it is obvious that a consistent decrease in MPG results
from an increase in volumes. Since the network is small and has low average speeds,
the resulting decrease in MPG is not significant. However a trend does exist, and
therefore CORSIM is an appropriate tool for measuring the differences in fuel

economy between the fuels.
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5.2.2 Stop Frequency Test for Fuel Economy

The results of the stop frequency test are not very different from the
volume test. Although it is not a large rate, there is still a downward trend as the
number of stops increases. This trend is shown in Figure 5.16. Hydrogen once again
experiences the largest loss in MPG with a 12% decrease from three to 18 stops. As is
apparent in the volume test, the fuels that have a smaller initial, or calibrated MPG,
experience the smallest decline in MPG as the number of stops increases. LNG, the
bus with the worst fuel economy, loses only 6% of its MPG rate as the number of stops
increases from three to 18. However, still the hydrogen bus separates itself from the

rest of the fuels with its efficient fuel economy.

5.2.3 Surface vs. Freeway Test for Fuel Economy

The surface vs. freeway test distinguishes differences in a low speed
versus high speed scenario. Figure 5.17 shows the results of the test. The difference
in fuel consumption from one fuel to the next does not follow a particular trend. The
MPG for the diesel bus remains almost identical between surface and freeway travel.
The biodiesel and hydrogen buses experience better fuel economy on the freeway
network. CNG, LNG, ethanol, methanol, and hybrid each experience better fuel
economy on the surface network. One trend that is apparent is the fuels with a higher
fuel economy, biodiesel and hydrogen, have a higher MPG on the freeway, and fuels
with a lower fuel economy have a lower MPG on the freeway. This is expected in
CORSIM because of the nature in which the data is entered. The MPG is multiplied
by 100,000 when it is entered. Furthermore, a fuel such as hydrogen uses very little

fuel at low speeds. However, this number must be rounded to the nearest whole
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number and entered into CORSIM because decimals cannot be entered into the
simulation file. Therefore, at low speeds, the hydrogen bus is burning more fuel than
necessary. Not until it reaches a higher speed can its high fuel economy be utilized in

the CORSIM software.
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5.3  Environmental Effects Comparison
In order to evaluate the environmental effects, the volume, stop
frequency, and surface vs. freeway tests are conducted. This analysis uses both the

University and CORSIM City networks.

5.3.1 Volume Test for Environmental Effects

The volume test shows that the increase in volumes has a small effect on
the emission rates of the buses. Figure 5.18 shows the trend for the HC emissions.
There is a negligible increase from -80% to the base volumes and a relatively larger
increase from the base volumes up to +45%. The ethanol and CNG buses, which
initially have larger emission rates of HC, experience the largest increase as the
volumes increase. A similar result is shown for the CO emissions in Figure 5.19. The
emission rates do increase with volume; however the increase is not significant.
Ethanol experiences the largest rate of increase of CO emissions. Finally, the NOy
emissions, shown in Figure 5.20, do show a larger increase in the emission rate as
volumes increase, especially once they increase from the base volumes. Biodiesel,
diesel, and hybrid have the largest increase in NOy emission rates, while the remaining
fuels remain relatively constant as the volumes increase. It is important to note that in
CORSIM the emission rates are entered for each speed. Within the code, the bus will
emit fewer pollutants at lower speeds. As volumes increase, the speed decreases, and
therefore large increases in emission rates may not be obtained. It would then be
logical to assume that with low volumes, when the bus is traveling at a higher speed,
the emission rates will be higher. However, this is not the case in CORSIM. Instead it

is comparable to the real world situation in which increased volume and stop-and-go
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activity will result in higher emission rates. Thus CORSIM is a good tool to measure

this parameter.

5.3.2 Stop Frequency Test for Environmental Effects

The stop frequency test also has a small effect on the emission rates.
Figures 5.21, 5.22, and 5.23 show the trends. Interestingly though, it appears that as
the number of stops increases, the emission rates decrease. When more stops are
added, the bus will be traveling at a lower speed, and therefore emit fewer pollutants
according to CORSIM. As a result, this test is not entirely practical; however, it still
cannot be dismissed. Within CORSIM, the emission rates during idling periods, such
as when the bus is stopped at a signal or at a station are not entered within the code.
This is basically due to the fact that the NREL/DOE studies do not report this data.
CORSIM does allow the user to enter the emission rates at zero speed, which would
take into account the idling periods. This process is done in this analysis due to lack

of data.
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Figure 5.20 Volume Test for NO, Emissions
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Figure 5.21

Stop Frequency Test for HC Emissions
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Figure 5.22 Stop Frequency Test for CO Emissions
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Figure 5.23 Stop Frequency Test for NOx Emissions




5.3.3 Surface vs. Freeway Test for Environmental Effects

The surface vs. freeway test shows a more significant change in the
emission rates between the fuels. Within the test, the concept that the bus is emitting
more pollutants at higher speeds is fully modeled. The data is summarized in Table
5.5. The consistency for each rate of change for each fuel is clearly apparent. For
example, the hybrid bus experiences a 17% increase for each type of emissions rate
between the surface and freeway networks.

Figure 5.24 shows the results for HC emissions. All buses, other than
ethanol, experience higher emissions on the freeway network. It cannot be completely
explained why the ethanol bus had lower emissions on the freeway network.
Furthermore, the difference in the rate from surface to freeway is also the largest for
the ethanol bus. Figure 5.25 shows the results for CO emissions. In this case, each
bus has a higher emission rate on the freeway links. Ethanol experiences the highest
rate of emissions. Finally, Figure 5.26 shows the results for the NOy emissions. Once
again, the fuels emit more pollutants on the freeway network. Also, the relative
changes between the fuels from the surface to freeway networks are fairly consistent

from one fuel to the next.
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Table 5.5 Percentage Change in Emissions from Surface to Freeway Network

HC CcO NOy

Diesel 8% 9% 9%

Biodiesel 9% 9% 9%
CNG 12% 9% 12%
LNG - 5% 10%
Ethanol -36% 16% 16%
Methanol 15% 16% 16%
Hybrid 17% 17% 17%
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Figure 5.24 Surface vs. Freeway Test for HC Emissions
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5.4 Chapter Summary

Chapter 5 illustrats the capabilities of CORSIM in terms of modeling not
only a bus network, but a particular fuel that is utilized. In terms of service reliability,
the low-floor buses significantly outperformed the high-floor buses. In the volume and
stop frequency tests, the low-floor buses have lower travel times and delay and higher
speeds. In particular, the hydrogen and hybrid buses are the most optimal because of
their quicker acceleration rates. In the headway tests, travel times fluctuated for each
fuel. However, it is apparent that the low-floor buses perform better. In this case, the
hydrogen and CNG bus operations result in low fleet sizes. The hybrid bus has a
higher travel time in the headway test which resultes in a larger fleet size. In all, in
terms of performance and consistency, the hydrogen bus is the best option for service
reliability.

The hydrogen bus clearly has the best fuel economy, and therefore
would be the optimal bus to choose. Biodiesel also has a comparable fuel economy to
diesel. However, the remaining five fuels have a worse fuel economy than diesel. As
a result of the CORSIM tests, there is not one fuel that operates better than others in
terms of changes to volume and the number of stops. The MPG of each fuel does not
experience a significant change. However, there is a notable difference in surface
versus freeway travel. The hydrogen and biodiesel buses perform well on the freeway
network, where the bus is forced to accelerate to greater speeds. As shown in the
volume test for MPG, hydrogen and biodiesel will operate more efficiently in terms of
MPG at higher speeds. Thus where networks feature the use of freeways or higher

speeds in general, these two buses are the best options.
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Clearly the hydrogen bus is the best selection in terms of environmental
effects because it is a zero emissions vehicle. There is little consistency in terms of the
amount of pollution that a fuel emits from one pollutant to the next. For example,
LNG and hybrid emit a very small amount of HC and CO; however, their NOy
emissions are somewhat high. Thus the emission rates fluctuate for each pollutant for
the fuels. It the CORSIM analysis, it is important to note the relative change in
emission rates as a result of changing speeds. On a freeway network, when buses are
forced to accelerate to higher speeds, the bus is expected to emit more pollutants as
shown in the surface vs. freeway test. Therefore, if a bus is required to use a freeway

or travel at higher speeds, an LNG, methanol, or hybrid bus would be a clean option.
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Chapter 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The comparative analysis provides useful results for using different fuels
in bus transit operations. The CORSIM simulation program accurately models each
fuel along two different networks. With the growing number of transit agencies that
are implementing alternative fuels within their programs, a traffic simulation program
is vital in providing a bus route model using different fuels. The conclusion will
describe the originality within the thesis and its advantages and disadvantages.

Aside from the simulation program, bus transit provides an excellent
opportunity for alternative fuels to emerge on the market. Bus transit is in fact a niche
market for alternative fuels. Recommendations will be provided for transit agencies,

government bodies, fuel and bus providers, and future researchers.

6.1 Summary

With the need to implement alternative fuels into bus transit operations,
the comparative analysis provides a sufficient medium for evaluating the impact of
each fuel. Diesel remains the dominant fuel source; however, it will not always be the
most advantageous fuel to use within a particular bus network. The alternative fuels
can provide a more beneficial bus operation in terms of safety, vehicle reliability,
serviceability, maintainability, infrastructure, service reliability, fuel economy, and

environmental effects.
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The NREL/DOE case studies provide accurate data that supports the
implementation of alternative fuel use in bus transit. Although diesel buses have the
overall advantage in most of the parameters analyzed, the studies show that alternative
fuels are closing the gap with conventional diesel. This is especially apparent in case
studies performed by the agencies several years following the initial study. The hybrid
case in New York proves that overtime, as the studies are conducted and information
is gathered from previous applications, alternative fuel operations are likely to
improve.

The CORSIM simulation software plays the most important role within
the analysis. It proves that traffic software can be utilized to model a particular fuel.
Although the data manipulation process is time-consuming, its detailed and extensive
interface allows the opportunity to provide reliable results. Determining the types of
data that can be modified in CORSIM is important in establishing an appropriate
analysis tool. Fortunately, CORSIM allows the user to modify key characteristics that
define the bus operations.

Since the CORSIM models are theoretically based, the extreme conditions
within various tests are easily observed. For example, the bus service is evaluated on a
network that operates beyond capacity, with extremely high volumes, and well below
capacity, in which a free-flow regime is achieved. The ability to determine these
extremes allows the user to find the principal differences between the effectiveness of
each fuel.

The results from each analysis can be tabulated and compared for the
fuels, as shown in Table 6.1. Bold circles represent an excellent option, open circles

are good options, and circles with a line through represent the worst options.
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Table 6.1 Tabulated Results for Comparative Analysis

Safety Vehicle Serviceability | Maintainability | Infrastructure Service Fuel Environmental

Reliability Reliability | Economy Effects

Diesel ® ® ® ® ® © ® )

Biodiesel @ @ . . . @ . @

NG © ® © © @ @ © ©
LN

e © © © @ © o @

Methanol | @ © © ® © ) ) ©

Bthanol ) g © © o © ® © ©

Hydrogen | g ) ® ® ® @ ® ®

Hybrid | @ ® © o © @ © ©

® Excellent © Good ® Ppoor
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These fuels are measured in relation to each other. The results represent a
relative scale. A diesel bus is less expensive than the other types of fuels; however a
$300,000 bus is by no means inexpensive. The prevalence of the diesel fuel market is
apparent in Table 1.6. Since it is relatively inexpensive, the engine/fuel systems are
very familiar to maintenance staffs, and the infrastructure is deeply embedded within
United States public transportation systems, diesel remains a good option. However, it
is not necessarily the best choice to use within a bus operation. Biodiesel systems that
use conventional diesel engines have familiar fuel system components; therefore
resulting in routine preventive maintenance procedures, low costs for maintenance and
infrastructure, and an acceptable fuel economy. CNG and LNG are also familiar
systems, and therefore offer advantages in serviceability, maintainability, and
infrastructure. As previously mentioned, the methanol and ethanol buses were studied
in 1996, and no studies have been conducted since. Therefore, the technology is
outdated, and the alcohol buses do not exemplify a strong option for any parameter.

Hybrid systems run partially on diesel, and therefore fuel costs are

expected to be relatively low. Both the hybrid and hydrogen buses provide the best
fuel choices for service reliability. It is apparent in CORSIM that low-floor buses have
much shorter travel times; however, these two fuels also have higher acceleration rates
at low speeds. Buses mostly operate at low speeds and are constantly accelerating and
decelerating. As a result, the hybrid and hydrogen systems offer the best opportunity
to provide a reliable service and ensure that buses run on schedule, especially with

increases in volume.
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6.2 Conclusions

6.2.1 Originality

The originality of this thesis is derived from the computer simulation
program. There have been few studies conducted that use a computer program to
model an alternative fuel bus versus a diesel bus. CORSIM does not explicitly provide
this opportunity, however the simulation code can be manipulated to represent a
particular fuel. The manipulation of the code is a lengthy process because data must
be entered for each speed in which the bus is traveling. CORSIM has been available
over the past ten years; however, it is mostly used to model effects of increased
volumes, adding lanes, or changing signal phasing/timings. If a new development is
added within a community, CORSIM is used to model the effect of increased traffic
caused by the new development. As a result, the appropriate modifications can be
made to the traffic network in order to ease the effect of the volumes in future years.

CORSIM is therefore rarely used to model a bus network. Furthermore,
fuel consumption and emission rate inputs are rarely changed. Typically, the default
values are used during an analysis. By modifying the environmental and acceleration
tables, CORSIM can model different types of fuels.

Additional case studies are being developed throughout the United States,
particularly by NREL and DOE. The characteristics of the fuels that are noticed in
these real-world examples can then be applied to computer simulations to model the
bus using a different network. Various parameters can be changed in the model, such
as volume, the number of stops, and headway, in order to determine how the bus and

its fuel characteristics will react to the dynamic conditions.
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6.2.2 Advantages and Disadvantages

The main advantage of this thesis is the opportunity to model an
alternative fuel bus. CORSIM is a very detailed program that allows the user to input
a number of different variables. The user can create an original network or build an
existing network consistent with lane geometry, signal control, and volume. Not all of
the features can be explained in this discussion; however the vastness of the program
extends beyond the traffic characteristics but also to the behavior of the drivers. Even
within the bus modeling, CORSIM allows the user to change the input of key variables
related to alternative fuel buses, such as miles per gallon, emission rates, dwell times,
and acceleration/deceleration rates. In addition, bus occupancy, length, jerk value, and
maximum deceleration rates can be modified.

It is important to note the availability of data for alternative fuel buses.
NREL and DOE have made a strong effort to provide detailed reports of alternative
fuel buses. Using CORSIM to run the simulation program is only possible with
accurate and reliable data. The real world studies performed by NREL/DOE provide
the empirical data that can be used within a theoretical network.

The CORSIM analysis does have its drawbacks. It is not a particularly
user-friendly program for modeling the alternative fuels. The data input process is
quite time-consuming because each MPG, emission rate, or acceleration rate must be
typed explicitly into the software. Furthermore, the MPG and emission rates must be
entered into the software for each speed from 0-110 ft/sec at acceleration rates of 0-10
ft/sec’. CORSIM only accepts whole numbers within the software, and therefore very
small numbers must be rounded to a value of one. Finally, CORSIM requires that the

MPG and emission rates be entered for each acceleration or deceleration from 0-10
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ft/sec” for the program to model the alternative fuel. However, obtaining these rates at
each acceleration/deceleration rate is difficult due to lack of data.

The NREL/DOE case study data is extensive and useful; however it is
only possible to compare the alternative fuels with their diesel control buses. In other
words, it is difficult to compare the different alternative fuels because the tests are
conducted in different cities by different transit agencies, and therefore different
networks. The different agencies use different bus operations, such as costs,
personnel, and preventive maintenance. Fortunately, CORSIM can compare the

different alternative fuels along the same route with the same conditions.

6.2.3 Niche Market for Alternative Fuels

The U.S. DOE must develop high profile niche markets for alternative
fuels in order for their use to become more common. One such way is through bus
transit because of its centralized fueling, fixed route operation, special vehicle orders,
and high public visibility [32].

Since any alternative fuel implementation will require a large increase in
infrastructure to support the production, storage, and distribution, decentralizing these
facilities will be a costly task. However, bus transit operations are centrally fueled.
The fuel can be stored and used for re-fueling at one large site and reduce the cost of
building several facilities. If the bus fleet uses multiple alternative fuels, fuel stations
can be built to accommodate only a percentage of the fleet, or one centralized station
can still be provided. This situation is also optimal for repairs, such that equipment,
parts, and personnel can be located in one place.

Since buses operate on fixed routes they can be easily monitored and

managed. Breakdowns will be more predictable and thus the system can be more
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reliable. Also, with simple, fixed routes, data can be collected in an organized manner
to determine average speeds, acceleration/deceleration rates, and emission rates. This
gives transit authorities the ability to evaluate the performance of a specific fuel along
its network. Also, in case of an accident or collision, emergency response will be
quicker since the location of the bus is determined immediately, therefore limiting
exposure to the fuel if it presents a risk when it is outside of its storage tank.

Special vehicle orders are becoming more common as transit authorities
are contracting out its bus services to private companies that operate demand-response
programs. These private companies tend to favor least-cost operations in order to
increase profits. Therefore, they will search for methods to overcome alternative
fuels’ most common barrier of high cost. As least-cost approaches are adopted,
alternative fuel prices may become more competitive with conventional diesel.

Finally, bus transit networks mostly exist in densely populated, urban
areas. Although only thousands of people ride the bus each day, hundreds of
thousands of people view them throughout the city. The buses can advertise their fuel
source and its environmental benefits. Placing alternative vehicles within the public
eye is a typical advertisement tool that can be used to persuade the public to purchase

alternative fuel vehicles.

6.3  Recommendations

This section will discuss the general recommendations in terms of those
that relate to the purpose of the thesis, as well recommendations for future research.
There are several areas of research and development that can benefit from the

comparative analysis. Recommendations can be made to transit agencies,
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governmental bodies, and fuel and bus providers in order to develop alternative fuels

within public transportation.

6.3.1 Transit Agencies

By applying the CORSIM analysis to their own networks, transit agencies
can observe that the alternative fuel buses have the potential to improve their bus
operations. There will be higher costs associated with the operation, however, as the
demand for alternative fuel use increases, the production costs are expected to
decrease. As a result, fuel and infrastructure costs, such as the bus, maintenance
facilities, and parts and equipment costs will decrease. Alternative fuels will then be
more attractive compared to diesel. Also transit agencies can improve their public
image by adopting alternative fuel buses within today’s environmentally aware society.
The type of fuel to use however is always negotiable. However, by using the CORSIM
simulation software, transit agencies can forecast their bus operations along their own

networks.

6.3.2 Government Bodies

The federal, state, and local governments can take action to encourage the
use of alternative fuels for bus transit. They have the ability to spur both the supply
side and the demand side of the market in order to increase the use of alternative fuel
buses and decrease fuel and maintenance costs.

Purchasing mandates can be enacted by state and local governments upon
transit agencies, planning agencies, and the state’s Department of Transportation

(DOT) [9]. The mandate can require that an agency’s bus composition consist of a
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certain percentage of alternative fuel buses. This can be used in regions where
alternative fuel production is available, such as biofuel production in the Midwest.

Tax incentives and credits can be enacted at all three levels of government
and applicable to transit agencies and bus manufacturers. Transit agencies must be
compensated for the higher bus and facility infrastructure costs as well as the higher
fuel costs. The incentives/credits would be most desirable for the fuel cost, especially
for hydrogen, based on the studies. Similarly, incentives/credits can be offered to bus
manufacturers to encourage them to create a supply market for the transit agencies.
Since production and transportation costs are higher for alternative fuels compared to
diesel, bus manufacturers must be able to overcome the higher upfront capital
investments.

As environmental awareness is increasing in highly urbanized areas,
mainly due to the increasing rates of ground level ozone, stricter standards can be
placed on conventional diesel buses to force transit agencies to switch to alternative
fuels. Alternative fuel buses burn cleaner than diesel buses and therefore lower the
environmental cost to society. With higher emission standards, modifications are
necessary to improve diesel buses, such as particulate traps, which increase the price of
a diesel bus, allowing an alternative fuel bus to appear more affordable [9].

Renewable Fuel Standards (RFS) are becoming more popular at the state
level. The Energy Policy Act of 2005 enacted an RFS for ethanol as a certain
percentage of gasoline sold within the United States [33]. However, an RFS can be
further endorsed to encompass transit agency fuel mixtures. Similar to the purchasing
mandate, this would require that a certain percentage of fuel used by the agency each

year must consist of alternative fuels.
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6.3.3 Fuel and Bus Providers

The fuel and bus providers are the supply side of the alternative fuel
market. Their consumers are therefore the transit agencies. As more transit agencies
demand alternative fuels for their bus operations, fuel and bus providers must be
prepared to provide the supply side of the market. Similarly, fuel and bus providers
can determine which fuel has competitive costs with diesel and can therefore develop
production methods in order to decrease the upfront capital costs. This process can be
influenced by state and local governments through tax incentives/credits. At that
point, the fuel will be more attractive to transit agencies compared to diesel. There is
the underlying concern of which side of the market will develop first between the
supply and demand sides. The analysis within this thesis provides information to the
consumers, or transit agencies, and the suppliers. The government can play an
intermediate role in stimulating each side of the market. In all, the CORSIM software
provides an efficient method in determining which type of alternative fuel to endorse

and develop within a bus transit network.

6.3.4 Future Research

In terms of computer simulation programs, future researchers can use
CORSIM and the latest versions of SYNCHRO to model alternative fuel buses. Since
CORSIM is such a large program, more complex networks and tests can be created to
evaluate different fuels. A number of variables can be changed within the model.
Only a select few of those variables were examined in this study.

NREL/DOE has been releasing their reports since 1996. The results are
being updated as the alternative fuels are developing. The studies show that the buses

are becoming more cost comparable to diesel. Also, the fuel economy is becoming
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more efficient. Therefore, data from new studies can be used and applied to CORSIM.
Since CORSIM is relatively older software, using more recent software to model

alternative fuels can be investigated.
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APPENDIX A

MPG CALCULATIONS
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Diesel

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec*100000 Input (ft/s) gal/sec*100000 Input
3.54 1 5.350 5 56 299.6062318 300
2 10.700 11 57 304.9563431 305
3 16.050 16 58 310.3064544 310
4 21.400 21 59 315.6565657 316
5 26.751 27 60 321.0066769 321
6 32.101 32 61 326.3567882 326
7 37.451 37 62 331.7068995 332
8 42.801 43 63 337.0570108 337
9 48.151 48 64 342.4071221 342
10 53.501 54 65 347.7572334 348
11 58.851 59 66 353.1073446 353
12 64.201 64 67 358.4574559 358
13 69.551 70 68 363.8075672 364
14 74.902 75 69 369.1576785 369
15 80.252 80 70 374.5077898 375
16 85.602 86 71 379.857901 380
17 90.952 91 72 385.2080123 385
18 96.302 96 73 390.5581236 391
19 101.652 102 74 395.9082349 396
20 107.002 107 75 401.2583462 401
21 112.352 112 76 406.6084575 407
22 117.702 118 77 411.9585687 412
23 123.053 123 78 417.30868 417
24 128.403 128 79 422.6587913 423
25 133.753 134 80 428.0089026 428
26 139.103 139 81 433.3590139 433
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

144.453
149.803
155.153
160.503
165.853
171.204
176.554
181.904
187.254
192.604
197.954
203.304
208.654
214.004
219.355
224.705
230.055
235.405
240.755
246.105
251.455
256.805
262.155
267.506
272.856
278.206
283.556
288.906
294.256

144
150
155
161
166
171
177
182
187
193
198
203
209
214
219
225
230
235
241
246
251
257
262
268
273
278
284
289
294

134

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

438.7091251
444.0592364
449.4093477
454.759459
460.1095703
465.4596816
470.8097928
476.1599041
481.5100154
486.8601267
492.210238
497.5603493
502.9104605
508.2605718
513.6106831
518.9607944
524.3109057
529.6610169
535.0111282
540.3612395
545.7113508
551.0614621
556.4115734
561.7616846
567.1117959
572.4619072
577.8120185
583.1621298
588.5122411

439
444
449
455
460
465
471
476
482
487
492
498
503
508
514
519
524
530
535
540
546
551
556
562
567
572
578
583
589




Biodiesel

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
4.27 1 4.441 4 56 248.677 249
2 8.881 9 57 253.117 253
3 13.322 13 58 257.558 258
4 17.763 18 59 261.999 262
5 22.203 22 60 266.439 266
6 26.644 27 61 270.880 271
7 31.085 31 62 275.321 275
8 35.525 36 63 279.761 280
9 39.966 40 64 284.202 284
10 44.407 44 65 288.643 289
11 48.847 49 66 293.083 293
12 53.288 53 67 297.524 298
13 57.729 58 68 301.965 302
14 62.169 62 69 306.405 306
15 66.610 67 70 310.846 311
16 71.050 71 71 315.287 315
17 75.491 75 72 319.727 320
18 79.932 80 73 324.168 324
19 84.372 84 74 328.608 329
20 88.813 89 75 333.049 333
21 93.254 93 76 337.490 337
22 97.694 98 77 341.930 342
23 102.135 102 78 346.371 346
24 106.576 107 79 350.812 351
25 111.016 111 80 355.252 355
26 115.457 115 81 359.693 360
27 119.898 120 82 364.134 364
28 124.338 124 83 368.574 369
29 128.779 129 84 373.015 373
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

133.220
137.660
142.101
146.542
150.982
155.423
159.864
164.304
168.745
173.186
177.626
182.067
186.508
190.948
195.389
199.829
204.270
208.711
213.151
217.592
222.033
226.473
230.914
235.355
239.795
244.236

133
138
142
147
151
155
160
164
169
173
178
182
187
191
195
200
204
209
213
218
222
226
231
235
240
244

136

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

377.456
381.896
386.337
390.778
395.218
399.659
404.100
408.540
412.981
417.422
421.862
426.303
430.744
435.184
439.625
444.066
448.506
452.947
457.387
461.828
466.269
470.709
475.150
479.591
484.031
488.472

377
382
386
391
395
400
404
409
413
417
422
426
431
435
440
444
449
453
457
462
466
471
475
480
484
488




CNG

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
3.20 1 5.350 5 56 331.095 331
2 10.700 11 57 337.007 337
3 16.050 16 58 342.919 343
4 21.400 21 59 348.832 349
5 26.751 27 60 354.744 355
6 32.101 32 61 360.657 361
7 37.451 37 62 366.569 367
8 42.801 43 63 372.481 372
9 48.151 48 64 378.394 378
10 53.501 54 65 384.306 384
11 58.851 59 66 390.219 390
12 64.201 64 67 396.131 396
13 69.551 70 68 402.043 402
14 74.902 75 69 407.956 408
15 80.252 80 70 413.868 414
16 85.602 86 71 419.781 420
17 90.952 91 72 425.693 426
18 96.302 96 73 431.605 432
19 101.652 102 74 437.518 438
20 107.002 107 75 443.430 443
21 112.352 112 76 449.343 449
22 117.702 118 77 455.255 455
23 123.053 123 78 461.167 461
24 128.403 128 79 467.080 467
25 133.753 134 80 472.992 473
26 139.103 139 81 478.905 479
27 144.453 144 82 484.817 485
28 149.803 150 83 490.729 491
29 155.153 155 84 496.642 497
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

160.503
165.853
171.204
176.554
181.904
187.254
192.604
197.954
203.304
208.654
214.004
219.355
224.705
230.055
235.405
240.755
246.105
251.455
256.805
262.155
267.506
272.856
278.206
283.556
288.906
294.256

161
166
171
177
182
187
193
198
203
209
214
219
225
230
235
241
246
251
257
262
268
273
278
284
289
294
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85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

502.554
508.467
514.379
520.291
526.204
532.116
538.029
543.941
549.853
555.766
561.678
567.591
573.503
579.415
585.328
591.240
597.153
603.065
608.977
614.890
620.802
626.715
632.627
638.539
644.452
650.364

503
508
514
520
526
532
538
544
550
556
562
568
574
579
585
591
597
603
609
615
621
627
633
639
644
650




LNG

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
2.85 1 6.645 7 56 372.142 372
2 13.291 13 57 378.788 379
3 19.936 20 58 385.433 385
4 26.582 27 59 392.079 392
5 33.227 33 60 398.724 399
6 39.872 40 61 405.369 405
7 46.518 47 62 412.015 412
8 53.163 53 63 418.660 419
9 59.809 60 64 425.306 425
10 66.454 66 65 431.951 432
11 73.099 73 66 438.596 439
12 79.745 80 67 445.242 445
13 86.390 86 68 451.887 452
14 93.036 93 69 458.533 459
15 99.681 100 70 465.178 465
16 106.326 106 71 471.823 472
17 112.972 113 72 478.469 478
18 119.617 120 73 485.114 485
19 126.263 126 74 491.760 492
20 132.908 133 75 498.405 498
21 139.553 140 76 505.051 505
22 146.199 146 77 511.696 512
23 152.844 153 78 518.341 518
24 159.490 159 79 524.987 525
25 166.135 166 80 531.632 532
26 172.780 173 81 538.278 538
27 179.426 179 82 544.923 545
28 186.071 186 83 551.568 552
29 192.717 193 84 558.214 558
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

199.362
206.007
212.653
219.298
225.944
232.589
239.234
245.880
252.525
259.171
265.816
272.461
279.107
285.752
292.398
299.043
305.688
312.334
318.979
325.625
332.270
338915
345.561
352.206
358.852
365.497

199
206
213
219
226
233
239
246
253
259
266
272
279
286
292
299
306
312
319
326
332
339
346
352
359
365

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

564.859
571.505
578.150
584.795
591.441
598.086
604.732
611.377
618.022
624.668
631.313
637.959
644.604
651.249
657.895
664.540
671.186
677.831
684.476
691.122
697.767
704.413
711.058
717.703
724.349
730.994

565
572
578
585
591
598
605
611
618
625
631
638
645
651
658
665
671
678
684
691
698
704
711
718
724
731
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Methanol

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
3.00 1 5.350 5 56 353.535 354
2 10.700 11 57 359.848 360
3 16.050 16 58 366.162 366
4 21.400 21 59 372.475 372
5 26.751 27 60 378.788 379
6 32.101 32 61 385.101 385
7 37.451 37 62 391.414 391
8 42.801 43 63 397.727 398
9 48.151 48 64 404.040 404
10 53.501 54 65 410.354 410
11 58.851 59 66 416.667 417
12 64.201 64 67 422.980 423
13 69.551 70 68 429.293 429
14 74.902 75 69 435.606 436
15 80.252 80 70 441919 442
16 85.602 86 71 448.232 448
17 90.952 91 72 454.545 455
18 96.302 96 73 460.859 461
19 101.652 102 74 467.172 467
20 107.002 107 75 473.485 473
21 112.352 112 76 479.798 480
22 117.702 118 77 486.111 486
23 123.053 123 78 492.424 492
24 128.403 128 79 498.737 499
25 133.753 134 80 505.051 505
26 139.103 139 81 511.364 511
27 144.453 144 82 517.677 518
28 149.803 150 83 523.990 524
29 155.153 155 84 530.303 530
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

160.503
165.853
171.204
176.554
181.904
187.254
192.604
197.954
203.304
208.654
214.004
219.355
224.705
230.055
235.405
240.755
246.105
251.455
256.805
262.155
267.506
272.856
278.206
283.556
288.906
294.256

161
166
171
177
182
187
193
198
203
209
214
219
225
230
235
241
246
251
257
262
268
273
278
284
289
294

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

536.616
542.929
549.242
555.556
561.869
568.182
574.495
580.808
587.121
593.434
599.747
606.061
612.374
618.687
625.000
631.313
637.626
643.939
650.253
656.566
662.879
669.192
675.505
681.818
688.131
694.444

537
543
549
556
562
568
574
581
587
593
600
606
612
619
625
631
638
644
650
657
663
669
676
682
638
694
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Ethanol

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
3.25 1 5.350 5 56 326.340 326
2 10.700 11 57 332.168 332
3 16.050 16 58 337.995 338
4 21.400 21 59 343.823 344
5 26.751 27 60 349.650 350
6 32.101 32 61 355.478 355
7 37.451 37 62 361.305 361
8 42.801 43 63 367.133 367
9 48.151 48 64 372.960 373
10 53.501 54 65 378.788 379
11 58.851 59 66 384.615 385
12 64.201 64 67 390.443 390
13 69.551 70 68 396.270 396
14 74.902 75 69 402.098 402
15 80.252 80 70 407.925 408
16 85.602 86 71 413.753 414
17 90.952 91 72 419.580 420
18 96.302 96 73 425.408 425
19 101.652 102 74 431.235 431
20 107.002 107 75 437.063 437
21 112.352 112 76 442.890 443
22 117.702 118 77 448.718 449
23 123.053 123 78 454.545 455
24 128.403 128 79 460.373 460
25 133.753 134 80 466.200 466
26 139.103 139 81 472.028 472
27 144.453 144 82 477.855 478
28 149.803 150 83 483.683 484
29 155.153 155 84 489.510 490
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

160.503
165.853
171.204
176.554
181.904
187.254
192.604
197.954
203.304
208.654
214.004
219.355
224.705
230.055
235.405
240.755
246.105
251.455
256.805
262.155
267.506
272.856
278.206
283.556
288.906
294.256

161
166
171
177
182
187
193
198
203
209
214
219
225
230
235
241
246
251
257
262
268
273
278
284
289
294

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

495.338
501.166
506.993
512.821
518.648
524.476
530.303
536.131
541.958
547.786
553.613
559.441
565.268
571.096
576.923
582.751
588.578
594.406
600.233
606.061
611.888
617.716
623.543
629.371
635.198
641.026

495
501
507
513
519
524
530
536
542
548
554
559
565
571
577
583
589
594
600
606
612
618
624
629
635
641
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Hydrogen

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
11.5 1 5.350 5 56 92.227 92

2 10.700 11 57 93.874 94

3 16.050 16 58 95.520 96

4 21.400 21 59 97.167 97

5 26.751 27 60 98.814 99

6 32.101 32 61 100.461 100
7 37.451 37 62 102.108 102
8 42.801 43 63 103.755 104
9 48.151 48 64 105.402 105
10 53.501 54 65 107.049 107
11 58.851 59 66 108.696 109
12 64.201 64 67 110.343 110
13 69.551 70 68 111.989 112
14 74.902 75 69 113.636 114
15 80.252 80 70 115.283 115
16 85.602 86 71 116.930 117
17 90.952 91 72 118.577 119
18 96.302 96 73 120.224 120
19 101.652 102 74 121.871 122
20 107.002 107 75 123.518 124
21 112.352 112 76 125.165 125
22 117.702 118 77 126.812 127
23 123.053 123 78 128.458 128
24 128.403 128 79 130.105 130
25 133.753 134 80 131.752 132
26 139.103 139 81 133.399 133
27 144.453 144 82 135.046 135
28 149.803 150 83 136.693 137
29 155.153 155 84 138.340 138
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

160.503
165.853
171.204
176.554
181.904
187.254
192.604
197.954
203.304
208.654
214.004
219.355
224.705
230.055
235.405
240.755
246.105
251.455
256.805
262.155
267.506
272.856
278.206
283.556
288.906
294.256

161
166
171
177
182
187
193
198
203
209
214
219
225
230
235
241
246
251
257
262
268
273
278
284
289
294

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

139.987
141.634
143.281
144.928
146.574
148.221
149.868
151.515
153.162
154.809
156.456
158.103
159.750
161.397
163.043
164.690
166.337
167.984
169.631
171.278
172.925
174.572
176.219
177.866
179.513
181.159

140
142
143
145
147
148
150
152
153
155
156
158
160
161
163
165
166
168
170
171
173
175
176
178
180
181
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Hybrid

Speed CORSIM Speed CORSIM
MPG (ft/s) gal/sec (*100000) Input (ft/s) gal/sec (*100000) Input
3.05 1 5.350 5 56 347.740 348
2 10.700 11 57 353.949 354
3 16.050 16 58 360.159 360
4 21.400 21 59 366.369 366
5 26.751 27 60 372.578 373
6 32.101 32 61 378.788 379
7 37.451 37 62 384.998 385
8 42.801 43 63 391.207 391
9 48.151 48 64 397.417 397
10 53.501 54 65 403.626 404
11 58.851 59 66 409.836 410
12 64.201 64 67 416.046 416
13 69.551 70 68 422.255 422
14 74.902 75 69 428.465 428
15 80.252 80 70 434.675 435
16 85.602 86 71 440.884 441
17 90.952 91 72 447.094 447
18 96.302 96 73 453.304 453
19 101.652 102 74 459.513 460
20 107.002 107 75 465.723 466
21 112.352 112 76 471.932 472
22 117.702 118 77 478.142 478
23 123.053 123 78 484.352 484
24 128.403 128 79 490.561 491
25 133.753 134 80 496.771 497
26 139.103 139 81 502.981 503
27 144.453 144 82 509.190 509
28 149.803 150 83 515.400 515
29 155.153 155 84 521.610 522
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

160.503
165.853
171.204
176.554
181.904
187.254
192.604
197.954
203.304
208.654
214.004
219.355
224.705
230.055
235.405
240.755
246.105
251.455
256.805
262.155
267.506
272.856
278.206
283.556
288.906
294.256

161
166
171
177
182
187
193
198
203
209
214
219
225
230
235
241
246
251
257
262
268
273
278
284
289
294

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

527.819
534.029
540.238
546.448
552.658
558.867
565.077
571.287
577.496
583.706
589.916
596.125
602.335
608.544
614.754
620.964
627.173
633.383
639.593
645.802
652.012
658.222
664.431
670.641
676.850
683.060

528
534
540
546
553
559
565
571
577
584
590
596
602
609
615
621
627
633
640
646
652
658
664
671
677
683
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APPENDIX B

EMISSION RATE CALCULATIONS
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Diesel

Speed CORSIM Speed CORSIM
HC (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
14 1 0.265 0 56 14.848 15

2 0.530 1 57 15.114 15
3 0.795 1 58 15.379 15
4 1.061 1 59 15.644 16
5 1.326 1 60 15.909 16
6 1.591 2 61 16.174 16
7 1.856 2 62 16.439 16
8 2.121 2 63 16.705 17
9 2.386 2 64 16.970 17
10 2.652 3 65 17.235 17
11 2917 3 66 17.500 18
12 3.182 3 67 17.765 18
13 3.447 3 68 18.030 18
14 3.712 4 69 18.295 18
15 3.977 4 70 18.561 19
16 4.242 4 71 18.826 19
17 4.508 5 72 19.091 19
18 4.773 5 73 19.356 19
19 5.038 5 74 19.621 20
20 5.303 5 75 19.886 20
21 5.568 6 76 20.152 20
22 5.833 6 77 20.417 20
23 6.098 6 78 20.682 21
24 6.364 6 79 20.947 21
25 6.629 7 80 21.212 21
26 6.894 7 81 21.477 21
27 7.159 7 82 21.742 22
28 7.424 7 83 22.008 22
29 7.689 8 84 22.273 22
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

7.955
8.220
8.485
8.750
9.015
9.280
9.545
9.811
10.076
10.341
10.606
10.871
11.136
11.402
11.667
11.932
12.197
12.462
12.727
12.992
13.258
13.523
13.788
14.053
14.318
14.583

O O O o0 o0 o©

10
10
10
11
11
11
11
12
12
12
12
13
13
13
14
14
14
14
15

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

22.538
22.803
23.068
23.333
23.598
23.864
24.129
24.394
24.659
24.924
25.189
25.455
25.720
25.985
26.250
26.515
26.780
27.045
27.311
27.576
27.841
28.106
28.371
28.636
28.902
29.167

23
23
23
23
24
24
24
24
25
25
25
25
26
26
26
27
27
27
27
28
28
28
28
29
29
29
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Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
6.21 1 1.176 1 56 65.864 66

2 2.352 2 57 67.040 67
3 3.528 4 58 68.216 68
4 4.705 5 59 69.392 69
5 5.881 6 60 70.568 71
6 7.057 7 61 71.744 72
7 8.233 8 62 72.920 73
8 9.409 9 63 74.097 74
9 10.585 11 64 75.273 75
10 11.761 12 65 76.449 76
11 12.938 13 66 77.625 78
12 14.114 14 67 78.801 79
13 15.290 15 68 79.977 80
14 16.466 16 69 81.153 81
15 17.642 18 70 82.330 82
16 18.818 19 71 83.506 84
17 19.994 20 72 84.682 85
18 21.170 21 73 85.858 86
19 22.347 22 74 87.034 87
20 23.523 24 75 88.210 88
21 24.699 25 76 89.386 &9
22 25.875 26 77 90.563 91
23 27.051 27 78 91.739 92
24 28.227 28 79 92.915 93
25 29.403 29 80 94.091 94
26 30.580 31 81 95.267 95
27 31.756 32 82 96.443 96
28 32.932 33 83 97.619 98
29 34.108 34 84 98.795 99
30 35.284 35 85 99.972 100
31 36.460 36 86 101.148 101
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

37.636
38.813
39.989
41.165
42.341
43.517
44.693
45.869
47.045
48.222
49.398
50.574
51.750
52.926
54.102
55.278
56.455
57.631
58.807
59.983
61.159
62.335
63.511
64.688

38
39
40
41
42
44
45
46
47
48
49
51
52
53
54
55
56
58
59
60
61
62
64
65

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

102.324
103.500
104.676
105.852
107.028
108.205
109.381
110.557
111.733
112.909
114.085
115.261
116.438
117.614
118.790
119.966
121.142
122.318
123.494
124.670
125.847
127.023
128.199
129.375

102
104
105
106
107
108
109
111
112
113
114
115
116
118
119
120
121
122
123
125
126
127
128
129

153




Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
30.21 1 5.722 6 56 320.409 320
2 11.443 11 57 326.131 326
3 17.165 17 58 331.852 332
4 22.886 23 59 337.574 338
5 28.608 29 60 343.295 343
6 34.330 34 61 349.017 349
7 40.051 40 62 354.739 355
8 45.773 46 63 360.460 360
9 51.494 51 64 366.182 366
10 57.216 57 65 371.903 372
11 62.938 63 66 377.625 378
12 68.659 69 67 383.347 383
13 74.381 74 68 389.068 389
14 80.102 80 69 394.790 395
15 85.824 86 70 400.511 401
16 91.545 92 71 406.233 406
17 97.267 97 72 411.955 412
18 102.989 103 73 417.676 418
19 108.710 109 74 423.398 423
20 114.432 114 75 429.119 429
21 120.153 120 76 434.841 435
22 125.875 126 77 440.563 441
23 131.597 132 78 446.284 446
24 137.318 137 79 452.006 452
25 143.040 143 80 457.727 458
26 148.761 149 81 463.449 463
27 154.483 154 82 469.170 469
28 160.205 160 83 474.892 475
29 165.926 166 84 480.614 481
30 171.648 172 85 486.335 486
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

177.369
183.091
188.813
194.534
200.256
205.977
211.699
217.420
223.142
228.864
234.585
240.307
246.028
251.750
257.472
263.193
268.915
274.636
280.358
286.080
291.801
297.523
303.244
308.966
314.688

177
183
189
195
200
206
212
217
223
229
235
240
246
252
257
263
269
275
280
286
292
298
303
309
315

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

492.057
497.778
503.500
509.222
514.943
520.665
526.386
532.108
537.830
543.551
549.273
554.994
560.716
566.438
572.159
577.881
583.602
589.324
595.045
600.767
606.489
612.210
617.932
623.653
629.375

492
498
504
509
515
521
526
532
538
544
549
555
561
566
572
578
584
589
595
601
606
612
618
624
629
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Biodiesel

Speed CORSIM Speed CORSIM
HC (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
1.48 1 0.280 0 56 15.697 16

2 0.561 1 57 15.977 16
3 0.841 1 58 16.258 16
4 1.121 1 59 16.538 17
5 1.402 1 60 16.818 17
6 1.682 2 61 17.098 17
7 1.962 2 62 17.379 17
8 2.242 2 63 17.659 18
9 2.523 3 64 17.939 18
10 2.803 3 65 18.220 18
11 3.083 3 66 18.500 19
12 3.364 3 67 18.780 19
13 3.644 4 68 19.061 19
14 3.924 4 69 19.341 19
15 4.205 4 70 19.621 20
16 4.485 4 71 19.902 20
17 4.765 5 72 20.182 20
18 5.045 5 73 20.462 20
19 5.326 5 74 20.742 21
20 5.606 6 75 21.023 21
21 5.886 6 76 21.303 21
22 6.167 6 77 21.583 22
23 6.447 6 78 21.864 22
24 6.727 7 79 22.144 22
25 7.008 7 80 22.424 22
26 7.288 7 81 22.705 23
27 7.568 8 82 22.985 23
28 7.848 8 83 23.265 23
29 8.129 8 84 23.545 24
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

8.409

8.689

8.970

9.250

9.530

9.811

10.091
10.371
10.652
10.932
11.212
11.492
11.773
12.053
12.333
12.614
12.894
13.174
13.455
13.735
14.015
14.295
14.576
14.856
15.136
15.417

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

23.826
24.106
24.386
24.667
24.947
25.227
25.508
25.788
26.068
26.348
26.629
26.909
27.189
27.470
27.750
28.030
28.311
28.591
28.871
29.152
29.432
29.712
29.992
30.273
30.553
30.833

24
24
24
25
25
25
26
26
26
26
27
27
27
27
28
28
28
29
29
29
29
30
30
30
31
31
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Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
3.90 1 0.739 1 56 41.364 41

2 1.477 1 57 42.102 42
3 2.216 2 58 42.841 43
4 2.955 3 59 43.580 44
5 3.693 4 60 44.318 44
6 4.432 4 61 45.057 45
7 5.170 5 62 45.795 46
8 5.909 6 63 46.534 47
9 6.648 7 64 47.273 47
10 7.386 7 65 48.011 48
11 8.125 8 66 48.750 49
12 8.864 9 67 49.489 49
13 9.602 10 68 50.227 50
14 10.341 10 69 50.966 51
15 11.080 11 70 51.705 52
16 11.818 12 71 52.443 52
17 12.557 13 72 53.182 53
18 13.295 13 73 53.920 54
19 14.034 14 74 54.659 55
20 14.773 15 75 55.398 55
21 15.511 16 76 56.136 56
22 16.250 16 77 56.875 57
23 16.989 17 78 57.614 58
24 17.727 18 79 58.352 58
25 18.466 18 80 59.091 59
26 19.205 19 81 59.830 60
27 19.943 20 82 60.568 61
28 20.682 21 83 61.307 61
29 21.420 21 84 62.045 62
30 22.159 22 85 62.784 63
31 22.898 23 86 63.523 64
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

23.636
24.375
25.114
25.852
26.591
27.330
28.068
28.807
29.545
30.284
31.023
31.761
32.500
33.239
33.977
34.716
35.455
36.193
36.932
37.670
38.409
39.148
39.886
40.625

24
24
25
26
27
27
28
29
30
30
31
32
33
33
34
35
35
36
37
38
38
39
40
41

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

64.261
65.000
65.739
66.477
67.216
67.955
68.693
69.432
70.170
70.909
71.648
72.386
73.125
73.864
74.602
75.341
76.080
76.818
77.557
78.295
79.034
79.773
80.511
81.250

64
65
66
66
67
68
69
69
70
71
72
72
73
74
75
75
76
77
78
78
79
80
81
81
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Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
35.20 1 9.778 10 56 547.556 548
2 19.556 20 57 557.333 557
3 29.333 29 58 567.111 567
4 39.111 39 59 576.889 577
5 48.889 49 60 586.667 587
6 58.667 59 61 596.444 596
7 68.444 68 62 606.222 606
8 78.222 78 63 616.000 616
9 88.000 88 64 625.778 626
10 97.778 98 65 635.556 636
11 107.556 108 66 645.333 645
12 117.333 117 67 655.111 655
13 127.111 127 68 664.889 665
14 136.889 137 69 674.667 675
15 146.667 147 70 684.444 684
16 156.444 156 71 694.222 694
17 166.222 166 72 704.000 704
18 176.000 176 73 713.778 714
19 185.778 186 74 723.556 724
20 195.556 196 75 733.333 733
21 205.333 205 76 743.111 743
22 215.111 215 77 752.889 753
23 224.889 225 78 762.667 763
24 234.667 235 79 772.444 772
25 244.444 244 80 782.222 782
26 254.222 254 81 792.000 792
27 264.000 264 82 801.778 802
28 273.778 274 83 811.556 812
29 283.556 284 84 821.333 821
30 293.333 293 85 831.111 831
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

303.111
312.889
322.667
332.444
342.222
352.000
361.778
371.556
381.333
391.111
400.889
410.667
420.444
430.222
440.000
449.778
459.556
469.333
479.111
488.889
498.667
508.444
518.222
528.000
537.778

303
313
323
332
342
352
362
372
381
391
401
411
420
430
440
450
460
469
479
489
499
508
518
528
538

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

840.889
850.667
860.444
870.222
880.000
889.778
899.556
909.333
919.111
928.889
938.667
948.444
958.222
968.000
977.778
987.556
997.333
1007.111
1016.889
1026.667
1036.444
1046.222
1056.000
1065.778
1075.556

841
851
860
870
880
890
900
909
919
929
939
948
958
968
978
988
997
1007
1017
1027
1036
1046
1056
1066
1076
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CNG

Speed CORSIM Speed CORSIM
HC (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
8.38 1 1.587 2 56 88.879 &9

2 3.174 3 57 90.466 90

3 4.761 5 58 92.053 92

4 6.348 6 59 93.640 94

5 7.936 8 60 95.227 95

6 9.523 10 61 96.814 97

7 11.110 11 62 98.402 98

8 12.697 13 63 99.989 100
9 14.284 14 64 101.576 102
10 15.871 16 65 103.163 103
11 17.458 17 66 104.750 105
12 19.045 19 67 106.337 106
13 20.633 21 68 107.924 108
14 22.220 22 69 109.511 110
15 23.807 24 70 111.098 111
16 25.394 25 71 112.686 113
17 26.981 27 72 114.273 114
18 28.568 29 73 115.860 116
19 30.155 30 74 117.447 117
20 31.742 32 75 119.034 119
21 33.330 33 76 120.621 121
22 34.917 35 77 122.208 122
23 36.504 37 78 123.795 124
24 38.091 38 79 125.383 125
25 39.678 40 80 126.970 127
26 41.265 41 81 128.557 129
27 42.852 43 82 130.144 130
28 44.439 44 83 131.731 132
29 46.027 46 84 133.318 133
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

47.614
49.201
50.788
52.375
53.962
55.549
57.136
58.723
60.311
61.898
63.485
65.072
66.659
68.246
69.833
71.420
73.008
74.595
76.182
77.769
79.356
80.943
82.530
84.117
85.705
87.292

48
49
51
52
54
56
57
59
60
62
63
65
67
68
70
71
73
75
76
78
79
81
83
84
86
87

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

134.905
136.492
138.080
139.667
141.254
142.841
144.428
146.015
147.602
149.189
150.777
152.364
153.951
155.538
157.125
158.712
160.299
161.886
163.473
165.061
166.648
168.235
169.822
171.409
172.996
174.583

135
136
138
140
141
143
144
146
148
149
151
152
154
156
157
159
160
162
163
165
167
168
170
171
173
175
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Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
0.55 1 0.104 0 56 5.833 6

2 0.208 0 57 5.938 6
3 0.313 0 58 6.042 6
4 0.417 0 59 6.146 6
5 0.521 1 60 6.250 6
6 0.625 1 61 6.354 6
7 0.729 1 62 6.458 6
8 0.833 1 63 6.563 7
9 0.938 1 64 6.607 7
10 1.042 1 65 6.771 7
11 1.146 1 66 6.875 7
12 1.250 1 67 6.979 7
13 1.354 1 68 7.083 7
14 1.458 1 69 7.188 7
15 1.563 2 70 7.292 7
16 1.667 2 71 7.396 7
17 1.771 2 72 7.500 8
18 1.875 2 73 7.604 8
19 1.979 2 74 7.708 8
20 2.083 2 75 7.813 8
21 2.188 2 76 7.917 8
22 2.292 2 77 8.021 8
23 2.396 2 78 8.125 8
24 2.500 3 79 8.229 8
25 2.604 3 80 8.333 8
26 2.708 3 81 8.438 8
27 2.813 3 82 8.542 9
28 2917 3 83 8.646 9
29 3.021 3 84 8.750 9
30 3.125 3 85 8.854 9
31 3.229 3 86 8.958 9
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

3.333
3.438
3.542
3.646
3.750
3.854
3.958
4.063
4.167
4.271
4.375
4.479
4.583
4.688
4.792
4.896
5.000
5.104
5.208
5.313
5.417
5.521
5.625
5.729
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87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

9.063
9.167
9.271
9.375
9.479
9.583
9.688
9.792
9.896
10.000
10.104
10.208
10.313
10.417
10.521
10.625
10.729
10.833
10.938
11.042
11.146
11.250
11.354
11.458
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Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
12.23 1 2.316 2 56 129.712 130

2 4.633 5 57 132.028 132
3 6.949 7 58 134.345 134
4 9.265 9 59 136.661 137
5 11.581 12 60 138.977 139
6 13.898 14 61 141.294 141
7 16.214 16 62 143.610 144
8 18.530 19 63 145.926 146
9 20.847 21 64 148.242 148
10 23.163 23 65 150.559 151
11 25.479 25 66 152.875 153
12 27.795 28 67 155.191 155
13 30.112 30 68 157.508 158
14 32.428 32 69 159.824 160
15 34.744 35 70 162.140 162
16 37.061 37 71 164.456 164
17 39.377 39 72 166.773 167
18 41.693 42 73 169.089 169
19 44.009 44 74 171.405 171
20 46.326 46 75 173.722 174
21 48.642 49 76 176.038 176
22 50.958 51 77 178.354 178
23 53.275 53 78 180.670 181
24 55.591 56 79 182.987 183
25 57.907 58 80 185.303 185
26 60.223 60 81 187.619 188
27 62.540 63 82 189.936 190
28 64.856 65 83 192.252 192
29 67.172 67 84 194.568 195
30 69.489 69 85 196.884 197
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

71.805
74.121
76.438
78.754
81.070
83.386
85.703
88.019
90.335
92.652
94.968
97.284
99.600
101.917
104.233
106.549
108.866
111.182
113.498
115.814
118.131
120.447
122.763
125.080
127.396

72
74
76
79
81
83
86
88
90
93
95
97
100
102
104
107
109
111
113
116
118
120
123
125
127

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

199.201
201.517
203.833
206.150
208.466
210.782
213.098
215415
217.731
220.047
222.364
224.680
226.996
229.313
231.629
233.945
236.261
238.578
240.894
243210
245.527
247.843
250.159
252.475
254.792

199
202
204
206
208
211
213
215
218
220
222
225
227
229
232
234
236
239
241
243
246
248
250
252
255
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LNG

Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
0.234 1 0.044 0 56 2.482 2
2 0.089 0 57 2.526 3
3 0.133 0 58 2.570 3
4 0.177 0 59 2.615 3
5 0.222 0 60 2.659 3
6 0.266 0 61 2.703 3
7 0.310 0 62 2.748 3
8 0.355 0 63 2792 3
9 0.399 0 64 2.836 3
10 0.443 0 65 2.881 3
11 0.488 0 66 2.925 3
12 0.532 1 67 2.969 3
13 0.576 1 68 3.014 3
14 0.620 1 69 3.058 3
15 0.665 1 70 3.102 3
16 0.709 1 71 3.147 3
17 0.753 1 72 3.191 3
18 0.798 1 73 3.235 3
19 0.842 1 74 3.280 3
20 0.886 1 75 3.324 3
21 0.931 1 76 3.368 3
22 0.975 1 77 3413 3
23 1.019 1 78 3.457 3
24 1.064 1 79 3.501 4
25 1.108 1 80 3.545 4
26 1.152 1 81 3.590 4
27 1.197 1 82 3.634 4
28 1.241 1 83 3.678 4
29 1.285 1 84 3.723 4
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

1.330
1.374
1.418
1.463
1.507
1.551
1.595
1.640
1.684
1.728
1.773
1.817
1.861
1.906
1.950
1.994
2.039
2.083
2.127
2.172
2.216
2.260
2.305
2.349
2.393
2438
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85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

3.767
3.811
3.856
3.900
3.944
3.989
4.033
4.077
4.122
4.166
4.210
4.255
4.299
4.343
4.388
4.432
4.476
4.520
4.565
4.609
4.653
4.698
4.742
4.786
4.831
4.875
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Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
21.25 1 4.025 4 56 225.379 225
2 8.049 8 57 229.403 229
3 12.074 12 58 233.428 233
4 16.098 16 59 237.453 237
5 20.123 20 60 241.477 241
6 24.148 24 61 245.502 246
7 28.172 28 62 249.527 250
8 32.197 32 63 253.551 254
9 36.222 36 64 257.576 258
10 40.246 40 65 261.600 262
11 44271 44 66 265.625 266
12 48.295 48 67 269.650 270
13 52.320 52 68 273.674 274
14 56.345 56 69 277.699 278
15 60.369 60 70 281.723 282
16 64.394 64 71 285.748 286
17 68.419 68 72 289.773 290
18 72.443 72 73 293.797 294
19 76.468 76 74 297.822 298
20 80.492 80 75 301.847 302
21 84.517 85 76 305.871 306
22 88.542 &9 77 309.896 310
23 92.566 93 78 313.920 314
24 96.591 97 79 317.945 318
25 100.616 101 80 321.970 322
26 104.640 105 81 325.994 326
27 108.665 109 82 330.019 330
28 112.689 113 83 334.044 334
29 116.714 117 84 338.068 338
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

120.739
124.763
128.788
132.813
136.837
140.862
144.886
148.911
152.936
156.960
160.985
165.009
169.034
173.059
177.083
181.108
185.133
189.157
193.182
197.206
201.231
205.256
209.280
213.305
217.330
221.354

121
125
129
133
137
141
145
149
153
157
161
165
169
173
177
181
185
189
193
197
201
205
209
213
217
221

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

342.093
346.117
350.142
354.167
358.191
362.216
366.241
370.265
374.290
378.314
382.339
386.364
390.388
394.413
398.438
402.462
406.487
410.511
414.536
418.561
422.585
426.610
430.634
434.659
438.684
442.708

342
346
350
354
358
362
366
370
374
378
382
386
390
394
398
402
406
411
415
419
423
427
431
435
439
443
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Methanol

Speed CORSIM Speed CORSIM
HC (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
1.05 1 0.199 0 56 11.136 11

2 0.398 0 57 11.335 11
3 0.597 1 58 11.534 12
4 0.795 1 59 11.733 12
5 0.994 1 60 11.932 12
6 1.193 1 61 12.131 12
7 1.392 1 62 12.330 12
8 1.591 2 63 12.528 13
9 1.790 2 64 12.727 13
10 1.989 2 65 12.926 13
11 2.188 2 66 13.125 13
12 2.386 2 67 13.324 13
13 2.585 3 68 13.523 14
14 2.784 3 69 13.722 14
15 2.983 3 70 13.920 14
16 3.182 3 71 14.119 14
17 3.381 3 72 14.318 14
18 3.580 4 73 14.517 15
19 3.778 4 74 14.716 15
20 3.977 4 75 14.915 15
21 4.176 4 76 15.114 15
22 4.375 4 77 15.313 15
23 4.574 5 78 15.511 16
24 4.773 5 79 15.710 16
25 4.972 5 80 15.909 16
26 5.170 5 81 16.108 16
27 5.369 5 82 16.307 16
28 5.568 6 83 16.506 17
29 5.767 6 84 16.705 17
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

5.966
6.165
6.364
6.563
6.761
6.960
7.159
7.358
7.557
7.756
7.955
8.153
8.352
8.551
8.750
8.949
9.148
9.347
9.545
9.744
9.943
10.142
10.341
10.540
10.739
10.938
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85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

16.903
17.102
17.301
17.500
17.699
17.898
18.097
18.295
18.494
18.693
18.892
19.091
19.290
19.489
19.688
19.886
20.085
20.284
20.483
20.682
20.881
21.080
21.278
21.477
21.676
21.875

17
17
17
18
18
18
18
18
18
19
19
19
19
19
20
20
20
20
20
21
21
21
21
21
22
22
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Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
6.25 1 1.184 1 56 66.288 66

2 2.367 2 57 67.472 67
3 3.551 4 58 68.655 69
4 4.735 5 59 69.839 70
5 5.919 6 60 71.023 71
6 7.102 7 61 72.206 72
7 8.286 8 62 73.390 73
8 9.470 9 63 74.574 75
9 10.653 11 64 75.758 76
10 11.837 12 65 76.941 77
11 13.021 13 66 78.125 78
12 14.205 14 67 79.309 79
13 15.388 15 68 80.492 80
14 16.572 17 69 81.676 82
15 17.756 18 70 82.860 83
16 18.939 19 71 84.044 84
17 20.123 20 72 85.227 85
18 21.307 21 73 86.411 86
19 22.491 22 74 87.595 88
20 23.674 24 75 88.778 &9
21 24.858 25 76 89.962 90
22 26.042 26 77 91.146 91
23 27.225 27 78 92.330 92
24 28.409 28 79 93.513 94
25 29.593 30 80 94.697 95
26 30.777 31 81 95.881 96
27 31.960 32 82 97.064 97
28 33.144 33 83 98.248 98
29 34.328 34 84 99.432 99
30 35.511 36 85 100.616 101
31 36.695 37 86 101.799 102
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

37.879
39.063
40.246
41.430
42.614
43.797
44.981
46.165
47.348
48.532
49.716
50.900
52.083
53.267
54.451
55.634
56.818
58.002
59.186
60.369
61.553
62.737
63.920
65.104

38
39
40
41
43
44
45
46
47
49
50
51
52
53
54
56
57
58
59
60
62
63
64
65

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

102.983
104.167
105.350
106.534
107.718
108.902
110.085
111.269
112.453
113.636
114.820
116.004
117.188
118.371
119.555
120.739
121.922
123.106
124.290
125.473
126.657
127.841
129.025
130.208

103
104
105
107
108
109
110
111
112
114
115
116
117
118
120
121
122
123
124
125
127
128
129
130
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Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
7.35 1 1.392 1 56 77.955 78

2 2.784 3 57 79.347 79
3 4.176 4 58 80.739 81
4 5.568 6 59 82.131 82
5 6.960 7 60 83.523 84
6 8.352 8 61 84.915 85
7 9.744 10 62 86.307 86
8 11.136 11 63 87.699 88
9 12.528 13 64 89.091 &9
10 13.920 14 65 90.483 90
11 15.313 15 66 91.875 92
12 16.705 17 67 93.267 93
13 18.097 18 68 94.659 95
14 19.489 19 69 96.051 96
15 20.881 21 70 97.443 97
16 22.273 22 71 98.835 99
17 23.665 24 72 100.227 100
18 25.057 25 73 101.619 102
19 26.449 26 74 103.011 103
20 27.841 28 75 104.403 104
21 29.233 29 76 105.795 106
22 30.625 31 77 107.188 107
23 32.017 32 78 108.580 109
24 33.409 33 79 109.972 110
25 34.801 35 80 111.364 111
26 36.193 36 81 112.756 113
27 37.585 38 82 114.148 114
28 38.977 39 83 115.540 116
29 40.369 40 84 116.932 117
30 41.761 42 85 118.324 118
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

43.153
44.545
45.938
47.330
48.722
50.114
51.506
52.898
54.290
55.682
57.074
58.466
59.858
61.250
62.642
64.034
65.426
66.818
68.210
69.602
70.994
72.386
73.778
75.170
76.563

43
45
46
47
49
50
52
53
54
56
57
58
60
61
63
64
65
67
68
70
71
72
74
75
77

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

119.716
121.108
122.500
123.892
125.284
126.676
128.068
129.460
130.852
132.244
133.636
135.028
136.420
137.813
139.205
140.597
141.989
143.381
144.773
146.165
147.557
148.949
150.341
151.733
153.125

120
121
123
124
125
127
128
129
131
132
134
135
136
138
139
141
142
143
145
146
148
149
150
152
153
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Ethanol

Speed CORSIM Speed CORSIM
HC (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
7.05 1 1.335 1 56 74.773 75

2 2.670 3 57 76.108 76
3 4.006 4 58 77.443 77
4 5.341 5 59 78.778 79
5 6.676 7 60 80.114 80
6 8.011 8 61 81.449 81
7 9.347 9 62 82.784 83
8 10.682 11 63 84.119 84
9 12.017 12 64 85.455 85
10 13.352 13 65 86.790 87
11 14.688 15 66 88.125 88
12 16.023 16 67 89.460 &9
13 17.358 17 68 90.795 91
14 18.693 19 69 92.131 92
15 20.028 20 70 93.466 93
16 21.364 21 71 94.801 95
17 22.699 23 72 96.136 96
18 24.034 24 73 97.472 97
19 25.369 25 74 98.807 99
20 26.705 27 75 100.142 100
21 28.040 28 76 101.477 101
22 29.375 29 77 102.813 103
23 30.710 31 78 104.148 104
24 32.045 32 79 105.483 105
25 33.381 33 80 106.818 107
26 34.716 35 81 108.153 108
27 36.051 36 82 109.489 109
28 37.386 37 83 110.824 111
29 38.722 39 84 112.159 112
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

40.057
41.392
42.727
44.063
45.398
46.733
48.068
49.403
50.739
52.074
53.409
54.744
56.080
57.415
58.750
60.085
61.420
62.756
64.091
65.426
66.761
68.097
69.432
70.767
72.102
73.438

40
41
43
44
45
47
48
49
51
52
53
55
56
57
59
60
61
63
64
65
67
68
69
71
72
73

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

113.494
114.830
116.165
117.500
118.835
120.170
121.506
122.841
124.176
125.511
126.847
128.182
129.517
130.852
132.188
133.523
134.858
136.193
137.528
138.864
140.199
141.534
142.869
144.205
145.540
146.875

113
115
116
118
119
120
122
123
124
126
127
128
130
131
132
134
135
136
138
139
140
142
143
144
146
147
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Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
23.15 1 4.384 4 56 245.530 246
2 8.769 9 57 249.915 250
3 13.153 13 58 254.299 254
4 17.538 18 59 258.684 259
5 21.922 22 60 263.068 263
6 26.307 26 61 267.453 267
7 30.691 31 62 271.837 272
8 35.076 35 63 276.222 276
9 39.460 39 64 280.606 281
10 43.845 44 65 284.991 285
11 48.229 48 66 289.375 289
12 52.614 53 67 293.759 294
13 56.998 57 68 298.144 298
14 61.383 61 69 302.528 303
15 65.767 66 70 306.913 307
16 70.152 70 71 311.297 311
17 74.536 75 72 315.682 316
18 78.920 79 73 320.066 320
19 83.305 83 74 324451 324
20 87.689 88 75 328.835 329
21 92.074 92 76 333.220 333
22 96.458 96 77 337.604 338
23 100.843 101 78 341.989 342
24 105.227 105 79 346.373 346
25 109.612 110 80 350.758 351
26 113.996 114 81 355.142 355
27 118.381 118 82 359.527 360
28 122.765 123 83 363.911 364
29 127.150 127 84 368.295 368
30 131.534 132 85 372.680 373
31 135919 136 86 377.064 377
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

140.303
144.688
149.072
153.456
157.841
162.225
166.610
170.994
175.379
179.763
184.148
188.532
192.917
197.301
201.686
206.070
210.455
214.839
219.223
223.608
227.992
232.377
236.761
241.146

140
145
149
153
158
162
167
171
175
180
184
189
193
197
202
206
210
215
219
224
228
232
237
241

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

381.449
385.833
390.218
394.602
398.987
403.371
407.756
412.140
416.525
420.909
425.294
429.678
434.063
438.447
442831
447.216
451.600
455.985
460.369
464.754
469.138
473.523
477.907
482.292

381
386
390
395
399
403
408
412
417
421
425
430
434
438
443
447
452
456
460
465
469
474
478
482
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Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
11.41 1 2.169 2 56 121.439 121

2 4.337 4 57 123.608 124
3 6.506 7 58 125.777 126
4 8.674 9 59 127.945 128
5 10.843 11 60 130.114 130
6 13.011 13 61 132.282 132
7 15.180 15 62 134.451 134
8 17.348 17 63 136.619 137
9 19.517 20 64 138.788 139
10 21.686 22 65 140.956 141
11 23.854 24 66 143.125 143
12 26.023 26 67 145.294 145
13 28.191 28 68 147.462 147
14 30.360 30 69 149.631 150
15 32.528 33 70 151.799 152
16 34.697 35 71 153.968 154
17 36.866 37 72 156.136 156
18 39.034 39 73 158.305 158
19 41.203 41 74 160.473 160
20 43.371 43 75 162.642 163
21 45.540 46 76 164.811 165
22 47.708 48 77 166.979 167
23 49.877 50 78 169.148 169
24 52.045 52 79 171.316 171
25 54.214 54 80 173.485 173
26 56.383 56 81 175.653 176
27 58.551 59 82 177.822 178
28 60.720 61 83 179.991 180
29 62.888 63 84 182.159 182
30 65.057 65 85 184.328 184
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

67.225
69.394
71.563
73.731
75.900
78.068
80.237
82.405
84.574
86.742
88.911
91.080
93.248
95.417
97.585
99.754
101.922
104.091
106.259
108.428
110.597
112.765
114.934
117.102
119.271

67
69
72
74
76
78
80
82
85
87
&9
91
93
95
98
100
102
104
106
108
111
113
115
117
119

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

186.496
188.665
190.833
193.002
195.170
197.339
199.508
201.676
203.845
206.013
208.182
210.350
212.519
214.688
216.856
219.025
221.193
223.362
225.530
227.699
229.867
232.036
234.205
236.373
238.542

186
189
191
193
195
197
200
202
204
206
208
210
213
215
217
219
221
223
226
228
230
232
234
236
239
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Hybrid

Speed CORSIM Speed CORSIM
HC (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
0.44 1 0.09 0 56 4.88 5

2 0.17 0 57 4.97 5
3 0.26 0 58 5.05 5
4 0.35 0 59 5.14 5
5 0.44 0 60 5.23 5
6 0.52 1 61 5.31 5
7 0.61 1 62 5.40 5
8 0.70 1 63 5.49 5
9 0.78 1 64 5.58 6
10 0.87 1 65 5.66 6
11 0.96 1 66 5.75 6
12 1.05 1 67 5.84 6
13 1.13 1 68 5.92 6
14 1.22 1 69 6.01 6
15 1.31 1 70 6.10 6
16 1.39 1 71 6.19 6
17 1.48 1 72 6.27 6
18 1.57 2 73 6.36 6
19 1.66 2 74 6.45 6
20 1.74 2 75 6.53 7
21 1.83 2 76 6.62 7
22 1.92 2 77 6.71 7
23 2.00 2 78 6.80 7
24 2.09 2 79 6.88 7
25 2.18 2 80 6.97 7
26 2.27 2 81 7.06 7
27 2.35 2 82 7.14 7
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

2.44
2.53
2.61
2.70
2.79
2.88
2.96
3.05
3.14
322
3.31
3.40
3.48
3.57
3.66
3.75
3.83
3.92
4.01
4.09
4.18
4.27
4.36
4.44
4.53
4.62
4.70
4.79

LN L L B R R DR R A DR R A DR R WOW W W W W W W W W W W N

83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

7.23
7.32
7.41
7.49
7.58
7.67
7.75
7.84
7.93
8.02
8.10
8.19
8.28
8.36
8.45
8.54
8.63
8.71
8.80
8.89
8.97
9.06
9.15
9.23
9.32
941
9.50
9.58

O O O OV OV LV LV LV LV LV LV LV O K O L K O O O O O O NN =N

—
(e
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Speed CORSIM Speed CORSIM
CO (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
1.73 1 0.33 0 56 18.35 18

2 0.66 1 57 18.68 19
3 0.98 1 58 19.00 19
4 1.31 1 59 19.33 19
5 1.64 2 60 19.66 20
6 1.97 2 61 19.99 20
7 2.29 2 62 20.31 20
8 2.62 3 63 20.64 21
9 2.95 3 64 20.97 21
10 3.28 3 65 21.30 21
11 3.60 4 66 21.63 22
12 3.93 4 67 21.95 22
13 4.26 4 68 22.28 22
14 4.59 5 69 22.61 23
15 491 5 70 22.94 23
16 5.24 5 71 23.26 23
17 5.57 6 72 23.59 24
18 5.90 6 73 23.92 24
19 6.23 6 74 24.25 24
20 6.55 7 75 24.57 25
21 6.88 7 76 24.90 25
22 7.21 7 77 25.23 25
23 7.54 8 78 25.56 26
24 7.86 8 79 25.88 26
25 8.19 8 80 26.21 26
26 8.52 9 81 26.54 27
27 8.85 9 82 26.87 27
28 9.17 9 83 27.20 27
29 9.50 10 84 27.52 28
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

9.83

10.16
10.48
10.81
11.14
11.47
11.80
12.12
12.45
12.78
13.11
13.43
13.76
14.09
14.42
14.74
15.07
15.40
15.73
16.05
16.38
16.71
17.04
17.37
17.69
18.02

10
10
10
11
11
11
12
12
12
13
13
13
14
14
14
15
15
15
16
16
16
17
17
17
18
18

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

27.85
28.18
28.51
28.83
29.16
29.49
29.82
30.14
30.47
30.80
31.13
31.45
31.78
32.11
32.44
32.77
33.09
33.42
33.75
34.08
34.40
34.73
35.06
35.39
35.71
36.04

28
28
29
29
29
29
30
30
30
31
31
31
32
32
32
33
33
33
34
34
34
35
35
35
36
36
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Speed CORSIM Speed CORSIM
NO, (ft/s) gal/sec (*1000) Input (ft/s) gal/sec (¥*1000) Input
27.43 1 5.20 5 56 290.92 291
2 10.39 10 57 296.12 296
3 15.59 16 58 301.31 301
4 20.78 21 59 306.51 307
5 25.98 26 60 311.70 312
6 31.17 31 61 316.90 317
7 36.37 36 62 322.09 322
8 41.56 42 63 327.29 327
9 46.76 47 64 332.48 332
10 51.95 52 65 337.68 338
11 57.15 57 66 342.88 343
12 62.34 62 67 348.07 348
13 67.54 68 68 353.27 353
14 72.73 73 69 358.46 358
15 77.93 78 70 363.66 364
16 83.12 83 71 368.85 369
17 88.32 88 72 374.05 374
18 93.51 94 73 379.24 379
19 98.71 99 74 384.44 384
20 103.90 104 75 389.63 390
21 109.10 109 76 394.83 395
22 114.29 114 77 400.02 400
23 119.49 119 78 405.22 405
24 124.68 125 79 410.41 410
25 129.88 130 80 415.61 416
26 135.07 135 81 420.80 421
27 140.27 140 82 426.00 426
28 145.46 145 83 431.19 431
29 150.66 151 84 436.39 436

188




30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

155.85
161.05
166.24
171.44
176.63
181.83
187.02
192.22
197.41
202.61
207.80
213.00
218.19
223.39
228.58
233.78
238.97
24417
249.36
254.56
259.75
264.95
270.14
275.34
280.53
285.73

156
161
166
171
177
182
187
192
197
203
208
213
218
223
229
234
239
244
249
255
260
265
270
275
281
286

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

441.58
446.78
451.97
457.17
462.36
467.56
472.75
477.95
483.14
488.34
493.53
498.73
503.92
509.12
514.31
519.51
524.70
529.90
535.09
540.29
545.48
550.68
555.87
561.07
566.26
571.46

442
447
452
457
462
468
473
478
483
488
494
499
504
509
514
520
525
530
535
540
545
551
556
561
566
571
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APPENDIX C

ACCELERATION RATES
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Acceleration Rate (ft/s*2)

Diesel/Biodiesel

4.40
4.20 1
4.00 A
3.80
3.60
3.40 A
3.20 1
3.00 A
2.80 A
2.60
2.40 A
2.20 A
2.00 A
1.80 A
1.60 A
1.40
1.20 A
1.00 -
0.80 A
0.60 A
0.40 -
0.20

0.00
-0.20 {
-0.40 A
-0.60 A
-0.80

100

-1.00

Speed (ft/s)

R? = 0.9652

Acceleration Rate (ft/s2)

Speed (ft/s)

R?=0.9777
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Acceleration Rate (ft/s"2)

LNG

3.6
3.4
3.2 1
3.0
2.8
2.6
2.4 A
2.2
2.0 A
1.8 4
1.6 4
1.4 4
1.2
1.0 4
0.8 q
0.6
0.4
0.2 4
0.0

-0.2 4
-0.4 1
-0.6
-0.8 1

100

o

-1.0

Speed (ft/s)

R® = 0.9923

Acceleration Rate (ft/s*2)

2.8

Methanol/Ethanol

2.6
2.4 A
2.2 A
2.0 A
1.8
1.6 4
1.4 4
1.24
1.0 4
0.8
0.6
0.4
0.2
0.0

024
041
0.6
08 1
1.0
1.2

100

110

Speed (ft/s)

R® = 0.9794
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Acceleration Rate (ft/s*2)

CO0O === 2NN

Hybrid

MromoMrDID®ON
)

o
o

R® = 0.9964

Speed (ft/s)

Acceleration (ft/s”2)

Hydrogen

Speed (ft/s)

110

R? =0.9975
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