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ABSTRACT

RECOVERING RAILROAD DIESEL-ELECTRIC
LOCOMOTIVE DYNAMIC BRAKE ENERGY

Travis D. Painter, M.S.
Department of Civil and Environmental Engineering
University of lllinois at Urbana-Champaign
Christopher P.L. Barkan, Ph.D., Advisor

As fuel costs and environmental impacts assume greater importance tgsailwa
so does the importance of options for increased energy efficiency and emissions
reduction. A study was conducted on the potential recovery of dynamic brake energy
from diesel-electric locomotives in North American freight servicdedstible, such as
system could conserve fuel and reduce the environmental impact of railwagi@per
Using computer simulations (Train Energy Model) and locomotive event recorder dat
estimations were made of the energy that could be recovered from dynamic brake use
addition, the differences between the results of the computer simulationgspéct to
the actual events recorded were examined in order to evaluate how well the model
simulates an engineer's operation of locomotives and provide guidance for future
improvements to the simulation model.

A case study of the energy recovery potential for a Class 1 railroad openating
an 81-mile route over a major mountain pass in North America was conducted. The route
analyzed has two characteristics that make it a good candidate fongtedgirgy
recovery potential and possible pollution prevention benefits. First, there is adezkte

down grade longer than 25 miles, and second, it has heavy traffic with about 80 trains a



day traversing it. Both of these factors enhance the likelihood that investmasatgy e
recovery technology will be economically viable.

It was found that the total dynamic brake energy potential was over 900 kilowatt-
hours per train. Assuming a 30% efficiency in the energy recovery systemchsas
20 gallons of diesel fuel could be saved per train. This equates to 680 gallons of fuel per
day if all eligible trains made use of the technology, and a correspondingeadact
emissions. Larger amounts could be achieved if more energy recovery veleices
used, up to an estimated maximum of 60% efficiency. Nevertheless, fuel savings do not
provide sufficient economic incentive to warrant implementation of dynamke bra
energy recovery at current fuel prices. Even when the environmental bergefits a
accounted for, a likely return on investment is about five years, which is greatast

typically acceptable for railroad capital investment projects.
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CHAPTER 1: INTRODUCTION

Each year the Class 1 railroads use over 4.1 billion gallons of diesel fuel
(Association of American Railroads 2005). This represents over 12% of their annual
operating expenses. With over 500 million train-miles operated a year, evall a sm
percentage decrease in the amount of fuel consumed has a substantial poteosal for
savings. Even a local increase in fuel economy could produce a marked decreake in f
consumption if it occurred on a suitably busy section of track.

Each gallon of fuel burned also produces air pollutants (Sierra Research and
Caretto 2004). The amount and type of these pollutants can be partially controlled
through locomotive diesel engine technology, but emissions cannot be eliminated. As
combustion temperatures are increased, the production of pollutants such as
hydrocarbons, carbon monoxide, and carbon dioxide are decreased, but the production of
the oxides of nitrogen is increased (United States Environmental ProtectionyAgenc
1998). A reduction in the amount of fuel consumed will generally cause a deordase i
amount of all air pollutants produced.

With the dual goals of reducing fuel consumption and locomotive emissions, this
thesis examines the prospects for recovering and reusing energy fronotveo
dynamic brakes. An analysis of the cost savings from reduced fuel consumptibe and t
potential benefits of reduced locomotive emissions was conducted to determine the
feasibility of offsetting the costs of construction and operation of an enszgyery
system.

Dynamic brakes have been the focus of fuel reduction studies in the past. The

fact that dynamic braking produces electricity that is then wasted lsasedrawn



scrutiny because of the increase in efficiency that could be realizeddumimg this
energy. Regenerative braking and energy recovery in electrically pagrelies has

long been used in electric trains (Hay 1982) and is growing in popularity with tilse mas
production of hybrid automobiles (Lave and MacLean 2002).

In the 1970's, the OPEC oil embargo and the resulting energy crisis increased
awareness of the issue of fuel efficiency. This led to extensive resedheharea of
railroad energy efficiency. Although the impetus for such work abated in the,1080s
was renewed again in the 1990s and 2000s, first because of interest in reducing

emissions, and more recently as a result of sharp increases in petroleum prices

1.1 Previous Research

In 1979, the Federal Railroad Administration (FRA) published two reports on
modification of locomotives to recover dynamic brake energy. The first wtaglg of
the feasibility of modifying a diesel-electric locomotive to be able to be @oitbrough
the use of electrified catenary wires where the infrastructure wadaldegFederal
Railroad Administration 1979b). The study concluded: (1) such technology is technically
feasible, (2) performance while in the electric mode is greatly enhanttexit reducing
the efficiency while in the diesel mode, and (3) the technology can be used assaaine
progressively electrifying a railroad route in order to avoid a large icaiaital
investment. These conclusions were based solely on examining the feasibilhyadf a
mode locomotive and not on the feasibility of an electrification or energy stor@getpr

A second study investigated the possibility of modifying a switching locomotive
to be able to store and reuse dynamic braking energy (Federal Railro&ui udition

1979a). In this study, an EMD SW1500 was permanently coupled to a boxcar that



contained a flywheel energy storage system. The locomotive was moditieat s

whenever the dynamic brake was used, the power coming from the traction motors would
be directed to the flywheel storage system instead of through the rgsidsor The

energy stored in the flywheel system would then be used to power the locomative as i
ran. When this energy was exhausted, the locomotive would continue to run using power
generated by its diesel engine.

After a 16-month trial period, Phase | of the study was completed. The study
concluded that the program was technically, but not economically, feasible, andIPhases
and Il of the program were canceled. Even with modifications to the tractiamrsvastd
control systems, the system saved little energy. The duty cycle of tichiggyi
operations did not provide enough energy recovery from the dynamic brakes.

Together these studies showed that a system for recovering and stoengrine
produced by dynamic braking could prove to be economically feasible if it wasdafaplie
a location that was electrified or where the duty cycle of operations washkevtoa
producing large amounts of dynamic energy. Out of an initial survey of likedyibns,

Cajon Pass in Southern California has two characteristics that would maitaltesfor

a system that relied on dynamic brake use. It has long downgrades and a higlofiens
train traffic. As such, this rail line would appear to have the greatest pofential
demonstrating the technical and economic feasibility of an energy recygéeynsfor
United States railroad operations. Furthermore, because it is in a nonattaarea, the

reduction in emissions associated with energy recovery would be particulaeicizdn



1.2 Cajon Pass

Cajon Pass is located on BNSF's southern transcontinental line between Barstow
CA and San Bernardino, CA, a total distance of 81 miles (Figure 1.1). It is cechpfis
approximately 25 miles of westward downgrade and 55 miles of eastward downgrade
(Figure 1.2). Locomotives traveling this route are often in dynamic brakinig fior
over two hours in total.

The duty cycle of trains going down the pass is substantially differenttfrat of
the switching locomotive that was studied by the FRA (1979a). Although the FRA study
concluded that dynamic brake energy storage was not economically feaside for
switching situations where dynamic brake use is limited, it might bebfeams trains
that experience long periods of sustained dynamic braking such as Cajon Pass. An
average of 81 trains per day pass over this line. The majority of these aredatkenith
the remainder primarily mixed freight and unit trains.

There are major railroad yards at both San Bernardino and Barstow and these
would serve as logical places for equipment change if such a systenmptramented.
Also, given the relatively short length of track covered, the capital expéasieling
additional infrastructure would be limited and well defined.

Being located in the Los Angeles Basin means that air quality and air pollution
are strictly regulated. This area has been designated a nonattaireaent ar
Nonattainment areas do not meet the Environmental Protection Agency’s standards f
air pollution and must work toward reducing air pollution to meet these standards.
Meeting these regulations requires financial expenditure as well as aiy qoal

emissions monitoring. The current regulations can be expected to tighten in the



foreseeable future. Reducing the total amount of locomotive emissions throughsée r
of dynamic brake energy would help to meet these future regulations thedefoyng

the cost of compliance.

Figure 1.1 Map of BNSF's Southern California lines



Figure 1.2 Grade chart for Cajon Pass

1.3 Scope of Study

In light of the previous studies related to locomotive dynamic brake energy
recovery, this research focuses on the potential for recovery of this energgatian
where dynamic brake use is customary and where there is enough dadytdrafrrant
an initial investigation. The conditions at Cajon Pass on the BNSF Railway veenede
suitable, so this section of track was chosen for this study.

The cost justification for the project will be analyzed based on two critéha
first will be reduced fuel consumption, and the second will be reduced air pollution.
Environmental benefits have not been considered in the previous studies. The level of
these benefits is determined by the amount of energy that can be recoveteohbase

dynamic brake use and railroad operations.



1.4 Summary of chapters

1.4.1 Chapter 1

Chapter 1 introduces the subject of the research, describes two previous studies
demonstrated the technical feasibility of the concept, and introduces the idea of
accounting for the environmental benefits as well as the economic savingeétoced
fuel consumption. Also in this chapter is a description of Cajon Pass in southern
California. This location was chosen for the study of energy recovery bexfatskng
downgrades and high volume of traffic. Being located in southern California also means
that reducing locomotive emissions is of particular importance. Californisonaes of
the most stringent air quality laws in the country and railroads are under cahkde

pressure to reduce emissions there.

1.4.2 Chapter 2

This chapter gives background information on locomotive dynamic brakes as well
as three types of energy storage systems that would be feasible for use int@mnjunc
with locomotive dynamic brakes. These two storage systems are: flgndrekEbatteries.
The strengths and weaknesses of each type of storage system are discwsdieasahe

technology behind the way that they store energy.

1.4.3 Chapter 3

A train simulation program was tested to see if accurate figures fomilybaake
energy could be produced. AAR's Train Energy Model (TEM) was compared to actual
locomotive event recorder data for trains operating on Cajon Pass. While some aspects

of this program had been validated using data from actual trains, this was rasdHerc



dynamic brakes. The dynamic brake energy portions of the simulation were found to be
inconsistent when compared to the event recorder data. This eliminated the use of the
TEM for simulating dynamic brake usage.

Not every train that travels over Cajon Pass would be applicable for energy
recovery. The criteria for selecting applicable trains are definediranderage number
of trains to be considered is provided. The methodology for calculating dynamicgorakin

energy using event recorder data is also described.

1.4.4 Chapter 4

Using locomotive event recorder data, an average value for the amount of energy
consumed by the dynamic brakes was calculated. This value assumes 30% awbvery
reuse efficiency. With this figure, appropriate reductions are made totéhavailable
energy. The calculated energy was then converted into an estimate of fngé gen
train. The total fuel savings per year was calculated and shown as a cosbmdohsxd
on the decreased amount of fuel required to be purchased. A preliminary estimate of the

cost of an energy storage vehicle is also developed for use in the cost benefisanaly

1.4.5 Chapter 5

A social cost can be applied to pollution. The exact value for this cost can be
difficult to set. A number of studies have been conducted to try and rationally define the
cost to the population as a whole for various types of air pollution. These numbers as
well as the price of the pollutants on the emissions trading market weretexiéend
summarized. The amount of each main pollutant found in locomotive emissions was also

researched. These two data sets were combined to produce an estimate faaltbessoc



of running a locomotive. Social benefits were calculated using the reductiomssicera

based on reduced fuel consumption.

1.4.6 Chapter 6

The costs and benefits developed in earlier chapters are combined, and the level
of investment that is justified on the basis of the estimated savings is cet@rmi
Savings from both reduced fuel consumption and emissions are accounted for, and a
return on investment of approximately five years is calculated. A sernyséndtysis of

the effect of fuel price on the estimated rate of return is also conducted.

1.4.7 Chapter 7
A brief summary of the conclusions is presented and areas for future study

introduced.



CHAPTER 2: BACKGROUND

2.1 Dynamic Brakes

2.1.1 Introduction

Dynamic brakes play an important role in the control of North American train
operations. Because of their prevalence, it is important to understand how theyaork a
the advantages and disadvantages of their use. Dynamic brakes are not limited to use i
locomotives. They are used in hybrid automobiles, industrial machines, and some
elevators, which all share two main characteristics, the use of elactiocs and the

need for a way to slow rotating machinery with little wear.

2.1.2 Dynamic Brake description

Electric and diesel-electric locomotives use electric traction motiachad to the
axles to apply tractive force to the wheels. An electric motor can ageseator when
a magnetic field is present and a rotational force is applied to the rotor. Dyniaipid
braking, the rotors of the electric motors are allowed to rotate and produtieigfecBy
generating electricity, the conversion of energy provides resistancavenmant that
reduces the speed of the train. The converted electrical energy is then erspelled
into the atmosphere as heat.

Dynamic braking is a general term used to describe the use of an etettyicas
a generator to dissipate energy. This type of braking is more preciseljpdeédnyr one
of two termsyegenerativeandrheostaticbraking (Judy and Johansson 1954). The
difference between the two types of dynamic braking is what is done witletteo#y
after it has been produced. In regenerative braking, the electrieithés immediately

10



reused by other locomotives, or it is stored for later use. This electrinigitber be
transmitted through overhead catenary wires or an electrified thirds&sl tlae case with
electric locomotives, or it can be stored onboard through the use of a flywheel, battery
other energy storage system (Judy and Johansson 1954). Rheostatic braking occurs whe
the electrical energy that is produced is run through resistors and dissiphéad as
energy. A rheostat is a device that regulates the current flowing thrdmghbhtanging
the resistance. For the case of rheostatic braking, this resistance peofadee against
which work may be done. While regenerative braking leads to a more efficiearhsys
because of the reuse of energy, the infrastructure that is required fopthd tyraking
is not always available. Diesel-electric locomotives run primarilyacktthat has not
been electrified. For this reason, rheostatic dynamic braking is whatignskesel-
electric locomotives.

Ultimately dynamic braking is based on the First Law of Thermodynamics.
Translational energy in the form of train movement is converted into elecinmajye
The quantity of energy that has been converted is directly reduced from the total
translational energy of the locomotive (or train). This reduction in enedygces the

speed of the train through the equation:

KEz%mvz

where: KE = kinetic energy
m = mass

v = speed (velocity)

11



The amount of energy reduction required to slow a moving train is large. A 5,000-
ton train reducing its speed from 30 mph to 25 mph requires that 124,640 kJ (34.6 kwh)
of energy be dissipated through the dynamic brake, the air brakes, or a combintten of

two.

2.1.3 Dynamic Brake Use

2.1.3.1 Air Brakes

With air brakes, force from an air cylinder is applied via a series of rods and
levers to the brake shoes that press against the wheels or special axlednboakd
disks. The resulting friction provides resistance that slows the train. Tdtisrfal force
converts the rotational energy of the wheel directly into heat energy.

Because the brake pads or shoes must come into contact with the wheel (and
brake disk for most passenger equipment), both the shoes and the wheel (or disk)
experience wear and thus eventually need to be replaced. Brake shoes aneariteap
easier to replace, so they are designed to wear faster than the whektsshdes are
made of either iron or a composite material. The material of the brake slsoésiis
than the hardened steel of the wheels (Andrews 1986). This reduces the frequency of
wheel replacement but increases the frequency of shoe replacement. Wdamtbdsdsé
and shoes costs money due to the material cost of replacing components and the
opportunity cost while equipment is out of service for repair.

Wheels and brake disks have a thermal capacity (Air Brake Association 1972).
As heat builds up, the material of the brakes softens and the efficiency of braking is
reduced. Consequently, more force must be applied to the shoes to provide the same

level of braking. In circumstances in which extended heavy braking is régtieerate

12



of heat build up may exceed the rate of heat loss to such an extent as to cause
overheating. The immediate effect is a loss of braking efficiency dkelfeale.” This
heating can induce thermal stresses in the wheel or disk that can damage them, thus
increasing the likelihood of fatigue failure.

In the single line air brake systems commonly used in North Americgmfrei
service, the system of air lines, reservoirs, and compressors introdimésg rate at
which the pressure in each car's individual reservoir can be restored. Eaahiohang
braking force involves a corresponding decrease in the air pressure insieleetiveir.

A series of adjustments to the braking force in quick succession can depletessiuegore
in the reservoir and render the brakes inoperable until enough time has passed for the
pressure to be restored.

With standard pneumatic brakes, it is possible to apply so much pressure to the
brake shoes that the wheels lock up and stop rolling. This is harmful to both the rail and
the wheels. Wheels in this situation will wear and form flat spots that greatbase the
dynamic loads applied to the rail once they start rolling again (Armsg00Q).

Passenger cars use more specialized equipment than freight cars bedaise of t
limited number and variety of cars and the greater imperative for saf{yassenger
comfort. Consequently, the air brake systems on passenger equipment arextinee fl
Most passenger trains have brake systems that allow for continuously varialdé afont
the braking force being exerted (Air Brake Association 1972). These systaynsse
two separate brake pipes so that brake control and reservoir rechargeaeaitedeor
may use electrically controlled pneumatic brakes. Locomotives haveratsdpaking

system, the independent brake, which only applies the brakes on the locomotive. This

13



independent brake also allows for graduated release pressure. In this thspect

performance of these air brake systems is more like that of dynamisbrake

2.1.3.2 Dynamic Brake Advantages

The main advantage that dynamic brakes possess is that they do not use
mechanical friction. This differs from pneumatic brakes as described abamae Si
dynamic brakes do not rely on mechanical friction, their use does not cause wear on the
wheels of the locomotives or cars (Armstrong 2000).

The second advantage of dynamic brakes is that they allow for greater obntrol
the braking characteristics of the train. With the single pipe air bralensyshat are
standard on most North American freight trains, once a brake applicatiodes ma
gradual release is not possible. Once a brake application has been made, the only
reduction that is possible is a complete release. With dynamic brakes, thd applie
braking force is almost completely variable between no braking and full braking. Thi
substantially increases the amount of control that an engineer has oveint{witra
Brake Association 1972), and this also leads to reduced wear on the draft gedr and ra
(Hay 1982).

Unlike air brakes, dynamic brakes are not subject to brake fade, so there is no
time limit on their use. As such, they are particularly useful on long down graees w
braking applications may last an hour or more. The advantages of using dynamic brakes
on grades are further increased when helper locomotives are used. Helper lemoti
are used to help move trains up long grades. The added dynamic braking force that
helpers provide on the downgrade means better control of the train is possible amd less ai

braking is required. A train must be able to stop itself through a full service brake

14



application without relying on dynamic brakes or emergency braking. However
reducing the reliance on air brakes allows for a greater marginedy $af assuring that
there is a reserve of available braking force that can be applied ifuagasitcalls for it.
In short, use of helper locomotives enables heavy trains to be pulled up long grades more
effectively and to be more safely controlled on the way down (Armstrong 2000).
Another advantage of dynamic braking is that wheel slide due to excessive
braking force cannot occur. Dynamic brakes only produce a retarding force when the
wheels are rolling, and this force reduces as the rotational speed appr@soheshe
wheel will be providing less and less braking force as its rotation slow amtrzding
force when it stops turning all together, effectively eliminating slide dexc¢ess
braking force (Armstrong 2000). This system enables maximum braking foree to b

applied without worrying about damaging rails or wheels due to sliding.

2.1.3.3 Dynamic Brake Disadvantages

Dynamic brakes have three drawbacks that must be accounted for to provide safe
and reliable operation. Because they are inherent in the system, they Wwél not
eliminated until a new way of providing braking is developed that is both robust and cost

effective enough to replace the current technology.

2.1.3.3.1 Dynamic Braking Limited to Locomotives

Dynamic braking force is necessarily located only on the locomotives. Becaus
of this, only a limited number of axles are available to provide braking. Thas fact
combined with the maximum coefficient of friction sets an upper limit to thedotalint

of braking force available. This is less than the braking force that can bedapphehe
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air brakes acting on every car in the train. It also changes the wasatha must be
handled. The concentration of braking force at the locomotives necessitates & gradua
application in order to prevent severe slack run-ins (Air Brake Association 1972).
Dynamic brakes share this drawback with the independent brake on locomotives.

Dynamic brakes typically are set up to have eight “notches” like theitléhrot
counterparts. Because dynamic brakes are continuously variable, these aches
necessary to provide consistent feedback for the engineer. The positions provide a
reference point for the locomotive engineer so that when a specific level afdrski
required he or she will know exactly which setting is needed.
2.1.3.3.2 Fuel Consumption

Dynamic brake operation consumes fuel. In order for dynamic brakes to function,
there must be current to the electromagnet in the traction motor. The mairt@enera
which is powered by the diesel engine, supplies this power, and consumes fuel in the
process (DB-1 and DB-4 in Table 2.1). Thus the benefits to train handling and reduced
wheel and brake wear attributable to dynamic brakes must outweigh the adlflibna

cost due to their use.
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Fuel

Throttle Consumption Locomotive Efficiency
Notch (Gal/hr) Power (hp) (hp-hr/gal)
8 184.7 3808 20.6
7 157.5 3324 21.1
6 123.2 2530 20.5
5 86.9 1749 20.1
4 64.9 1298 20.0
3 47.8 943 19.7
2 22.8 418 18.3
1 12.0 189 15.8
Idle 3.1 0 0.0
DB-1 4.4 -- -
DB-4 14.5 -- --

Table 2.1 Typical Fuel Consumption Rate,

Horsepower and Efficiency of an EMD SD60 Locomotive (Rhine 1996)

In the example presented here, when the locomotive is producing half of its full
dynamic braking force (DB-4), it is consuming slightly more fuel thannwhis in the
first throttle position (Table 2.1). When the dynamic brake is in its lowestgattis
using more fuel than when the engine is simply idling. (Table 2.1 is incomplete with
respect the fuel consumption while in dynamic braking mode. Of the eight available
braking notches, data are only given for two settings.)
2.1.3.3.3 Dynamic Brakes Cannot Stop a Train

As discussed above, the wheels must be moving in order for dynamic braking
force to be developed. The current that is generated from the traction motorsedeaseas
the wheels rotate more slowly. Dynamic brakes are not able to complefeky sain.
They are used in the situations where the train is moving and needs to slow down but not
stop. For long descents and minor speed adjustments, dynamic brakes are advantageous.
For emergency or regular stopping and quick decelerations, air brakes provide better

performance.
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2.1.4 History of Dynamic Brakes

The history of dynamic brakes in locomotives is closely related to the hadtory
electric traction motors in locomotives. Even before steam locomotives hadd¢aehe
height of their efficiency or ubiquity, electric locomotives were being ussduations
where electric motors excelled and steam locomotives were either unallieasible to
be run. These cases included areas where steep grades are encountered oawyhere he
loads were to be hauled. This was due to electric traction's higher adlegsisnihen
compared to steam (Bezilla 1980).

The early use of electric locomotives was commonly in mountainous terrain or
mines (Haut 1969). These were locations where the added infrastructure cost was
justified by the savings in operating cost. During this era, electrigtildition was not
very widespread. There were no power generating plants available to precideigy,
so each electrical installation had to have its own power plant. Also during the earl
stages of electrification, there was not a clear consensus regarditngmwh€tor DC
power was better (Bezilla 1980).

The earliest prototype locomotives were built in the mid 1800s (Haut 1969).
These electric vehicles were primitive, inefficient, and bulky. Theratggtused to
power them was supplied by batteries. This was the state-of-the-art wanecdigey
electricity for vehicles at the time. Not only was the technology for géoarof
electricity inadequate, but electric motor technology was also of drnaatue for
industrial purposes (Middleton 2001). Electric motors were not powerful enough to take

the place of large steam engines.
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The motors of early locomotives consisted of iron bars attached to the axles of
locomotives. Electromagnets were then used to pull these bars around, thus turning the
axles and attached wheels (Haut 1969). While this is roughly similar to the design of
modern electric motors, it was primitive and inefficient. The design of the propulsi
system effectively set an upper limit as to how fast the vehicle could move orindw m
tractive effort could be produced.

The first practical electric locomotive was built by Robert Davidson in 1842
(Haut 1969). This locomotive had two axles and weighed seven tons. It could move a
load of six tons at a speed of four miles per hour but other than that, little is known about
it. After the development of this locomotive was discontinued, there was litttefur
progress in locomotives until about 1880. By that time, electrical technology had
advanced enough for large currents and voltages to be reliably produced. This made it
possible to create enough power to move a larger mass than had previously been possible
(Haut 1969).

The first use of dynamic braking was on a short experimental line in Satde
(Haut 1969). Its sole purpose was to connect a hotel with a town several hundred feet
down a mountain slope below it. The vehicle on this rack railway could accommodate
four passengers at a time, and on the trip down the mountain it used its motor as a

generator to provide braking force.

2.1.5 Contemporary Dynamic Brakes

2.1.5.1 Standard Dynamic Brakes
Although dynamic brakes have been used since the early days of electric

locomotives, their widespread use did not occur in diesel-electrics until rec&htty
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type of dynamic braking used on diesel-electric locomotives is rheostakiod.
Current freight locomotives do not have any means for storing the energy onboard and do
not use catenary or third rail required for regenerative braking.

Electric locomotives more commonly power passenger trains than freight trains
particularly in North America. With electric locomotives, electyigenerated during
dynamic braking is transferred to the catenary or third rail. This powdreased by
other trains currently running on the line or stored by wayside facilities.e Theities
typically employ large flywheel systems to store the energy (1a2@04).

The system used for dissipating the energy produced during dynamic braking is
specially designed to handle large amounts of energy. The current produced by the
traction motors passes through a series of resistors that convert theatlenergy into
heat. The resistance of this resistor grid is low, less than one ohm, so thatansituat
close to a dead short occurs. This situation allows for the most energy to beetissipat
(Runion 2005).

The high amperage and voltage characteristic of dynamic brakeunesigrids
(700+ amps and 600 volts) create a large amount of heat (State of California 1999). Part
of the value of dynamic brakes is that they can be used for extended periods, but in order
to do so, this heat must be dissipated rapidly enough to not damage the resistor grids.
This is accomplished by large fans that force cooling air through the ghas) are
designed to maximize heat transfer. If the fans become inoperable or thdaycighc
dirt and debris, the heat buildup and the arcing that occurs within the grids can cause

them to explode and throw shrapnel and molten metal yards away (State oh@alifor
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1999). The resistor grid fans are powered by the electricity generated tvgdtion
motors during dynamic braking. This is beneficial for two reasons.

First, this can be thought of as free power. The electricity produced by idynam
braking has already served its purpose as a force to slow the train. Theisl¢o#i the
fans use is energy that would not be used for any other purpose. Second, the system is
self-regulating. As the power flowing through the resistor grid increase®es the
speed of the fan. This insures that as heat production increases, so does the flow rate of
air through the grid (Judy and Johansson 1954).

Figure 2.1 shows the ductwork and fans in an example dynamic brake resistor
grid, and Figure 2.2 shows a typical resistor grid. The grid is designed asrahsi@r
device. To accomplish this, its surface area must be maximized while miaigtai

adequate airflow.

Figure 2.1 Example of the resistor grid ductwork (Judy and Johansson 1954)
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Figure 2.2 Typical resistor grid (Judy and Johansson 1954)

The controls on a dynamic brake are simple from the locomotive engineer’s point
of view. All he or she sees is the position that the dynamic brake lever is in and an
ammeter that shows the amount of current being produced by the traction motors. The
ammeter is important because high current levels could cause damage toitre tract
motors, resistor grids, and wiring (Air Brake Association 1972). The maximuenturr
allowed is given as 700 amps. The regulation of this current was once the job of the
locomotive engineer, but it is now is regulated by automatic controls within the
locomotive. The regulation of dynamic braking current is the most importaat fact
protecting the electrical system of the locomotive.

At high currents, arcing may occur within the traction motors and eldctrica

connections, and the braking grids could overheat and melt. These three failures are
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avoided by limiting the amount of current produced during braking (Judy and Johansson
1954).

The importance of the traction motors, resistor grid, and blower in the dynamic
brake system has already been discussed. For the traction motors to wokka®gen
an electromagnetic field needs to be present in the motor. Running the diesel edgine a
main generator creates this field. The electrical current producedHes® components
is then fed through a special set of windings in the motor. This set of windingscreate
the necessary electromagnetic field in the motor, and allows for control of the amount of

power being produced by the traction motors. This is what consumes the additional fuel.

2.1.5.2 Extended Range Dynamic Brakes

Extended range dynamic brakes are a special type of dynamic baking Hyate
has been modified to increase the speed range at which an effective amount gf brakin
force is applied. In standard dynamic brakes, the lower limit to their usabterspee
is about 20 mph. At this speed, the maximum braking effort is produced, but below this
speed, the braking force drops off almost linearly to zero pounds of force at zero mph. At

10 mph, only half of the maximum amount of braking force is available (Figure 2.3).
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Figure 2.3 Change in braking force with speed for standard
dynamic brakes (Judy and Johansson 1954)

The braking force diagram changes greatly with extended range dynakés br
Maximum braking force is available down to about 5 mph (Figure 2.4). Below this
speed, the force drops off linearly to zero, as with standard dynamic brakes.

The change from standard to extended range dynamic brake behavior is
accomplished as follows. A portion of the resistor grid is shorted out by switch gear
This causes a drop in the resistance across the grid. A drop in the resistages tt&an
electrical characteristics of the circuit and allows more currentwo (\ir Brake

Association 1972).
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Figure 2.4 Comparison of extended and standard dynamic
braking charts (Air Brake Association 2004)
Ohm's law states that the voltaiyeacross an element in a circuit is the product
of the current|, passing through the element and the internal resis@&noéthe

element:

V=I*R

This is valid for the resistor grid in locomotives as well. The grids have a

constant resistance or a resistance that can be changed, as is the cadenditd eange

brakes. As noted above, this ability to change resistance is what allowdezktange

dynamic brakes to work at lower speeds.
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Also from basic electrical theory, the equation for powedissipated across a
circuit element can be written in two ways. The first equation shows its basicgnd

the second equation is when Ohm’s law is used for substitutions.

P=1*V

P=12*R

Using the equation above, if the resistance stays constant and the maximum
current allowed in the circuit is 700 amps, then the maximum braking power is constant.
This is when the maximum braking effort is produced. The maximum braking sffort i
not constant because the voltage produced by the traction motors is not constant. This
voltage increases with speed. That means that at around 20 mph the optimal voltage is
being produced, and as the train speed decreases from 20 mph, a lower voltage is
produced.

As the voltage from the traction motors decreases, so does the current because the
resistance is staying constant. This decrease in current then reducastné af
braking power that is being produced. To counteract this, once the speed (and
corresponding voltage) reaches a certain threshold level, a portion of the ggsisi®r
shorted out, and the resistance is lowered. Returning to the equations shows that with
this new, lower resistance, the current is increased even though the voltaggppas .dr

Braking power is increased because the current has a much greatesreffexpower
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dissipated than the resistance does. This is why reducing the resisttreeiofuit
enables more power to be dissipated then would normally be possible.

Similar to how dynamic braking force decreases as wheel speed deceease
decrease in braking force is seen as wheel speed increases past about 20urgh (Fig
2.4). The phenomenon in this region is explained by the functional relationship between
wheel rotational speed and voltage. The higher voltage produced by the tracbhos mot
as they spin faster causes the current through the breaking grids teencrégs current
continues to increase until the maximum safe limit is reached. At this poicyrtieat
must be limited in order to protect the equipment. This reduction in current directly
affects the amount of power being dissipated through the resistor grids arfuethus t

braking effort (Judy and Johansson 1954).

2.1.6 Types of Electric Motors

There are two types of rotational electric motors: alternating rufA€) and
direct current (DC) signifying the nature of the electric current usedhoédth the basic
principals of their operation are the same, there are several importantdiéfeie the
basic design of AC and DC motors.

An electric motor has two main parts, the stator and the rotor. The stator is the
part of the motor that is static, and the rotor is the rotating shaft and its various
attachments.

The rotation of an electric motor is produced by the crossing of magnetic flux
lines inside the motor. The magnetic field created in the stator intewghethe
magnetic field created in the rotor. Since the rotor is the only part thag i®freove, it

moves when the force created from the meeting of these two fields tisrghem the
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resistance on the shaft of the motor. The differences between AC and DC rapters ¢
about from the way in which the two opposing fields are created. These differemnces a

explained below.

2.1.6.1 AC Motors

Electric motors that are powered by alternating current are cafleor Anduction
motors. The terrmductioncomes from the way in which the rotating motion is
produced. In induction motors, the electric current in the rotor that produces the
electromagnetic field is not directly provided. This current is produced thiadgction
(Gourishankar and Kelly 1973).

Since the electric current in the rotor is induced, no electrical connections to the
rotating shaft must be made. This eliminates the arcing that normal octiutbesge
type of connections. It is for this reason that AC motors can be run at low speeds and

high torques without causing damage to themselves (Gourishankar and Kelly 1973).

2.1.6.2 DC motors

The direct current power source for DC motors necessitates an applieid elec
current to the commutator windings in the rotor. This current is introduced to the rotor
by brushes typically made of carbon. The current creates a magnetib&eworks
against the field produced in the stator. As the rotor turns, the brushes are continually
energizing new sets of windings. This creates the rotational force thas theisetor to
continue turning.

On disadvantage is that each time a brush makes the transition from one set of
windings to another, an arc occurs. These arcs can damage both the brush and the rotor.

During periods of high current draw, such as low speed, high torque movement, these
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arcs are the largest and most damaging. It is for this reason that DC havters

minimum safe operational speed (Gourishankar and Kelly 1973).

2.2 Flywheels

Use of flywheels as a means of energy storage predates the use of the wheel for
transportation (Genta 1985). The earliest use of flywheels dates to tools used around
3,000 B.C. The tools that incorporated flywheels at that time included primitive drill
and spindle whorls. For each tool, the energy stored in the flywheel cameydneutl
the user's movements. The benefit of using a flywheel was that once the toet was s
spinning, the user could then concentrate on the task at hand without needing to worry
about keeping the tool moving. The flywheel would continue to spin until all of the
stored energy was used. The duration of the rotation depended on the size of the
flywheel and its initial energy. The energy was not meant to be stored or uséohgve
periods of time, so the duration of unassisted spinning was on the order of seconds, rather
than minutes, hours and days as is possible with modern flywheel technology. These
simple flywheels were made from available materials that included stapeand wood
(Genta 1985).

Later developments in flywheel technology enabled large flywheelsasutttose
used in steam engines. Because steam engines typically had only one \ydmiders;
their motion varied depending on where the piston was in its stroke. The flywheel
smoothed the motion of the engine so that a more consistent speed could be obtained.
These flywheels were run at relatively low rotational speeds and usedémgtht

materials such as cast iron and lead (Genta 1985). These materials had a ftigh dens
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that made them more space efficient than earlier wooden counterparts. The highe

density increased the amount of kinetic energy that could be stored in the same space

2.2.1 Stored Energy

The amount of energy that can be stored in a flywheel is described by the

following equation:

E:%IWZ

where: E = stored energy,
| = moment of inertia,

w = angular velocity.

Two things affect the total energy stored in a flywheel, the inertia andaangul
velocity of the flywheel. As each of these properties increase, so doegethg stored
in the flywheel. The increase in stored energy is linear with respecttialimecreases,
and it increases with the square of angular velocity.

To increase the moment of inertia of a flywheel, two things can be done. First,
the shape of the flywheel can be changed while keeping the total mass the sanmg M
mass farther away from the center of rotation by either creating ehdisis thicker
toward the outer edge and thinner at the hub or by using spokes supporting an outer rim
both serve to increase the moment of inertia while maintaining the same tesal ma

The second way of increasing the moment of inertia of a flywheel is to increase
its mass. This can be accomplished by either using a material with a gexadity, thus

increasing the moment of inertia while keeping the shape and size the same, or by
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keeping the same material and adding more of it, thus increasing both mass and size.
Both of these methods are effective when the flywheel experiences lowmatapeeds
that do not introduce high stresses. The increase in the moment of inertia affects the
stored energy linearly i.e. the amount of energy storage increases proplgriiathathe
increase in the moment of inertia. In this way, total energy storage must hecblalath
the size of the flywheel.

The second way that the stored energy can be increased is by increasing the
angular velocity at which the flywheel is spun. From the previous formula, storgy ener
increases with the square of angular velocity. This makes increasingytiiararelocity
of the flywheel beneficial because it yields benefits that increashk faster than with
increasing the moment of inertia. Current research is focused in this esesdef the
weight savings that can be realized by increasing angular velocggaihst moment of
inertia (Tarrant 1999).

The problem with increasing the angular velocity of a flywheel is that as
rotational speed increases, the stresses produced within the flywheel aasencht
high rotational speeds, a low strength flywheel can fail and shatter. Upoe failluf
the stored energy is transferred to the broken pieces of the flywheel and becgmelshra
that poses a safety hazard to nearby personnel and equipment. Therefore, ligh-spee
flywheels must be made out of materials with high tensile strength and houseatyn he
duty enclosures that can prevent shrapnel from escaping the housing in the event of a
failure. Common high-speed flywheel materials include Kevlar and carbon fiber
composites (Genta 1985). The centrifugal force on the outer edges of a spinniyigerim-t

object is given by the equation:
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F=20*rDr*r?*y?
where:r = density
Dr = thickness of rim
h = height of rim
w = rotational velocity

r = radius

The stress experienced by the material in the rotating rim is this feidediby

the area of the rim. This stress is:

S=rDr*wt*r

where:s = stress

When this stress exceeds the yield strength of the material used fignthed,
deformations in its shape will occur. Depending on the design of the flywheel and its
housing, these deformations may be large enough to cause contact betwegsvhted fl
and the housing. Although this is considered a safe failure mode in that there is no
violent release of energy, the flywheel system becomes unable to peddumcition and
must be replaced.

For materials that have a very high strength and low ductility, there ildo y
point. These materials will fail in a brittle and explosive fashion. When tres stréhe

flywheel reaches the ultimate strength of these materials, sudden amd fadiege
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occurs. Due to the variability of flywheel manufacture, the calculated sires
production flywheel is never allowed to reach this level. Flywheels are onlyealltiw
spin at about 40% of their maximum design speed in order to provide a margin of safety

(Genta 1985).

2.2.2 Flywheel Types

There are many designs of flywheels. With all of the available variatioms, t
specific needs of the proposed application must be taken into account. Flywheel
materials are either isotropic or composite in composition. The main variatishape

are listed in Table 2.2.

Radial

Rim-type

Pure circumferential wound
Radial-wrapped core

Pseudo-isotropic disk (e.g. laminations)
Geodesic wound

Rods or bars

Concentric rings

Table 2.2 Flywheel types

The differences between the designs are their ease of manufacture ashlapel
Each shape has its own advantages and disadvantages that can compliment thespropert
of the material used and the energy storage requirements. These progsritietucie
strength, ductility, allowed modes of failure, total energy stored, dutg,cat weight

limits among others (Energy Research and Development Administration 1975).
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Apart from the technological challenges involved with building a high energy
density and efficient flywheel, the system of storing and extracting rileagjy must also
be efficient. There must be little loss in the energy storage or extractiosgroiso, a
means of monitoring the amount of energy stored is needed. Forcing the systam to st
more energy than it is designed for may damage the flywheel and shortenaitselfen
cause failure as described above.

As stated previously, energy stored in a flywheel is dependent on two things:
rotational speed and inertia. Of these, speed is the most common way of chiaaging t
stored energy of a flywheel. Speed changes are safe as long as thel filgates@l is
strong enough to withstand the induced stresses. When the speed of a flywheel cannot be
increased, its inertia must be increased. Changing the inertia of agdhatiheel is a
difficult task. The previously described methods for changing the inertia oilad}
are complicated when the flywheel is in motion. Flywheels with this capadmétcalled
variable inertia flywheels. They have been created and tested in labardtatiehe
benefits gained from their variable inertia do not justify the added expense and
complication (Genta 1985).

In the laboratory prototypes, a change in inertia has been produced by either
pumping a liquid into and out of a hollow flywheel (change in mass) or through the use
of flexible wires that bend outward (mass moves away from the centerp(Ce84H).

These devices exhibit lower energy densities than their fixed inertiaecparts because
of the space required to allow movement of the components.

In fixed inertia flywheels where stored energy is directly relatedtational

speed, rotation slows as energy is dissipated from the system. This can causesproble
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for applications that require constant rotational speeds to work efficierdtyshbrt burst

type applications, the change in rotational speed may be small enough thattis art
manageable. The applications that require longer sustained discharges could include
mechanical drives and generators. Each of these applications has a speed at which the
efficiency is the highest. The use of a directly connected flywheebbwonehn that the
system can only run at greatest efficiency once during the dischange do insure that

the devices that are using the flywheel's energy are running efficiemmlynaously

variable transmissions (CVT) are used (Energy Research and Development

Administration 1975).

2.2.3 Continuously Variable Transmissions (CVT)

The purpose of a CVT is to provide a constant rotational speed output that is
independent of input speed. Because of the variable nature inherent in their design, it is
difficult to build an efficient CVT. While standard gear transmissions theesélave a
very high efficiency, CVT's usually suffer from low efficiencies. Thetheosmmon
types of CVT's use pulleys to produce the large number of gear ratios required. Whil
pulley systems are the most common and oldest types of CVT's, they are not the only
types. Electrical systems employing a motor-generator are also usetl as systems
that use hydraulic pumps. As is typically the case, the more components tha are
system, the lower its efficiency.

Although flywheels by themselves can be very efficient, the requiremetits of
output that they drive can reduce the total flywheel system efficiencyflyiadreel
applications where CVT's are not required, the efficiencies can be very high. &n thes

applications, the flywheel is used for smoothing variations in mechanical output. When
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the output is required to be electrical, the high efficiencies seen in elestatas and

generators (90%-95%) help to keep the total efficiency of the system hegha(E985).

2.2.4 Bearings
A bearing supports the rotating shaft of the flywheel. The common types of
bearings used are rolling element, hydraulic, and magnetic suspenseygy[Research

and Development Administration 1975).

2.2.4.1 Rolling Element Bearings

Rolling element bearings are the most common type of bearings used. Even with
advances in metallurgy and lubrication, these bearings suffer from failure dheeviedr
placed on them from direct contact of the shaft and supports. The direct contacttinhere
in these types of bearings also limits the maximum rotational speed of théhelyaf
support. In most high speed flywheel applications the flywheel and thus the beasihg m
be located within a complete or partial vacuum to reduce aerodynamic drag losses.
Mechanical bearings such as these are valuable for the simple reason thahthey
used in vacuums. Lubricants with a low vapor pressure can be used in partial vacuums
without concerns about evaporation.

Rolling element bearings may be a backup system when used in conjunction with
other more advanced bearings. Rolling element bearings work without amaéxter
control system (Genta 1985). They can be used as a failsafe mechanismiamsituat

where power to the advanced bearing system is lost.
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2.2.4.2 Hydraulic Bearings

Hydraulic bearings can either be hydrostatic, hydrodynamic, or fluid filhee
main way in which these bearings differ from rolling element bearingsiighe rotating
load is supported purely by the fluid rather than by the solid rolling element. &loé ais
supporting fluid reduces the mechanical friction of the system, therettetnitely
extending the life of the bearing. The only mechanical parts subject to wéatlse
fluid control system and seals since there is no direct contact betweenitigeaielinent
and the supports.

Fluid bearings are not as easily adaptable to operation in a complete dr partia
vacuum inside the flywheel system. The vacuum requirement limits the number of
available lubrication fluids. While some fluids can exist in vacuums as low asr@rmi
(1.45x10° PSI), most common fluids have a vapor pressure much higher than this

(Energy Research and Development Administration 1975).

2.2.4.3 Magnetically Levitated Bearings

The third type of bearings are magnetically levitated. These beagiygsrthe
attractive or repulsive forces produced when two magnetic fields cormie alibse
proximity of each other. These magnetic fields can be produced either byneertm
magnets or electromagnets. Bearings of this type show the greatesti{zrémpe
providing support with very low drag. The flywheel is completely suspended by the
magnetic field without coming into physical contact with the surrounding supports;
therefore, the only friction involved is the aerodynamic drag associated withtatieg

flywheel. In a complete or partial vacuum system, this drag is all buhalied. These
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bearings typically employ rolling element bearings as a backup irtleageis a loss of

the magnetic field or if the flywheel experiences strong dynamiesai@enta 1985).
Flywheel energy storage systems are most efficient when their imgpaudput

are mechanical. Each conversion of energy reduces the total amount of engafleava

because of inefficiency inherent in the conversion process. Flywheels iesrae an

efficient form of energy storage, but when the energy costs of the requireshbhienic

and storage control systems are taken into account, total system effisieedyced and

these factors must be accounted for in assessing their potential.

2.3 Batteries

The energy stored in flywheels is in the form of mechanical energy, whereas
batteries provide storage in the form of chemical energy. The chemidabmeabat
occur in a battery require the movement of electrons. This electron flovwulatezhso
that a path is only available when the terminals of the battery are connected. The

chemical reaction then takes place only when the battery is connected tgta circ

2.3.1 Battery Types

There are two types of batteries: primary and secondary. Primarydsatedy on
an irreversible chemical reaction. Once their charge is depleted, onbtlapensentage
of the original power can be replaced. They must be discarded and replaced with new
batteries. Primary batteries are often cheaper than their secondasrparat(Kiehne
2003).

Secondary batteries are commonly called "rechargeable.” The chesaicibn

that is used to produce electricity is reversible which enables the rechtegiare of the
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battery. These batteries can be recharged multiple times witlchttgge in their
capacity. There are many different types of secondary batteries.

Each type of battery is typically named for its main components. Some of the
more common types of batteries are lead-acid, nickel-cadmium (NiCad)l-mekad
hydride (NiMH), zinc-air, and lithium-ion. While the names give an idea of theicakm
composition of the battery, even batteries that use the same principansaetn differ
from each other in physical size and electrical power.

The primary reaction that occurs in a battery typically involves the matéora
which it is named. However, this reaction is not the only reaction that takes place.
Because the materials of the battery's construction are not completelggunoedary
reactions take place as well. The impurities interfere with the priohemyical reaction
and reduce the total power output of the battery and/or its recharging capaauitiyr (M
1974).

Batteries work because of reactions that produce electrons. These rea€tions
typically called reduction-oxidation (REDOX) reactions and are actaalyposed of
two separate reactions: a reduction reaction and an oxidation reaction. Aaeducti
reaction requires additional electrons to be completed, and an oxidation reactiongroduce
electrons when it occurs (Raposa and Glover 1983).

Batteries are designed so that the electrons that are required for thereduct
reaction are produced by the oxidation reaction. The construction of the battegsas
that for the electrons to get from one reaction to the other, there must be a connection

between the positive and negative terminals of the battery. The positive eléxtrode
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where the reduction reaction takes place, and the negative electrode ishehere
oxidation reaction takes place.

The exact voltage that is produced by a battery is controlled by the particular
chemical reaction. A lead-acid battery cell produces about 2 volts whileuanlitbn
cell produces about 3.6 volts. When these voltages are too low to power the attached
circuit, multiple battery cells are connected in series until the desireyeas reached.
A typical automobile battery is composed of six lead-acid cells connectedes ter

provide the 12 volts that the electrical system runs on (Kiehne 2003).

2.3.2 Batteries Used for Traction

In the case of traction applications, there are some important issues that beed t
considered when battery power is an option. The types of situations that will be
encountered provide specific criteria on the design of the power system. For low
horsepower movement and areas where emissions must be avoided, battery power is a
good choice. For situations that require long periods of high power production or long-
range operation, battery power is a less feasible option (Kiehne 2003).

Battery powered vehicles have benefits that include low noise, small vibrations,
simplified transmission systems, and reduced pollution when compared to combustion
engines. A disadvantage of battery powered vehicles is that they are either hea
because of the use of inexpensive and low energy density lead-acid batteheg,aoe
expensive because of the use of lighter weight, higher energy density, but morévexpens
batteries (Kiehne 2003). Weight may not be a problem when traveling on level ground or

at low speeds as it can provide extra traction.
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2.3.3 Maintenance

Batteries require periodic maintenance to insure that they continue to wdyk safe
and at peak efficiency. Maintenance tasks include checking electrolytateve
temperature, removing corrosion on battery terminals, electrical capheitks, and leak
checks. The exact scheduling of these tasks depends on the battery system in use and the
environmental conditions experienced. These tests are part of a regulag vehicl
maintenance schedule. As with most routine maintenance, proper scheduling and
diligence will ensure that the equipment continues to perform acceptably without the
need for replacement (Kiehne 2003).

Possible failures of battery storage systems include loss of capaditggleand
explosion. Of these, leaking is mainly caused by environmental damage sugeas la
physical shocks and abuse. Leaking electrolyte generally requirelsdlitttery be
replaced which can be a costly and time-consuming procedure. In addition to this,
electrolytes are often highly corrosive. It can pose a structural hazard tdnitie van
environmental hazard if it reaches the soil, and a safety hazard if workersntome
contact with it.

The other common battery failures are caused by thermal effects. These ca
occur either due to external environmental temperature changes or internaschange
While environmental temperature changes are difficult to control without acibleg
or heating systems, the internal temperature changes are mostly caskadgnyg and
discharging cycles. Extreme temperatures can cause a reduction inltbapatay of
the battery. These situations must be taken into account when choosing a battery type

because each battery reacts differently to temperature fluctuations.
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The way in which a battery is charged also affects it capacity. Ebradtery
type there is an optimal charging and storage regimen. The consequences of not
following this set procedure can depend on the battery type and range from reduced
battery capacity to explosion because of gas buildup. Charging battehesliguid
electrolyte releases hydrogen and oxygen from the electrolysis @f wathe rate of
charging is too great, the gas that has been produced cannot escape fromrthe batte
housing fast enough to eliminate pressure buildup. An explosion may occur if this
pressure becomes too great. There is also a danger of explosion from a spagktigni
hydrogen and oxygen mixture. For this reason, batteries used in industrial settthgs nee
to be either of the sealed variety or located in an area with good ventilatioméKie

2003).
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CHAPTER 3: DYNAMIC BRAKE ENERGY RECOVERY POTENTIAL

A critical aspect of the cost effectiveness of a system for dynanake energy
recovery on locomotives is the total amount of energy available. If only a snalha
of energy is available, then no project is likely to be cost beneficial. As the aofount
recoverable energy increases, so does the potential for a feasible pragd. two
methods to analyze the amount of energy available for recovery: locomotive event
recorder data and simulation.

The first method involved use of data from event recorders on locomotives
operating in various trains over a route. These data are downloaded from the ikeomot
at set locations throughout the railroad’s system. Event recorder dakesahabanalysis
of how a specific train performed along its route including the amount of dynaakie br
use. The main advantage of this approach is that it is an analysis of actuahgukzzti
and necessarily takes into consideration the operational constraints that \serd ate
the time. These constraints can include delays due to traffic or track macdera the
actions of the locomotive engineer. The analysis of event recorder datdl@go
validation of simulation techniques.

Since event recorder data are only available for previously completed jsurney
use of this method does not necessarily allow prediction of how trains will perform on
different routes or even on the same route under different circumstances.rdcoedéer
information also does not necessarily allow forecasting of how changes itirgpera
conditions such as different numbers of locomotives or consists will effect the energ

available for recovery.
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The second evaluation method used was simulation of train operations using the
Association of American Railroad’s (AAR) Train Energy Model (TEM}wafe. This
software has been developed so that train operations and fuel consumption can be
analyzed. The software provides flexibility in constructing a consist andgiitrover a
section of track of the operator’s choice. As with all computer simulationsgsbls of

the program should be compared to actual data in order to validate the results.

3.1 Locomotive Event Recorder

Locomotives that travel faster than 30 mph are required by the Federal Railroad
Administration (FRA) to be equipped with event recorders, primarily to aid in the
investigation of accidents. They must record the status of a specified set abtiveom

characteristics (Table 3.1) every second and have adequate capacity & ast 48

hours worth of information.

Time

Speed

Direction

Distance

Throttle position

Brake applications
Air
Independent
Dynamic

Table 3.1 FRA required parameters for locomotive event recorders

FRA requirements specify the minimum data set that must be recorded, but
railroads have found it useful to record other data as well. Typical recoajatse 36

discrete channels at one-second intervals. The information collected namngekd
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status of the engineer's controls (throttle setting, air brake applicatiomadtige horn,
etc.) to internal locomotive parameters (speed, wheel slip, amperageitmtnactors
and dynamic braking grids, etc.).

The position of the train is not recorded, so this information must be determined
using waypoint time stamps from the railroad system. Once the time stamps wventhe e
recorder are calibrated against waypoints, the position of the train alppgion of its
recorded journey can be extracted. After the determination of a trais®igc
information such as speed, throttle notch setting, dynamic brake setting, andodynam

brake current can be extracted for analysis.

3.2 Train Energy Model (TEM)

For a study focused on the dynamic brake energy recovery potential for
locomotives, a model that could give a close approximation to the real-world d@ynami
brake usage for a given train is beneficial. Such a model would enable the study of
different scenarios without incurring the time and operating costs of gatuailing the
train consists over a given section of track.

The AAR’s Transportation Technology Center Incorporated (TTCI) hasedreat
simulation programs for the railroad industry to assist in the study of let¢dassues
(TTCI 2005). The current programs available for use in the railroad industry are
NUCARS, TEM, RTLM, WRTOL, TOES, and STARCO. These programs each
simulate different aspects of the railroad environment. The areas covéuel wnehicle
ride response (NUCARS, TOES, and STARCO), track wear (RTLM and WRT@d), a
coupler forces and braking (TOES and STARCO). For the purposes of this research, the

Train Energy Model (TEM) is most applicable.
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This program simulates the energy required to run a specific train overificspe
route. The route data are imported into the program, and once the locomotives, car type,
lading weight and operating requirements for a consist have been entered into the
program, the train’s characteristics can be simulated as it runs over theThate
simulation acts in the role of an engineer by adjusting the throttle and bralcatpps
to keep the train under the speed limit while avoiding unduly large draft and buf force
(Singh 1995). These duties are handled by the Generalized Algorithm for TramlCont

(GAT).

3.2.1 TEM Features

Adjustability is the main feature of the TEM software. Train consists ambgdi
are configurable by using a graphical interface. Different locomotive angpesr ¢an
be chosen to replicate the consists seen in service. New car types thatrcleided in
the program can also be created using graphical tools.

Routes can be imported based on actual data that includes speed limits, grades,
and curves. These routes can then be used in the simulation of any consist that has also
been created. The train control can be modified to simulate starts and stopsir to li

operation to only a portion of the track segment.

3.2.2 TEM Output

After a simulation has been run, the train speed and track speed limit are
displayed as a function of the milepost along the track for the segment sa(tligiere
3.1). This gives an overview of the performance of the GAT with respect togstayin
beneath the posted speed limit. Further information about the energy usage af the tra

and its speed at a given time is available to enable an in-depth analysis.
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Track speed

i Actual speed

Speed
(mph)

Distance (milepost)

Figure 3.1 Example of speed profile output
from TEM (with information added)

TEM also produces a summary report for each run of the simulation. This
summary provides information such as the number of locomotives and cars in the consist,
the total weight of the train, and the amount of fuel consumed (Figure 3.2). Also
provided is a summary table of “WORK DONE by EACH FORCE” which repredaet
energy produced by each simulated force acting on the train (Figure 3.Bg dnalysis
| conducted, the figure for energy produced by the dynamic brakes wadnakethis

portion of the summary report.
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Figure 3.2 Summary report for simulation generated by TEM

Figure 3.3 Summary report from TEM showing
simulated work produced by each force
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3.2.3 Previous TEM Validation

As with any model, its output must be tested to make sure that it accurately
simulates real world situations and that future results can be used with confitlence
1992, a validation of the fuel consumption portion of the TEM program was completed
(Drish and Singh 1992). For this test, two trains were modeled in TEM. The results of
the simulation were compared with the actual event recorder and fuel tieketfootthe
trains in normal service.

The first train was a unit coal train. The route over which it ran was
approximately 570 miles of "undulating and sinuous" terrain (Drish and Singh 1991).
The maximum grades seen were —2.1% and 3.0% with a maximum curvature of 11.0
degrees. This consist was analyzed on both the empty and loaded portions of its journey.
The round trip total fuel consumption was then compared to the TEM simulated results.

For the actual train, the roundtrip consumed 8,813 gallons of fuel based on the
fuel tickets. TEM simulated the fuel usage as 7,242 gallons of fuel. The discrepancy
between the two values can be partially attributed to the TEM result not accdonting
all of the activity that occurred during the trip such as idling in sidings and loadthg
unloading movements. The fuel requirement for this extra activity was estinoalbe
1,287 gallons. When this is added to the TEM total, it brings the two values to within
284 gallons, or 3%, of each other.

While fuel consumption estimation is a useful measurement, the train controller
must also be analyzed. The duty cycle from both the TEM simulation and the event
recorder data were compared based on the amount of time that the locomotive was

operated in dynamic braking mode, low throttle settings (run 0O to 4), and high throttle
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settings (run 5 to 8). The event recorder data showed that the fraction of the tigte in ea
was 29%, 41%, and 30% respectively. This compares to the results from TEM of 0%,
48%, and 41%.

The duty cycles for the simulated and actual events varied substantially. The
discrepancy can be attributed to the way in which the train control progranteojra
train. The controller tries to maintain its speed by utilizing the idle (run Ojgrosi
instead of the dynamic brake whenever possible. This is different from the adtions
actual locomotive engineers who reduce the throttle and use the dynamic brake more
deftly when controlling the train.

The second test involved a mixed intermodal train. This train was simulated as
four separate consists because cars were set out along the route that waslyzbd a
(Drish and Singh 1992). This train was run approximately 355 miles over "undulating
and essentially tangent" terrain that included grades between —2.0% and 1.7%. The
maximum curvature for the track was 6.0 degrees.

The fuel consumption for the actual train was 2,307 gallons, while the TEM result
was 2,186 gallons. The difference is 121 gallons, or 5%. As observed in the previous
test, the duty cycle comparison for this second train showed substantial variatien in t
use of dynamic and air brakes (respectively, event recorder 5.5% and 31.6% and TEM

17.7% and 13.7%).

3.3 Event Recorder and Train Energy Model Comparison
To analyze the potential for cost effective dynamic brake energy rgcawver

estimate of the total amount of energy that could be recovered must first bapdevel
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To address this, data on the dynamic brake characteristics of trainswgaxar Cajon
Pass on the BNSF Railway were obtained from the railroad.

Prior studies have shown the validity of both the fuel consumption and train
handling algorithms contained in TEM (Drish 1992, Drish and Singh 1991 and 1992), but
the portion of the program that simulates dynamic brake usage and energy production had
not been validated. | conducted a validation analysis by comparing the output of the
program with actual train event recorder data. The BNSF Railway providatedet
route data for the Cajon Pass portion of their southern transcontinental main lied, as w
as train consist and locomotive event recorder data for 21 trains traversingutie.

The locomotive event recorder data were from the onboard Wabtec recorders and
viewed using Wabtec's event recorder analysis software. These datanab/zed to
extract the dynamic braking characteristics of trains travelihgdss Barstow and San
Bernardino, CA.

The speed and position data were compared with the results of the Train Energy
Model (TEM) simulation software. For dynamic brake energy compari3dtid
reports the quantity of work done by the simulated dynamic brakes in kilowatt-hours
(kWh). To determine the amount of work done by the dynamic brakes in the real train,
the amperage from the event recorder data was summed to provide a totat@angs-se
for the journey. Using an estimate of the resistance of the dynamic bgaidraf 0.435
ohms (Runion 2005), the power dissipated through the grids was calculated. Table 3.2
shows the comparison between simulated and calculated dynamic brake energy

dissipation.
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Train Symbol Event Recorder TEM Difference

M-BARWAT120A 2,592 2,362 230
M-BARLAC131A 1,244 1,083 161
M-BARSDG131A 692 968 -276
M-BARWAT131A 2,744 10,204 -7,460
M-BARWAT130A 155 1,375 -1,220
M-SDGBAR101A 800 6,100 -5,300
M-SDGBAR128A 237 3,177 -2,940

Table 3.2 Comparison of actual versus simulated dynamic

The dynamic brake totals for the trains exhibit large variability. Thetatiices
may be caused by either the engineer's actions or by system consuichirds slow
orders and other traffic on the line. The TEM simulations assume perfect conttidons
allow continuous running at maximum track speed. Also, the simulation software's trai
handling algorithms attempt to control the train first with the dynamic biahkesise the

air brake only when more braking is required (Drish 1992). In situations such as this, an

brake energy for seven trains

engineer's experience in the operation of trains over the specific sectiaokafiay

cause operational differences that are not represented in the simulation. Winamthe
recorder speed data were plotted against the simulation data, it was dwadd¢mere

were constraints to the actual train operation that were not representedimullatians

(Fig. 3.4).

52



M-BARLAC131A- TEM vs Event Recorder
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Figure 3.4 Speed profiles for (a) M-BARLAC131A and (b) M-SDGBAR128A
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The different values for dynamic brake energy are not correlated toréiete
similarity of the two speed profiles for the trains. Trains that had veryasiwalues for
dynamic brake energy did not show matching speed profiles (e.g. M-BARLac131A
[Table 3.2, Fig. 3.4a]). Also, trains that showed very similar speed profiles did not have
similar dynamic brake values (e.g. M-SDGBAR128A [Table 3.2, Fig. 3.4b]). Without
knowing the constraints on the analyzed trains due to other traffic moving on the line or
other factors, accurate simulations were not possible.

Based on these results, it was concluded that TEM could not be used to reliably
simulate the dynamic brake energy. Instead, an empirical approach was ukezhin w
dynamic brake data were taken from event recorders. This limited the number of

situations that could be analyzed to those for which data were available.

3.4 Applicable Train Types

Recovery of energy would require that a storage device or modified locomotive
be attached to trains to store and reuse dynamic brake energy. Such equipment would
have to be limited to the Cajon Pass area to maximize utilization and thus rainimiz
capital expense, operating costs, and wayside construction if applicable. eQaiy c
trains would be eligible for use of energy recovery equipment because of the
undesirability of stopping high priority, time sensitive intermodal, passenger &nd uni
trains.

Based on data provided by BNSF for a three-month period between November

2004 and January 2005, Cajon Pass has an average of about 80 total trains per day (Table
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4.2). The data consisted of waypoint reports from stations along the route and included

train symbol, train type, and time of its passage.

Symbol Description Daily Average
A AMTRAK 2

B Bare Table Flat 3
F Foreign Road Train 18
G Loaded Unit Grain 1
L Local Switcher 3
M Merchandise (Regular) 9
P Premium Intermodal 6
Q Guaranteed Intermodal 8
S Stack Train Intermodal 12
U Non Coal/Grain Unit 1
\ Vehicle (Autos/Parts) 1
Z UPS - LTL Intermodal 16
Total: 80

Table 3.3 Daily distribution of traffic for Cajon Pass

Of the 80 trains per day over the pass, only the lower priority trains could feasibly

be stopped in a yard to add locomotives equipped for energy recovery. The highest

priority trains on the BNSF system are the “Z”, “Q”, “P”, and “S” intedabtrains.

These trains alone account for half of the traffic over the route. Removimgtthies

along with the Amtrak and unit trains leaves 34 trains per day as candidatesdbanse

energy recovery system.

3.5 Event Recorder Analysis Results

3.5.1 Methodology

The data that are exported from the Wabtec event recorder analysigsaitwa

not directly provide information on the amount of energy dissipated by the residtr gri
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This must be calculated using the information from the event recorder and o#taakxt
sources.

The dynamic brake data recorded by the event recorder only shows when the
dynamic brake was in use and the amperage to the resistor grids. Since #re data
recorded at one-second intervals, the summation of the amperage readings while the
dynamic brake is in operation provides a total of the amp-seconds produced by the
system.

To convert the total number of amp-seconds to energy, the resistance of the
resistor grid must be known. Recalling that energy is power multiplied by thd¢hat

power is found by using amperage and resistance, energy is calculatedves:. foll

E=Pt

Where: E = energy
P = power
t =time

P=FR

Where: P = power

| = current (amps)
R = resistance (ohms)

From the event recorder, the amperage and time are available, so the only
remaining variable is the resistance of the grid, which is 0.435 ohms (Runion 2005).
Using this formula, the data from the event recorder can be converted to toggl ene

available for recovery.
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3.5.2 Sample Analysis

When the data are exported from the event recorder software, it is in the form of a
very large table similar to Table 3.4 that shows only 38 seconds of operation. Once the
proper segment has been extracted, the only necessary columns are: “Loadyrand “D
Brake.” When the dynamic brakes are in use, the “Dyn Brake” column will show “D1”
through “D8” depending on the level of braking.

To analyze the amount of energy produced by the dynamic brakes, the data in the
“Load” column is summed anytime the brake is in use. Since the data adettoace
per second, this sum is then the total amp-seconds produced by the dynamic brakes. This
figure is squared and multiplied by the resistance of the resistor giiketthg total
watt-seconds produced.

From Table 3.4, the dynamic brake was used for 18 seconds. Summing the load
at these records gives 2,552 amp-seconds. When squared and multiplied by the

resistance of the grid (0.435 ohms), the total is 2,833,026 watt-seconds (787 watt-hours.)
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Date Time Milepost Load Throttle Dyn

(amps) Notch Brake
6/29/2005 8:09:48 32.11 144 Off D2
6/29/2005 8:09:49 32.1 144 Off D2
6/29/2005 8:09:50 32.09 144 Off D2
6/29/2005 8:09:51  32.08 144 Off D2
6/29/2005 8:09:52  32.07 144 Off D2
6/29/2005 8:09:53  32.06 144 Off D2
6/29/2005 8:09:54  32.05 144 Off D2
6/29/2005 8:09:55  32.04 144 Off D2
6/29/2005 8:09:56  32.03 144 Off D2
6/29/2005 8:09:57  32.02 144 Off D2
6/29/2005 8:09:58 32.01 144 Off D2
6/29/2005 8:09:59 32 144 Off D2
6/29/2005 8:10:00 31.99 144 Off D2
6/29/2005 8:10:01  31.98 144 Off D2
6/29/2005 8:10:02  31.97 136 Off D1
6/29/2005 8:10:03  31.96 136 Off D1
6/29/2005 8:10:04 31.95 136 Off D1
6/29/2005 8:10:05 31.94 128 Off D1
6/29/2005 8:10:06  31.93 24 Idle Off
6/29/2005 8:10:07 31.92 8 Idle Off
6/29/2005 8:10:08 31.91 8 Idle Off
6/29/2005 8:10:09 31.9 8 Idle Off
6/29/2005 8:10:10  31.89 8 Idle Off
6/29/2005 8:10:11  31.88 8 Idle Off
6/29/2005 8:10:12  31.87 8 Idle Off
6/29/2005 8:10:13  31.86 8 Idle Off
6/29/2005 8:10:14  31.85 0 Idle Off
6/29/2005 8:10:15 31.84 0 T1 Off
6/29/2005 8:10:16  31.83 0 T1 Off
6/29/2005 8:10:17  31.83 0 T1 Off
6/29/2005 8:10:18  31.82 0 T1 Off
6/29/2005 8:10:19 31.81 72 T1 Off
6/29/2005 8:10:20 31.8 72 T1 Off
6/29/2005 8:10:21  31.79 72 Tl Off
6/29/2005 8:10:22 31.78 72 Tl Off
6/29/2005 8:10:23  31.77 72 Tl Off
6/29/2005 8:10:24  31.76 72 Tl Off
6/29/2005 8:10:25 31.75 72 T1 Off

Table 3.4 Sample data from event recorder
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3.5.3 Results from Analysis

The event recorder data for the 21 “M” trains were analyzed. Of these, fhe tra
had incomplete data that did not permit analysis. The remaining trainstedrefisuns
in both directions over Cajon Pass. The portion of their journey between Barstow and
San Bernardino, CA was exported and the information summarized (Table 3.5). These

trains had differing number of locomotives, cars, and helper units as well as ftigtaiswe
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09

Gross Dynamic
Train Symbol Locomotives Cars Loads Weight (tons) Energy (kwh) Time (h:m) Direction
M-SdgBarl10la 5 56 31 4,802 800 3:49 East
M-SdgBar128a 3 105 20 5,463 237 2:50 East
M-SdgBar103a 3 73 19 4,284 313 5:36 East
M-SdgBarll6a 6 90 14 1,946 833 3:35 East
M-WclBar124f 5 69 12 3,401 324 2:36 East
M-WclIBar125f 3 80 16 4,217 42¢€ 1:32 East
M-WclBar126f 4 48 11 2,644 45 0:48 East
M-WclIBar128f 5 44 11 2,488 0 3:46 East
M-BarLacl31a 4 109 106 12,976 1,244 4:25 West
M-BarSdgl3la 4 35 32 3,767 692 3:34 West
M-BarWat120a 6 78 76 9,543 2,592 3:30 West
M-BarWatl31a 8 76 49 7,176 2,744 4:39 West
M-BarLac10la 3 44 44 5,439 574 3:34 West
M-BarLacl113a 5 60 58 6,739 1,327 4:25 West
M-BarLac110a 6 107 107 13,907 1,306 4:49 West
M-BarWcl121f 3 29 21 3,009 1,17¢ 4:38 West
Averages
Total 5 69 39 5,738 915 3:37
East 4 71 17 3,656 372 3:04
West 5 67 62 7,820 1,457 4:11

Table 3.5 Results of dynamic brake energy production

for “M” trains operating over Cajon Pass



CHAPTER 4: COST JUSTIFICATION BASED ON FUEL SAVINGS
In order to assess the cost effectiveness of the development and implementation of
an energy recovery program, the value of the energy must be calculatedcdntte of

this research, this primarily means translating the energy figures insoofiiiesel fuel.

4.1 Efficiency of Energy Recovery

The average dynamic brake energy calculated from event recorder aala (

3.5) was 915 kWh per train. This value is the average energy produced by all of the
dynamic brakes in the locomotives of a train. This value does not account for losses in
any recovery or reuse process. It also does not account for any operatnsdéi@ation

that may reduce the total amount of energy recovered or reused.

For recovery, the storage system can be expected to have an average efficiency o
approximately 75% (United States Department of Energy, Federal Enerqgbtaent
Program 2003). This efficiency includes the losses due to energy conversion arel storag
for the system. The electric traction motors on locomotives are about 80%mnéfficie
(Ostlund 1998). Combined, the efficiency of the recovery and reuse process is 60%.

The reduction in available energy for reuse due to losses in the conversion
processes reduces the values shown in Table 3.5. With this reduction included, each train
has the potential to recover an average of 549 kWh (Table 4.1) and each locomotive the

potential to recover 182 kWh.
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Energy (kwh)

Train Direction Per Train Per Locomotive
Eastward 223 93
Westward 874 291
Average 549 183

Table 4.1 Energy recovery and reuse accounting for energy loss

For maximum energy recovery, every locomotive in a given train would have to
be capable of use with an energy storage system. It may not be practicdiaongex
every locomotive on an inbound train with one modified for energy recovery. While
traveling over the route, regular locomotives could be used in conjunction with modified
locomotives.

The use of both regular and modified locomotives would reduce the amount of
energy recovery since only the modified locomotives would be recovering and reusing
energy. To account for this, a 50% reduction to the average available enekgryec
per train is made in the following calculations. This figure assumes thaiflla#
locomotives on each train would be replaced with locomotives that had been modified for
energy storage. The total efficiency of recovery is then 30% (Table 4.2), and the

estimated average recovery per train is 275 kWh.

Component Recovery Efficiency
Equipment Utilization 50%
Storage System 75%
Traction Motors 80%
Total 30%

Table 4.2 Efficiencies of system components
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4.2 Energy Storage System Cost

The primary cost of an energy storage system is the capital investment. The
capital includes both the rolling stock to house the system, and the system itsedf. The
costs can be estimated to assess the likely effectiveness of suchma syste

It would be unlikely that a new boxcar would be purchased to house the energy
storage system. This assumption is based on the premise that no major modifications
would be required on the car’s structure. Using an old car would reduce costs and
provide as adequate of a housing as a new car would, and its value is determined based
on its scrap value.

A standard 263k car has a gross rail load of 263,000 pounds and typically weighs
60,000 pounds empty. With the current price for scrap steel at $370/ton (Grede
Foundries 2006), a used boxcar can be assumed to have a scrap value of $11,000. To
this, an additional $9,000 worth of work would be done in rehabilitation.

The major portion of the capital cost involved with an energy storage system is
the actual energy storage device itself. Estimates for the cost pertkitowa of storage
range from $100/kWh to $600/kWh (United States Department of Energy, Federal
Energy Management Program 2003, VBR Power Systems 2006) with the lowerestimat
for large utility installations. For this mobile application, the median figu&360/kWh
is used. A system storing twice the average estimated energy recovery,hy@baid
then cost $165,000 per storage vehicle.

The total cost for the initial capital outlay is $176,000 per unit not including labor
costs for vehicle construction. Labor costs are estimated as 20% of tla cagit

(United States Department of Energy, Federal Energy ManagementrR2@08), and
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inclusion of these costs brings the total vehicle price to $220,200 (Table 4.3). This cost is
a preliminary estimate using general figures and is subject to chasepk dsamore

specific figures for equipment and labor cost.

Vehicle

Empty weight (Ibs) 60,000
Scrap steel price ($/ton) $370
Car cost $11,000
Rehabilitation $9,000
Storage System

Energy capacity (kWh) 550
Cost per kWh $300
Storage cost $165,000
Labor

Labor cost (20%) $35,200
Total vehicle cost $220,200

Table 4.3 Energy storage vehicle cost breakdown

4.3 Cost Estimation of Full-scale Implementation

The total number of energy storage vehicles required for a full-scale
implementation is dependant on the number of trains equipped per day and the amount of
time required to add and remove the equipment. Assuming that the 34 trains per day are
equally spread out throughout the day, one train would depart every 42 minutes. With an
average transit time of 3.5 hours between Barstow and San Bernardino (Table 3.4), five
trains are in transit at a time. Adding an additional hour to each end of the joush&y fi
add and then to remove the energy storage vehicles, the total transit time fafrone tr

would be 5.5 hours. During this time, eight trains would be either en route or in the yards
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waiting for the addition or removal of the vehicles. Having eight vehicleamsitrat
any one time and one extra set of vehicles at each yard for protection antballow
imbalances in traffic flow brings the total number of required vehicles to ten, anthéhus

initial capital cost is $2,202,000 (Table 4.4).

Applicable trains per day 34
Average headway (minutes) 42
Average time over pass (hours) 3.5
Yard dwell time (hours)

Adding vehicle 1

Removing vehicle 1
Total transit time (hours) 5.5
Trains concurrently in process 8
Extra storage vehicles 2
Total storage vehicles 10
Cost of vehicle $220,200
Total cost of vehicles $2,202,000

Table 4.4 Summary of parameters affecting full-scale storage vehicle cost

4.4 Fuel Savings

From the point of view of a railroad, the primary benefit of an energy recovery
system is a reduction in fuel consumption. The energy recovered is energy that does not
need to be provided by the combustion of diesel fuel. Data from both TEM and the
BNSF Railway (Stehly 2006) estimate the useful energy from one galtlies#l fuel
burned in a locomotive is about 13 kWh, which converts to 74 gallons per MWh.

From the analysis of energy recovery, an average of 275 kWh of usable energy
could be recovered per train. For 34 trains per day (Table 3.3), the annual energy benefit

would be 3,400 MWh, which converts to a savings of 256,000 gallons of fuel per year.
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The cost savings from this reduction in fuel consumption varies based on the price
of fuel. For the past four years, the amount that railroads pay for fuel hasbeasing
(Figure 4.1). The most recent fuel price from 2005 is $1.66 per gallon (Association of
American Railroads 2005), and the price is expected to continue to increase in 2006. At

this price, the recovery of energy would benefit the railroad $425,000 (Table 4.5).

Reused energy Fuel reduction Cost savings

3,400 MWh 256,000 gal $425,00(

Table 4.5 Annual savings from energy reuse

2.00

$1.66

1.60 -

1.20 $1.07

$0.88 $0.86 $0.90
0.80 $0-74
$0.56

Price per gallon ($)

0.40 -

0.00

1999 2000 2001 2002 2003 2004 2005
Figure 4.1 Railroad fuel price data (AAR 2005)

While fuel savings are the most direct way to evaluate fuel savings,rihapta
the only way in which the cost of a system could be recovered. An additional way could

be through the monetization of the reduction in air pollution from decreased combustion.
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CHAPTER 5: ENVIRONMENTAL CONSIDERATIONS

5.1 Introduction

The cost of pollution has been studied frequently (Mathews and Lave 2000) and
the valuation of the different types of pollution varies widely. Also, with each stuely
costs may include factors that were not included in the other studies. The available
studies also may include factors that are not relevant or lack factors thmpartant to
this project. These factors include: damage to agriculture, buildings or inftasttuc
aggravation of existing health problems, increased threat of global warmingdandde
life expectancy.

To produce a valuation for pollution from locomotives, many studies were
analyzed and combined to develop an estimate that could be used for preliminary cost
analysis (United States Environmental Protection Agency 1999, Funk and Rabl 1999,
Mathews and Lave 2000, Sholtz and Wochnick 2000, Perl et al. 2001, Lave and MacLean
2002, United States Environmental Protection Agency 2004, United States
Environmental Protection Agency 2005). This estimate was then used to further study

the economic feasibility of a locomotive energy recovery system.

5.2 Types of Cost Estimates

When estimating costs, the most accurate estimate is not required for initia
feasibility evaluation. The initial filtering of projects can be done witltéichestimates
that can be done quickly with minimal time and expense. Perry and Chilton (1984)
describe two levels of preliminary estimates for deciding if a prejemivs enough merit

to warrant further study. These are "order-of-magnitude" and "study." &utbsent

67



high-level studies that have a wide range in accuracy with “order of madriitanag
greater uncertainty than “study” estimates.

An order-of-magnitude estimate has a margin of error greater than +{F3£%
and Chilton 1984). The estimate is made using only one main characteristic without
consideration of other factors that may be of equal importance. An example of this
would be making estimates based on the number of trains a day that pass a point without
taking into consideration the type and operational priority of these trains.

The study estimate has an accuracy of +/-30% (Perry and Chilton 1984). This
type of study is “Better than order-of-magnitude; requires knowledge of majw @k
equipment; used for feasibility studies" (Perry and Chilton 1984, pp. 25-64). For this type
of estimate, a general idea of the size requirements, capacity, locatign, uti
requirements, and process flow chart are required so that the accuracystintiageecan
be initially constrained.

Perry and Chilton (1984) also describe three other types of estimates. These
estimates are "scope, budget authorization, or preliminary," "praatiot or
definitive," and "firm, contractor's, or detailed.” The accuracy of thettmates
increases progressively. A scoping estimate's accuracy is +ivbiéoa detailed

estimate has an accuracy of +/-5% (Figure 5.1).
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Figure 5.1 Accuracy of cost estimates (EPA 2002)

Governmental regulations are typically based on study level estimatitedU
States Environmental Protection Agency 2002). They offer an acceptable trade-off
between accuracy and expense involved in the estimation process. They haveda defin
accuracy that is not available with order-of-magnitude estimates andraaebenough
to provide guidance without accounting for every possible site and situation ttaat coul
arise. The calculations developed in this thesis should be considered “study” level
estimates, and their use for economic feasibility estimation implieshéashould be

considered accordingly.

5.3 Social Costs

There is a social cost that can be attributed to pollution. The form of this cost can
vary. It may be a direct cost in the form of a tax or fee or an indirect costsach a
reduction in crop productivity or an increase in health problems (Matthews and Lave
2000). These are also described as social costs (Lave and MacLean 2002). While direc
costs may be easy to quantify, indirect costs can be much more difficult. There hav
been studies that try to quantify the cost of pollution with regard to the environment, and

to the population as a whole. The problem with these studies is that their final result
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often vary greatly. The variability of the findings can be attributed tcatige Ihumber of
unknowns and corresponding assumptions that must be made in order to reduce the
problem to a feasible level. This variability is also affected by locatiarpdliution in a
rural setting will affect a smaller number of people than the same pollutioldwn a

large metropolitan area. The cost of reduced crop production must be calculagdd as w

as the negative effects on the population's health.

5.4 Governmental Regulations

The topic of air pollution costs becomes an issue with both governments and
private organizations in different ways. Governments are concerned witly setti
standards for the amount of pollution that can be produced by various sources. These
standards are based on the health effects that are caused by the pollution (dt@ged St
EPA 1990). The legislation behind these limits changes as new research is completed
and public perception changes. This research provides a basis for taxes, feestsand limi
on pollution production.

Along with setting limits for pollutants, fees and fines are also standdrdizee
fees serve to recoup a portion of the cost to regulate and enforce the stasedHings
serve as a deterrent to not complying with laws or regulations. The expensednrolve
cleaning up pollution can also be included in these fines.

In the United States, the principal federal environmental regulatory oagjaniz
is the Environmental Protection Agency (EPA). The EPA sets nationwide staratards f
pollution and fines. In some cases, state and local agencies are allowett to ena

regulations that are stricter than the EPA’s national level regulations.
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Corporations are concerned with the cost of meeting the limits set by the
government and also the benefits associated with reducing their total pollution output.
These benefits include corporate citizenship and responsibility, improvingpthmic
image, reduced liability for health related lawsuits, and profits frormgedimissions

credits to more polluting companies.

5.4.1 Clean Air Act

In 1990 the federal government completed a wide-ranging revision of the Clean
Air Act (CAA) that was first passed in 1970 and revised in 1977 (United States EPA
1990). The new amendments created stricter requirements for the level antslint
the air. The 1990 CAA emphasized market based approaches over strict regulation.

The CAA lists six pollutants as "Criteria Air Pollutants": sulfur osid8Q),
nitrogen oxides (N, carbon monoxide (CO), ground level ozone, lead (Pb), and
particulate matter (PM). These six pollutants each have limits as tallbaiable
concentration in the air. The limits were set using health-based criteiiad States
Environmental Protection Agency 1996). Within these limits there are two ca&®gori
The first is the "primary standard" that protects the health of residktits area. It is
this standard upon which the determination of "attainment" or "nonattainmeas'iare
based. The "secondary standard" sets limits in order to prevent damage to the
environment and property. Attainment areas are those areas that meetsédi
regional pollution levels. Nonattainment areas are those geographicahameash the
air quality is below the set standards. These are the areas that requakmspgcams

and controls.
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The market-based approach provides incentives for reducing pollution so that
industries and consumers will convert to more environmentally friendly praoticéeir
own. ltis also performance based because rather than specifying papmdiugon
control approaches, it allows each individual pollutant producer to find the most cost
effective way to reach its reduction goals.

The proposed market based pollution reduction mechanisms range from emissions
trading programs, fees, and subsidies to investment funds and public information
programs (United States EPA 2001). Trading programs allow stationary qolluti
sources that can reduce their pollutant output cheaply to sell allowances fawiinat af
pollution that they produce below their regulated level to sources that hacesess
effective methods for reducing their pollution. These allowances or caeditsaded on
an open market system where the credits are auctioned off. Initiallyt, tcagking
programs were only set up for N®ut credit programs have now been implemented for
SO as well and are widely used. Credit trading is not limited to those two pollutants.
Credit systems have been set up for lead, particulate mater, volatile arganuiounds
(VOCs), and other airborne pollutants.

Once a region has been designated as nonattainment, the local environmental
governing body must create a State Implementation Plan (SIP). This plautdlye
steps that the state will take in order to meet the CAA requirements. The letigtk of
until compliance, estimated reduction in pollution, and enforcement procedures are all
described in the SIP. The EPA must approve each SIP.

Any new sources of pollution in an attainment area must apply for permits before

being allowed to operate. These permits allow for control of pollution and require that
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the new source of pollution is accounted for and can be offset by other reductions in
pollution emissions.

While the EPA has the power to enforce the CAA throughout the country, each
state is allowed to create and enforce its own air quality laws. The maireraent for
these state specific laws is that they be at least as stringent@&AheThe individual
states are then allowed to create laws that take into consideration ta¢ rguperements
of the local area. However, individual states are precluded from regusatimg forms
of transportation, notably locomotives, because of the impracticality of thesghavi
conform to different laws as they travel across state boundaries.

Failure to meet the CAA pollution limits within the prescribed period of tiare c
invoke various different forms of penalties (United States EPA 1990). The finesthat
be imposed range from $2,000 to $5,000 per ton of excess pollutant released or individual
fines not to exceed $25,000 per day. Other sanctions include withholding of federal

money for state highway projects that do not serve to reduce pollution generation.

5.4.2 Other Environmental Regulations

Railroad locomotives hold a special place in the requirements of the Clean Air
Act. Locomotives and their engines are specifically excluded from ¢jodateons that
govern the pollution standards of the nonroad engine specifications (United States EP

1990). The only guidance that the CAA gives on locomotives is:

Within 5 years after the enactment of the Clean Air
Act Amendments of 1990, the Administrator shall
promulgate regulations containing standards applicable to
emissions from new locomotives and new engines used in
locomotives. Such standards shall achieve the greatest
degree of emission reduction achievable through the
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application of technology which the Administrator
determines will be available for the locomotives or engines
to which such standards apply, giving appropriate
consideration to the cost of applying such technology
within the period of time available to manufacturers and to
noise, energy, and safety factors associated with the
application of such technology.

With respect to the guidance given in the CAA, the locomotive regulations
drafted by the EPA were completed in December 1997 (United States EPA 1997). Along
with the new regulations, the EPA also provided a support document (United States EPA
1998) that laid out the scientific background for the regulations as well as thequoject
pollution reductions.

The regulatory document set up a tier system for progressive locomotiveoamissi
reductions. This system imposes maximum emissions levels based on thatyter t
locomotive was manufactured or last rebuilt. Imposing regulations this leayedlfor a
gradual phase-in of emissions reduction technology.

The largest total reductions would come from compliance with Tiers 0 and 1. As
emissions technologies advanced and became more affordable, their use would be
required to meet the more stringent standards (United States EPA 1998). Beclaese of t
differences in the duty cycles of line-haul and switching locomotives, thetevar
separate standards for each tier (Table 5.1). The largest single polluithed &y

locomotives is NQ
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Standard (g/bhp-hr) Percent Reduction

TierO Tierl Tier?2 TierO Tier1l Tier 2

NOy 9.50 7.40 5.50 34% 49% 62%

Line-haul PM 0.60 0.45 0.20 0% 0% 50%
cycle HC 1.00 0.55 0.30 0% 3% 47%
(6{0) 500 2.20 1.50 0% 0% 0%

NOx 14.00 11.00 8.10 28% 43% 58%

Switching PM 0.72 0.54 0.24 0% 2% 56%
cycle HC 2.10 1.20 0.60 0% 0% 50%
(6{0) 8.00 250 2.40 0% 0% 0%

Table 5.1 Locomotive emission tier standards and percent
reductions (United States EPA 1998)

5.5 Air Pollution Cost Studies

The EPA's Office of Air Quality Planning and Standards (OAQPS) published a
document that can be used to provide cost estimates associated with various air
pollutants. The®©OAQPS Economic Analysis Resource Docur(i&df9) is provided as a
tool to help planners quantify the environmental costs of their current or future decisions
Cost ranges for pollutants are given for volatile organic compounds (VOC), paeticula
mater (PM), and S© Values for each pollutant are given in dollars per megagram
(metric ton).

Since the Clean Air Act (CAA) established the framework for an emissidit cre
trading system, the market value for these credits can also be considéedasttof
pollution. The CAA allows for six types of emissions credits to be traded: VOCPBM
CO, SQ, and NQ.

The credit system is intended to limit the total amount of specific pollutants that
are released in a region over a period of time. In this system, called a “capdaid t
system, an upper limit (cap) is set for the total amount of each specific pollTiae
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total cap is then divided up among the pollutant emitting industries in the area. Each
industry is then allowed to produce that level of the specific pollutant. If an ipdustr
produces less pollution than it is allotted, then it is able to sell its remaining aafiount
pollution in the form of credits. Credits are usually sold in one-ton increments. Theses
credits are primarily bought by industries that produce more pollution thanrthey a
allotted. Some credits get bought by environmental groups who then retire the avedits, s
that they are never used for the production of more pollution. The two biggest markets
are for SQ and NQ..

Since credits are sold either on a market or by auction, the sale price d¢drtascr
an estimate of the current market value of pollution. This is where credit gifiegs
from the estimate costs of pollution. The cost for a company to produce more pollution
(e.g. the current price of a credit) does not have to be related to the sdotdltbesextra
pollution. There is a wide variation in valuation of the cost of one ton gf @ one

ton of SQ (Table 5.2).
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Price Per Ton

NOy SO,
Perl et al (2001) $1,658 $658
Perl et al (2001) $3,547 $4,682
Perl et al (2001) $2,588 $1,849
Perl et al (2001) $7,673 $13,166
Lave and MacLean (2002) $1,060
Lave and MacLean (2002) $9,500
Funk and Rabl (1999) $18,869  $33,022
Funk and Rabl (1999) $2,595
Funk and Rabl (1999) $354
Sholtz and Wochnick (2000) $6,000
USEPA OAQPS (1998) $2,571
USEPA OAQPS (1998) $11,722
USEPA OAQPS (1998) $3,829
USEPA OAQPS (1998) $4,568
USEPA (2004) $2,500
South Coast AQMD (2005) $13,600
Mathews and Lave (2000) $2,800 $2,000
USEPA (2005) $220
Maximum $18,869 $33,022
Average $6,345 $6,249
Median $3,547 $2,595
Minimum $1,060 $220

Table 5.2 Variation in valuation of pollution

A study by Matthews and Lave (2000) surveyed reports on the cost of emissions.
This study also found that there is a wide variation in the estimates for@rmisests
(Table 5.3). The values in Table 5.3 are listed in 1992 dollars. The mean values are used
for the purposes of estimating the cost of locomotive emissions after beingtedriee

2006 dollars (Table 5.4).
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Species Studies Min Median Mean Max
Carbon monoxide (CO) 2 1 520 520 1,050
Nitrogen oxides (NOXx) 9 220 1,060 2,800 9,500
Sulfur dioxide (SO2) 10 770 1,800 2,000 4,700
Particulate matter (PM10) 12 950 2,800 4,300 16,200
Volatile organic compounds

(VOC) 5 160 1,400 1,600 4,400
Global warming (in CO2

equiv.) 4 2 14 13 23

Table 5.3 Estimated external costs ($/ton of air emissions)

(Matthews and Lave 2000)

Species Median Cost
Carbon monoxide (CO) 738
Nitrogen oxides (NOXx) 1,505
Sulfur dioxide (SO2) 2,556
Particulate matter (PM10) 3,976
Volatile organic compounds (VOC) 1,988
Global warming (in CO2 equiv.) 20

Table 5.4 Median cost estimates ($/ton of emissions) adjusted to 2006

5.6 Locomotive Emissions

5.6.1 Emissions Per Time

In order to calculate the cost of locomotive exhaust, the amount of each pollutant

produced while the engine is running must be known. Because of the eight running notch

system used to control locomotive power output, the calculation of emissions is done in

discrete increments. This simplifies the analysis, because thedlimiteber of throttle

positions eliminates the need for continuous data measurements throughoutrtbis engi
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entire RPM range. By contrast, automobile and truck emission studies redgutatcm

across the RPM range making them more difficult.

The data that are available from locomotive event recorders allow a cemplet

understanding of emissions production to be developed. The event recorder data can be

used to determine exactly how long each of the throttle positions was used. Thgese dat

combined with throttle-notch specific rates of emissions production, can be directly

converted into an estimate of total of emissions expelled. A study by SiegarBe and

Caretto (2004) provided data on the rate of pollutant production for each locomotive

throttle setting (Table 5.5). The eight normal throttle positions are preseomgoath

the idle setting and an average of the production for the dynamic brake setting.

Notch Power Fuel HC CcO NOx PM
(bhp) (Ib/hr) (g/hr) (g/hr) (g/hr) (g/hr)
Brake 117 170 1,400 1,849 1,335 622
Idle 25 32 478 492 309 228
Notch 1 195 78 226 361 1,299 131
Notch 2 400 172 192 464 3,000 140
Notch 3 950 384 361 1,197 7,267 427
Notch 4 1,400 526 294 2,772 14,014 336
Notch 5 2,050 756 595 3,895 25,584 348
Notch 6 2,770 967 748 5,872 33,600 499
Notch 7 3,440 1,180 826 3,302 39,766 585
Notch 8 4,100 1,415 984 3,034 47,027 697

Table 5.5 Locomotive emissions per throttle setting
(Sierra Research and Caretto 2004)
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These values, when converted to tons per hour, and combined with the previously
introduced cost per ton enable development of figures for emissions’ cost per hour. This
value can then be used to estimate the social cost of running a locomotive for an hour at
each setting (Table 5.6). Social costs do not include the cost of the fuel, the wear on the

machine, or the labor costs.

Notch HC ($/hr) CO ($/hr) NOx ($/hr)  PM ($/hr) Total ($)

Brake 3.07 1.50 2.21 2.73 9.51
ldle 1.05 0.40 0.51 1.00 2.96
Notch 1 0.50 0.29 2.16 0.57 3.52
Notch 2 0.42 0.38 4.98 0.61 6.39
Notch 3 0.79 0.97 12.06 1.87 15.69
Notch 4 0.64 2.26 23.25 1.47 27.62
Notch 5 1.30 3.17 42.44 1.53 48.44
Notch 6 1.64 4.78 55.74 2.19 64.34
Notch 7 181 2.69 65.97 2.56 73.03
Notch 8 2.16 2.47 78.02 3.05 85.70

Table 5.6 Calculated social costs per hour of line-haul locomotive operation

The values given in Table 5.6 are for a single locomotive. A typical trainmgoss
Cajon Pass will operate with three to six locomotives, and the calculatedsfigure

emissions cost and other operating costs can be adjusted accordingly.

5.6.2 Emissions from Fuel Use

Another emission evaluation approach is to analyze the pollution generated by
burning a gallon of fuel. The EPA has set a series of standards for the amount of
pollution that a locomotive can produce (United States EPA 1997). The current standard

known as Tier-2 (Table 5.7) applies to all locomotives built after 2004.
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Pollutant Lbs/gal

NOx 0.2271
PM 0.0079
HC 0.0119
CcoO 0.0586

Table 5.7 Estimated emission rates for line haul locomotives
based on Tier-2 standards (United States EPA 1997)
For a train traveling east over Cajon the recovered energy would equate to a
savings of eight gallons per train. Traveling west produces a savings of @sgsdr

train. The savings in fuel and social costs are listed in Table 5.8.

Savings
Direction Fuel Social Total
Eastward $13.28 $1.82 $15.10
Westward 53.12 7.12 60.14

Table 5.8 Cost savings per train traveling over Cajon Pass

Reuse of dynamic brake energy by candidate trains on Cajon Pass has the
potential to reduce annual fuel consumption by 256,000 gallons (Table 4.4) and pollution
by 40 tons (Table 5.9). Based on the total reduction, a social cost savings of almost

$58,000 per year might be achieved.
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Pollutant Reduction (tons)  Social Cost Savings

NOx 29 $43,60(
PM 1 4,00(
HC 2 4,00(
CO 8 5,900
TOTAL 40 $57,50(

Table 5.9 Annual locomotive emissions reductions and
cost based on fuel savings.
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CHAPTER 6: LEVEL OF JUSTIFIABLE INVESTMENT FOR RAILROADS

From the previous analyses, the energy recovery, cost, and fuel savings of an
energy recovery system have been defined based on certain parameters.{)abl
Some of these parameters, such as the price of fuel and the value of emissions, are
volatile in nature. The benefit received from reduced fuel consumption incesates
price of fuel increases and is an important factor in determining the oetunwvestment

(ROI) that a railroad can expect if it invests in energy recovery teagyol

Reused energy (MWh) 3,400
Fuel price ($/gallon) $1.66
Fuel savings (gallon) 256,000
Cost savings $425,000
Total vehicle cost $2,202,000

Table 6.1 Summary of fuel and vehicle costs

As currently defined, it would take five years of use to recover the cap#abt
the equipment. To be attractive to the railroad, a return on investment of two years is
sought. In order to reach this goal, either the costs would have to be reduced or the
benefits increased. Assuming that the cost of the vehicle will not decredsbea
efficiency of the technology will not increase dramatically in the nearduthien an
increase in the price of fuel and thus the value of the savings is the most likalyavay

benefits may increase.
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Figure 6.1 Effects of increasing fuel price on meeting
various return on investment goals

A two-year ROI would be achieved when the yearly benefit from reduced fuel
consumption reaches $1,101,000. Based on current fuel consumption rates, this level of
benefit would be met if fuel cost $4.30 per gallon, 2.6 times the current price.
Considered another way, at the current price of fuel, the requirement for 2awB®I|
could only justify investment of $850,000, which is less than half of the vehicles needed.
Relaxing the two-year ROI constraint to three or four years would provide cost
justification at fuel prices of $2.87 and $2.15 per gallon, respectively.

When the social benefits (Table 5.7) of this project are included, along with the
benefits from reduced consumption, the target fuel price for a two-yeassR€duced to
$4.08 per gallon (Figure 6.2). At current levels, the ROl is 4.6 years, and a mRQka
would justify an investment of $964,000. Once again, increasing the acceptable ROI

would reduce the target fuel price for cost justification to $2.64 and $1.92.
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Figure 6.2 Effects of social cost and increasing
fuel prices on various ROI goals

Even with the addition of environmental costs, a two-year ROI is still not

achievable at current costs and fuel prices. Although fuel prices continue te@dhea

levels required for a successful project are unlikely in the near futurendixgethe

acceptable ROI would ease the constraints on the level of annual benefits reaquared f

justified project. This might be possible with the availability of low intests or

government grants.

One such grant is California’s Carl Moyer Program (South Coast AirtQuali

Management District 2005). This program gives grants to help fund reductionsg in NO

emissions in the Southern California nonattainment area. The program gives up to $3,600

per ton of NQ eliminated. The BNSF and UP railroads are eligible for this program if

the reductions provided are not part of an already agreed upon emissions reduction.
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Currently, these two railroads have two such agreements with the Statefafn@@aland
thus cannot be applied to Cajon Pass operations.

The ROI figures described above are sensitive to the cost of building the vehicle.
Any changes in this cost can greatly affect the projected return cstnmet. Also, the
ROI numbers do not include any costs that the railroad might incur from car swjtching
operations, or maintenance changes that a project such as this may produeeard hes
costs that the railroad would need to calculate internally to fully understand #iel@os

cost effectiveness of such a project.
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CHAPTER 7: SUMMARY

The idea of reusing dynamic brake energy has been studied in various contexts for
many years. Situations where it proves to be economicallfiginddi are difficult to find
because of the specialized equipment and modifications that areetetuicapture and
store this energy. However, as fuel prices rise and environmeawtald play a larger
role in corporate decision-making, the feasibility of these tgbgsojects also increases.
Currently, the fuel savings that are projected from energyverg do not justify the
required investment. Even when the environmental costs assowidgibedollution are
added, the cost savings does not prove to be sufficiently compelling.

A problem with using environmental costs as a basis for the financial fegbil
a project is that finding a definitive valuation for environmental ictgpas difficult. The
wide variation in available data shows that there is no one cdstahae agreed upon
by all parties. Currently, the ways that railroads can vecaibenefit from emissions
reductions are limited. New programs and grants could help provigatives for

railroads to implement emissions reduction technologies.

87



REFERENCES

Air Brake Association 197Management of Train Operation and Handlifidghe Air
Brake Association, Chicago.

Air Brake Association 200&ngineering and Design of Railway Brake Systérhs Air
Brake Association, Chicago.

Andrews, H. I. 1986Railway Traction: The Principles of Mechanical and Electrical
Railway Traction Elsevier, The Netherlands.

Armstrong, John H. 2000he Railroad: What It Is, What It DoeSimmons-Boardman,
Omaha, Nebraska.

Association of American Railroads 200%alysis of Class | Railroad#ssociation of
American Railroads, Washington, DC.

Bezilla, Michael 198(@Electric Traction on the Pennsylvania Railroad 1895-18d&
Pennsylvania State University Press, University Park, Pennsylvania.

Drish, W. F. 1992Train Energy Model Version 2.0 Technical Manussociation of
American Railroads, Chicago, IL, SD-040.

Drish, W. F. & Singh, S.P. 199Train Energy Model Validation Using Revenue Service
Unit Coal Train Data Association of American Railroads, Chicago, IL, R-786.

Drish, W. F. & Singh, S.P. 199Zrain Energy Model Validation Using Revenue Service
Mixed Intermodal Train DataAssociation of American Railroads, Chicago, IL,
R-819.

Energy Research and Development Administration 18¢énomic and Technical
Feasibility Study for Energy Storage Flywhe&lsS. Government Printing
Office, Washington, DC, ERDA 76-65 UC-94B.

Federal Railroad Administration 197%dywheel Energy Switcher: Study Summary and
Detailed Description of Analysit).S. Department of Transportation,
Washington, DC, FRA/ORD-79/20.1.

Federal Railroad Administration 1979Wayside Energy Storage Study Volume IV —
Dual Mode Locomotive: Preliminary Design StutlyS. Department of
Transportation, Washington, DC, FRA/ORD-78/78,1V.

Funk, K. & Rabl, A. 1999, Electric versus conventional vehicles: social costs and enefit
in France Transportation Research Part. Dol. 4, no. 6, pp. 397-411.

88



Genta, G. 198Xinetic Energy Storage: Theory and Practice of Advanced Flywheel
SystemButterworths, London.

Grede Foundries 2006, Scrap Steel Price History, [Online] Retrieved April 20, 2006,
http://www.grede.com/customer_service/prices/steelPrices.jsp

Gourishankar, V. & Kelly, D. 197Flectromechanical Energy Conversiad. 2, Intext
Educational Publishers, New York.

Haut, F. J. G. 1969 he History of the Electric Locomotiv@gorge Allen and Unwin,
London.

Hay, W. W. 1982Railroad EngineeringJohn Wiley & Sons, New York.

Judy, B. L. & Johansson, A. V. 1954, Dynamic Brakind)iasel-electrics: How to Keep
‘Em Rolling, Simmons-Boardman, New York.

Kiehne, H. A. 2003Battery Technology Handboo&d. 2, Marcel Dekker, New York.

Lave, L. B. & MacLean, H. L. 2002, An environmental-economic evaluation of hybrid
electric vehicles: Toyota's Prius vs. its conventional internal combustiameeng
Corolla, Transportation Research Part. Dol. 7, no. 2, pp. 155-162.

Martin, L. F. 1974 Storage Batteries and Rechargeable Cell TechnolNgyes Data
Corporation, Park Ridge, New Jersey.

Matthews, H. S. & Lave, L. B. 2000, Applications of environmental valuation for
determining externality cost&nvironmental Science Technologyl. 34, pp.
1390-1395.

Middleton, W. D. 2001When the Steam Railroads Electrified,Z Indiana University
Press, Indianapolis, Indiana.

Ostlund, S. 1998, Performance of future regional high speed trains, American Society of
Mechanical Engineers Joint Rail Conference 1998, New York, pp 21-28.

Perl, A., Patterson, J. & Perez, M. 2001, Erratum to 'Pricing aircraft emisdibgen-
Satolas Airport’,Transportation Research Part, Dol. 6, no. 2, pp. 147-153.

Perry, R. H. & Chilton, Cecil H. 198#&erry's Chemical Engineers' Handboe&kl. 6,
McGraw-Hill, New York.

Raposa, F. L. & Glover, J. D. 1983atteries and Fuel Cells: Alternative Traction

Power for Locomotives and Self-Powered Railcars. Department of
Transportation, Washington, DC, FRA/ORD-81/68.

89



Rhine, P. 1996, 0comotive Engineering Guide to Fuel Conservat®immons-
Boardman, Omaha, NE.

Runion, L. (personal communication) 2005, Norfolk Southern Decatur, lllinois,
Locomotive Shop Supervisor.

Sholtz, A. & Wochnick, V. 2000, California's NGnarket feels the pinclgnvironmental
Finance Fulton Publishing, London, UK.

Sierra Research & Caretto, L. S. 20Bésearch Project: Development of Railroad
Emission Inventory MethodologieSierra Research, Sacramento, CA, SR2004-
06-02.

Singh, S. P. 1995, Tools for the*2dentury — railroad simulation modeRailway Age,
Vol. 196, no 6.

South Coast Air Quality Management District 2005, Carl Moyer memariguality
standards attainment program, South Coast Air Quality Management District,
[Online], retrieved April 16 2005,
http://www.agmd.gov/tao/implementation/carl_moyer_program_2001.html

State of California Department of Forestry and Fire Prevention, R@B&ad Fire
Prevention Field GuideState of California, Sacramento, CA.

Stehly, M.P. (personal communication) 2006, BNSF Railway Assistant Vicel&mngs
Environment and Research Development.

Tarrant, C. 1999, Revolutionary flywheel energy storage system for qualigrpow
Power Engineering Journaljol. 13, no. 3, pp 159-163.

Tarrant, C. 2004, A new move in energy recaptiloeynal of Power and Engineering,
Dec/Jan 2003/04. pp. 26-29.

Transportation Technology Center Incorporated 2005, Computer Modeling, [Online]
retrieved October 24, 2005, http://www.aar.com/products_services-modeling.htm

United States Department of Energy Federal Energy Managemenaidirago3,
Flywheel Energy Storag&nited States Department of Energy, Washington, DC.

United States Environmental Protection Agency 1€968an Air Act United States
Environmental Protection Agency, Washington, D.C.

United States Environmental Protection Agency 1996, The plain english guide to the

Clean Air Act, [Online] retrieved February 22, 2006,
http://www.epa.gov/oar/oagps/peg_caa/pegcaa03.html

90



United States Environmental Protection Agency 1891ission Factors for
Locomotives: Technical Highlightenited States Environmental Protection
Agency Office of Air and Radiation, Washington, D.C.

United States Environmental Protection Agency 12@8pomotive Emission Standards:
Regulatory Support Documendnited States Environmental Protection Agency
Office of Mobile Sources, Washington, D.C.

United States Environmental Protection Agency 19220QPS Economic Analysis
Resource Documeritnited States Environmental Protection Agency Office of
Air Quality Planning and Standards, Washington, D.C.

United States Environmental Protection Agency 20@tt sheet: guidance for
improving air quality using economic incentive progratdsited States
Environmental Protection Agency, Washington, DC.
http://www.epa.gov/ttn/oarpg/tImain.html

United States Environmental Protection Agency 2@&JF2A Air Pollution Control Cost
Manual United States Environmental Protection Agency Office of Air and
Radiation, Washington, D.C.

United States Environmental Protection Agency 20034 Budget Trading Program:
2003 Progress and Compliance Repdthited States Environmental Protection
Agency Office of Air and Radiation, Washington, D.C.

United States Environmental Protection Agency 2005, EPA's clean air market program
SO, trading activity breakdown: cumulative graphics, United States
Environmental Protection Agency, [Online], retrieved April 16, 2005,
http://www.epa.gov/airmarkets/trading/so2market/alprices.html

VBR Power Systems 2006, Frequently asked questions, VBR Power Systems,][Online
retrieved April 20 2006, http://www.vrbpower.com/technology/fags.html

91



