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1.0 EXECUTIVE SUMMARY

This report is the result of an effort to develop a computer model

which is capable of estimating the return on investment CR01) for any energy -

storage system. To complete development of this model, an analysis of the

range of capital and operating costs for various energy-storage systems was

conducted.

The various systems analyzed were flywheels and batteries, placed on -board

and off-board, and regenerative substations.

Summaries of the capital and operating costs for all systems analyzed

in this report are illustrated in Tables l-1 and 1-2. Table 1-1 lists the

capital and operating costs based on the highest range of estimates, while

Table 1-2 lists the costs on the lowest range basis.

When determining the costs for on -board battery systems, off-board flywheel,

off-board battery and regenerative substations, kilowatts (KW) should be

used as the basis of cost analysis. The reasoning for this is that the major

electrical components of each of these systems is a function of KW Therefore,

these systems are costed on the basis of kilowatts. On the other hand, on-

board flywheels should be costed on the kilowatt hours (KWH) basis due to the

fact that the flywheel is the primary costing element of an on -board flywheel

system. The electronic components of this on-board system do not play as

crucial a role in determining the costs of the system as they do with the

four other systems. In determining the costs of all of these energy-storage

systems, there should be a combination KW and KWH cost figures in the

calculation process. This was not possible in the study due to the limited

amount of information available to us. Additional studies should be conducted

in the future regarding this problem.
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After the required KW or KWH is determined for the transit property

to be analyzed, a costing process is performed using the cost figures developed

in this study. The next step is to plug these figures into the return on

investment model.

A return on investment model was developed for this study. It determines

a return on investment based on the following input factors: capital

investment, annual operating costs, annual savings, inflation rate, energy

inflation rate and number of operating periods. This model is able to accept

more than one type of operating cost, i.e. costs can be accepted on a yearly

basis, every second year, etc.

An actual test of a transit system was conducted based on the PATCO

Lindenwold Line. Following the process mentioned previously, return on

investments ranging from -1.00 to .35 were calculated for the five energy-

storage systems.

The following conclusions have been reached as a result of this study:

1. Of the five energy-storage systems studied, all are technologically

feasible. The technology exists today to implement any of these systems

immediately.

2. With advances in technology, new energy-storage systems may be

developed. They should be analyzed in the same manner as these systems

were, including an ROI analysis using the computer model developed in this

study.



TABLE 1-1 RANGE OF CAPITAL COSTS

SYSTEM

$/KW

HIGH LOW

$/KWH

HIGH LOW

ON-BOARD FLYWHEEL 271 41 41,656 8,454

ON-BOARD BATTERY - 307 307 370,666 370,666

OFF-BOARD FLYWHEEL 227 .173 403 256

OFF-BOARD BATTERY 470 470 235' 235

REGENERATIVE SUBSTATION 154 102 -



TABLE 1-2 RANGE OF OPERATING COSTS

SYSTEM

$/KW/YE

HIGH LOW

$/KWH/YEAR

HIGH LOW

ON-BOARD FLYWHEEL 2.77 2.36 565.40 143.99

ON-BOARD BATTERY 61.00 61.00 73,281. 73,281.

OFF -BOARD FLYWHEEL 5.20 2.70 14.40 12.38

OFF-BOARD BATTERY 3.31 3.31 1.66 1.66

REGENERATIVE SUBSTATION .98 .98 - -



2.0 INTRODUCTION

Reusing the kinetic energy of trains in light and rapid rail

transit systems through the use of regenerative energy storage systems

is an old idea that has recently been revived.

An opportunity exists for effective savings in total energy

expended, and in reducing heat generated during braking, if the train's

kinetic energy can be utilized in some useful form of braking. Energy

savings possible are especially important for train systems in which

interstation distances are small.

Aside from the energy savings, the reduction in heat generated reduces

tunnel heating and the ventilation and air-conditioning requirements in

terminals and underground stations.

The simplest method of utilizing the kinetic energy of trains,

while braking, is to allow an energy exchange between them. However,

there are practical limitations involved in achieving this objective.

There is the problem of synchronizing all trains on a system. For

optional energy exchange, another train must be accelerating and

consuming energy at the very instant when another train is braking and

generating energy and must be in close proximity.

Since it would be too restrictive to synchronize the operation of

trains for energy exchange, an energy storage system is the one practical

alternative.

Several methods have been considered for storing energy for transit

application - as kinetic energy of a rotating flywheel,'or as chemical energy

in a battery.



Each alternative has its advantages and limitations. A further option

is to feed the regenerated energy into the supply line, where a load

exists at all times to receive the energy. The location of the storage

device is another factor. It can be located on each car of the train,

or on the wayside at substations or tie stations. Each of these alternatives

will be described and evaluated.

2.1 PURPOSE

The purpose of the work reported here was to develop a cost-

effectiveness model which could assess the return on investment (ROT)

obtained when energy storage devices or regenerative substations are

applied to real transit properties with regenerating trains. The storage

devices can either be flywheel or batteries and can be placed off-board

or on-board.

Computations of the ROI model consists of three basic steps:

1. Determine the capital and operating costs of the storage devices

which will be used on the property.

2. Estimate the operating savings in energy obtained by installing

the devices.

3. Using the present value equation, estimate the ROT.

Step 2 is accomplished using the, energy management model which was

previously developed at the Rail Systems Center. A brief description

of it is presented in Appendix C.

This work concentrated on steps 1 and 3. Capital and operating

costs were developed using previous studies which were completed in

this area and are documented in the bibliography. An ROI model was
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developed and computerized.

2.2 BACKGROUND ON ENERGY STORAGE

Flywheels have long ago made their mark in history with their

energy storage characteristics. During the last 200 years, large

shaft-mounted flywheels have been used to stabilize the output of steam

engines used in the mills and factories of the industrial revolution

period. Other flywheel applications have emerged over the last

200 years, the most notable of which was the Howell Torpedo built in

1884.

The most extensive use of flywheels in the transportation field

during the last 25 years was the vehicle propulsion system used by

the Oerlikon Engineering Company of Switzerland The possibility of

using flywheels in public transportation was realized in developing a small

flywheel powered railroad engine for switchyard work. This led to

the development of the electrogyro bus in the early 1950's. This

35 passenger bus, with about 3 kilowatt-hours of stored energy operated

between electrical charging sites located about one-half mile apart.

It went into service in 1953 and remained in service for ten years.

Routing limitations, the 1-2 minute spin -up charge period at each stop, and

the economics of diesel buses limited more widespread acceptance of this

bus.

Renewed interest in this type of vehicle stems from the dual

concern with reducing pollution from fuel -burning vehicles and,

following the 1974 oil embargo, with developing alternative energy

sources.
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Flywheel energy-storage systems are now under consideration for use

not only in buses but also in subway cars, trolleys and other vehicles.

For example, an energy-storage unit was built by Garrett Corporation and

evaluated in-service on New York City Transit Authority (NYCTA) R-32 subway

cars. Also, the Urban Mass Transportation Administration (UMTA) proposed the

design of a flywheel -electric drive system to propel trackless trolley coaches

for the San Francisco Municipal Railway (MUNI).

2.2.1 General Discussion

Regenerative braking is a form of dynamic braking in which part of

the kinetic energy of the vehicle can be used to drive other vehicles.

In terms of a system of trains running on a transit property, regeneration

with natural receptivity means that only the vehicles or trains on the

line can accept the regenerated energy, while regeneration with assured

receptivity means that some assurance is provided that all of the

regenerated energy is accepted either by on -board or off-board storage

devices, other trains and/or regenerative substations by which the energy

is returned to the utility.

Regeneration of braking energy has a large potential for energy

savings. With natural receptivity, traction energy savings of 5-25%

may be realized, while with assured receptivity, savings can range from

20-50%. The exact value of the energy savings depend upon a complex set

of physical and operational characteristics of the transit system. As a

consequence, it is necessary and desirable to perform site-specific

studies using simulation models to reach sound rather than general



conclusions when planning regeneration capability for new or existing

systems.
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3.0 COSTS OF STORAGE DEVICES AND REGENERATIVE SUBSTATIONS

3.1 ENERGY AND POWER REQUIREMENTS

Table 3-1 illustrates an approximation of the ranges of KW of

maximum power input and KWH of energy for on-board and off-board

systems and regenerative substations for various rapid transit systems.

The figures for KW and KWH were determined as follows:

KWhl = 9.95 x l0 x a x v x w

KWH = 1.258 x 108 2xwx vwheel

where

a = deceleration (MPHPS)
v = maximum speed (MPH)
w = weight of loaded car (lbs.)

The previous equations only give the KW and KWH at the wheel. There

is a loss of energy from the wheels to the traction gears, from the traction

gears to the traction motor and from the traction motor through the chopper

to the line. This amounts to about a 24 percent loss on the average. Thus

the conversion efficiency is 76 percent. This phenomena is common to both

the on-board and off-board systems.

The maximum power entering the on-board flywheel system is

KWon board
= 0.76 x KWhl

but the requirement for stored energy is

KWHon board
= 0.76 x 0.87 x KWHwheel

since 13 percent of the power is lost in the flywheel motor, control and

gears. This process is illustrated in Figure 3-1.
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The maximum power entering the off-board flywheel is

KW0ff board
= 0.76 x 0.93 x KWhel X n

where n = number of cars per train

since line losses from the train to substation represent another 7 percent

loss.

The off-board energy requirement is

KWHoff board
= 0.76 x 0.93 x 0.87 x KWHh 1 X fl

This process is illustrated in Figure 3-2.

The regenerative substation incurs power losses from the wheels to

the chopper as well as in the transmission of the power over the lines.

There is less energy loss associated with the regenerative substation than

with either of the other two systems.

KWat substation
= 0.76 x 0.93 x KWheel X fl

The numbers calculated in Table 3-1 are based on operation over level

tangent track. Further studies will have to be conducted for operations

involving curves and grades.

The table only represents an approximation to the actural power and

energy requirements. In the case of on-board storage, a train performance

simulation using the TPS will determine the maximum values, while running the

total energy management model (EMM) with off-board storage or regenerative

substations will determine these requirements. In the case of off-board

storage or regenerative substations, some of the power will go to other

trains on the line thus reducing the energy and power requirements of the

substation storage.
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3.1.1 On-board Systems

There are two alternative methods for on-board storage, flywheels

or batteries. The requirements for an on -board energy-storage device are

that it be fairly compact, lightweight and suitable for under-car mounting.

Energy must be stored and supplied rapidly, efficiently, safely and in a

flexible manner at low cost. Although batteries can supply power rapidly

-
during acceleration, those that can recharge and accept power rapidly

during braking are not currently available at reasonable cost and weight.

At the present time, the use of a battery as an energy-storage device is more

costly than a flywheel. Figure 3-3 provides a block diagram of procedures for

on-board energy-storage systems.

3.1.2 On-board Flywheels

1. Conceptual Design

Since there is only one revenue tested on-board flywheel system in a light

or rapid rail vehicle, the following dicsussion will be based on the

results of the Garrett AiResearch Study2of flywheel energy-storage systems

(FESS) on New York City Transit Authority (NYCTA) R-32 subway cars. These

cars were demonstrated on all lines in the NYCTA system, where they

provided energy savings of 20 to 40 percent.

As can be seen from Figure 3-4, when a train leaves a station, the

power demand reaches a peak. This peak remains, until the maximum speed

of the train is reached, after which the power demand falls to a level

required to overcome the drag on thetrain due to friction and wind

resistance. Before the train comes to a stop at a station, the kinetic

energy of the train must be absorbed in a short time span. If the kinetic

energy lost during braking can be utilized, then the average power consumption

for the typical station-to-station run will be appreciably reduced.
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Determine required energy
storage requirements from
TPS on a per car basis.

Determine capital cost
for conversion of fleet.
(Use Tables 3-2 and 3-4)

Calculate annual operating
cost.

ROI Model

FIGURE 3-3 BLOCK DIAGRAM OF PROCEDURE FOR FINDING
COST/EFFECTIVENESS OF ON -BOARD ENERGY -STORAGE SYSTEMS



a

0

C

U
C

Co
U)

Co

C

E
U)

C
Os

- I.s

0

CU)
.

CoO
1._ -
-

-C
CoO

>1V)

0

C
0

(O
- -

.

se

ci)
ci)

tl)

C
Co

C
0

C
0

Co
ci)

ci)
U
U

Co

>., a)

CU
0
U

,' Co ci)
>

0

Q)cQ a)

0

4 + 1aaqMeJaModaMeI. -

17

ci)

a)rQ)
>
.- a)

0C
iM

QiC C

¼.)

c fO1

w

F-

LL

I-

U-

(I)

I-

U)

C-)

Lii

I-

c)

Ui
ci::

(1,

U-



18

During the braking of the transit car, its kinetic energy must be

removed. For most operations during braking, the DC traction motor is

connected to operate as a generator, and its electrical output is dissipated

in a brake resistor grid. This technique is called dynamic braking. Dynamic

braking is augmented by friction brakes for lower speeds and emergency

conditions.

Instead of dissipating the braking energy, it can be stored in a

flywheel device and used to start the car from the station.

Figure 3-5 shows the block diagram for the on-board FESS as used by

Garrett AiResearch. The flywheel consists of four 20 inch diameter,

2 inch wide disks rotated at speeds ranging from 9,800 to 14,000 RPM.

The flywheel housing was evacuated until it was at a pressure of one

inch of mercury, to reduce windage losses and associated heating of the

flywheel disk. A reduction gear with a ratio of 3,33:1 is used to connect

the flywheel to the rotating machine. Two flywheels per car are required.

The energy-storage units add a weight of approximately 9,920 pounds. Figures

3-6 and 3-7 describe the system and its performance.

When a vehicle is at zero speed, the flywheel operates at its maximum

speed. When the vehicle speeds up, the flywheel will slow down so that

at the maximum car speed the flywheel will operate at 70 percent of its

maximum speed. This means that 50 percent of the energy stored in the

flywheel is supplied to the car because energy stored is a function of the

square of the speed. If the flywheel tries to operate at a speed above its

minimum permitted speed, the power taken from the third rail is reduced to zero,

so that all power requirements of the car are taken from the flywheel. If

the flywheel tries to operate below its minimum permitted speed, all energy
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The Garrett Energy Storage System incorporates an onboard
flywheel device to provide peak power to drive traction
motors during car acceleration. The energy is recovered during
car braking by converting the kinetic energy of a moving car
into stored mechanical energy in the flywheel device rather
than losing it through heat in the brake resistors. Recovered
energy is then used for subsequent car acceleration.

- -

.0

The Garrett Onboard Energy Storage System sponsored by
the U.S. Department of Transportations Urban Mass Trans-
portation Administration (UMTA) and the New York Metro-
politan Transportation Authority (MTA) is another step

toward the goal of energy conservation.

FEATURES

Selfcontained regenerative braking on car

¯ Significant energy savings

¯ Increased utilization of facility
- Reduction of substation
- Reduction of headway - more cars

¯ Increased passenger comfort
- Jerk free
- Elimination of jerks and lighting flicker
- Substantial reduction of subway tunnel heat

normally generated by braking

¯ Safer
- Car moves without third rail in maintenance yard,

and can move to next station in case of power blackout

FIGURE 3-6 ENERGY STORAGE SYSTEM
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The GARRETT Energy Storage System

--- -- -

-

WHAT THE SYSTEM DOES
1. It recovers energy 2. It returns this energy 3. Using this energy, augmented

generaed by subway to the onboard storage by third rail electrical power,
car braking system the subway car moves to the

next station

_______________

MOTOR -GENEATES

CONTROL

ENERGY
STORAGE
FLyWHEEL TRACTION

WHEELS

ENERGY
SIORAGE
FLYWHEEL

- AS GENERATOR
DURING BRAKING

GEAR I
-

t
TRACTION MOTOR ACTS'

TRAIN

a Garrett system effects 30% dollar saving in total power consumption
¯ 80% saving in peak power (peak power required for acceleration from station)
¯ System helps to reduce tunnel heat by transforming braking heat to energy

HOW THE SYSTEM WORKS

DURING U-s \<')CHAMBER ELECTRICAL
DRIVE BRAKING \fl-

® BASIC FLYWHEEL © ADD VACUUM © ® WHAT HAPPENS

I - T!CREASES
ELECTRICAL I FLYWHEEL SPEED
MOTOR/GENERATOR

CONTROLCONTROL
SYSTEM SYSTEM

TRACTION
WHEELS

MOTOR
TRACTION

TRAIN r2t.39

TRACTION
WHEELS

TRACTION MO1OS,ç
AS GENERATOR

DURING BRAKING GEAR
TRAIN '

WHAT HAPPENS
DUR
AELER

PROVIDES POWER
I I FOR TRACTION MOTORS

CONTROL
'J_) SYSTEM

FIGURE 3-7 THE GARRETT ENERGY STORAGE SYSTEM6

GARRETT ENERGY STORAGE MACHINE
-
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requirements are obtained from the third rail, so that the flywheel maintains

its proper operating speed. Dynamic-brake resistor grids are provided for

dissipation of energy, if necessary, to keep the flywheel speed below its

maximum value, due to dead-car inertia loads or steep down grades.

An advantage of the on-board FESS is that only a chopper rated for

average power is required, instead of a chopper rated for peak power, which

would be necessary if the energy was stored on the wayside. On the other

hand, because of space limitations on-board the vehicle, low weight, high-speed

flywheels are required. This means that the use of reduction gears may be

required, which would result in energy losses between 5 and 10 percent. The

safety of the high-speed flywheels also has to be considered, during

derailments or accidents, along with the gyroscopic effects. The on -board

FESS adds 10 percent to the weight of the car, resulting in increased

power requirements.

2. On-board Flywheels - Capital Costs

The capital costs or, more generally, initial investment costs,

were based on three primary sources. These sources were a study done by

Garrett AiResearch Manufacturing Company of California7 or the Jet Propulsion

Laboratory, a report by the Charles Stark Draper Laboratory, Inc and a

study performed by General Electric Corporate Research and Development.9

The Draper Laboratory and General Electric reports are of a more theoretical

nature, i.e., not based on the results of an actual operating system.

However, the study conducted by Garrett AiResearch for the Jet Propulsion

Laboratory, is based on the results obtained from actual operations

conducted on New York City Transit Authority R-32 transit cars. For this

reason, more credence should be placed on the figures obtained by

Garrett for $/KW and $/KWH. This is also true for the figures which appear in

the next section - Flywheel Operating Costs.
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Table 3-2 lists the cost per KW and KWH for each of the three

studies involved.

TABLE 3-2 CAPITAL COST PER KW AND KWH FOR ON-BOARD FLYWHEELS

(April 1980 $"s)
$/KW $/KWH

1. Draper Laboratory $ 41 $ 8,454

2. Garrett AiResearch $130 $41,656

3. General Electric $271 $16,552

It should be noted that the figures in the General Electric study

are for a flywheel operated bus. Therefore, they may not be acceptable for

cost comparison usage.

In our opinion, cost per KWH should be used as the basis for cost

analysis for on-board flywheel systems. The motor and chopperunit, which

are costed on a KW basis, are less critical in ascertaining the costs,

due to the fact that the motor and control unit make up a small percentage

of the cost of an on-board flywheel system. The flywheel size is the

governing factor in determining the cost, therefore, KWH is the appropriate

basis for costing.

3. On-board Flywheels - Operating Costs

The operating costs in Table 3-3 are based on the three studies referred

to in the previous section.
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TABLE 3-3 OPERATING COST PER KW AND KWH FOR ON-BOARD FLYWHEELS

(April 1980 $'s)
$/KW $/KWH

1. Draper Laboratory $2.77 $565.40

2. Garrett AiResearch * *

3. General Electric $2.36 $143.99

*
We were unable to determine an annual operating cost for the Garrett

AiResearch study. However, they do state that maintenance costs for

on-board flywheel units is equivalent to the maintenance requirements of

2.5 traction motors.

3.1.3 On-board Batteries

1. Conceptual Design

There are several reasons why an on -board battery energy-storage system

has never been put into operation on a rapid transit system. First, a battery

energy-storage system is extremely heavy. There is a substantial difference

in weight between an on-board flywheel system and an on -board battery system,

with the battery system weighing approximately 8,300 pounds more. This

additional weight increases vehicle train resistance and increases energy

consumption. The second factor is the inability of the battery system to

accept a rapid influx of energy. Batteries are only able to accept energy at

a relatively slow charge rate. The problem is that the energy that is produced

during the braking process comes in very short and rapid periods. This is

exactly the opposite of how a battery operates. For these reasons, a
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battery system has not been actively considered as a viable energy-storage

system. However, it may be acceptable as an off-board energy-storage

system where these two factors are not considered as critically as they

would be on -board.

Figure 3-8 provides a block diagram of the all battery energy -

storage system.

2. On-board Battery System - Capital Costs

The capital costs for the on-board battery energy-storage system

as shown in Table 3-4 were based on one source. This was the study performed

by General Electric Corporate Research and Development Center.1° It should

be noted that the figures in this study are for a battery storage system

on a bus. Therefore, they may not be acceptable for cost comparison usage.

TABLE 3-4 CAPITAL COST PER KW AND KWH FOR ON-BOARD BATTERIES

(April 1980 $'s)
$/KW $/KWH

1. General Electric $307 $370,666

3. On-board Battery System - Operating Costs

The operating costs in Table 3-5 are based on the General Electric

study referred to in the previous section.

TABLE 3-5 OPERATING COSTS PER KW AND. KWH FOR ON-BOARD BATTERIES

(April 1980 $'s)
$/KW $/KWH

1. General Electric $61 $73,281
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3.1.4 Comparison of On-Board Flywheel vs. On-Board Battery

It is quite apparent that the on-board flywheel system is much

more economical than an on -board battery system for both capital and

operating costs. An on-board flywheel system can be acquired for approximately

one-tenth the cost ($/KWH) of a comparable on -board battery energy-storage

system. The same holds true for yearly operating costs. On-board flywheel

* operating costs ($/KWH) are less than one percent of those incurred in

operating a comparably sized on-board battery system.

On-board battery energy-storage systems may become more competative

in the future with advances in battery technology. When compared with

on-board flywheel systems, battery systems are much quieter and waste less

energy at idle. However, they currently are not a viable alternative due

to their heavy weight and their inability to accept energy at a rapid

charge rate.

Since the on -board battery energy-storage system is not considered

a practical alternative, only the on-board flywheel system will be used

in future comparisons.

3.2 OFF-BOARD SYSTEMS

3.2.1 Off-board Flywheels

1. Conceptual Design

Off-board flywheel energy-storage systems (FESS) operate on the same

principle as on-board FESS except for changes in scale. Some of the limitations

of the on-board storage concept are eliminated while additional savings in

cost can be achieved. In an off-board FESS, a separately excited DC
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motor can be directly connected to the flywheel. This is possible

because size, space and weight are less important on the wayside. Lower

flywheel speed of up to 3,000 RPM, for example, can be used. Therefore,

losses in reduction gears are eliminated. However, it becomes necessary to

transport the energy from the braking train to the off-board FESS, and from

the FESS to an accelerating train. Transmission losses in this case partly

offset the savings from the elimination of reduction gears.

The most significant advantage of an off-board FESS i.s that the installed

capacity of rotating machinery and flywheels is reduced, compared to an

on-board FESS. This is because the installed capacity on the off-board system

can be reduced by the amount of direct energy exchange between trains.

(natural receptivity). The reduction in installed capacity due to this

factor alone can be expected to be about 20 to 30 percent. Further savings

in cost may be possible due to economies of scale. A ten car train with an

on-board storage system requires 20 flywheels (2 per car). It is likely

that one large FESS in the station would cost less than 40 FESSs on-board

the train due to economies of .scale. The acquisition and maintenance costs per

KW and KWH will be lower than for an on -board storage system. The car

weight will be reduced also.

0ff-board energy storage, however, has several undesireable

characteristics. Because of its off-board location, for car regenerated

energy to be absorbed, the line voltage must be allowed to rise substantially.

This line receptivity problem can be minimized by installing an energy -

storage unit at each substation, but this increases the acquisition cost.

As a result, off-board energy storage is much more suitable for new

transit system or transit systems which already have regeneration.

Figure 3-9 provides a block diagram of procedures for off -board energy -

storage systems.
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Determine required energy
storage requirements from
EMM on a system wide basis.

Determine capital cost for
implementation of system.

(Use Tables 3-6 and 3-7)

Calculate annual operating
cost.

ROI Model

FIGURE 3-9 BLOCK DIAGRAM OF PROCEDURE FOR DETERMINING
COST/EFFECTIVENESS OF OFF-BOARD ENERGY -STORAGE SYSTEMS
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2a. Off-board Flywheels - Capital Costs per KW

Captial costs per KW were based on two principle sources, a study on

assured receptivity performed by General Electric'nd a study of the

economic feasibility of energy storage flywheels by Rockwell International2
Space Division. Both studies give $/KW over a wide range of KW. It should

be noticed that the cost per KW drops sharply as the KW capability

increases. This is due to the economies of scale associated with the larger

units. These decreasing costs/KW are illustrated in Table 3-6 for both

studies.

2b. Off-board Flywheels - Capital Costs per KWH

Capital costs per KWH were based on four primary sources. These

sources were the Rockwell International/Space Division1hudy referred to

in the previous section, a report by the Charles Stark Draper Laboratory, Inc4
and a study by AiResearch Manufacturing Company of California5. In comparing

the figures for $/KWH in the three studies, it should be noted that the cost

per KWH continually drops as the amount of KWH increases. This is due to the

economies of scale associated with the larger units. The decreasing costs

per KWH are illustrated in Table 3-7 for each of the studies.
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TABLE 3-6 CAPITAL COST PER KW FOR OFF-BOARD FLYWHEELS

1. GENERAL ELECTRIC

(April 1980 $'s)
1250 KW $660.65

2500 KW 367.03

3750 KW 271.87

5000 KW 226.56

6250 KW 201.39

7500 KW 186.47

8750 KW 177.59

10000 KW 172.66

2. ROCKWELL INTERNATIONAL/SPACE DIVISION

(April 1980 $ts)
1000 KW $1,437.14

10000 KW 256.88

15000 KW 212.45



TABLE 3-7 CAPITAL COST PER KWH FOR OFF-BOARD FLYWHEELS

1. ROCKWELL INTERNATIONAL/SPACE DIVISION

2400 KWH

8450 KWH

18600 KWH

37200 KWH

2. CHARLES DRAPER LABORATORY

250 KWH

3. AiRESEARCH MANUFACTURING COMPANY

7330 KWH

(April 1980 $'s)
$303.74

258.81

256.06

255.69

402.87

288.02
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Figure 3-10 displays a plotting of the various $/KW amounts calculated

in Table 3-6. From the curve drawn on this graph, a capital cost per

KW can be determined for any number of KW's up to 15,000 KW by finding

the appropriate point along the curve.

DOLLARS

C2
1500,+

1200. +

900.+

600.+

300,+

+---------+--------- +--------- +--------- +---------- +C1

0, 6000. 12000.
3000. 9000. 15000. KW

FIGURE 3-10 CAPITAL COST PER KW FOR OFF-BOARD FLYWHEELS
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Figure 3-11 illustrates the various $/KWH calculated in Table 3-7 plotted

as a function of KWH. From the curve, a capital cost per KWH can be determined

for any number of KWH's up to 50,000 KWH by locating the appropriate point

along the curve. Most of this curve is way out of the range of the transit

application.

DOLLARS

C6
400. +

360.+

320.+

2S0,+

240.+
+--------- +--------- +---------+--------- +---------- +C5

0. 20000. 40000,

10000. 30000, 50000. KUH

FIGURE 3-11 CAPITAL COST PER KWH FOR OFF -BOARD FLYWHEELS
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3. Off-board Flywheels - Operating Costs per KW and KWH

The operating costs in Table 3-8 are based on the four studies

referred to in the previous section.

TABLE 3-8 OPERATING COST PER KW AND KWH FOR OFF-BOARD FLYWHEELS

(April 1980 $'s)
$/KW $/KWH

1. Rockwell 'International/Space Division $2.78 -

2. General Electric 5.20 -

3. Draper Laboratory - $12.38

4. Garrett AiResearch - 14.40

3.2.2 Off-board Batteries

1. Conceptual Design

This discussion of an off-board battery system is based on a study

conducted by Westinghouse Electric Corporation16 for the New York City

Transit Authority (NYCTA). There are several reasons why an off-board

battery energy-storage system has never been put into operation on a rapid

transit system. First, a battery energy-storage system is incapable of

accepting arapid influx of energy. Batteries are only able to accept energy

at a relatively slow charge rate. The system proposed by Westinghouse for the

New York subway system was to have been recharged during the periods from

9 a.m. to 4 p.m. and from 6 p.m. until 7 a.m. as illustrated in Figure 3-12.

The purpose of this system was for reduction of peak loads and not to accept

regeneration. However, costing procedures for an energy storage system

based on cost per KW would be appropriate.
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FIGURE 3-12 CHARGING VS. TIME OF DAY
AT TYPICAL SUBWAY SUBSTATION
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A second factor is the life of a battery. In an energy-storage system,

battery life would be expected to be low because of high discharge and charge

rates. A conservative estimate, based on the experience of industrial

truck batteries, is a battery life-time of approximately three years. In

most cases, the cost of replacing the batteries over a life-time comparable

to that of a flywheel system, would be the equivalent of purchasing the

original system a second time. A functional diagram of the Westinghouse

system is shown in Figure 3-13. When determining the costs of an off-board

battery system, KW should be used as the basis of costing. The number of

batteries required for a system is determined by KW.

2. Off-board Battery System - Capital Costs

The capital costs in Table 3-9 are based on the Westinghouse Electric

study referred to in the previous section.

TABLE 3-9 CAPITAL COSTS PER KW AND KWH FOR OFF-BOARD BATTERIES

(April 1980 $'s)
$/KW $/KWH

1. Westinghouse $470 $235

3. Off-board Battery System - Operating Costs

The operating costs in Table 3-10 are based on the Westinghouse

Electric study. However, these operating costs do not include the cost

of replacing the batteries every three years. This expenditure was not

included in the Westinghouse study.
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TABLE 3-10 OPERATING COSTS PER KW AND KWH FOR OFF-BOARD BATTERIES

(April 1980 $'s)
$/KW $/KWH

1. Westinghouse Electric $3.31 $1.66

3.2.3 Comparison of Off-Board Flywheel Vs. Off-Board Battery

A comparison of the capital costs per KWH do not readily tell which

of these two systems is more economical. However, a comparison of capital

costs per KW show a tremendous difference. The capital cost per KW of an

off-board flywheel system are approximately one-third of those of a

comparable off-board battery energy-storage system. The\operating costs

for off-board batteries do not represent the true'costs incurred every year.

Replacement battery costs were not included in either operating costs per

KW or KWH. Capital and operating costs for each of the systems are not the

only factors in determining which is the better of the two systems. Two

factors which weigh very heavily against the off-board battery system are

its inability to accept energy at a rapid charge rate (and the resulting loss

of recoverable energy) and its relatively short life-time. The cost of

replacing the batteries every three years results in a total battery replace-

ment expenditure equivalent to the cost of the original system. This factor

alone makes the off-board battery system unacceptable.

An off-board battery energy-storage system may become more competitive

in the future with advances in battery technology.
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3.3 REGENERATIVE SUBSTATIONS

1. Conceptual Design

Regenerative substations achieve a substantially higher effective

receptivity by allowing regenerated energy to flow through the substations

back to the electrical utility grid. The utility is an essentially infinite

sink for receiving regenerated energy.

Energy regeneration to the utility requires a reversible substation.

that allows the reverse flow of energy. The reversible substation employs

somewhat more thyristor circuitry than a modern unidirectional substation

adding appro1imately ten percent to the cost of a standard substation.

Additional maintenance costs of the reversible substation relative to the

unidirectional substation are not expected to be significant.

Using reversible substations, combined with a high conductivity third

rail, provides an effective receptivity approaching 100 percent that is

independent of the number of trains operating.

In a regenerative substation, the low voltage DC power from the third

rail is converted into high-voltage three-phase power, and fed into the

three-phase high -voltage distribution system. There are two advantages

to this system. First, energy can be shared by all trains on the system.

Second, if the energy generated by all the braking trains on the system

exceeds the energy requirements of the rest of the operating trains, then

the energy can be fed back to the utility to help meet their energy

requirements. This means that there always will be a load, present to

accept energy from braking. Also, energy can be exchanged between trains

through the low-voltage distribution system.
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A regenerative substation was being considered for the Sao Paulo, Brazil,

Metro Project. A schematic of the system is illustrated in Figure 3-14.

The low-voltage DC supply is connected through a circuit breaker and a

choke to two series -connected thyristor assemblies. Each thyristor assembly

is a three-phase full -wave bridge configuration, individually providing

six-phase DC operation. The outputs of the thyristor assemblies feed into

separate low-voltage windings of a three-phase transformer. One of the

low-voltage windings is connected in a wye configuration, while the other

is connected in a delta configuration. The third winding is connected in a

wye configuration to the high-voltage line. This arrangement results in a

300 phase displacement between the outputs of thyristor assemblies, allowing

a combined 12 -pulse operation for the inverter. Forced-air cooling is

provided through the thyristor heat-sinks.

Two modes of control -constant current and constant voltage are available.

While the DC supply is below the nominal voltage, a constant current of

approximately 100 amperes is fed into the AC system to maintain synchronism.

If the voltage of the DC supply tries to rise above the level of the nominal

voltage, then the constant voltage mode overrides. Under the constant-voltage

mode, if the DC voltage tries to increase due to a braking train in the

regenerative mode, the control allows DC current to increase, this allowing

excess energy to be transformed to the AC network. In this way, the DC rail

voltage is prevented from rising to unacceptable levels.

Regeneration to the utility is a relatively new concept that has not

been adopted in the United States. It requires a cooperative effort between

the transit operator and the utility. The utilities in the past have been

wary of accepting energy from regeneration due to its harmonic content.
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This problem of harmonics can be mitigated by using forced commutated

inverters. This has alleviated the concern expressed by the utilities.

Another matter which must be taken into consideration is the cost rebates

to be allowed for returned energy. In most cases, these rebates may be

subject to state public utility commission jurisdiction. Figure 3-15

provides a block diagram of cost/effectiveness procedures for regenerative

substation energy-storage systems.

2. Reqenerative Substations - Capital Costs

The capital costs for regenerative substations are based on two primary

sources. These sources were a study done by the Transportation Research

Institute, Carnegie-Mellon University19 and a report by Westinghouse Electric

Corporation2° for the U.S. Department of Transportation. Since there are no

regenerative substations in operation on a transit property today, inverter -

recuperative systems developed for other applications were used as the basis

of cost analysis. The results of the Transportation Research Institute

report are based on studies of foreign transit properties.

Several problems were encountered in the costing process. First, the

data being used as the basis of analysis was not current. A rare phenomena

has occurred in the electronics field, prices are going down instead of up.

Since regenerative substations are basically made up of thyristors and diodes,

this occurence has had a marked effect on the cost of regenerative substations.

In updating the costs to April 1980 dollars, adjustments had to be made to

decrease the costs instead of raising them as had to be done for other systems.

A second problem encountered in this analysis was that some of the components

of the regenerative substation were not consistently indexed by the Department

of Commerce/Bureau of Economic Analysis throughout the entire analysis period.

This situation was resolved with the cooperation of the Department of Labor!

Bureau of Labor Statistics when they furnished us with revised indexes.

21 22
These are illustrated in Tables 3-11 and 3-12.
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Determine required energy
storage requirements from
TPS on a system wide basis.

Determine capital cost
for implementation of
system.

(Use Table 3-13)

iii
Calculate annual operating
cost.

Liii
ROI Model

FIGURE 3-15 BLOCK DIAGRAM OF PROCEDURE FOR DETERMINING
COST/EFFECTIVENESS OF REGENERATIVE SUBSTATION ENERGY -STORAGE SYSTEMS
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A different method was used in bringing the costs up to date for

the regenerative substation than was used for any of the other systems.

Instead of bringing the costs of the entire system as a whole up-to-date,

the components of the substation were updated individually. It was

determined from the Westinghouse Electric report that the three primary

components of an inverter substation were thyristors, diodes and commutating

components. The thyristors and diodes are made up of 65 percent thyristor

or diode material and the remaining 35 percent electronic components. There

was a breakdown in this manner because of the declining costs of the thyristors

and diodes but a continuing rise in the costs of the other materials. A

detailed example of the Westinghouse Electric costs follows:

THYRISTORS
(April1980 $'s)

65% Silicon controlled rectifier $ 62.29
35% Electronic components 74.00

Total Thyristor Cost $136.29

DIODES

65% Rectifier diode, silicon $ 4.16
35% Electronic components 5.00

Total diode cost $ 9.16

COMMUTATING COMPONENTS

Components $ 8.30

Inverter Substation Total $153.75/KW
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Table 3-13 lists costs per KW for both studies.

TABLE 3-13 CAPITAL COST PER KW FOR REGENERATIVE SUBSTATIONS

(APri1 1980 $'s)
1. Transportation Research Institute Report $102.04

2. Westinghouse Electric 153.75

3. Regenerative Substations - Operating Costs

The operating costs in Table 3-14 are based on a study performed by

General Electric Company3 However, these costs were for a resistor substation.

It was felt that the operating costs for a regenerative substation would be

very similar to those incurred by the resistor substation.

TABLE 3-14 OPERATING COSTS PER KW FOR REGENERATIVE SUBSTATIONS

1. General Electric
(April 1980 $'s)

$ .98/KW

*
"Energy Conservation in Three Electric Powered Transportation Systems",
R.A. Uher, SN. Talukdar and D. Ghahraman, Transportation Research
Institute, Carnegie-Mellon University, January 1979.
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4.0 DESCRIPTION OF RETURN ON INVESTMENT MODEL (ROI)

A return on investment (ROI) model was developed to be used as

a basis of cost comparison between various energy storage methods.

This model can be used for flywheel (on-board or wayside), battery

(on-board or wayside), regenerative substations or any other energy

storage system that may become feasible in the future.

The return on investment is found by solving the following

equation:

1- [l+X2 (1+X1)l N 1
l+R

____

F(x)=(l+R)-S/P 1[l+X2) (1+X1)l
L

1+R j

1- (l+Rc(J)/P *
[(1+x2 J*INT (N/J)1
[( 1~X2)

1- l+R)] j
where

P= Initial Cost of System

S= Savings Per Year

R= Return on Investment CR01)
c(J) Cost Incurred in "J'th' Year

X1= Energy Escalator

X2= Inflation Escalator

N= Life of Investment

3= Year Cost Occurs

F(x)= 0

INT(N/J) Integer Part of N/i

+

* I (1+x2) ]J_1[ (1+R)
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This is a very flexible model, since any or all of the parameters

can be changed without having to structurally change the model. Factors

that must be watched carefully are the initial costs and savings. They

must be brought up to current, i.e. present day, cost figures so as to

permit the comparison of like dollars . This process is fully described

in Appendix B.

This model can accommodate changes in economic conditions through

adjustments in the inflation (X2) and energy (Xl) escalator factors. A

sensitivity analysis can be performed through this adjusting process.

The feasibility of an energy storage system may be drastically affected

by changes in the energy escalator which would be demonstrated by this

model.

Another feature of this model is its capability to handle more than

one cost. The equation will take into account costs which occur every

year as well as those which occur every J'th" (0<J<=N) Year. These

costs may be such things as yearly maintenance, a five year overhaul or

a coat of paint every 10'th year. It can accommodate any number of

costs occurring any number of years apart.
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5.0 ANALYSIS OF PATCO PROPERTY24

5.1 DESCRIPTION OF THE SYSTEM

The characteristics associated with the PATCO line were used to test

the cost/effectiveness model. The PATCO Lindenwold transit line operates

from 16th Street Center City, Philadelphia to Lindenwold, New Jersey, a

distance of 14.5 miles with 11 intermediate station stops with an average

speed of 35 mph and a terminal to terminal run time of 25 minutes. This.

line was the first automated transit system in revenue operation in the

United States. Figure 5-1 shows the path of the system and the station

locations superimposed on a map of the area.

The PATCO rail line is a two track system. The elevation and grade

profile is shown in Figure 5-2. The station locations are also shown for

reference. Maximum grades of up to 5% occur mostly in sections from the

underground portions in Philadelphia and Camden, New Jersey to the approaches

of the Benjamin Franklin bridge over the Delaware River.

The speed restrictions on the system are also shown in the plots of

Figure 5-2. The maximum speed is 75 mph. Most of the sharp curves in the

alignment occur on the approaches to the Benjamin Franklin bridge.

Table 5-1 summarizes the vehicle characteristics which were used for

the Train Perforr-iance Sinulator (TPS). Although the vehicles are of two

different types; namely, a single car with an empty weight of 39.7 tons

and a married pair of A and B -cars each with an empty weight of

37.45 tons, an average empty weight of 38.4 tons was used as shown in

the table. The full weight of the vehicle with 145 passengers each

weighing 160 lbs. was taken at 50.0 tons. This was the assumed 100%
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TABLE 5-1

PATCO VEHICLE CHARACTERISTICS USED IN
TRAIN PERFORMANCE ESTIMATES

Vehicle Empty Weight (tons) 38.4

Vehicle Full Weight (tons) 50.0

Vehicle Length (feet) 68.0

Cross Sectional Area (sq.ft.) 125.0

Number of Axles (all powered) 4

Auxiliary Power Requirements (KW) 40.0
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passenger load factor. This is slightly higher than the quoted "fully

loaded" value of 125 passengers.

Table 5-2 shows the propulsion characteristics for the PATCO vehicle

which is self-propelled with all axles powered. Motor curves for the

GE-1255-A1 motor are shown in Figure 5-3.

Because of the inefficiency which would be experienced using the present

cam-control resistor switching for regeneration, a hypothetical chopper

control was modelled instead. Efficiency curves using this model were calculated

and these are shown in Figure 5-4. The model used kept the motors permanently

connected in two series/two parallel and incorporated the same type

of field weakening as in the present PATCO propulsion system. The

control philosophy depicted schematically in Figure 5-5 can be described

as follows:

Power Operation

1. As the speed increases, the chopper increases the voltage applied

to the motor circuit.

2. When the voltage to the motor circuit reaches line voltage, the

motor field strength is weakened by field shunting steps until 33% field

strength is obtained.

3. As speed further increases, the tractive effort developed will

follow the 33% field strength motor curve.

4. Constant speed running is obtained by using the field strength

such that tractive effort matches the train resistance for the given speed

and profile conditions or if this is not possible, by reducing the motor

circuit voltage using the chopper until the match is obtained.



TABLE 5-2

PATCO PROPULSION CHARACTERISTICS USED IN
TRAIN PERFORMANCE ESTIMATES

Motors per Vehicle

Motor Characteristic

Power Conditioner

Maximum Accelerating Rate

Wheel Diameter

Gear Ratio

Maximum Speed

-4

- (GE) Type 1255 Al

- Chopper (For Regeneration)

- 3.0 MPHPS

- 28 in.

- 4.79

- 75 MPH



GE -1255 -Ai 300/600 VOLT MOTOR
CHARACTERISTICS ON 300 VOLTS
GEAR RATIO: 4.79:1
WHEEL DIAMETER: 28'
Includes GA-56 -Bi Gear Loss
CALCULATED FROM TEST
GENERAL ELECTRIC CO. (RY)
F. C. Kreitier (CTH)

Speed (MPH)
And Efficiency
With Gears (%)

1001
Eff. ES -i

Tractive 90
Effort
(Pounds)

4000 I n
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50

2000 1
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20

III

01 -1
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FIGURE 5-3 GE 1255-Al MOTOR CURVES
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Braking Operation

1. At high speed when the combined voltage of the two series motors

is higher than line voltage, the motors are reconnected in four parallel

and the chopper is used to "chop up" the voltage from motor voltage to

slightly above line voltage.

2. When the chopper can no longer maintain required margin above

line voltage, the motors are reconnected in two series/two parallel to

maintain the higher voltage. The chopper is again used to "chop up"

the voltage marginally above line voltage.

3. When line voltage can no longer be maintained by chopper action,

fadeout of the regenerative brake occurs and friction brake is applied

blending with the decreasing dynamic brake in such a way as to keep a

3.0 MPHPS deceleration.

4. In the above braking operation (1-4), full motor field is used

and the motor reactor provides the inductance necessary to "chop up"

from a low motor circuit voltage to a higher than line voltage.

The milepost locations and the dwell times of the various trains at

each station are listed in Table 5-3.

A diagram of the PATCO electrical network used in this study is shown

in Figure 5-6 . The nominal DC distribution voltage on the third rail is

700 volts.

Power is purchased from three utilities at high voltage, three phase

AC. The metering points are:

1. Philadelphia Electric Co. at the Front Street Substation (13.8kv).
2. Public Service Electric and Gas Co. at Westmont Substation (26,4kv).
3. Atlantic Electric Co. at Lindenwold Substation (26.4kv).
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TABLE 5-3

STATION LOCATION AND DWELL TIMES

STATION MILEPOST DWELL TIMES (seconds)

16 St. ft.19 .0.

13St 047 20

9St 076 20

8 St 1 12 20

City Hall 3.47 20.

Broadway 3 72 20

Ferry Ave. t 5.88 20.
¯ Collingswood 7.49 . 20.

¯
¯

Westmont 8 54 20

Haddonfield 9 41 20

Ashland 12 60 20

Lindenwbld 14.39 0.
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There is a DC tie to the SEPTA facilities at Locust Street in Philadelphia;

however, for the purposes of this study the tie breakers are assumed to

be open. On the nodal diagram of Figure 5-6, the metering points

described are shown by SM3, SM1 and SM2 in respective order.

There are ten rectifier substations in the distribution system,

designated by (S30-S39) in the nodal diagram with 2 - 1500KW rectifiers in

each station, which feed the third rail.

The effective rail/running rail impedance between substations and the

complex impedances used on the AC side in the network are also shown on the

nodal diagram. The impedances are on a per unit base of 3MVA.

The PATCO timetable was analyzed along with PATCO's quotation of peak,

daily and yearly estimate of passengers. Although there was no data

available on actual passenger flow rates between stations, an estimate was

made on a configuration of trains and passenger load factors which might

typically represent the "average"train and load factor makeup during the

week. These trains and associated load factors are shown in Table 5-4.

These were the basis for the energy management study on regeneration

which is discussed in the next section.

5.2 ENERGY SAVINGS BY REGENERATION

5.2.1 Regeneration Configurations

It would be neither easy nor inexpensive to equip the present PATCO

cars, which have cam-controlled resistor switching, for regeneration using

that cam-control method. Even if it were possible, there is a limit to

the amount of energy which can be saved using this propulsion scheme.

All regeneration configurations were run using the hypothetical chopper

control described in Section 5.1.
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TABLE5 -4

TYPICAL POINTS USED IN SIMULATION OF PATCO OPERATION

Number of Cars
in Consist

Passenger Load
Factor (%)

Train Headway
(Minutes)

-

6 95 5

6 95 7.5

2 30 10

1 50 10

Hours of eration in Mode
¯ Weekdays Saturdays &
(Hours) Sundays

4 --

4¯ --

8 12

8 12
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The four operating modes defined in Table 5-5 are analyzed with

various regeneration configurations:

1. No Regeneration

This is the base case operation. The cam-control resistor

switching propulsion system has been replaced by a chopper control

propulsion system. Regeneration was turned off.

2. Regeneration with Natural Receptivity - Regeneration Attempted
Every Snapshot

The regeneration on a given train is shut down if the line

voltage at that train exceeds 10% above nominal. Once regeneration

is shut down, there is a delay of five seconds until the next

snapshot and the train once more attempts regeneration.

3. Regeneration with Natural Receptivity - Regeneration Attempted
Every Brake Cycle

Regeneration on a given train is shut down if 'the line voltage

at the train is 10% aboye nominal. Regeneration is not attempted

again until the next braking cycle. This is typical of the' operation

of the BART rail system.

4. Regeneration with Assured Receptivity - Wayside Energy Storage Devices

Receptivity of regenerated energy is assured by providing

wayside storage devices in each substation rather than aboard the cars.

The input and output efficiencies of the storage device were set at

0.87.

5. Regeneration with Assured Receptivity - Regenerative Substations

Assured receptivity is provided by allowing all energy to be

fed back through the substation and metering points back to the utility.

It is assumed that the' utility can accept the energy and will give

PATCO credit.
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6. Regeneration with Assured Receptivity - Onboard Energy Storage

Receptivity is assured by placing generic storage devices

onboard each vehicle. The input and output efficiencies of the

storage devices and its control equipment were both set at 0.87.

It, is assumed to weigh 10% of the empty car. This is the effective

weight of the flywheel storage devices and control placed on the R32

car prototypes at NYCTA. This weight has been added to the PATCO

cars for these simulations.

5.2.2 Analysis of Regeneration Configurations

A summary of the simulations which were completed using the energy

management model appears in Table 5-6. One computer simulation was made

for each of the modes of operation which approximated. the timetable

(see Table 5-4) and for each of the six configurations described in the

previous section. The following remarks refer to Table 5-6:

1. Each energy network simulator had a snapshot interval of 5 seconds.

The simulation was run for a time interval of one headway. Thus, for a

5 minute headway, 60 snapshots were taken and for the 10 minute headway,

120 snapshots were taken.

2. . Except for the case of on-board and off-board storage, the system

as set up repeats itself, so that only the headway timeinterval need be

simulated.

3.
.
In the case ofon-board and off-board storage, if the storage

devices are precharged with energy such that

a. For the onboard storage case theeastbound.train initially has
the stored energy of the westbound train after its run is complete
and visa -versa, and

b. For the off-board storage case the storage devices are initially
charged with the energy they would have at the end of the loadflow
simulation of one headway time interval
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then the system is again cyclic and only one headway time interval need be

considered. (Two train performance arid loadflow runs must be made;

however, the first of which is to determine the initial storage energy.)

4. The metered energy consumption is the summatiori of all energy at

all of. the three metering points on the network. This energy contains

third rail, running rail, substation and transmission losses The sum of

these losses is also shown Because of the convergence used for the

loadflow calculation, the losses are expected to be accurate to within

10%

5 Delivered energy is that energy used by the vehicles for traction

and auxiliaries These remain the same unless the weight of the car or

train consist size changes

6. The regenerated energy is the energy delivered to the third rail

by the train at the third rail. If as in the case of natural receptivity

conditions, the DC network cannot accept the energy regeneration will be

shut down This is determined by placing an upper limit on the third rail

voltage of 10% above nominal

Figure 5-7 provides a summary of the results of the analysis of all

regeneration strategies in the four modes of operation plus the "average"

operation The "average" is obtained by determining how many car-miles are

accumulated in each mode and by using these as a weighting factor to sum the

KWHPCM shown in the figure

The following remarks refer to Figure 5-7:

1. Energy savings obtained by natural receptivity whether regeneration

attempts are made on each ¯snapshot or on each brake cycle are small typically
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of the order of ten percent. The reason for this is easily seen since

even with a five-minute headway, the intertrain spacing would be twice

the average substation spacing.

2. Assured receptivity can save from 28-32% of the total energy for

the traction vehicles. Off-board storage will range closer to 28% while

regeneration substations will be nearly 32%. The difference of 4%

represent the additional in/out losses of that energy going into storage

vs. that passing through the substation.

3. On-board storage of energy is not as good as off-board assured

receptivity under these conditions since a savings of only about 25%

wouid be realized. Increasing the weight of the vehicle to accomodate

storage works agains the energy savings.

Table 5-7 shows the energy and power requirements of the off-board

storage devices if all energy sent to the devices were to be accepted and

stored by them.

Energy and power requirements of an on-board energy storage device

for a PATCO car are as follows: maximum power input of 1060 KW/car and

maximum energy storage of 3.34 KWH/car.

5.3 TEST RUN OF RETURN ON INVESTMENTMODEL USING PATCO

A test run of the Return on Investment CR01) model was conducted using

the PATCO Lindenwold Line to compare the five energy-storage methods studies

in this report. The results of these tests are illustrated in Tables 5-8 and

5-9, Appendix D describes the procedure for obtaining capital investment,

annual operating costs and annual savings. Two tables were constructed, one

based on the highest capital and operating costs, Table 5-8, and the other

based on the lowest capital and operating costs, Table 5-9. When performing

a cost analysis, the highest costs should be included so as to abide by
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TABLE 5-7 ENERGY AND¯POWER REQUIREMENTS FOR OFF-BOARD STORAGE
DEVICES ON PATCO

Maximum Energy Maximum Power Maximum Power
Substation* Stored (KWH) Input (KW) Output (KW)

B 19.8(2) 6890(2) 5580(2)

E 19.1(1) 5510(1) 6060(1)

H 24.9(2) 4110(2) 3940(2)

I 9.6(1) 3380(2) 3860(1)

J 15.5(2) 3970(2) 3010(2)

K 24.9(2) 6270(2) 5830(2)

22.0(2) 4980(2) 5120(2)

M 6.3(1) 1630(1) 1590(1)

N 14.3(2) 3860(2) 4560(2)

P 4.0(1) 3280(1) 1370(1)

( ) Indicates the run which determines maximum energy or

power conditions:

(1) Six car trains- 95% load factor - 5 minute headway

(2) Six car trains- 95% load factor - 7.5 minute headway

*Refer to Network Nodal Diagram of Figure 5-6.
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conservative accounting practices. All conclusions of this analysis are

based on the higher, more conservative figures. Also, each table reports

a ROI for both thirty and twentyyear operating periods, with the twenty

year. figure being the more conservative of the two.

An energy escalator of thirteen percent and a general inflation

escalator of ten percent are used in cost analysis for all five of the

energy-storage systems.

On the basis of Table 5-8, and a twenty year ROI, the on-board and

off-board energy-storage systems are eliminated as potential alternatives for

PATCO. Of the three remaining alternatives, the regenerative substation

produces the highest return on investment, 23 percent. This is a very

respectable ROI inspite of the fact thatvery conservative figures were

used. The same holds true for the off-board flywheel which had a ROT of

approximately 15 percent.

If the most optimistic figureswere. used (Table 5-9 and a thirty year

ROI), the on-board flywheel system would provide a ROT of over 35 percent.

This should not be considered an unobtainable figure. It is quite likely

a ROIof over 35 percentcouid be achieved; however, it should not be used

in the decision and analysis process due to the rule of conservatism.
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8.0 APPENDICES



APPENDIX A

ROI COMPUTER MODEL

00100 DIMENSION C(100)
00200 10 FORMAT (' ENTER CAPITAL INVESTMENT:')
00300 20 FORMAT (' ENTER SAVINGS/YEAR:')
00400 30 FORMAT (' ENTER ENERGY ESCALATOR:')
00500 40 FORMAT (' ENTER INFLATION ESCALATOR:')
00600 50 FORMAT (' ENTER INVESTMENT PERIODS:')
00700 60 FORMAT (' ENTER COST INCURRED EVERY 1JTH YEAR; TYPE ii:')
00800 70 FORMAT (' RETURN ON INVESTMENT =',F10.4)
00900 90 FORMAT (' ENTER COST FOR EVERY '.12,' TH YEAR:')
01000 100 FORMAT (FIO.0)
01100 110 FORMAT(I2)
01200 WRITE (2,50)
01300 READ (5,I10)N
01400 WRITE (2,10)
01500 READ (5,100)P
01600 WRITE (2,20)
01700 READ (5,100)S
01800 WRITE (2,30)
01900 READ (5,ioo)xi
02000 WRITE (2.40)
02100 READ (5,100)x2
02200 300 WRITE (2,60)
02300 READ (5,110)u
02400 IF (u.EQ.o) GO TO 310
02500 WRITE (2.90)u
02600 READ (5, 100)0
02650 C(u)=D
02700 GO TO 300
02800 310 CALL NWTN(P,S,C,xl,x2,N,R)
02900 WRITE (2,70)R
03000 STOP
03 00 END
07D0 SUBROUTINE NWTN(P,S,C,Xl,x2,N,R)
03250 DIMENSION C(100)
03300 11=1
03400 X= .001
03500 DX.5
03600 CALL PVF(X,Y,S,P,C,X1.X2,N)
03650 IF(Y.GT.0..) DX= -.5
03700 200 X=X+DX
oi800 CALL PVF(X,Yl ,S,P,C,X1 ,X2,N)
03900 V2=Y1*V
04000 YVl
04100 11=11+1
04700 IF (I1.GT.300) GO TO 270
0400 IF (Y2.GT.0.) GO TO 200
04400 DX= -DX/2.00001
04500 IF (ABS(DX).LE. .00001) GO TO 260
04600 GOTO 200
04700 270 STOP 'LACK OF CONVERGENCE'
04800 260 P=X
04900 RETURN
05000 END
05100 SUBROUTINE PVF(X,V,S,P,C,x1 ,X2,N)
05200 DIMENSION C(100)
05300 F=(1+X)_(S/P)*(1_((1+X1)*(1~X2)/(j+))**)/(_
05400
05500 G=0.
05600 DO 180 J=1,N
05700 IF(C(U).EO.0.) GO TO 180

05800 G=G+(C(J)/P)(l-((1+X2)/(1+X))**(J*INT(N/U~.oo1
05900
05950
06100 180 CONTINUE
06200 Y=G-fF
06300 RETURN
06400 END



81

APPENDIX B

COST UPDATING

The updating process isrelatively easy to accomplish. The first step

of this process is to determine the year to which the costs are applicable.

For costs prior to January 1979, a biennial publication of the United States

Department of Commerce/Bureau of Economic Analysis, Business Statistics 1979

should be used as the pricing index. Dates from January 1979 should be

referenced from Survey of Current Business , published monthly by the

United States Department of Commerce. The next step is to determine the

appropriate category which the energy storage system falls under, such as:

"Electrical Machinery and Equipment" for flywheel .systems or "Storage Batteries"

for a battery type system, etc.

Each commodity has an index which corresponds to the appropriate year and

month of the cost to be updated. The function of the index isto bring the

"old" initial cost back to 1967 prices (the base year) and then to current

prices. The following example of a flywheel system, in January 1975 dollars,

being brought up to date, shows the actual process:

Flywheel System (January 1975 dollars) $972,000
Index for Electrical Machinery & Equipment (..Jan. 1975) 1.381

$972,000 1.381 = $703,838

This step has brought the cost back to 1967 (Base 100) figures, to bring it

up to April 1980 dollars.

$703,838 1.987 = $1 ,398,526

By following this process, a fair comparison can be made regarding the

costs and savings of each system.

B-i
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ELECTRICAL

COMMODITY PRICES--WHOLESALE PRICES--Con. MACHINERY

u_s DEPARTMENTOF LABOR NDEXES 947-1 976
Inijus ttjult,i fl (1)1W ItIOS

w::t$ Machinery and equipment Metals and metal products Nonmetallic mineral uroducts

YEAR AND I
¯

I I
¯

MONTH
ri On.

Metal
' I Clay

Ag C Electrical workinq I I I poducts, !

Total Lumben Total reclninory ,nathine,V
math,00ry mudn,norv rial l,ofl:,nd Norifer,out

Total °'''

eilo,pmnt oqui,flsent
equ, ri,II ¯

, I ?°
__

__ --. --- .1I -......

lul/ 100

-

___.
__ --- --- --. r---m-¯ [11T

1947 .............. 73.4 71.5 53.7 53.3 44.0 62 2 46.0 54 9 84.9 Pt 3 591 66.3 62.3 7t.3 70.3
1948 .............. 84.0 81.2 58.2 59.7 49.8 65 1 49 5 6? 6 90.1 59.6 65.4 71 6 67.7 74 7 768
1949 ..............77.7 74.3 61.0 63.8 53.0 66.8 qt.9 63.0 92.2 60.5 61.0 73.5 690 764 76.1

1950 ............. 89.3 86.6 63.1 65.2 54.5 68.9 55.1 66.3 93.5 64.6 64.4 75.4 72.1 78.2 77.8
1951 ............. 97.2 93.7 70.5 70.8 60.5 78.9 61 6 738 102 0 70.4 76.8 80.1 78.0 83 3 874
1862 ............. 94.4 91.3 70.6 71.1 61.4 77 8 62.6 739 101.3 71.2 76.3 80.1 77 8 83.4 87.5
1953 ..............94.3 90.5 72.2 72.1 63.2 80.0 63.5 76.3 102.3 75.0 77.3 83.3 79.2 85.5 901
1954 ............. 92.6 88.9 73.4 72,0 64.4 87 6 64,5 76.9 101.8 76.0 76.8 85.1 80.5 87.1 90.9

1955 ..............97.1 94.5 75.7 72.6 67.0 82.9 67.9 82.1 102.5 80.3 88.3 87.5 ¯ 83.8 98 0 90.9
t956 ..............98.5 96.5 81.8 75.2

¯ 72.6 811.5 74.3 89.2 lOS 9 88 4 96.5 91 3 88 1 91.1 94.6
1957 ............. 93.5 90.9 87.6 78.7 78.2 06 4 78 6 11.0 108 4 95.0 85.0 94.8 89.4 93 6 94.6
1958 ..............92.4 89.9 89.4 81.9 81.2 98 4 80.8 90 4 107.4 96 4 79.0 95.8 90.1 94 9 982
1959 ............. 98.8 96.4 91.3 84.5 84.1 99 9

,
82.7 92 3 107.9 96.3 84.2 97.0 92.2 96.1 99.0

1960 ............. 95.3 92,1 92.0 86.1 85.9 99.5 85.1 92.4 1058 97.1 85.9 97.2 93.7 97.2 99.1
1961 .............. 91.0 87.4 91.9 87 7 87.3 95.2 85.9 91 9 101.8 97.2 83.0 97.6 94.2 97.2 101.0
1962 .............. 91.6 89.0 92.0 89.5 87.5 96.7 87.3 91.2 100.5 95.8 82.1 97.6 95.0 97.3 , 102.1
1963 ...............93,5

.

91.2 92.2 90.8 89.0 95.7 8? 6 91.3 100.2 95.7 82.0 97.1 95.5 96.5 102.5
1984 .............. 95,4 92.9 92.8 92.2 91.2 95.1 89 3 93_B 99.2 97.0 87.6 97.3 95.8 95.7 105.3

1965 ............... 95.9 94.0 93.9 94.0 93.6 95.1 91.8 96.4 98.9 97.9 95.3 97.5 96.6 96.3 j 101.2
1866 ..............100.2 100.1 96.8 96.8 96.6 97.2 96.0 98.8 99.8 98.7 100.0 98.4 98.2 97.7 99.6
1867 ..............100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
1868 ..............113.3 117.4 103.2 103.9 105.7 101.3 104.0 102.6 102.7 101.9 103.5 103.7 102.6 102.6 I 103.6
1969 ..............125.3 131.6 106.5 108.5 110.4 1029 108.0 108.5 106.4 107.0 113.5 107.7 106.2 106.5 103.6

1970 ..............113.6 113.7 111.4 113.2 115.9 1064 114.1 116.6 itofi 115.1 124.7 118.9 109.9 112.? 99.7
1871 .............127.0 135.5 1 15.5 117,2 121.4 109.5 1 17.3 119.0 1 15.5 121.8 1 16 0 122.4 1 14.2 120.6 106.8
1972 ..............144.3 159.4 1 17.9 122.3 125.7 1 10.4 120 2 123.5 I 18.2 128.4 1 16.9 126.1 I 17 3 125.6 1147
1973 ..............177.2 205.2 121.7 ¯ 125.9 130.7 112.4 125.5 132.8 120.4 136.2 135.0 130.2 123.3 131 7 20.9
1974 ..............183.8 201.1 139.4 143.8 152.3 125.0 146.9 171.9 135.0 178.6 187 1 153.2 135.2 151.7 1376

1975 ..............176.9 192.5 161.4 168.6 185.2 140.7 171.6 185 6 150.7 200.9 171.6 174.0 . 151.2 170.5 144.0
1976 ..............205.6 233.0 171.0 183.0 198.9 1467 1927 1959 158.0 215.9 181.6 186.3 1635 180.1 154.4

973: JanUary . . . 151.0 169.0 118.9 123.6 126.6 1 0.9 121.8 125.6 118 8 131.9 117.9 128.2 120.3 128.5 117.4
Febeoary . . 161.0 182.3 119.4 124.4 127.4 1 I 1.0 122.5 126.9 1 19.2 133.0 121.0 128.4 121.5 128.9 1158
Maech 173.2 195.8 120.0 124.7 128.6 1 1 1.3 123.4 129.2 1 19.5 133.3 128.3 129.0 ! 122.2 129 6 118.1
Aptil 182.0 207.2 120.8 124.7 130.4 111.7 124 5 130.5 120.5 134.0 131.4 130.0 123.0 130.8 1196
Miy 186.9 215.4 121.5 125.0 1309 112.3 12b.2 131.7 120 2 135.3 133.2 130.5 123.6 t31.5 120.4
June 183.1 214.8 121.9 125.4 131.3 1 12 7 126.6 32 5 120.7 135.9 135.1 131.1 123.8 132.3 124.1

July ....... 177.8 209.6 122.0 126.5 731.3 I 12 7 125.9 132.8 720.9 135.9 135.9 130.0 123.8 132.3 122.9
Aagoot 178.8 210.8 122.3 125.5 131.4 1 12.7 125.8 133.7 120.7 136.0 137 9 130.0 : t23.9 132 3 122.5
Septeintini . 181.9 216.9 122.6 125.6 131.4 I 12.8 126.6 134.4 120.7 , 136.5 t38.5 129 9 123.9 132.5 122.0
October . . . 180.3 214.5 123.1 127.5 132.5 1 13.0 127.5 135.9 120 8 138.6 140.7 130.9 . 124.6 133 6 122.4
November . 184.7 211.1 123.8 128.9 132.7 113.3 128.0 138.5 121.1 141.6 144.9 131.5 124.6 134.1 122.0
Decemben . 186.1 214,8 124.6 129.4 134.1 1 14.0 128.9 141.6 121.6 142.4 155.6 132.6 124.8 134.5 123.3

1974: Janoary , 183.7 213.3 126.0 130.9 135.6 115.1 131.2
. 145.0 122.9 144:7 161.1. 138.7 127.2 139.8 127.9

February . . 164.1 212.6 127.0 t31.2 137.0 1 15.7 132.1 148.0 123 7 149.9 165.0 142.1 128.3 142.3 130.0
March 191.3 221.4 129.0 132.6 138.6 116.9 134.3 154.7 124.4 157.7 176.3 144.2 130.8 144.7 129.6
Aptil 200.2 230.9 130.8 133.4 140.1 1 18.5 1366 161.2 127.6 164,9 186.5 146.7 131.5 145.3 1327
May 198.0 227.3 134.1 137.8 145.1 120,6 140.9 168.7 130.0 169.1 200.4 150.7 132.7 147.7 133.3
Jane 192.2 220.2 131.2 141.1 148.9 123.4 144.6 174.0 122.7 177.9 200.5 152.3 134.2 149.9 137.6

july 188.6 214.2 140.3 143,9 151.4 126.3 149.3 180.3 137.1 190.4 198.4 156.4 135.2 155.2 138.8
Angoet 183.7 208.7 144.3 147.9 161.3 128.5 152,7 185.6 140.0 195.7 200,4 157.6 137.3 156.4 142.9
September . 180.4 199.6 146.8 152.0 163.4 130.4 156.1 187.1 141.4 199.1 197.0 159.8 139.2 ' 157.1 145.7
Oetobm. . . 169.4 183.6 150.0 155.0 167.0 132.4 1599 1869 145.0 199.0 190.8 . 162.2 141.7 159.5 144.6
Nonember . 165.6 178.1 152.7 159.7 169.0 135.4 161.9 186.7 147.0 t99.7 187.2 163.4 141.2 160.4 j 143.8
Dacembe' . 165.4 177,2 154.0 160.3 170.0 136.5 163.0 184.6 148.5 196.7 181.8 164.3 143.2 161.9 144.3

t675 JiooCr9 . . . 164.7 176.5 158.6 163.6 177.3 138 1 164.9 185 5 148.3 199.4 178.8 168.5 145.4 167.1 143.7
Fibeucry . . 169.3 181.3 157.7 164.4 180.4 138./ 16/ 1 166.3 149.0 200.5 176.1 170.3 146.8 156.1 1437
Mitch 1696 182.3 158.8 166.0 182.0 139.1 168.8 186.1 149,5 200.6 173.9 . 170.8 146.9 169.0 145.6
April 174.9 189.3 159.7 166.7 183.8 139.5 169 6 195.7 149.8 201.1 172.2 173.0 148.7 169.9 144.0
May 183.0 200.7 160.4 167.5 184.0 140.1 170.2 165.1 150.2 200.6 171 1 173.1 149 2 17(1.0 143.5
June 181.0 199.7 181.0 167.6 184.4 140 4 171 9 84.5 150 6 199.4 169.1 173.3 151.0 I 10.3 43.4

July 179,6 196.8 161.7 168.5 194.9 140.8 172.7 183.4 150.2 197.3 167.7 174.7 151.3 171.2 140.9
Auwt 179.1 197.8 162.2 168,9 185.4 140.9 173.0 184.3 150.3 198,4 169.3 175.8 152.3 171 3 143.2
S.ptember . 179.9 196.6 163.1 169.2 187.5 141,8 173.1 165.5 150.3 200.4 170.8 176.1 154.0 171.2 436
October . . . 179.1 196.0 164.1 171.3 188.6 142.3 175.1 187.2 151.9 204.7 170.7 177 1 155.8 172.3 145.2
Novembet . 178.3 193.1 165.3 174.2 191.2 143.1 1 76.3 187.0 152.9 204.1 170.1 177.7 156.3 1/2.6 1469
December . . 183.1 200.2 165.8 175.1 192.5 143.1 1 76 9 187.1 155.2 204.3 1694 178.0 156.3 113.1 144.3

1916 Jenuary . ., 190,7 210.2 167.1 177.0 193,4 144.2 178.2 167.6 155.4 206,1 169.0 191.2 159,0 177.6 150.2
Febrairy 196.3 2l9 167.8 176.0 194,5 144.7 178.6 189.2 155.3 209.7 169.7 181.5 160.2 1782 1484
Mirch 202.5 230.4 168.4 179.3 195.0 1450 179.3 1901 155.1 211.4 171.7 182.7 160.6 178.7 150.4
Aped 203.3 230.4 189.2 1799 195.3 145.3 180.5 793.0 155.8 213.3 117.7 185.4 167.3 1/84 150.9
May 202.4 221.3 169.6 181.1 196.4 145.5 1814 194,2 156.6 213.3 181.6 166.0 161.7 179.4 153.7
June 199.9 224.2 170.4 182.1 197.8 146.0 1821 196.6 157.0 218.2 183.1 186.3 162.1 179.5 153.5

July 203.7 231.2 171.2 182.9 199.9 146.4 182.6 198.9 156.4 220.1 187.2 167.3 163.1 181.0 153.4
AuQutt 207,5 236.2 171.6 183.8 200.6 146/ 183.7 199.5 159.3 219.9 187.8 188.0 164.9 181,4 155.1
September 212.8 244.3 172.8 195.6 201,0 148.2 194.4 200.1 160.3 218.8 189,9 188.6 166.1 181.2 157.6
October 213.6 245.6 174.0 186.3 202.7 149.2 185.8 200,0 160.1 218.8 188.4 189,4 166.2 1814 159.1
Noneleber 274,3 244.3 174.5 7868 204.5 . 1495 1873 200.1 160.9 218.9 1876 189.5 1682 1824

'

1601
Denember 220.0 252.1 175.4 190,6 205.9 150.0 188.7 200.9 167,8 222.6 185.1 1896 1688 11430 160.1
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1977 STATIS'I'ICAL SUPPLEMENT TO THE SURVEY OF CURRENT BUSINESS

COMMODITY PRICES--WHOLESALE PRICES-Eon.

U.S. DEPARTMENTOF LABOR INDEXESt

commodities 2 1 947-1 976
Chemicals and allied products Fuels and related products, and power Furniture and household durable,

- 1. . -

YEAR AND
MONTH

Chew Drugs and p I
Appli- Farnitu

trial

pharma-
Is

Prepared
Total Coul products. Total 4 home -

1961 100

Hides. thins, leather, and related products

Hoot. JidesI el.cteon,c
Total end I LeatherI equip-

ment 6 j shins

1941 82.1 119.8 260.6 70.6 76.0 69.1 .........74.2 77.0 102.5 68.7 124.2 83.3 83.3 110.8 97.8
1948 ...................87.2 114.9 236.8 71.8 90.5 83.3 92.8 81.6 107.5 74.0 129,2- 84.2 67.6 159.8 93.2....................1949 ...................79.9 106.5 115.5 72.6 86.2 83.1 81.4 82,9 106.9 73,0 133.7 79.9 66.7 139.1 86.3

1950.- 84.0 105.2 140.3 71.2 I 87.1 83.3 85.1 84.1 107.6 75.6 124.9 86.3 70.2 161.4 98.9
1951 ...................100.2 108.8 181.4 28.1 90.3 .........115.1 91.8 91.8 114.0 83.7 119.9 99.1 80.1 186.2 116.3
1952 ................... 95.6 105,2 102.2 79.1 90.1 ..................85.4 90.6 90.1 113.4 81.2 119.7 80.1 74.0 98.6 82.7
1953 ...................97.6 105.7 107.6 29.7 92.6 88.5 92.6 91.9 114.5 81.8 81.3

,
73.7 106.9 86.3....................1954 ...................92.6 106.8 118.0 80.9 91,3 83.4 90.2 92.9 115.7 81.5 77.6 73.7 88.5 78.8

1955 98.2 105.6 115.6 82.1 91.2 .....................823 92.0 93.3 112.0 81.9 120.0 77.3 74.0 88.8 78.2
1056 ................100.8 104.8 114.8 86,0 94.0 89.8 97.2 95.8 111.4 85.8 120.1 81.9 18.7 92.6 84.4-----------------1957.....................102.6 106.2 125.3 90.6 99.1 ....................97.6 104,1 98.3 111.4 88.0 121.8 82.0 79.9 86.5 83.3
1958 102,6 106.9 1229 91.9 95.3 96.5 599,7 576.1 949 991 110.6 88,4 121.7 82.9 80.5 90.0 85.3------------------1959 ...................102.9 106.1 115,7 91.9 95.3 ..........96.2 100.1 82.9 94.4 09.3 110.5 89.2 119.7 94.2 85.4 142.0 103.4

1960 - -

-

103.2 106.6 100.2 92.1 96.1 ----------956 101.2 812 95.5 99.0 107.5 90.0 117.8 90.8 87.6 706.7 93.8
1961 .................101.0 104.6 107.6 94.8 97.2 .........946 101.7 88.7 07.2 98.4 105.5 91.1 115.4 91,2 88.0 114.5 96.1
1962 ....................98.9 102.1 93.8 95.0 96.7 93.7 102.1 89.2 96.1 97.7 104.2 01.9 110.3 92.7. 88.9 112.7. 98.4
1963 97.3 101.2 98.8 95.0 96.3 93.6 101.3 91.8 95.1 97.0 101.8 92.6 107.3 90.0 68.7 89.2 92.4....................1964 ....................96.7 101.1 119,1 95.8 93.7 93.8 100.4 90.7 90.7 97.4 107.2 93.3 106.6 90.3 88.9 92.9 93.3

1965 97.5 100,4 138,6 96.4 95,5 93.4 100.1 92.8 93.8 96,9 98.9 94.1 103.1 94.3 90.7 178.0 98.0....................1966 98.3 700,5 126,4 97.2 97.8 95.5 99.6 96.7 97.4 96.0 98.8 96.8 101.2 103.4 96.8 149.5 109.8.....................1987 ................'lOOts 100.0 100,0 100.0 ' 100.0 100.0 100.0 100.0 100.0 700.0 100.0 100.0 100.0 100.0 700.0 100.0 100.0
1988 101.0 99.3 90.9 104,8 98.9 103.7 100.9 92.7 98.1 102.8 101.8 703.9 98.7 103.2 104.8 106.1 102.1................1969 ................. 100.3 99.9 109.1 109.1 100.9 1126 101.8 93.3 99.6 104.0 102.9 108.4 94.6 108.9 109.5 124,1 108.7

1970 100.9 101.2 732.6 112.4 106.2 150.3 105.9 103.6 101.1 107.5 105.3 - 111.7 93.3 110.3 113.3 104.2 I
I

107.7...............1971 102.0 102.4 133.5
-

115,6 114.2 181.8 113.6 108.0 106.8 109.9 1022 114.8 03.8 114.0 716.8 115.1 112.5...............1972 101,2 103,0 115.8 118.0 118.6 193.8 121,5 114.1 108,9 111.4 107.6 117.3 92.7 131.3 124.5 213.7 140.3..............1973 103.4 104.3 226.3 I 122.2 134.3 218.1 129.3 126.7 128.7 115.2 108.6 123.0 91.9 143.1 730.5 253.9. 160.7..............1974 ............... 151.7 j 112.7 338.2j 145.7 208.3 332.4 163.1 162.2 223.4 127,9 117.0 138.6 93.7 145.7 140.0 195.0 154.3

1975 206.9 126.6 255.fl 166.9 745.1 385.8 193.4 216.7 257.5 139.7 132.3 146.3 93.5 148.5 147.8 174.5 151.5..............1976 ............. 219.3
'

134.0 249.91 174.4 265.6
,

368.7 207.6 286.8 276.6 145.6 139.2 153.61
- 91,3 167.8 j 168.9 258.4 188.1

1973 January 101.4 I 103.5 130.3 119.4 122,2 205,5 123.8 118,4 112.3 112.6 107.8 119.7 92.4 743.9 129,0
'

274,0 I
'

162.8
. . . ,

Febrairy 101.6 103:6 139.1 119.4 126.0 206.9 125,9 118,6 118.7 113.1 108.2 119.4 92.4 144,9 130,9 272.7 162.9
. .

March 101.9 103.8 173.9 119.9 127,4 202,4 126,8 118,9 120.9 113.5 108.4 120.0 92.2 143.6 137.1 246,4 164,5

April 102.6 103.8 184.0 120.3 129.2 213.8 121.6 120.1 122.6 114.1 108.3 121.8 92.2 7450 131.5 270.2 161.1

May 102.7 104.0 232.0 120.8 131,1 214.2 128.2 121.4 125.0 115.1 108.0 122.3 82.2 I 142.2 129.3 253.5 159.7

June ...... 103.0 . 104.4 263.6 121.0 133,4 215,1 128.4 128.0 127.6 115.2 107.4 123.3 97.6 140.9 129.3 241,6 156.4

July
'

103.4 104.4 263,2 121.0 134.7 214.0 129.0 128.7 120.9 115.2 107.7 123.2 91.6 141.4 129.5 746.3 I 156.8

August 103.5 104,3 213.2 121.0 135.2 214.4 129.1 130.4 130.3 115.9 109.0 123.6 92.0 743.0 129.7 261.6 1 157.5
162.8

September . . 104.3 104.7 279.5 121.2 137.4 222.6 130.9 132.2 131.2 116,0 109,0 124.4 01.5 143.8 130.3 257.3
180.7

October . , . . 105.3 104,7 273.0 126.0 139.3 224.1 132.1 133.4 134.0 116,6 109.1 125,2 91.5 143.6 131.0 256.3
160,4

November 105.4 104.9 241.8 128,1 144,1 239.0 133.5 133.1 140.3 117.2 109.5 126.6 91.5 143,0 131.9 239.8
. ,

December . . 105.9 105.7 266.0 128.6 157.5 240.7 135,9 137,5 151.7 117.5 109.8 127.1 91.1 141,0 132.5 227.3 156.1

1974: Jonuarg 108.1 105.3 298.0 130.1 162.5 249.3 137.5 137,1 166.4 710.0 111.3 128.9 91.3 142.6 134.0 220.9 155.1
. . .

February 110.2 105.1 335.7 130.1 177.4 252,9 142.2 146.4 187.8 120.2 1 11.6 129.8 97.4 143.4 734.9 222,0 1551
. .

March 122.0 106.2 312.4 132.5 189.0 259.3 148.9 148.6 206,3 121.3 112,6 130.3 92.2 143,4 135.9 207,7 158.7

April 130.9 107 8 385,4 135.4 191,9 303 1 153.4 149 0 216,8 122,9 1 13.2 132,8 92.2 145.4 138.1 211.2 158.4

May 1382 109 1 359.3 136.0 204,3 307 1 159.7 150.0 224.4 124.5 114.0 134.9 92.5 146.3 138.7 I 278.6 159.3
. .

Juon 146.9 111,3 361.3 148.5 210.5 321.5 164.7 151.4 232.2 126.1 115.4 135.5 93.1 146.0 739.5 207,2 156.6

155.5 112.7 347.4 149.7 221 7 344.0 167,6 187.4 239,4 128.2 116.7 136.7 93.6 148.6 139,8 215.5 155.3
.luly ...........August 167.8 115.3 360.2 152.3 226.0 357 7 170.6 189,9 243.9 129.8 118.3 137.9 93.6 146,2 740.7 I 204.3 154.4

September 174.4 117.0 325,3 154.8 225.0 371,8 113.8 166,6 243.0 1328 120.9 139.0 94.1 148,1 144,1 194.0 155,3
. .

October 181.9 119.1 328.3 157.6 2285 394,3 178.3 167.2 244.3 135.5 125.1 142,8 94.7 145.2 144.3 161.2 151.5
, , . .

Nqoemhel . . 190.7 121.0 301.3 161.8 227,4 398.0 179.7 175.5 238.2 138.0 126.9 144.6 94.5 144.5
143.2

144.8
144.8

158.5
136.1

147.4
145.3

December . , 194.8 121.8 264.3 161.8 229.0 428.4 180.3 177.2 238.5 137.7 128.7 144.8 94.7

l975 January 196.8 723.8 235,3 163.1 232.2 428,8 183.3 181.0 242.3 138.8 130.1 145,4 05.4 142.1 145.4 724.7 141.1
. . . ,

Febeoary 202,1 124,1 231.6 164.0 232,3 409.9 186.5 168.5 240.7 139.1 130.6 145.5 95.6 141,7 145.9 122.3 138.6
. .

March 207.5 124.5 218.2 164.7 233.0 388.3 791.1 188.1 242,3 138.5 130,1 145.3 95,4 143.2 146.0 138.5 141.6

April 207.4 125.9 261.6 164.7 236.5 387.3 194.6 206.9 243.6 138.5 130.6 145.4 91.9 147.5 146.8 173.9 151.5

May 208.8 125.9 250.5
¯

166.1 238.8 389.3 192.9 219.1 246.7 138.6 131.0 145.3 91,9 747.7 146.9 170.6 153.3........June 207,0 126.4 246.7 766.9 243.0 385.9 190.6
,

220.0 252.2 730.0 132.2 146.3 93.0 148.7 146.9 182.5 153.2

July 206.3 127,5 260.4 187.1 246.6 382.2 192.6 226.4 258.8 139.2 132.2 145.4 93.3 149,3 147.3 186.9 152.6........August 207.4 127.5 285.7 167,1 252,4 377.9 195.2 226.8
231.5

268.6
272.1

139.8
140.1

132.4
133.6

145.5
146.1

94.6
92.6

149.3
151.3

747.5
149.5

186.6
192.3

151.5
154,1

September . .

Ocleber
208.2
209.2

127.4
128.5

289.7
264.3

169.7
169.7

254,9
256,6

373.3
311.3

191.5
199.5 231,6 274.2 141.1 134.1 147.8 92.6 152.4 150.1 201.0 154.9

. . , .

November , , 210,4 128.8 260.6 170,2 257,0 364.6 199,3 235 3 275.0 141.5 135.4 148.5
149.6

92,8
92.8

154.4
154.6

150.2
150.5

209,1
205.2

162.4
162.9

December ,.
211,1 129,3 257. 170,2 258,0 371,2 191.6 245,6 274.7 142.0 135.7

1976' January .. 213,6 130.8 24t 170,6 2572 310.1 198,6
199.2

244.0
246,7

272.8
272.5

143.3
143,7

136.4
137.5

150,0
150.5

92.3
91.7

158.2
160.6

152.2
153.7

224.6
229.6

164.9
172.7

February .

March
216,6
217.9

131,7
'132.2

245.3
- 256.2

172,0
172.0

255.6
255.8

369.')
368,1 201.6 2543 269.6 144.0 138.3 150.9 91.3 162.9 154.9 239.5 178.9

. ...

April 218.3 132.9 243.6 173,2 252,0 362.3 204.4 266.1 287.2 144.5 138.8 151.1
161.8

91.3
91.3

166.1
170.1

156.1
156.8

210.6
285.9

183,8
203.3

May 218.1 133,1 235,5 173.2 257.2 367.6
3666

204.7
206.3

267.8
275.9

268.9
270.6

144.9
145,3

138.8
139.1 153,0 91.2 168.1 158.7 261.1 191,2

June - . 218,4 134.4 243.5 173,9 260.5

July 219.2 134.7 258.9 173.9 265.3 3677 210.1 277,3 276,8 145,1 139.7 153.5 91,2 170.3 160.7 278.6 192.2

August...
-

.
221,2 1352 249,4 175.7 269.2 367,8 213.6 286.6 280,7 146.1 140,0 153.9 91,2

91,2
171.6
1736

161.2
162.5

284.6
292.1

196.3
197.5

September.. 221.7 135,4 262.9
251,2

178,2
176.9

271.2
277.1

3640
3684

214.5
213.2

289,5
330.9

283.7
285.0

146.7
147.2

140.2
140.4

155.0
156.5 91.3 170,9 782,6 251.4 193.1

October.. -

Noaenshet
- 222.2

222.6
135.4
135.9 251.2 1773 2816 369.1 214.0 365.0 285,8 147.5 140,6 157.5 91.0 169.8 162.0 231.8 191,4

-

December -. 221.5 136.4 254,8 127,3 279.0 314.0 211,5 337.6 287.6 147.9 141,0 158,6 90.9 171,5 163.8 251.2 191.2
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Uislea o(herwie Mated In footnotea below. data 1976 1977 1977 1978
through 1974 and deArriptiveno(eaareaoohownln --. -------------- ---------------------------------------

the 1975 editIon of BUSINESS STATISTICS
-

Annual Jan. 1b. Mar. Apr, May June July Aug. Sept. Oct. Nov. Dcc. Jan. Feb.

COMMODI'I'Y PRICES-Continued

WHOLESALE PRICESd'-Continued
(U.S. Depaanzent of labor IiuIexes)-Continucd

All comniodltles-Cotilinucit I
Farm prod., prncessel lo'ds and fceds.lO67lOiI

Ferrnproducts9
183. I 184.8 ISa, 4 lO.i) IlO,' 156.8 191. 5 180. 3 184. 2 183.9 184.2 186.8 189.5 102. 1 196.6

---------------------do,., 191.0 103.5 199. 1202.. 299.2 2(14.3 192.7 190.9 981.2 181.9 182.4 985.5 188.3 192.2 198.9
l ruds ann ve9otablos. fresh aiid diieui do 17$. 4 198. 5 212. 7 219. 2 2(C.7 201. 8 176.2 182. 0 176. 4 182.8 187.9 192.9 170. 1 197. 1 204.6
(}raln --------------------------------dc,.. 202.9 ...........184.9 195,8 - 19:3.4 184.4 171.2 157.7 153.3 142.5 144.2 144.7 164.6 167.3 169. 1, 170.8
Live l)Oullry --------------------------- (In.,,. lis.u ----------------------...........123,7 193,7 : l7.2 15.3 183. t 182.7 193.7 176. I 181.7 170.5 182.7 157.8 170.2' 188.8
LIvestock ------------------------------rio.. 173.3 ......................166.0 lfS.2 , 163,5 l67-) 180.2 172.3 180.2 175.2 172.9 177.5 171.6 182.7 188.2! 202.1

Foods and feeds, preresserl 0 ------------- do. .. 178.0 179. 3 181.9 183. 0 188. r 191.0 190. 1 187. 8 185. 1 184.2 184.5 186.7 189. l 191.3 194.6
Ileverates and beverage nialerak --- do, . , . 173. . 184. 1 189. 3 ' IS). 6 202 1 206. 0 207. 7 204. 7 205. 5 204. 8 204. 3 200. 6 201. 3 201. 9 201. 1
Cereal and hakry prcalucts ----------- do 172. I 168. 4 109. 9 171. 5 171, 6 172. 0 171.3 172.0 172. 1 172.8 175.4 179. 7 182.0 IS3.6 184.7
l)%rvriuI (I 169 1668 7I' 1680 1' 142 141 1 1 13 157 1 I 1769 182 180 1787
F rults un.l veg(l;Il,I,', l,r, 'SSe.d .Io, . 170.2 175. 4 029 94.0 I0t 1 185,8 187.8 188. 5 190. 1 191.2 190.3 103.0 194.4 194.4 194,6
?vleals. putlry, nal fish ------------ I(,

.
181,6 ......................-----------176.6 171,-I 174.2 174.U 183.8 183.4 18.,. 182.7 182.7 984.7 183,4 190.8 193.6 204.7

lndutrtal cornulodilips
...................do, ,, - 182. 4 ----------------------188. 4 ' 100, 1 121. 7 103. 2 194. 2 194. 6 195.8 196. 9 197.8 199. 1 199. 2 200. 0 201.5 202.8

Ch,nilels nal ,lljtl jralurts 9 --------- In l7. 2 ----------------------188.') i''.
¯

101.2 l'7 9 194. 0 193.9 193.. 193,5 193.2 193. 5 193.8 193.9 194.0 19. 2
.

Acri' -atc I el,,m, i,rel do. I. ' -----------82. 2 Il. 87, I IC" C) 187. 7 ISO. 0 188. 4 188, 9 189. 9 100, 0 18$. I 186. 9 187. 3 188,9
('lic'n,ieab, ii,liitrj,il In 2I4 222. I 2270 - 72'£4 223. 224.0 224. 1 22-1.4 224.7 224.2 224.7 224.9 22A2 224. 2 224.4
lirucs and )llflrmIe(IIIicalS

.......... rin .. .

Fatsand ails, in
3.1.0

24i.9
137.5
253.9

l:0.4 l3t.0
2f,3,9 ¯ 272.7

l3t,0 139.7
204.9 327.5

140.8
318.8

111.2
291.9

141.2
268.9

141.4
248,9

141.8
260.9

142.2
265.4

142 9
266.1

144. 1
263,2

144.9
281.5ne<tjll.................. ,,.

__1 rcpar I lehilil d lii l llls 2L ISIS 183 19 51 1851 1867 185.9 1861j 188

Fueb and relnfrd ioi,, and aer'? ,. In . . 265.6--. I i'u.7 25.9 302. 4 501.0 306.6 300.5 309,7 310.6 310. 4 311,9 312.8J 31?.9
4.1Coal ---------------------------to,,,

. 368.7...7,5 179.8 70.9 366.9 390.6 923.1) 394.5 395.2 357.8 400.1 402,2 404.1
242,8Elcctrir power ........................dn. .. 207.6..214.1) 2lI.4 2.71.4 22'.¯4 230.7 234.4 270.2 244.7 242.7 242.6 237.8 237,2 239.71

(las fuels ...................... l,
. . . . 251, 8 JJ 7 563. 7 . 70. U 7 0 390. 2 786. 6 391. 9 400. 9 405. 4 407. 0 4t4, I 422. 4 420. 9 417,9

I'etrolcunr l)r'll1CI, relined dO. . . . 276.6 . ..........28) 2.l30l.I 106.8 310.1 311.6 312.9 313.0 312,8 313.8 313.4 i1a7 312.8
-

Furnhluls 5iir1 hotiehold lural)les 9 .,..do . 14.5. 6 ...,..... 148. S 149. 1 149. 6 ISO. I 150. 6 151. 3 151, 2 152. 4 152.8 153.0 153.6 154,0 155.6 156,3

Applianre. boiisolol,l .................... 129. 2 141 ' 112 1 142. 142. : 143. 2 144.5 145. 4 146. 2 147. I 147.4 147. 5 147.8 149, 1 14g. 4
Furniture, lIOItSell(l ..................du. . . . 153.6 158. 7 159. 9 15".7 160.7 161. 162.2 102.8 163. I 163. 1 184. 1 166. 1 186.4 168. 2 168.8

88.1ItorneelecIronic eluipIuclIl in. . . 0I.'1 99.6 85.3 89.4 08 1 88.4
,

88.3 86.8 86.8 86.3 88.3 86.4 86.4 86,8

1lilrs. skiiis, and leIlwr pro'1uc1s9 .....do.
FnoIwtir do

167.8
158,5 -----------...........17s.:i

164.5
17I 177.l
lI.i.l) 166.4

17,5 181.9
lW.2 168.2

179.7
168.6

180.3
170.3

180.5
170.4

179.9
170,5

179.6
171.

180.3
172,0

181.8
172.1

186.1
173,8

187.5
176.2

.....................
IIidcsand skins .............. to 254.1 ..................278.l 2.42.. . 55.9 1(12.0 313.0 288.8 201.5 288.3 274.4 2ot.i 273.2 291.9 300.4 298.2
Leather .. ............... do .. . ...........18$. I 192.5 201 7 201.4 204. 1 210.7 202. 1

228.7
198.6
2"1.5

200.3
242. ,

2).5
252,4

196.4
247.3

l9.0
243.2

2t8),4
249.1

210.8
256.3

211,9
263.7Limlx'an1 wC(ul oreilels ............. in .. ...........210.6 ...........222.'l 22-I. 4 72".O 229.-S 229.5

275.9 286.4 301.3 292.4 284.8 201.0 300,4 308.,Lllflhlfl'r ...........................
\laehinr .tn -:;;- '-'I- 'i

_t,()
I I S

257.8

II

255.7 266.-i

I I 9

26$ S 267.8 261.6

I0(I 1806 )Sit 1628
IllS. 4

1839 iT'7
201. 4

T
2011. 1

T"
20. 2

is I
203.9

190 1
207.Agricidiural nuicIiii,,'r in,i ..,i,iii, , .

,l,
.

(,n,stu'u'ti,,Tl ,incl,i,t,'ry cal 'qui'
lM.'Ln .........1SM. 9.

92, 3
2(6. 8

I' i I".l, s
I : .7710

''-1 ' , 195. I
2 213. 0

10(1. (I
212. 2

194. 0
214. 9 215. 8 215. .it8. 3 221. 4 221.8 222.6!

-i:lectri'il i,:i('iu nI I ('IIlil 'Ii, 1.11%. 7 151. 1 151. I 152.1) 151 152.7 153.0 L' -t, I I4.6 155.8 15.3 15,.8 17.9 l60.0 160..
209

-

\9( I lS 181111 t I t 'ci nil I ni I ,_j,___
__,_,__

I ,,JII .__!.__ _:_.
Mo!als ted inclal orlleIs ' In l'. 1 ,..,., 20!. I 2('3. J 206.5204 . 209. 5 210.8 210. 7 21L 7 212.6 211.8 212. 0 213.3 215. 21 219.1

10,4
iIratiIcE'IuiiIlr ... 'I,,

..
12sf) 167,'' l'7. I , 165.T l6:4.. 101.0 ' 164.5 165,4

211 I
166,0
211 I

166.a
4

168,0
44 2

168.3
233 4

169.3 171.01
.37 44 Flrrrn an I cI I _ I I I

Nonfrrr(,,lsI1leI,,l... ..

,

(l '. 181,6 ............:: ::.:.- 4 I I
5.

' 22
21)0.5 157.3 198.0 198.5 195.1 1113.5 194.2

.2.
195,1 l98.0 192.7

Nonmclnllic iniij.ral lr,(luls9 ....... (Ii,.
, 186. 3 ............192. 4 1' I l5'. 195. 3 200.1

'

201. 5 2(12. 4
184 i

204.
185.

205.3
18 8

205. 6
185 1

206. 5
189.

212.7!
189 6 215.9191 1

rl'i Orod si ru lilT it cl Ii ii I 183
(',nwrete ............1 II I 1 C I 0 I I 4 2 1St

1I1I 155.9
183 8
192.8 1)3.5 194,0 1119.0 198.4 195.7 202. 05..Proitr'l ., II,,.. 16(1.1

I I YlStIli ,r$l0rlS ...............lu 154. 4 ,.,,..,.

187.11
164). 3

l'7.' 188.4
l!'). 0 164. 0

,lS'.' .5'
172. ' 175. 9 187. I 184. 0 189. 8 193. 20t, 6 203. 2 204. 9 209.

188
.15.
188

I liii) i tl r tii I 'dli I i i riuu I I 1 4 8 1" I I" I I F I 181 18 I 18 18 8 188 5 188 8 188 3 18 6 2
1 S 18.I'p'r 182. 3 ------------188. II li5. . 12. 0 ll. ,, 194. 1 14. 3 ll7. ll6. 2 5 197 1 17. 197. I .

169.9 1,0,Ruhhi'r and ll;LtIc lnIs .......... (in.
. 159.2

'Iiresnd him.............. . 164,11
170.0

l'l I l4.'
,

16!.7 166.3 1 1(17.1

165.9 167.8
851.0
171.3

1151. 1
171.1

169.4
hl.1

170.0
171.9

10.0
t71.6

169,8
171.0 17_.1 170.8

Tcxlilr prnlncls and al,parel § ......... do. .. , 148. 2 ISO. F 1!l. 7 152. 4 L,7. 7 154.0 154.4 154. 4 154. 4 155. I 155.2 155.3 152.9 156.4 157.9110..4y1111u'Iic fllWI l)cc. IF75.l(Ml 102.4 ............102.6 107.4 103.2 106.4 107.0 109.5 109,2 194.6
103.0

108.6
102, 1

1thL1
lot.2

109.6
100,4

109,6
1110.6

110.3
100.6 101.0I'roressl arsn,ul llireals ................99.5

;rtvfl,I,'s
.

el,, 106.1 ................................................ 6,6
105 I

97.2 rS,7
1(12

. 104.5
lOt .5 102.3 1(0.4

l0.Q l(L.1 IIFI.h
'

I°3.4
1(11.9 11)3.3 103.0

104.2
103.7
104. I

109.2
103.3

107.2
1(13.4

11)8.9
lO3.4

109.i,!
1()3.oF'lnilic.i 1Rb,IC8

.
jo liii. I

.............. ............. OIL 4 lIlt. :3 1(1:1.11 10-I. 2 lll.9 .

11)1.5

146.6 1-17.2
101.5
1-17.2

104.2
147.4 148.4 148.6 1411.1 148,4 149.81 148,8

Apparel.. lill7-I(o, 139.9
Textilc 11011CC furnlchings ¯

............ do . . 150.3
144.8
165.5

I -ic.';
¯

146.1)

1fl7. I 170.4
I41i
170,4 165,7 ! 19.7 1811.7 171.2 174. . 175.6 1,5.6 175,7 175. ¯ 1,6...

Traneporlatini, P'IlilIl1tl S fl,.c 118'øl.lrNl
. 181. I ........................157. I 1 154. 4 7 15). I 129. 4 179. 5 160.6 ii. 4 167,9 lOS. 0 168. 3 11.9.0 160.

171.Motor volilel.'..,nid ¯.liiii, 967 ' 100 . 153. ....................... 155. lF. -I ! iro. 7 IflI. 0 161. 4 161. .4 181. 8 163. 1 163. 8 170. 8 170. 6 170. ii 1 ¯ I. 3

Seasonally Adjiuetcd

All iom.no.lltles, l*re'nt clianOC Ire,,, ;.rrIoIs ,

. IInoflib ................................................................ .

. 1.1 II) 0.4 -0.5 0.1 0.2 0.3 0.8
,.0., 0.4 0.9. 1.0

llv since of prnccssisg:
Crude ,nalcrials for (,,rtlwr .roresi,g .1967 -liX) ........................I.,termcrlinlr

21(1. 2
:

219. I) 221, (I

199

,

22''.. 222. 3 217,4
12(1 21)1, 6

200.8
202. 2

205. 9
202.6

205.7
203.5

., -20.. ¯

204.3
214. 4
205. 2

217. 2
205.9

¯ 221,6
207,8

p28,
209..i,.atrri:,l', tiI,ilies, etc ....... rio ..........................Fintahel

Consumer flniInd goods .1 ............................155. 7

171 II

l'7. 1 ,22'fl.l2

1.". 2 176. 8
,

178. I 179. 6 179,5 170. 5 179. 7 180. 2 180. 8 181. 9 182. 7 184.0 186.1
............

Fend .................... (I., .......................181,3 : 186:1 1''.f 192.2 190.3 189.9 189.4 188.9
174. 2

188.4
174. 8

191.7
1S. 4

192.6
176. II

¯194.7-
¯ 176.9

200.4
177...

'

Finisind cnreis, cxc. foo,ts
........ .1.. ........................167. 2 l0. I 169. 2 170. 7 , 171 172. 4 172. 6

152.4
173, 0
153.6 113.9 1.54.9 155.4 158(1 157,l 15.6I)urabi

................. ¯i) ...

Nondurable . ................ 'In ...... ...................149,1)
1811,1)

44.7 101.4
III. 182.7

l.(I.li 151.3' 151.9
161.2 185.2 186. I 188.2 186.1 187.6 188.0 188.7 189.5 '120.2 190.8

Producer lluilllc,l g..cl ..............do ...........................178. 9 'I IS). 7 191. 7 182. 8 183. 7 181. 5 185.5 186.4 188. 9 189. 9 191. 1 ¯ 192.0 193,3

By durabilli y of prn.luel
Total naiiiifacliires .1 let. 4

.

I0. II . 187. 7 l8. 1 190. 4 100. 4 19(1.5 190.9 191.9 192. 3 193. 7 194. 7 ¯ 196. 2 199.3.........................1),irable n,a,,ijf,uIur. ....................................... %.,; I 14.1.5
'

l8.4 186.2 186.5 188.3 189.5 1141.1 192.2 193.2 194.2 196.2
¯ 195.

19...)
198.(Nondurable tu)))*afacturc

............ (I.) ...........................196. I) l. 19" 2 152. II 154. 2 19:3. 7 192. 2 191. 5 1St. 4 192.0 193. 1 1114.4 ¯
,

Vrii, lr..iucls .
¯l( .......................113. 5 I ' I 20:3 25. 6 203. 4 152. 3 189.5 181.8 181.1 1815 189.2

188.1
188.7
189.3

192.0
1O0.8

197,4
1.5.lrocess.d foods an.l fre.js ...............................................PUIlCItASING POWEll OF THE l)OLI,Alt I

178.8 P47.7 87,5 189.1 192.2 189,2
. 184.7 184.7 183.6 184.8

Ao measured my --

Wholesale priecs ............ l9t7'5l. 8).. so. Ms OUSt! 9)4. 52' 7Sf .50. 513 - 80. 512 .80. 511 19t 71:1 94.514 $0512 $0.50' $0.95 $0. 707 $0, 560!-----------(.0050.n,'r I.r,ms ....................... .10 - .587 .551 .571) .583 .54'.) .5.77 .551 .550 .549 .546 .543 .542 .530 .53. .534.

Revised. ¯ Ore i,ol,' 'i' for this page. See corresponding note nis j,.S.6 . Ii,. rinds are available for the newly introduced indexes. I Beginning it, the February 1978
chides data for llen,s not st,owi, separately. Effective wilt, Jot.. l976 report "c. It" OTOVE'.', data lW,ve >4.'.')) revised (back to 1973) to reflect neW ssoii81 factors. ¯ Beg1nn111g
textile products group has been extet,olvely reclassified; ito coinparabi.' dais for tin Ii'-' to'. Jst,. 1878, based on C1'l -U: see nOlc" V for it

B-4
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Unless otherwia. stated In rootnotes below. data I ' I I 1980
through 1916 and descrIptIve note. ae as shown I I I I I I I I I I IIn the 1817 editIon of BUSINESS STATISTICS I I I IAnnuat Mar. I

Apr May June July Aug. Sept. Oct. Nov. Dec. I Jan. Feb. j Mar. Apr.

. COMMODITY PRICES-Continued
PRODUCER PRICES

(U.S. Deportment of Labor Indexes)

Not Seasonally Adjuated

Spot market prices, bade commoditiea
flIes ........................................ l967.1OO. '234.1 271.4 276.3 277.1 218.1 281.2 279.5 281.1 283.8 .281.O 286.2 287.1 294.1 285.3 272.5

9Foodt8 S ........................................................ do.. 239.2 261.8 251.8 264.4 256.5 259.3 254.3 259.1 252.3 250.7 255.4 249.5 257.2 246.0 236.0
3 w In uatnala ............................................ do... 230.6.288.5 294.5 293.8 293.9 297.3 298.1 297.3 307.7 304.0 309.6 316.2 322.5 316.9 301.9

......................................... do... 209.3.226.7 230.0 232.0 233.5 236.9 238.3 242.0 246.6 247.2 '249.7 264.7 269.8 261.6 262.3

Crude materials for further proceaaing do 240.1 276.6 279 9 282.3 283.0 287.1 281.7 288.3 289.5 290.8 296.2 296.9 308.3 303.3 296.9
1ntermedate materIals, auppkea, etc .......... do 215.5 231.5 235.11 238.2 24O.3 244.6 247.5 251.0 255.0 256.3 p268.7 265.6 271.1 273.2 274.5
Flmahed goode S ..................................................194.6 209.1 211.4 212,7 213.7 216.2 217.3 220.7 224.2 226.3 P228.1 232.1 235.4 238.2 240.0

Fmlahed consumer goods ............................ do . 1926 207.9 210.2 211.6 212.7 215.6 217.5 221.7 224.7 227.1 p229.1 233.2 237.3 240.6 241.6
do.... 199 1.211 7 214.0 215.1 215.8 217.2 216.5 217.8 222.8 223.9 P226.3 229.1 230.3 231.8 235.8

By ..

Durable ooda .................................................... do . 204.9.221.0 223.9 224.7 225.8 227.6 228.0 230.1 234.6 235.3 237.0 243.4 246.4 246.6 247.2
Nondura le goode ............................................ do. . 211.9 230.4 234.1 236.9 238.8 243.7 2458 261 1 2537 256 2 p2593 2630 2700 273 1 2740
Total manufactures .......................................... do . 204.2 219.7 223.1 225.0 22t.6 229.8 231.7 235.2 239.0 240.6 '242.6 248.2 252.7 264.8 256.5

Durable manutactureo ................................ do.... 204.1 219.8 222.7 223.8 224.6 226.6 227.2 229.4 234.0 234.6 236.2 242.4 245.0 245.2 246.2
Nondurable manufacturea .......................... do 203.0 219 0 222.11 225.6 227.8 232.5 236.9 241.0 244.0 24.6.6 '249.0 253.8 260.7 264.7 267.3

Farm prod.. proceaaed fooda and feeda ............ do . 206.6 229.1) 231.2 230.8 2290 232.2 227.5 231.8 230.6 232.3 234.6 231.9 236.9 234.9 229.2
Farsnproducta 41 .............................................. do.... 212.5.......242.8 246.0 245.4 2428 246.8 238.5 241.0 239.6 240.2 242.6 236.4 242.3 239.3 228.9

.

Fruit. and vegetsblas, freab and dried do.... 216.5.235.7 239.1 228.2 2264 226.7 241.7 208.3 218.0 216.5 P210.7 218.9 220.5 218.3 223.0
Graina do 182.6 192 0 1911 1 210.3 218 7 247.4 229.1 224.4 229.0 226.6 227.9 214.6 223.3 217.9 210.8

.............................................................. ...

Live poultry .................................................. do ... 199.8 217 6 21)') 4 216 3 182 9 183.8 171.9 173.8 162.0 196.5 194,7 195.2 184.6 180.1 171.9
Liveatock ........................................................ do.. . 220.1 275 8 .184 (1 280 7 2114 0 256.0 240.2 266.4 251,7 248.3 262.5 247.8 257,2 261.8 2305

Fooda and feeda, processed # .............................202.6 2205 2223 2220 2206 223.3 220.5 226.8 224.8 227.1 '229.3 228.5 233.1 231.6 229.5
Beveragea and beverage materiala .......... do. 200.0 201.2 201 5 205 3 208 5 214.1 216.5 217.9 218.9 221.2 p221.6 224.1 224.7 226.0 227.9

Cereal and bakery proslucta ...................... do 190.3 200.1 203 0 204 9 206 3 212.4 216.0 218.7 219.8 222.6 P223.6 226.4 229.7 231.3 231.5
Dairy producta .............................................. do.. . 188.4 204.9 2117 I 207 9 208 .1 209.0 215.2 218.3 218.1 219.3 p219.9 221.4 221.2 223.3 227.8
Fruits and vegetablee. proceaaed .............. do . 202.6 219.6 22(1 5 221.4 225 5 223.6 224.6 225.1 223.4 222.4 p222.6 222.8 223.1 223.6 224.5
Meata poultry, and flab .............................. do . . 217.1 250.6 2530 250.4 241 4 237.7 225.5 239.9 234.2 239.3 242.8 239.5 239.6 239.2 226.0

IndustrIal commodities ........................................ do .. 209.4 225 4 229 1) 231.6 234.0 237.6 240.6 244.2 249.0 250.6 p258.1 260.3 265.4 268.2 270.7

Chemicala and allied products 1 ............... do.... 198.8 209.9 215 I 218.0 219,2 225,0 228.5 230.8 234,2 236.0 238.2 245.5 247.6 251.6 258.1
Agric. chemicals and chem. prod .............. do.... 198 4...206.3 209 8 210.0 209.2 211.2 215.3 219.4 224.3 229.6 P232.9 238.1 242.8 256.0 258.3
Chemicals, industrial do.... 225.6 2397 2182 255.6 259.3 270.4 277.1 280.0 285.7 288.4 p292.3 302.6 306.7 310.7 3168

....................................

Drugs and pharmaceutirala ........................ do.... 148.1 1566 157 5 157.7 159.0 159.2 159.6 161.0 162.8 163.0 164.4 166.5 167.7 t68.9 1728
Fats and olIn, inedible .................................. do... 315.8.398 5 448 7 418.3 37.11 381.6 376.4 379.9 366.9 344.3 327.1 326.6 302.2 299.9 298.2
Prepared paint do... 192.3.202 3 20 3 201.3 201.3 205.3 205.3 206.0 206.7 209.4 210.7 223.3 223.3 223.3 235.5

-

Fuela and related prod., slid power # do 3225 '150 Ml 5 3 3937 411.8 432. 476.9 '487.9 553. 566.3

Coal do 4300.445 447 1 4 452.0 452. 454. 456. 458.6 460. 463.3
................................................................

Electric power do 2 257 2605 2 260.5 274. 278. 281.9 287.0 305. 310.4
...............................................

Gaa fuels 4 .7.471 477 4 50 522.3 648. 572. 637.0 P662.4 720. 730.2.............................................................Petroleum producta, refined do.. 321.0.360 378.6 4 423.6 449. 482. 645.4 '555. 657. 677.3

Furniture and household durablea if do... 160 68.7 169.6 170.2 170.7 171.5 172.7 1 . 176.4 p177. 184.6 183.1
..........

Apphanrea, household .................................. do . . 153 18 7 159.3 160.0 161.1 162.2 162.7 1 .2 164.5 P165. . 169.7 170.2

Furniture, household ................................ do ... 173. 1)12 7 184.8 185.3 185.8 186.2 188.5 1 . 193.0 P194. 196.9 198.9

Home electronic equipmeot ........................ do. . 90 92 3 92.4 90.2 90.2 90.3 .3 90.3 '90. 88.8 88.9

IIideo, skine. and leather products S .......... do ... 200 258 9 269.6 268.0 261.9 257.9 251.1 253.9 248. 249.
P227.

246.8
231.8

243.6
231.9

Footwear do .. 183 2121) 216. 221.1 221.8 225.4 226.9 2 .6 227.
348.7 328.6Hiden and skins do ., 360 642 2 666. 61 1.0 566.5 511.9 466.3 4 8. 447. 443..........................................

Leather do.... 238 3q36 429. 414.6 385.2 365.9 330.0 343. 319. 324. 311.0 297.6
...........................................................

Lumber and wood products ............................ do.... 276 3(14 9 302. 299.8 300.1 304.7 309.7 308. 298. '290.
P339.

295.7
340.6

275.2
310.1

Lumber ............... ....................................... do....322.4 3554354. 354.8355.0 365.3 373.9 30 355.
"T.9_

Machinery and equipment # ........................ do 2079 i1i98 211.4 '212.4 214.8 216.0 217.7
237.4

2
2

221.
243.4

227.1
247.6

229.7
249.1 250.4

235.8
252.8

Agricultural machinery and equip
Conatruction machinery and equip do..

224 8
248 7

22h 4
251 7

228.
253.

229.4
254.0

231.2
257.0

233.3
258.5 258.9 265.4 275.4 277.5 278.4 282.9

Electrical machinery and equip ................ do 64 1738 1750 176. 577.6 179.9 181.2 182.5 184. 190.5
268.7

194.2
261.3

195.9
264.1

198.7
269.9

Metalworking machinery and equip . . . do 233.0 2,15 .1 237. 239.1 241.4 243.6 246.4 252.

Metala and metal products # ....................... do 227.1 . 251.7 25611 256.2 258.2 260.8 261.8 ' 263.7 269.6
192.2

271.1
193.1

273.6
'195.6

284.5
197.3

288.6
199.9

286.3
202.0

284.6
204.2

Heating equipment ................................... do...
do

174 4
253 6

183.4
279 9

183 8
28112279528

185.7 185.2
.1 2

186.0
286.8

188.1
286.1

191.3
285.5 289.2 292.0 292.8 297.3 300.2 301.6 307.0

Iron in,t elect
Nonlerri,iis flieS to . di, 207.8

.

. 24CC 2'iii '2682 25Ii.7 262.3 263.1 289.3 283.1 284.1 29l.9 328.1 336.5 320.8 298.9

Nonmetallic mineral produts 8 . . do.. 222.8 240.8 243 4 245 6 246.9 249.5 249.9 264.6 256.2 257.4 P259.6
p226.7

268.0
229.6

272.6
231.1

276.1
231.5

282,8
234.4

Clay prod.. otructiical. earl. refrac .. do.. . 197.2...... 212.8
237 8

21.1 8
24 I 5

215 7
241 6

216.5
247 7

220.3
246.2

222.3
246.3

223.7
248.7

221.1
260.1

221.0
250.6 253.2 284.9 266.2 268.6 213.0

Concrete products .................................. do
Gypsum pcoducto do

214 0
229 1 . . . 251 1) 252 2 2413 3 271 3 251.8 252.3 264.9

223.0
255.3
227.5

258.2
229.6

255.0
231.7

256.4
237.4

262.2
238.9

267.6
241.6

264.0
246.5

Pulp, paper. and iills'il products In
do

195.6
206 1

212 1
22'l 3

2Ii)
421,

2162
227 2

2186
22, 5

218.3
228.2

222.2
229.5 230.3 238.7 241.8 242.7 246.6 247.5 260.5 253.6

Paper ..

Rubber ond plastics producta ........................ do.
.

174.8
..

185 9
.1

I 88 8 190 8 193 t 195.5 198.8 200.7 203.0 204.9
223.1

'

'205.9
223.t

208.2
224.7

210 9
231.2

212.7
231.2

214.6
231.3

Tires and tubes .............................................. do.... 179.2 1950 196 1 197.3 1989 206.2 211.6 215.0 218.3 .

Teatile producta and ¯ippsrel . do. 1598 165 2 hit 4 167.2 IllS 4 169,3 170.6 171.3 172.0
124.7

172.8
124.2

P173.1
P124.7

174.9
126.9

176.5
127.1

178.9
129.4

180.6
130.7

Synthetic Obera Dec 1975 100 109.6 I 13 6 115 I
106 8

117.4
107.8

118 5
1(18 6

119.5
109.5

120.6
110.6

123.6
111.7 112.1 112.6 P112.7 114.4 117.3 118.9 122,1

Processed yarns and threads do
Gray fabrics do

102.4
1186 .

107.1)
123.1 124 5 124.7 125.4 128.3 128.7 128.7 129.7 130.7 P132.3 132.2 131.7 133.7 136.1

Finiahed fabrics ....................................................1038 105.4 1(159 107.0 107.6 108.2
160.3

109.0
161.4

109.1
161.6

108.9
162.2

109.7
163.1

909.9
162,6

109.8
165.3

110.8
167.3

113.1
168.3

114.5
169.1

Apparel ................................................ 1967 100
Textile houae furnishings ............................ do...

152.4
178.6.... 158.3

187.4
59.8

18. Ii
159.8
188.1)

160.2
189.3 189.9 190.5 193.9 196.3 196.5 P191.1 199.2 200.0 201.2 201.6

Tranaportation equipment a . . Dec 1968 100 . 171 5 . . 183 8 18t S 187.2 187.5 188.4 185.9 186.6 194.2 194.8 195.6
p198.2

198.3
200.3

198.1
199.9

198.8
200.8

202.6
204.9

Motor vehicles and equip ................ 1967 . 100 . 176 0 . . 186 1 89 4 189.8 191) 1 190.8 187.8 188.6 197.1 197.4

Seaaovsally Adjuatad ....Finished goods, percent change from previous
ii Ii 1.2 1.1 1.5 1.1 1.2 0.8 '1.5 1.5 1.4 0.5

month . . ... . . .
li) ii S Ii 5

By stage of proceasing
Crude materials for further processing 1967-. tOO 274 2 2i3 2 275.1 28 4 284.6 285.2 291.4 294.5 290.8 301.7 299.5 307.4 300.7

273.4
290.3
273.8

Intermediate materials, supplies, etc ..................................................... 231 6 235 ii 237 3 2.397 243.6 247.1
218.3

250.7
221.5

255.0
223.9

256.3
226.3

P260.2
228.6

267.1
231.9

212.0
235.3 238.6 239.8

Finished goods 8 .......................................................................................do
2094
208

211
4 2(11)

I 212
7 2111

1 2134
8 212

215.9
0 214.8 218.3 222.2 224.8 227.1 '229.9 233.2 237.3 241.2 241.2

Finished consumer goody ................................ .......................................Food dii . 2267 '258 2235 22l 222.8 226.2 229.3 229.1 230.5 234.1
'225.5

232.0 230.9
238.2

233.4
242.7

226.8
246.0.

Fininhed goody. eec foods ...................................................................197 .1 199 7 202 4 215 .3
5 ISO

208.7
6 182.0

212.3
182.0

216.4
184.7

220.4
187.7

222.8
190.0 '191.6

231.5
197.2 200.7 199.9 200.3

Durable . . do ............................Nondurable do
. 177

2106
0 178

21.17
I 179

217 5 221 7 226.6 232.7 237.8 242.6 245,5 248.4 254.7 263.5 271.9 277.3
235.9. . .

i ......... ,. . . , ,in
. . . .

21 I ft 'I I ii Ill Ii 2111 4 218.2 217.9 219.5 221.4 223.9 '224.8 228.2 229.8 231.6
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APPENDIX C

ENERGY MANAGEMENT MODEL

General

The package of simulation and energy management programs under development
at the RSC has been designed to meet two categories of objectives--functional
objectives defining what the package is expected to do and architectural
objectives defining how the package is to be built.

- Functional Objectives

- Realistically model and simulate power flows, energy consumptions
and energy costs of existing and anticipated electric powered
transportation systems.

- Separate a system's overall energy consumption into its important
end uses. Identify the cause-effect relationships governing these
end uses and determine their sensitivities to changes in equipment,
system design and operating practices.

- Provide the means.to develop, refine and test energy conservation
strategies before they are implemented in actual systems.

- Provide flexibility - allowing the package to be improved and upgraded
as necessary to accornodate new models, new strategies and new
technology.

- Architectural Objectives

To be modular at all levels so that any module can be:

- developed, tested and verified independently,

- inserted into the package or replaced without requiring a major
retrofit affecting the package's integrity.

To be, as far as possible, machine independent (no large package can
come even close to bethg completely independent but steps can be taken
to minimize the effort required to move the package from one computer
system to another) and to be written in a widely used language.

The approach to simulating a transit system, that is, to determine its
performance, power flows, energy consumptions and energy costs, involved the
following steps:

- For each train in the system assemble data on its performance
characteristics, the route and schedule it is to follow and the
characteristics of the track on which it is to run.

- Assemble data on the electrical configuration of the network
supplying power to the trains and/or costs of energy.

- Treating each train separately, calculate tables of its speed,
position and power demand against time.

- From these tables assemble a master table, which, for selected time
instants spanning the period under investigation, contains data
on the locations and electric power demands of every train in the
System.

- At each of the selected time instants, calculate the voltages,
currents and real and reactive power flows for all salient points
in the electrical network.

Integrate the power flows to give energies and wattless flow, and
process them in accordance with a selected energy-billing -schedule
to obtain the energy costs.

The transportation -system-model consists of three components: a Train
Performance Simulator, an Electric Network Simulator and a Metered Energy
Cost Simulator. The last simulator has not yet been built.

c -i
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ENERGY MANAGEMENT MODEL

Train Performance Simulator

This program accepts as input, vehicle parameters such as weight, propulsion
system characteristics (tractive effort and efficiencies vs. speed), train
resistance, numbers and types of vehicles in train, auxiliary electric loads,
and passenger load factors; wayside parameters such as power distribution
system type (DC, single phase AC or three phase AC), voltage, and right-of--way
profile (grade, curve, and speed restriction as a function of location); and
system operational characteristics such as acceleration and braking rates,
maximum speed and station dwell times. The program simulates the operation of
a single train under the input conditions. Outputs include power profiles
(real power for DC distribution and real and reactive power for AC distribution
as a function of location). The program will accept trains with dynamic
braking capability and the energy can be fed into storage devices aboard
the vehicles (batteries or flywheels), dissipative devices aboard the vehicle
(resistors) or to storage/dissipative devices, or other trains external to
the train (regeneration) using the power distribution system. The program
also incorporates coasting.

Electric Network Simulator

This program accepts as input, single train power and time profiles as
a function of location along the right-of--way, timetables for movement of
multiple trains, power rail, catenary or trolley impedances, running rail
impedances, substation locations and characteristics, operating voltage both
nominal, maximum and minimum, characteristics of the distribution network,
the substation feeders, and metering point locations. This program
simulates the movement of the trains by taking snapshots of the entire system
at fixed intervals of time. The calculated output of this program is a
complete electrical picture of the system including power flows, voltages,
currents and losses at all salient points. In particular, power through
metering points (forward and reverse), power distribution system and substation
losses is computed. Capability for regeneration to other trains, to storage
devices on the track side of substations, and/or through regenerative
substations, even through metering points, is also included.

C-3



89

ELECTRICAL NETWORK SPECIFICATIONS
TRAIN SCHEDULES NUMBER OF TRACKS

TYPE TRAIN IMPEDANCE OF CATENARY OR THIRD RAIL

DEPARTURE TIME VOLTAGE AND FREQUENCY

SToPs SUBSTATION LOCATIONS AND CAPACITY

DWELL TIME SWITCHING STATION LOCATIONS

IMPEDANCE LOOKING INTO UTILITY POWER SUPPLY

TRAIN CHARACTERISTICS
TRAIN ELECTRICAL

NUMBER OF CARS PERFORMANC I NETWORK
NUMBER OF POWER UNITS SIMULATOR
WEIGHT OF TRAILING LOAD

AND POWERING UNITS

MECHANICAL AND ELECTRICAL
PERFORMANCE

ROUTE CHARACTERISTICS
TRAIM PERFORMANCE OUTPUT

PROFILE
ALIGNMENT SPEED Kw

SPEED RESTRICTIONS
TIME KVA
POSITION

FOR EACH TRAIN V

ELECTRICAL NETWORK SIMULATOR OUTPUT

SUBSTATION LOAD CURVE
DIAGRAM OF ENERGY MANAGEMENT MODEL ENERGY CONSUMPTION FOR NETWORK
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APPENDIX D

ROI COSTING PROCESS

This appendix describes the manner in which capital investment, annual

operating costs and annual savings were obtained. All figures in this

section are based on data provided by officials from the Port Authority

Transit Corporation of Pennsylvania and New Jersey (PATCO).

To determine the capital investment cost of any system,.the maximum

power input to the system must first be calculated. In the case of PATCO,

the maximum power input is 43,880 KW (Table 5-7). This is not applicable

to the on-board systems. For on -board systems, the maximum power per car

times the number of cars is the basis of cost estimation. PATCO cars have

a maximum power input of 1060 KW per car. The maximum energy storage

per PATCO car is 3.34 KWH. The capital investment costs were determined

as follows:

On-board Battery TC = C$/KW x 'car x n

On-board Flywheel TC = C$/KWH x Ecar x n

0ff-board TC = C$/KW x 'substations

where

IC = total capital investment
C$/KW capital cost per KW

C$/KWH = capital cost per KWH
I = maximum input power
E = maximum energy storage per car
n = number of cars

Operating costs were calculated in the same manner as capital investment

costs.

On-board Battery OC = OC$/KW x I x ncar
On-board Flywheel OC = OC$/KWH x E x ncar
Off-board OC = OC$/KW x 'substations
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where

OC = operating costs per year
OC$/KW = operating cost per KW
OC$/KWH = operating cost per KWH

The annual savings from implementation of an energy-storage system

are determined as follows:

S = (KWH/CM - KWH/CM ) x M x $/KWHbase test

where

S = $ savings/year
KWH/CM = KWH per car mile

base = usage without any energy-storage system
test = any of the energy-storage systems

M = system car miles per year
$/KWH = electric cost per KWH

The figures for KWH per car mile, both base and test, were taken from

Figure 5-8, Table 5 (timetable average).






