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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 (ROI) 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 1-1 and 1-2. Table 1-1 Tists 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.




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 factofs: capital
investment, annual operating costs, annual savings, inflation vrate, 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 techno]ogy; 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

/KW _$/KWH
SYSTEM HIGH LOW 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

$/KW /YEAR $/KWH /YEAR
SYSTEM HIGH LOW HIGH LOW
ON-BOARD FLYWHEEL 2.77 2.36 1565.40 143.99
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 IR




2.0 INTRODUCTION

Reusing the kinetic energy of trains in 1ight 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 practi¢a1 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 (ROI)
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 ROI.

Step 2 is accomplished using the energy management model which was
previously developed at the Rail Systems Center. A brief déscription
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



developed and computerized.

2.2 BACKGROUND ON ENERGY STORAGE 4

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. |

Thé 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 Switzer]and% 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 Timited more widespread acceptance of this
bus. |

Renewed interest in this type of vehicle stems from the dual
concefn wifh reducing pollution from fuel-burning vehicles and,
following the 1974 0il1 embargo, with developing alternative energy

sources.



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
desfgn 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:

KW =9.95 x 102 xa xvxw

wheel

- -8 2
KWHwhee1— 1.258 x 10°” x wx v

where

deceleration (MPHPS)
maximum speed (MPH)
weight of loaded car (1bs.)

a

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

is a Toss 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 Tine. 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

= 0.76 X waheel

Kwon—board
but the requirement for stored energy is

KWH = 0.76 x 0.87 x KWH

on-board wheel
since 13 percent of the power is lost in the flywheel motor, control and

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

Kwoff-board = 0.76 x 0.93 x wahee1 X n

where_n = number of cars per train
since Tine 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 KWH X n

wheel
 This process is illustrated in Figure 3-2.

The regenerative substation incurs power losses from the wheels to
the chopper as we}l as in the transmission of the power over the Tines.
Thefe'is Tess energy loss associated with the regenerative substation than
with either of the other two systems.

Kwat substation

= 0.76 x 0.93 Xwawheel X n

The numbers calculated in Table 3-1 are based on operation over Tevel
tangent traékif Further studies will have to be conducted for operations
‘1nv01ving 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, 1ightweight and suitable for under-car mounting.
Energy must be stored and supplied rapidly, efficiently, safely and in a
flexible manner at Tow 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 Study2

of 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 the train 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.



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

16
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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 fiywhee] 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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ENERGY PACK
Onboard Energy Storag for | Rapid ransit Vehacles _

AN IMMED!ATE ANSWER TO INTRA-CITY RAPID TRANSIT

RINIEY

IR

LTI |

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 flywhee! device rather
than losing it through heat in the brake resistors. Recovered
energy is then used for subsequent car acceleration.

FIGURE 3-6

ENERGY STORAGE SYSTEM

The Garrett Onboard Energy Storage System sponsored by
the U.S. Department of Transportation’s 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
&8 Self-contained regenerative braking on car
® Significant eneo;gy 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,
arid can move to next station in case of power blackout

5
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WHAT THE SYSTEM DOES
i recovers energy

generated by subway

car braking

The GARRETT Energy Storage System

2. 1t returns this energy
to the onboard storage
system

MOTOR — GENERATES
FLYWHEEL SPEED

CONTROL

21

3. Using this energy, augmented
by third rail electrical power,
the subway car moves to the
next station

ENERGY ENERGY
STeRAGE TRACTION STORAGE
FLYWHEEL RS 1
@ WitELs FLYWHEEL
e ~
TRACTION MOTOR ACTS R #
AS GENERATOR
DURING 851AK|NG GEAR
TRAIN
a Garretlt system effects 30% dolliar saving in total power consumption
= B0% saving in peak power (peak power required for acceleration irom station)
= System helps to reduce tunnel heat by transforming braking heat to energy
HOW THE SYSTEM WORKS
(D BASIC FLYWHEEL (@ apbvacuum @ CcoNNECT (& WHAT HAPPENS
CHAMBER ELECTRICAL DURING
DRIVE BRAKING
V>
t \ -
[\5/ | MOTOR ~ INCREASES
\ pe ! ELECTRICAL FLYWHEEL SPEED
N ] Tt MOTOR/GENERATOR e
s v CONTROL .’ CONTROL
SYSTEM SYSTEM
A TRACTION
R , WHEELS
TRACTION MOTOR ACTS ’NQ/ .
AS GENERATOR
DURING BRAKING
TRAIN
(®) WHAT HAPPENS
DURING
ACCELERATION
PROVIDES POWER
FOR TRACTION MOTORS
CONTROL
GARRETT ENERGY STORAGE MACHINE
. . - TRACTION
WHEELS
MOTOR
F-26329

FIGURE 3-7 THE GARRETT ENERGY STORAGE SYSTEM6
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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-boafd FESS 1is that only a chopper rated for
average power is required, instead of a chopper rated for peak power,kwhich
would be necessary if the energy was stored on the wayside. On the other
hand, because of space limitations on-board the vehicle, Tow 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 gyroscopfc 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. Thesé sources were a study done by
Garrett AiResearch Manufacturing Company of California’ or the Jet Propulsion
Laboratory, a report by the Charles Stark Draper Laboratory, Inc8 ahd a
study performed by General Electric Corporate Research and Deve]opment.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 basedkon 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 a]so true for the figures which appear in

the next section - Flywhee]'Operating Costs.



23

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 éystems. The motor and chopper unit, which
are costed on a KW basis, are less critical in ascertaining the costs,
due to the fact thaf 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 cosf, 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)
W

$ $/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 battéry 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.10

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)

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 Compariéon of On-Board Flywheel vs. On-Board Battery

It is quite apparent that the bn-board flywheel system is much
more economica] than an on-board battery system for both capital and
operating tosts. 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 é 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 is 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 Tikely
that one large FESS in the station would cost less than 40 FESS's on-board
the train due to économies 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.

Off-board energy storage, however, has several undesireable
characteristics. Because of its off-board location, for carvregenerated
energy to be absorbed, the line voltage must be allowed to rise substantially.
This 1iﬁe receptivity pkob]em can be minimized by installing an energy-
.storage unit at each substation, but this increasés 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.



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

29
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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 E1ectric1£nd a study of the
economic feasibility of energy storage flywheels by Rockwell Internationa]l,2
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 Targer
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 Roﬁkwe]] International/Space Diviéionlétudy referred to
in the previous section, a report by the Charles Stark Draper Laboratory, Incl.4
and a study by AiResearch Manufacturing Company of Ca]ifornia%s.ln 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 Targer units. The decreasing costs

per KWH are illustrated in Table 3-7 for each of the studies.



TABLE 3-6 CAPITAL COST PER KW FOR OFF-BOARD FLYWHEELS

1. GENERAL ELECTRIC

(April 1980 $'s)

1250 KM $660.65
2500 KW 367.03
3750 Ki 271.87
5000 KM 226.56
6250 KW 201.39
7500 K 186.47
8750 K 177.59
10000 KM 172.66

2. ROCKWELL INTERNATIONAL/SPACE DIVISION
(April 1980 $'s)

1000 KW ‘ $1,437.14
10000 KW : 256.88
15000 KW 212.45
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TABLE 3-7 CAPITAL COST PER KWH FOR OFF-BOARD FLYWHEELS

1. ROCKWELL INTERNATIONAL/SPACE DIVISION
(April 1980 $'s)

2400 KWH $303.74
8450 KWH ’ 258.81
18600 KwH 256.06
37200 KWH 255.69

2. CHARLES DRAPER LABORATORY
250 KWH 402.87

3. ARESEARCH MANUFACTURING COMPANY
7330 KWH 288.02



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
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300.
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O. : 5000, 12000,
' 3000. 2000, 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

Cs
400.+

340, +
320, 4+

280.+

o~
.t

10000. 30000. <0000, 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 0Off-board Batteries

1. Conceptual Design

This discussion of an off-board battery system is based on a study
conducted by weStinghouse E]ectrichorporation16 for the New York City
Transit Authbrity (NYCTA). There are several reasons why an off-board
battery energy-storage system has never been put into operation on a rapid
transit system. vFirst, a battery energy—storage system is incapable of
accepting a rapid influx of energy. Batteries are only able to accept energy
at a relatively slow charge rate. The system proposed by westinghouse for the
New Ybrk 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.



!

PEAK

DISCHARGE
L

///// DISCHARGE
\kA
/////‘k/4/’PERIODS

NN

! A ! ! \ | ! 1 1 1

4 8 12 16 20" 24

TIME OF DAY
(HOURS)

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 1ife would be expected to be Tow 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 rep]acing‘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. O0ff-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 Tab]e‘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 O0ff-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 récoverab]e energy) and its re]ative]yﬁshort life-time. The cost of
replacing the batteries every three yéars 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 appro<imately ten percent to the cost of a standard substation.
Additional maintenaﬁce costs of the reversible substation relative to the
unidirectional substation are not expectéd 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;shafed 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 enerqy
requirements. Thi; meahs 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 sys£em is illustrated in Figure 3-14.

The 1ow—vo1tége 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, 1ndiV1dua1]y 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
30o 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 modekoverrides. Under the constant-voltage
mode, if the DC voltage tries to 1ncréase 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 concerﬁ 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. Regenerative 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 Um’versity19 and a report by.Westinghouse Electric

20

Corporation®” 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 anaiysis was not current. A rare phenomena
has occurred in the electronics fie]d; 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 ué with revised indexes.

These are i]lustrated in Tables 3—112%nd 3—12.22



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

Determine capital cost
for implementation of
system.

(Use Table 3-13)

Calculate annual operating
cost.

ROI Model

FIGURE 3-15 BLOCK DIAGRAM OF PROCEDURE FOR DETERMINING
COST/EFFECTIVENESS OF REGENERATIVE SUBSTATION ENERGY-STORAGE SYSTEMS

44



62°29% (8°8L =1°86 X 2°08) 0861 Ltudy

w . .
M 8y €9$ (2°08) w61 "23q
89°0.$ (€£°68) 6961 “uep
§1°6.$  (00T) [961 @seg
19| dwex3
"X9pul MU 186 03 9{qel JO J|BY WO310Q UL JIA PaULSAp JO xapul sawty {z wou)) xapui Apdiyiny ¢
“91qel jo Jley doj ui a4nbL} xopul @fge|leAe 35e[ 03 3500 Jeek aseq ajepdn -z
“(£961 Adenuep) Jaeak 8seq 03 oeq 3500 [eulblao ajel T
:552004d BULMO[ |04 3yl asn “p/61 03 JoLJd S4e3aA 404 $3S00 Buirrepdn uaym
INOYIIVAY LON v N
YH VH Vi Y H YH oIt L a6 (AR LmRAs LT NA L7as §0h v noe6i
5766 §766 §°56 §°66 5766 G766 5056 Croh 666 GThh CU6h TGO £ 66 &L61L
6756 §°66 5756 766 5744 504 S uh G704 Lonh GRA RN SR A 961
5756 5766 C°66 . 6766 S5 6" 5h 9°0fiL  9T00L  9TnnL . Lnea 2L V0L 5726 Liet
STAGL . 27001 2U00L 2°00L LUK AT LUgh AR £ P L6 56 00 2761
vi L°56 PARY L7566 0T 0oL  NTNOL 0T00L 0taot i 0°0OL  DT00L ATl Lee ci6l
0° 001 Vi Vi YH Vi Y H L] v ¥H Y i CovH Vi Yint
334 AON 130 Ld3s 9Ny Ang anNnr AVH udy UYH 134 ny 9AY A
. NHY
KA Isve ‘0o WODLTL ‘BPOLD UDLVIO8N  Y0LEBLLL  Tdd
3T0YTIVAY LON V¥N
z 00 2°00 2709 Q9L 28 90y 90/ Y, LTl Lrod Y] LT 9L 00/ (YAt
9 L ARy v Y ARY vy by ALY ALY vohy LAY AR Y) bR Y] YAk £201
ALY 90 YAy ARY! vy tAL VR AR Y) YY) (ALY, ALY ALY gl AR Y 2ieL
vy ‘ALY IARY 2751 0z PNt /704 nT a0 LT06 0 0n 8704 0 0s 2750 Laet
LT06 2706 AL A T L7006 LG LT06 PRI L7106 £ 6D 768 £ an Y04 0201
£ 690 €60 £°60 £°60 £re8 £ 00 £ 60 £ran €40 T A T A £°60 6961
£°60 £°60 €60 £76n €69 £ 60 760 £ 60 €69 £760 £ 6N £ 60 60 0961
£ 60 £°69 £°60 £°60 LTEOL ZTEOL 2S00 RTROL wtenl 270DV ZTw0L £7e0L 000l 1961
790U £°/0L 0 LT80L ETO0L 0'€2L 0'R2L 2TEZL 2te2L o vTeYL wteuL TewL SUesL €020 9961
L6501 yH N N N W v Vi vh Wi v N v £o61
339 AON 100 1das any Ane eI AYH udy By GEF] Ny r 0py vA
: HHY
e o= L9614 ISYO ’ b ] uw_.».—uua,,h P?YJ043IV0D COu*d*m 299082144 1dd

SHOLSTYAHL Y04 X3IANI NOISYIANOD TI-¢ 3F14vl



46

9T‘v$ (v°8L = L°€8 X £'6) 0861 LLddy
2 v$  (1°€8) €461 "3dss
18"¥$ (5°06) 696L  ‘uep
1e°6§  (o01) L1961 °seg
:9dwex]
R 8 01 3L O L ot oun s Xoput 51aeL tone 08| 05 3500 ook o5eq S3endy -5

*(,96T Adenuep) Jeak aseq 03 »}0eq 3S00 [eulbrao ajel T

:559004d BULMO[ 104 Byl “p/6T 01 JoLuad saeal a0} s3502 Buljepdn uaym

INGYIIVAY 10N ¥

L Vi Vil a vH vH £Th6 §UYe €96 £ 6 96 v ngal
04 PREY S 66 Y G hh § 66 S 64 GTRS L LG4 566 8UR6 AT
ST 66 S 66 § 66 G hG G AL a G R S R ¢ o " 6h 0761
566 566 <66 ST 66 Y000 YRl YUnoL YTO0L etnnp e vO0L LTonL 1161 .
YTa0L %7000 YT00L 9T00L 9TO0L ST00L §°06 A 64 L7 0A A7 A4 6 6A 6746 Q61
0" 66 0°66 0" 66 0°66 0°66° 066 a ¥ AN [SENY SN Vi GLAY
07001 Vil Vi VH M VM VH YN Vit \VH VH VI $.i61
139 AON £20 1435 any Ane annr Udy UVH 034 Ny £ DAY A
: HNY
TN 1KY Isva e U0d L1 1s “aporp yeubis  ZolgRLLl Tdd
II0VIIVAY LON  wN
v v il v Vil v v v vt v Vil v witl
vH vh Vi L*E0 LRy L* 60 LUE0 LU LTen ] LeEn v £261
LoED LTE0 LTED L*€0 Lege LesQ LUEn Lren LTEg LD LTge LUE0 2001
160 LT €0 LTEn L°g0 L7860 604 Y, £ 9 ) Y 5 g2 064 Lot
904 610 S0 €10 9ra0 L* 60 IS "0 GT06 . §T06 5 04 6" 50 0461
Ghe $° 06 5006 £ 06 £°04 §U06 506 G 06 500 £ 06 5706 D) 6961
6T £°06 G 06 5°06 016 0 La 0L LA

LA "t 9726 L 941 .
0794 096 57001 001 G NNt 57004 70010 U000 004 $Ti0L L0 PTEOL a ot 1901

¢rLoL (AR 41" L6l LoLst L7751 §°LS1 27061 G081 97064 87054 87051 LRSS TH64 P61

$° 061 v v vH yh 12 Rl Y Wi VN Vi v vh So61
J3¢ AOM 120 Ld3s any Ane annre AVH Hdvy 1V H N34 nyr oy HA
. .’ HNY
2961 Isva ’ ‘na

PPOLP UG LTS 29400441 Tdd

30010 ¥04 X3ANI NOISYIANOD 2I-€ ITavl




47

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 peréent 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 '
v . (April 1980 $'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/KuW




48

Table 3-13 1ists costs per KW for both studies.

TABLE 3-13 CAPITAL COST PER KW FOR REGENERATIVE SUBSTATIONS

(April 1980 $'s)
$102.04

*

1. Transportation Research Institute Report

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 Company?3 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

(April 1980 $'s)
1. General Electric 3 .98/KW

*"Energy Conservation in Three Electric Powered Transportation Systems",
R.A. Uher, S.N. 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 waysfde), 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- [E1+X2) (1+X1
1+R

]

F(x)=(1+R)-S/P |1_ Enxz) (1+X1)

c(J)/p

where

1+R

(1+x2]] JFINT (W/9)
« | 1- [(1+R;l

a
J-1

[( 1+X2) 1 J
1- {1+R )

Initial Cost of System
Savings Per Year

Return on Investment (ROI)
Cost Incurred in "J'th" Year
Energy Escalator

Inflation Escalator

Life of Investment

Year Cost Occurs

F(x)= 0
INT(N/J)= Integer Part of N/J

* [ (1+X2) |
(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 (X1) 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 feéture of this model is its capability to handle more than
one cost. The équation 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.



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 statioh
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 Performance Simulator (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 1bs. was taken at 50.0 tons. This was the assumed 100%

51
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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 sl{ght1y 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 Figufe 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

1

4
(GE) Type 1255 Al

= Chopper (For Regeneration)

3.0 MPHPS
28 in.
4.79

75 MPH

56
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Speed {MPH)
And Efficiency
With Gears (%)

Eff. FS-1

! R | ] [ I
0 100 200 300 400 500 600

Current (Amperes)

FIGURE 5-3 GE 1255- A1 MOTOR CURVES

|
700

57



58

T04.LNOJ d3ddOHI -- d¥J 0J1lvd ¥0d
140443 JATLIVYL ONY 033dS SA AINIIJIH43 NOISINdOdd b-G 34N9Id

(Hdk) @34dS

08 0/ 09 09 th 0S 4 0T 0
e “ “ t i . 3 ; “ 0
+ 1°0
Z [ ]
Led 140443 JATLOVYL WAWIXYW = W] 12720
IV QYIHL 1Y LNdNI ¥3MOd +¢'0
= ADN3IDT443
W S'Q STIIHM LY LNdLNO ¥3MOd Lo
—+ G0
+9'0
+ /0
W[ Q.Hl//I/IIIIIIIIIllIII 4
+ 6'0
A O.._..

AINA1I1443




59

(HdW) @33ds

V] uL 09 0$ o 0t 02 0l

(HdW) 033dS

q 0z ol
t 1 1 1 ] O.m 1 1

- 00§
- 0001
|- 0051
0002
- 0052
|- 000€
- 00S€

— 000V

(S97) HOLOW ¥3d 140443 ONIAVYE vo1ylo33

- 00SY

(NO AT 1))
3ANND BOLOW 314 365 —

(NO ATTNE 1)
3AYND HOLOW @I31d TN4

-~ 005

-0001

- 0051

F- 0002

~005¢

|- 000¢

(SH7) dOLOW ¥3d L¥0d443 3AILIVHL

|- 005€

— 000V

AHdOSOTIHd T0YLINOD ¥3ddOHO §-§ 3dN3Id

30010 HO1STYAHL
INITIIHM  QILYLNKAOD mmgh<zx< WOL10¥dYI H01Y3Y wouovay 0134
3384 430804 010K 31714 YOLOW ETR ¥010W
@ M W U W
T™ — —_
W 41
a4 134

134 40 01.vYy 3WIL 440/NO A8 QIAIIHIV S1 J0YLNOD 174 30 olivy 3WIL 440/NO A8 GIAIIHIV SI 1041NOD

—(

== O
h ¥ W (i, E] 'R
3971104 INTT<SITY3S N1 SHOLOM Z 40 FIVLI0A HOLOM 'T
ﬁ///; P . (ONIIVEE IATLVYINIOTN) NOLLVYNOTANOD WILSAS NOISINdOHd
A LT O™
1T kd Y1

J9VL70A INIT>SITHIS NI SYOLOW Z 40 3VLT0A ¥OLOW ¢

NO ATINS S1 |)4-SY ONIAWVA A€ QIAIIHIV Si 104.LNOD 174 40 Olivd 3WIL 440/NO A€ Q3AIIHOV S1 TOULINOD

> Oo—0

(M4 H ==

< —orwwro
L1 14 LN
Z amEd mnd T

(43M0d) NOILV¥NYIINGD WILSAS NOISINGOYd

314 Q3ILNNHS




Braking Operation

1. At high speed when the combined voltage of the two series motors
is higher than 1ine 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 Tine 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 lTow 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 e]ectricai network used in this study is shown
in Figure 56 . The nominal DC distribution voltage on the third rail is
700 volts.

Power 1is purchased from three utilities at high voltage, three phase

AC. The metering points are:

1. Philadelphia Electric Co. at the Front Stfeet Substation (13.8kV).

60

2. Public Service E]ectric and Gas Co. at Westmont Substation (26.4kV).

3. Atlantic Electric Co. at Lindenwold Substation (26.4kV).



STATION
16 St.
13 St.

9 St.

8 St.
City Hall .
Broadway
Ferry Ave.
Co111hgswood
Wéstmont
Haddonfield
Ashland
Lindenwold

TABLE 5-3

STATION LOCATION AND DWELL TIMES

. MILEPOST

0.

— ot

19

0.47
0.76 -
1.12
3.47

3.
5
7
8
9

72

.88

/.49
3.54
A1
2.60
4.

39 .

. DWELL TIMES (seconds)

0.

| 20.
20.
20.
20.
20.
20.
20.
20.
20.
20,
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 Figdre 5-6, the metering points

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

There are ten rectifier substations in the distributiqn system,
designated by (S30-S39) in the nodal diagram wfth 2 - 1500KW rectifiers in
each station, which feed the third réi].

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 é per unit base of 3MVA. ,

The PATCO timetable was ana]yéed along with PATCO's quotation of peak,
daily and yeér]y:estimate of passengers. Although there was no data
avai]abTe=on:actuaf'paséehger f]ow'raﬁesfbefween statibﬁs,‘an estimate was
made on a cohfiguratioh of trqins and passenger load factors wﬁich might
typica]]y_}epresent the "average"-tréin and load factor‘makeup‘during the
week. These trains and'associated load factors are shown in Tab]e_5—4;
These were the Basis for'the.énérgy management study on regene}ationi

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 héve cam—cdntro]]ed 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 fhis propu]sion‘scheme.
A1l regeneration configurafions were run using the hypothetical chopper

control described in Section 5.7.
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TABLE 5-4

TYPICAL POINTS USED IN SIMULATION OF PATCO OPERATION

Hours of Operation in Mode

Train Headway

Number of Cars | Passenger Load . Weekdays | Saturdays &
in Consist Factor (%) (Minutes) (Hours) Sundays
6 - 95 5 4 --
6 95 7.5 4 -
2 .30 10 8 12
1 50 8 12

10
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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 chobper 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 jf the line
voltage at that ﬁrain 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. Regeneratlon with Natural Receptivity - Regeneration Attempted
Every Brake Cycle

Regeneration on a givenktrainfis shut down if‘the 1ine voltage
at the train is 10% above nominal. Regeneration is not atﬁempted
again until the next braking cycle. This is typica]yof thé operatibn
of the BART rail system. | ,
4, Regenerationiwith Assured Receptivity - Wayside Enekgy:Storage Devices
Receptivity of regenérated energy is assured by providingf
wayside storage‘QeQices in each substation rather than aboard the cars.
The input and output efficiencies of the sforagé device were set at
0.87. -
5. Regeneration with Assured Receptivity - Regenerative Substations
Assured receptivity is provided by allowing a]]yeﬁergy to be
fed back thfough 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 Re;eptivity - Onboard ‘Energy Stbrage

| Receptivity is assured by placing generic storage devices
onboard éach vehicle. The input and output efficiencies of the
storage devices and its contro]lequipment were both set at 0.87.
It is assumed to weigh 10% of the empty car. This is the effective
weight of the flywheel storagé 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 thé simﬁ]ations which were completed using the energy
management mode]l 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 héadway. Thus, for a
5 mihuteiheadway, 60 snapshots were taken and for the 10 minute headway,
120 snapshots were taken.

2. Except for the céée of on-board and off-board storagé, the system
as set up repeats itself, so that only the headWay time interval need be
simulated.

3. In the case of -on-board and off-board storage, if the storage
dévices are precharggd with energy such that

a. For the on-=board storége case the eastbound.train initially has

the stored energy of the westbound train after its run is comp]ete’

and visa-versa, and

b. Fof 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 cyc]ic.and»only one headway time interval need be
considered. (Two train performande and Toadflow runs must be made;
however, the first of which is to determine the fnitia] storage energy.)

4. The metered energy consumption is the summation of all energy at4
all of the three metering points on the network. This energy contains
third rail, running rail, substation and transmission losses. The sum of
these 105sesfﬁs also shown. Because of the convergence used for the
1oadf1ow ca]cu]at1on the losses are expected to be accurate to w1th1n
[V o |
o 5i‘ De11vered energy is that energy used by the veh1c1es for traction
and. aux111ar1es These remain the same un]ess the weight of the car or
train cons1st s1ze 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, thelDC;network cannot accept the energy regeneration &111 be
shut down. This is determined by placing an upper Timit on the third‘rail
voltage of 10% above nom1na1 ‘

Figure 5-7 prov1des a summary of the resu]ts of the ana]ys1s of all
regeneration strateg1es in the four modes of operat1on p]us the "average“
operation. The "average is obtained by determ1n1ng how many car—m11es are
accumulated in each mode and by us1ng these as a we1ght1ng factor to sum the
KWHPCM shown in the f1gure | |

The fo110w1ng remarks refer to F1gure 5-7: |

1. Energy savings obtained by natural receptinity 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 per;ent. The reason for this is eaSi]y seen since
even with a five-minute headway, the intertrain spacing would be twice
the average substation spacing. B |

2. Assured receptivity can save from 28-32% of the total energy for
the traction vehicles. Ofﬁboard stbrage will range closer to 28% while
regeheratioh substations wiTT Be nearly 32%. The difference of 4%
represént the additional in/out losses of that energy going into storage
vs. that pass1ng through the substat1on

3. On board storage of energy is not as good as off board assured
recept1v1ty under these cond1t1ons since a savings of only about 25%
would be rea11zed. Increasing the weight of the veh1c1e to accomodate
storage’works agains the energy sav1ngs.

Tabfe 5-7 §hows the energy éhd power requirementé of the off-board
storage dev1ces if all energy sent to the devices were to be accepted and
stored by them |

Energy and power requ1rements of an on-board energy storage device
for a PATCO car are as fo]]ows: maximum power input of 1060 KW/car and

maximum energy storage of 3.34 KWH/car.

5.3 TEST RUN OF RETURN ON INVESTMENT MODEL USING PATCO

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

the PATCO LindehWola L{ne:to compare thé five éhérgy;stokage methods studies

71

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 lTowest capital and operating cdsts, 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) Qutput (KW)
B 19.8(2) 6890(2) ' 5680(2)
E 19.1(1) 5510(1) 6060(1)
H - 24.9(2) 4110(2) 3940(2)
I ‘ o 9.6(1) 3380(2) ~ 3860(1)
J 15.5(2) 3970(2)  3010(2)
K 24.9(2) 6270(2) | 5830(2)
L 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. A11 conclusions of this analysis are
based on the higher, more conservative figures. A]so,'each(table reports'
a ROI for’both;thirtyvand,twenty-year operating periods, with the twenty
yeartfjgdre being,“the’morevconservatire of the two. |

‘ftAn‘enErgy'escalator of thirteen percent and a general inflation
escalator of ten percent are used in cost analysis for a]]vfive of the
energy- storage systems . ,

On the bas1s of Tab]e 5- 8 and a twenty year ROI, the on-board and"
off board energy storage systems are e11m1nated as potent1a1 a]ternat1ves for
PATCO. Of the three remaining alternatives, the regenerative substation
produces the highest return on investment, 23 percent. This is a'very
respectable ROI 1nsp1te of the fact that very conservative f1gures were
used The same ho1ds true for the off board f1ywhee1 which had a ROI of
approx1mate]y 15 percent

If the most opt1m1st1c figures were. used (Tab1e 5- 9 and a th1rty year
ROI), the or- board f]ywhee1 system wou]d prov1de a ROI of over 35 percent
This should not be considered an unobtainable figure. It is quite 1ike1yk
a ROI- of -over 35 percent cou1d be ach1eved however, it should not be used

in the dec1s1on and ana1ys1s process due to the rule of conservat1sm
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300

270
260

180

APPENDIX A
ROI COMPUTER MODEL

DIMENSION C(100)
FORMAT (~ ENTER CAPITAL INVESTMENT: ‘)

FORMAT ENTER SAVINGS/YEAR:’)

FORMAT (~ ENTER ENERGY ESCALATOR:’)

FORMAT (~ ENTER INFLATION ESCALATOR:’)

FORMAT (' ENTER INVESTMENT PERIODS:’)

FORMAT (~ ENTER COST INCURRED EVERY JTH YEAR; TYPE J:’)
FORMAT (~ RETURN ON INVESTMENT =’ F10.4)

FORMAT (~’ ENTER COST FOR EVERY “,12,° TH YEAR:')

FORMAT (F10.0)

FORMAT(I2)

WRITE (2,50)

READ (5,110)N

WRITE (2, 10)

READ (5,100)P

WRITE (2,20)

READ (5,100)S

WRITE (2,30)

READ (5, 100)X1

WRITE (2.40)

READ (5, 100)X2

WRITE (2,60)

READ (5,110)J

IF (J.EQ.0) GO TO 310

WRITE (2,90)J

READ (5,100)D

c(J)=D

GO TO 300

CALL NWTN(P,S,C,X1.X2.N.R)

WRITE (2,70)R

sSTOP

END

SUBROUTINE NWTN(P,S,C,X1,X2,N,R)

DIMENSION C(100) :

I1=1

X=_001

DX=.§

CALL PVF(X,Y,S.P,C,X1,X2,N)

IF(Y.GT.0.) DX=-.5

X=X+DX

CALL PVF(X.Y1,5,P,C,X1,X2,N)

Y2=Y Y

Y=Y{

I1=T1+1

IF (I1.GT.300) GO 71O 270

IF (Y2.GT.0.) GO TO 200

DX=-DX/2.00001

IF (ABS(DX).LE..O0001) GO TO 260

GOTO 200

STOP ‘LACK OF CONVERGENCE’

R=X

RETURN

END

SUBROUTINE PVF(X,Y,5,P,C,X1,X2,N)

DIMENSION C(100)

F=(14X)-(S/P)* (1= ((1+X1)*(1+X2) /(14X ) )**N)/( 1-
*(1+X1)*(1+X2)/(1+X))

G=0.

Do 180 J=1,N

IF(C(JU).E0.0.) GO TD 180

G=G+(C(J)/P)*(1-((1+X2) /(14X ) )+ (U*INT(N/U+.001
*}))/ (- (((1+X2)/(1+X) ) x%J))
A ((1+X2)/(14X)*+*»(J-1))

CONTINUE

Y=G+F

RETURN

END
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APPENDIX B
COST UPDATING

The updating process is relatively easy to accomplish. The first step
of this process is to determine the year to which the costs are applicable.
For costs priof to January 1979, a biennial pubTication 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 dgtermihe the
appropriate category which the energy storagé system falls under, SUCh as:
"Electrical Machinery and Equipmentf 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 fhe cost to be updated. The function of the index is to bring the
"o1d" initial cost back to 1967 prices (the base year) and then to current
prices. The following example of a flywheel system, in Jandary 1975 dollars,
being brought up to date, showé 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 (Bage 100) figurés, to bring it
up to April 1980 dollars.
$703,838 : 1.987 = $1,398,526 A
By following this process, a fair comparison can be made regarding the

costs and savings of each system.

B-1
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COMMODITY PRICES--WHOLESALE PRICES--Con.

U.S. DEPARTMENT OF LABOR INDEXES !

’
Industnal commoditios ©

1947-1976

w‘;'é?f,f:,;ﬂgt, Machinery and equipment Metals and metal products Nonmetallic mineral products
JERRID U JE - |
YEAR AND ;
MONTH Metal- Ctay v
. cnﬁtgl::;nl s(’r?nz:i;)n Electrical working Noinf . . p'OdUC“" c i G
machinery @ machinery 4 Heanng fron and onferrous | 4 structural, oncrete | Y ESUm
Total * Lumber Total 4 mac::‘lgevy ma(;r:‘l(r}erv and and foral equipment steel metals Total excluding | products i products
equipment] o u;pmunVl equipment equip P retrac i
g 4 ) el [ tones b |
| | N B
1967 100
y - e e ], R
734 s 53.7 533 44.0 62.2 46.0 54.9 84.9 513 891 66.3 62.3 713 [ 703
84.0 812 58.2 59.7 49.8 651 495 625 90.1 59.6 65.4 7186 67.1 747 ¢ 76.8
77 74.3 610 - 638 53.0 66.8 51.9 63.0 92.2 60.5 61.0 735 69.0 6.4 76.1
89.3 86.6 63.1 65.2 54.5 68.9 58.1 66.3 935 646 64.4 75.4 72.1 78.2 77.8
97.2 937 705 708 60.5 789 616 738 1020 704 76.8 80.1 780 833 874
94.4 91.3 70.6 711 61.4 778 62.6 739 101.3 71.2 76.3 80.1 77.8 83.4 875
94.3 905 722 721 632 80.0 635 76.3 102.3 75.0 77.3 833 79.2 855 90.1
92.6 889 734 720 64.4 816 64.5 76.9 101.8 76.0 768 856.1 805 871 80.9
97.1 945 75.7. 728 67.0 829 679" 82.1 1025 80.3 88.3 87.5 83.8 88.0 909
985 " 965 818 75.2 7286 895 743 89.2 105.9 88.4 96.5 913 881 911 94.6
935 809 876 78.7 7182 96.4 788 91.0 108.4 95.0 85.0 948 89.4 936 946
92.4 895 89.4 819 81.2 984 80.8 904 107.4 96.4 79.0 95.8 80.1 948 98.2
98.8 896.4 913 845 84.1 998 82.7 923 107.9 98.3 84.2 97.0 92.2 86.1 I 99.0
895.3 92.1 920 86.1 85.9 995 85.1 924 1058 971 858 97.2 937 972 | 99.1
91.0 87.4 919 877 87.3 98.2 859 918 101.8 87.2 83.0 976 94.2 91.2 101.0
816 [}, 89.0 92,0 895 875 96.7 87.3 912 100.5 95.8 82.1 97.6 95.0 97.3 102.1
935 912 82.2 90.8° 89.0 95.7 876 913 100.2 95.7 82.0 97.1 95.5 96.5 102.5
954 929 92.8 922 91.2 85.1 893 938 99.2 97.0 87.6 97.3 95.8 95.7 106.3
958 940 . 939 94.0 93.6 851 91.8 96.4 98.9 ‘978 95.3 97.5 86.6 96.3 101.2
100.2 1001 96.8 96.8 96.5 © 972 96.0 98.8 99.8 98.7 100.0 98.4 98.2 az7.7 S9.6
100.0 1000 100.0 100.0 100.0 100.0 100.0 100.0 100.0 « 100.0 100.0 100.0 1060.0 100.0 100.0
113.3 1174 103.2 1039 105.7 1013 104.0 102.6 102.7 101.9 1035 103.7 102.6 102.6 103.6
1253 1316 108.5 108.5 1104 102.9 108.0 108.5 105.4 107.0 1135 107.7 . 106.2 106.5 103.6
1136 137 1114 1132 1159 i06.4 141 116.6 110.6 1151 124.7 1129 109.9 122 99.7
127.0 1355 1155 1172 1214 109.5 117.3 119.0 1155 1218 116.0 1224 114.2 120.6 1068
1443 159.4 1179 122.3 125.7 1104 120.2 1235 118.2 128.4 116.9 126.1 1173 125.6 1147
1772 205.2 A21.7 1259 130.7 1124 125658 1328 120.4 136.2 135.0 130.2 123.3 1317 120.9
183.8 2071 1394 1438 152.3 125.0 146.9 79 135.0 178.6 187.1 163.2 135.2 151.7 137.6
176.9 1925 1614 168.6 185.2 140.7 171.6 185.6 150.7 2009 1716 174.0 151.2 170.5 144.0
: 2056 2330 171.0 1830 1989 -146.7 1827 1959 158.0 2159 181.6 186.3 1635, 180.1 154.4
1923 January . ... 151.0 169.0 1189 1236 126.6 1109 121.8 125.6 1188 131.94 179 128.2 1203 1285 117.4
February ., 161.0 1823 1184 124.4 1274 i11.0 1225 1269 11€.2 133.0 121.0 128.4 +121.5 128.9 1158
MM?h PN 173.2 195.8 1200 1247 128.6 111.3 1234 128.2 1195 1333 128.3 129.0 122.2 1296 1181
April . 182.0 2072 1208 124.7 1304 1MLz 1245 130.5 1205 134.0 1314 130.0 1230 1308 1196
May . 186.9 2154 1218 125.0 1309 1123 125.2 131.7 1202 135.3 133.2 1305 1236 1315 1204
dune ., 183.1 2148 1219 125.4 1313 1127, 125.6 1325 120.7 135.9 135.1 1311 1238 1323 1241
July . 1778 209.6 1220 125.5 1313 1127 1258 132.8 120.9 136.9 135.9 130.0 123.8 1323 1229
August, 1788 2108 1223 1255 1314 127 125.8 133.7 120.7 136.0 137.9 130.0 1239 | 1323 1225
Septembe 1819 2169 1226 125.6 131.4 1128 126.6 1344 120.7 i 136.5 1385 1299 1239 132.5 122.0
October 1680.3 21486 123 1278 1325 113.0 1275 - 1359 1208 138.6 140.7 1309 1246 1336 122.4
November 184.7 211 1238 128.9 1327 1133 128.0 1385 1211 1416 144.9 1315 12486 1341 122.0
December 186.1 2148 1246 129.4 134.1 114.0 128.9 14186 121.6 142.4 165.6 132.6 124.8 134.5 1233
1974 January . ... 183.7 ||’ 2133 1260 1308 135.6 1151 131.2 145.0 1229 1447 161.1. 138.7 127.2 139.8 1279
February | 184.1 2126 127.0 131.2 137.0 115.7 1321 148.0 1237 148.9 165.0 142.1 128.3 1423 130.0
191.3 o4 120.0 132.6 138.6 1169 1343 154.7 1244 157.7 176.3 1442 130.8 1447 129.6
200.2 2308 1308 1334 140.1 1186 136:6 181.2 1215 164.8 186.5 146.7 1315 145.3 1327
198.0 213 1341 1378 145.1 120.6 140.9 168.7 130.0 169.1 200.4 150.7 132.7 147.7 | 133.3
192.2 220.2 137.2 1411 1489 1234 1446 174.0 1327 1779 200.5 152.3 1342 1499 137.6
duly ... 188.6 2142 140.3 1438 151.4 126.3 149.3 180.3 1371 190.4 198.4 156.4 135.2 155.2 138.8
August. . ... 183.7 206.7 1443 147.9 161.3 1285 152.7 185.6 140.0 195.7 200.4 157.6 137.3 156.4 1429
September 180.4 199.6 1468 152.0 1634 1304 156.1 187.1 141.4 198.1 197.0 159.8 138.2 1571 145.7
October 169.4 183.6 150.0 155.0 167.0 1324 159.9 186.9 1450 199.0 190.8 162.2 141.2 159.5 1446
November 165.8 178.1 152.7 159.7° 169.0 1354 161.9 186.7 147.0 199.7 187.2 163.4 <1412 160.4 1438
December 185.4 177.2 154.0 160.3 1700 136.5 163.0 184.6 148.5 196.7 181.8 164.3 143.2 161.8 1443
1876: Jenuary .. .. 164.7 1765 156.6 163.6 1773 138.1 164.9 185.5 148.3 199.4 1788 168.5 145.4 167.1 143.7
February . .. 168.3 1813 162.7 164 4 180.4 138.7 167.1 186.3 149.0 200.5 176.1 170.3 146.8 168.1 1437
March .. 169.6 182.3 158.8 186.0 182.0 139.1 168.8 186.1 1495 200.6 1739 170.8 146.8 169.0 145.8
Aprit . 1748 189.3 159.7 166.7 1838 139.5 169.6 185.7 149.8 201.1 172.2 1730 148.7 169.9 144.0
May .. 183.0 200.7 160.4 167.5 184.0 140.1 170.2 185.1 150.2 200.6 1711 173.4 149.2 1700 1435
June 1810 199.7 161.0 1678 1844 1404 L YAR:] 184.5 1505 199.4 169.1 1733 151.0 170.3 1434
duly ..o 179.6 196.8 161.7 168.5 184.9 140.8 172.7 183.4 160.2 197.3 167.7 174.7 151.3 171.2 140.8
August . 179.7 1978 162.2 168.9 1854 140.9 173.0 184.3 150.3 198.4 169.3 175.8 1523 171.3 143.2
Septamber 1799 196.6 163.1 169.2 187.5 1418 173.1 185.8 150.3 200.4 170.8 176.1 154.0 1m.2 1438
October 179.1 196.0 164.1 1713 188.6 142.3 175.1 187.2 151.9 204.7 170.7 1771 156.8 172.3 145.2
Novemnbe: 178.3 1831 165.3 1742 191.2 1431 176.3 187.0 152.9 2041 1701 177.7 156.3 1726 146.9
December 183.1 2002 165.8 1751 1925 1431 1769 187.1 155.2 204.3 169.4 178.0 156.3 1731 144.3
1976: Jenuary .. .. 190.7 210.2 1671 177.0 193.4 144.2 178.2 187.8 155.4 206.1 169.0 181.2 169.0 177.6 150.2
February ... 196.3 2195 167.8 178.0 1945 144.7 178.6 189.2 155.3 209.7 169.7 181.5 160.2 178.2 148.4
.. 2025 2304 168.4 1793 195.0 145.0 179.3 190.7 165.1 2114 171.7 182.7 160.6 18.1 150.4
2033 230.4 169.2 1799 195.3 145.3 180.5 193.0 166.8 213.3 1717 185.4 161.3 178.4 150.9
2024 2273 169.6 181.% 196.4 1455 1814 1942 156.8 2133 181.6 186.0 161.7 179.4 153.7
188.9 2242 1704 182.1 197.8 146.0 1821 196.6 187.0 2182 183.1 186.3 162.1 179.5 1635
203.7 2312 171.2 182.9 199.9 146.4 1826 198.9 158.4 2201 187.2 187.3 163.1 181.0 163.4
2075 236.2 171.6 1838 200.6 146.7 183.7 199.5 159.3 2198 187.8 188.0 164.9 1814 155.1
2128 2443 1728 185.6 201.0 148.2 184.4 2001 160.3 218.8 189.9 188.6 166.1 181.2 157.6
213.6 245.6 174.0 186.3 202.7 149.2 185.8 200.0 160.1 2188 188.4 189.4 166.2 1814 159.1
2143 2443 1745 188.8 2045 1495 187.3 200.1 160.9 2189 187.5 189.5 168.2 182.4 160.1
220.0 252.1 175.4 180.6 205.8 150.0 188.7 2009 161.8 2226 185.1 189.6 168.8 183.0 160.1
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U.S. DEPARTMENT OF LABOR INDEXES !

Industriat commodities 2

_1947-1976

Chemicals and altied products Fuels and related products, and power Furniture and household durables Hides, skins, inather, and related products -
N i S T o . e e g
YEAR AND ]
MONTH
Chem- | Drugs and Fa Appli- . Home N
icals, pharma- :Fats Prepared 4 Electric Gas Petroleum ances Furniture, electronic Hides
indus- N and oils, , Total Cual s s | products, | Total ¢ . house- o Total ¢ || Footwear and Leather
‘(rials ::I‘:"] inedible paint power fuels refined h:::l‘; hold :‘::l'p‘ skins
1967 = 100
1947 ... ... 82.1 1198 260.6 706 769 69.1 74.2 77.0 1026 68.7 124.2 833 633 1708 97.8
87.2 1149 2368 718 905 833 828 81.6 107.5 74.0 129.2 B4.2 67.6 159.8 93.2
79.9 106.5 1155 726 86.2 83.1 814 829 1069 730 1337 799 66.7 138.1 86.3
840 . 105.2 140.3 712 87.1 8313 85.1 84.7 107.6 75.6 1249 86.3 70.2 161.4 989
1002 i . 1088 1814 78.4 903 85.1 81.8 91.8 1140 837 119.9 98.1 80.1 186.2 116.3
95.6 105.2 102.2 791 90.1 85.4 90.6 20.1 1134 81.2 119.7 80.1 74.0 98.6 82.7
976 105.7 107.6 79.7 92.6 88.5 826 91.9 1145 818 | ....... 81.3 737 106.8 86.3
‘9786 106.8 118.0 809 91.3 83.4 90.2 829 115.7 816 ....... 776 737 86.5 788
982 | - 1056 1156 821 91.2 a@3].......F.....- 92.0 933 1129 81.8 120.0 773 74.0 88.8 78.2
1008 104.8 1148 86.0 24.0 89.8 e 872 958 1114 85.8 120.1 819 8.7 92.6 844
1026 | - 108.2 126.3 906 99.1 97.6 1041 98.3 114 88.0 1218 82.0 739 86.5 833
102.6 106.9 1279 919 95.3 96.5 599.7 576.1 94.9 9.1 110.6 884 1217 82.9 80.5 90.0 853
102.9 106.1 1167 ag 953 96.2 1001 829 944 99.3 110.6 89.2 18.7 94.2 854 1420 1034
103.2 108.6 100.2 921 96.1 95.6 101.2 872 955 8.0 102.5 80.0 117.8 90.8 87.6 106.7 938
101.0 104.6 107.6 948 97.2 946 1017 88.7 97.2 98.4 105.5 21.1 154 91.7 88.0 1145 96.1
98.9 102.1 938 95.0 86.7 937 102.1 89.2 96.1 97.7 104.2 919 110.3 92.7. 889 2.7, 984
97.3 101.2 98.8 95.0 96.3 938 101.3 91.8 95.1 7.0 101.8 92.6 107.3 80.0 887 89.2 924
96.7 1014 19.1 95.8 93.7 938 100.4 90.7 80.7 974 101.2 93.3 105.6 90.3 889 929 93.3
975 100.4 1386 96.4 95.5 934 100.1 928 938 96.9 98.9 94.1 103.1 94.3 90.7 1180 98.0
983 100.5 126.4 877 97.8 955 99.6 96.7 974 98.0 98.8 96.6 101.2 1034 96.8 1495 1098
100.0 1000 1000 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
101.0 99.3 909 104.8 28.9 103.7 1009 927 98.1 102.8 1018 103.9 88.1 103.2 104.8 108.1 1021
100.3 9099 109.1 109.1 1008 1126 101.8 93.3 99.6 104.9 102.9 108.4 84.6 108.9 109.5 124.1 108.7
1008 | 1012 1328 1124 106.2 150.3 105.9 103.6 1011 107.6 106.3 117 933 1103 1133 104.2 107.7
102.0 1024 1336 115.6 114.2 181.8 113.6 108.0 106.8 109.9 1072 114.8 938 114.0 116.8 1151 1125
101.2 103.0 1158 118.0 118.6 1938 1215 14.1 108.9 114 107.8 112.3 82.7 1313 1245 2137 1403
1034 104.3 228.3 1222 1343 2181 128.3 126.7 128.7 115.2 108,56 1230 1.9 143.1 130.5 2539, 160.1
151.7 T1127 338.2 145.7 208.3 3324 1631 162.2 2234 127.8 1179 136.6 93.1 145.1 140.0 195.0 1543
2069 126.6 256.2 166.9 245.1 385.8 1934 2167 2675 139.7 132.3 146.3 935 148.5 147.8 1745 1515
2183 134.0 2499 174.4 265.6 368.7 2076 286.8 276.6 145.6 139.2 153.6 913 167.8 158.9 2584 188.1
1973: January ... 101.4 103.6 1303 1194 1222 205.5% 1238 1184 1123 112.6 107.8 119.1 924 1439 129.0 2740 1828
February .., 101.8 1036 139.4 1194 126.0 206.9 1259 1186 118.7 1131 108.2 119.4 924 144.9 1309 272.7 1629
101.9 1038 1738 1199 127.4 2074 126.8 1189 1209 1135 108.4 120.0 92.2 1435 1311 246.4 164.5
102.6 103.8 184.0 120.3 128.2 2138 127.6 1201 122.6 1141 108.3 121.8 922 145.0 1315 270.2 161.1
102.7 104.0 2320 1208 131.1 214.2 1282 1214 125.0 115.1 108.0 1223 92.2 1422 1293 253.5 169.7
103.0 104.4 2636 1210 133.4 216.1 128.4 128.0 1276 116.2 107.4 1233 918 140.9 120.3 2416 156.4
103.4 104.4 263.2 121.0 134.7 2140 129.0 128.7 1289 115.2 107.7 123.2 9.6 1414 128.5 246.3 156.8
1035 104.3 2732 1210 135.2 2144 129.1 130.4 130.3 1159 109.0 1236 920 143.0 129.7 2616 167.5
104.3 104.7 2795 121.2 137.4 222.6 130.8 132.2 131.2 116.0 109.0 124.4 915 143.8 130.3 257.3 162.8
105.3 1047 2730 126.0 1393 2241 1321 1334 134.0 116.8 100.1 126.2 915 1438 131.0 256.3 180.7
105.4 104.9 2418 128.1 1441 239.0 1335 1331 140.3 117.2 109.5 126.6 Nns 143.0 19 2398 160.4
105.9 1051 286.0 128.6 1615 240.7 135.9 1375 161.7 1175 109.8 1271 811 1418 1325 2213 156.1
1974: January . ... 108.1 105.3 298.0 130.1 1625 2493 137.6 1371 166.4 119.0 1.3 1289 913 142.6 1340 2209 166.7
February | .. 110.2 105.7 335.7 130.1 1774 2529 1422 146.4 187.8 120.2 111.6 1208 81.4 1434 1349 2220 155.1
March ..., 1220 106.2 3724 1328 189.0 2593 148.9 148.6 206.3 121.3 1126 130.3 922 143.4 1359 201.7 156.7
April | 1308 107.6 3854 1354 197.9 303.7 1534 1490 215.8 1229 113.2 132.8 2.2 145.4 138.1 ma2 158.4
May 1382 109.1 359.3 1306.0 204.3 307.7 159.7 150.0 224.4 124.5 14.0 134.9 925 1463 138.7 2188 159.3
Jure L 146.9 ma3 3613 146.5 2105 3215 164.7 151.4 232.2 126.1 1154 1355 a3.1 146.0 138.5 207.2 156.6
July .. 156.5 127 3474 149.7 2.7 3440 167.6 187.4 239.4 128.2 116.7 138.7 93.6 146.6 139.8 2155 156.3
August. . ... 167.8 1153 380.2 162.3 2260 387.7 170.6 189.9 2439 129.8 118.3 137.9 936 146.2 140.7 2043 154.4
September ‘1744 170 3263 1548 2250 ns 1738 166.6 2430 1328 120.9 130.9 94.1 148.1 144.1 1949 158.3
October 1819 191 328.3 157.6 2285 394.3 178.3 167.2 2443 136.5 1251 1428 84.4 145.2 144.3 161.2 151.5
November ., 190.1 1210 301.3 1618 227.4 308.0 179.7 1765 238.2 136.9 126.9 1446 84.5 144.5 1448 156.5 1474
December ., 1948 1218 2643 1618 22900 428.4 180.3 171.2 2385 1372.7 128.7 144.8 847 143.2 1448 136.7 1453
1975: January .. .. 196.8 1238 235.3 163.7 232.2 428.8 183.3 181.0 2423 1388 130.1 145.4 95.4 1421 146.4 124.7 1411
February . .. 202 1241 2316 164.0 232.3 409.9 186.5 188.5 240.7 139.1 130.6 145.5 95.6 1417 146.9 122.3 1388
207.5 1245 2182 184.7 2330 388.3 191.1 188.1 2423 138.5 130.1 145.3 95.4 143.2 146.0 138.5 1416
2074 1259 2615 164.7 236.5 387.3 194.6 206.9 243.6 1385 130.6 146.4 919 147.5 146.8 1739 1515
2088 1268 2505 166.1 2388 389.3 1929 2191 246.1 138.6 1310 145.3 919 1417 146.9 170.6 163.3
207.0 1264 248.7 165.9 2430 3859 180.6 220.0 252.2 139.0 1322 145.3 93.0 148.7 146.9 1825 153.2
July ... 206.3 1275 2604 1871 248.6 382.2 1926 226.4 258.8 139.2 132.2 145.4 933 149.3 147.3 186.8 152.6
August. .. .. 207.4 1275 285.7 167.1 2524 || 3779 195.2 2268 288.6 1398 1324 145.5 94.6 149.3 147.5 186.6 151.5
September 208.2 1274 289.7 169.7 254.9 3733 197.5 215 2724 140.% 1336 146.1 92.8 151.3 149.5 192.3 154.1
October 208.2 128.5 264.3 168.7 266.6 3N.3 199.5 231.6 274.2 1411 1341 147.8 92.8 11524 150.1 201.0 154.9
November . . 2104 128.8 260.8 170.2 267.0 364.6 199.3 235.3 275.0 141.5 135.4 148.6 928 154.4 150.2 209.1 162.4
December . . . 2111 129.3 25723 1702 258.0 371.2 197.6 2456 2747 142.0 135.7 149.6 92.8 1546 150.% 205.2 1629
1976: January .. .. 2136 130.8 24& 170.8 2572 3701 198.6 2440 2728 143.3 136.4 160.9 92.3 168.2 162.2 224.6 164.9
February . 2166 1317 2453 17220 255.6 369.2 199.2 246.7 2725 143.7 137.6 150.5 9.7 160.8 153.7 229.6 1727
March .. ... 2178 ‘132.2 -256.2 1720 2558 368.1 201.6 2543 269.6 144.0 138.3 150.9 913 162.8 154.9 2395 178.9
Aprif .. ... 2183 1329 2436 1732 2570 367.3 204.4 266.1 26871.2 1445 138.8 1511 913 166.1 156.1 270.6 18338
May .. 2187 133.1 2355 1732 257.2 367.6 204.7 267.8 266.9 144.9 138.8 161.8 9.3 170.1 156.8 285.9 2033
June ... 2184 1344 2435 173.9 2605 366.6 2063 275.9 2708 1453 139.1 153.0 91.2 168.1 158.7 261y 191.2
July ... 219.2 134.7 2589 1739 265.3 367.7 2109 27173 2768 145.7 139.7 153.5 91.2 1703 160.7 278.6 1922
August. . ... 2212 135.2 249.4 176.7 269.2 367.8 2136 286.6 280.7 146.1 140.0 153.9 91.2 1716 161.2 2848 196.3
September 2217 1354 2629 1762 212 363.0 2145 289.5 283.7 146.7 140.2 156.0 91.2 1736 1625 2921 197.5
Qctober 2222 135.4 2512 176.9 2774 3684 2132 3309 285.0 147.2 140.4 156.5 913 1709 162.6 2514 183.1
November 2226 135.9 2512 172.3 2816 369.1 2140 365.0 2858 1475 140.6 157.56 91.0 169.8 1629 2318 1914
December 2215 1364 2548 1713 2190 3740 215 337.6 287.6 147.9 1410 158.6 90.9 1715 163.8 251.2 191.7
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Unless otherwise stated in footnotes below, data | 1976 | 1977 1977 1978
through 1974 and descriptive notes are as shown in U P R .. . . i -
the 1975 edition of BUSINESS STATISTICS
Annual Jan. Feb. ‘ Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov, | Deec. Jan, Feb.
COMMODITY PRI(‘ $S—C ontmued
WHOLESALE PRICESJ-—Continued !
(U.S. Department of Labor Inderes)—Continued |
All commoditles—Continued ! -
Farm prod., processed foods and feeds. 1967~10|) . i 1915 184.2 | 183.9| 184.2 | 188.8 189.51 102.1] 196.6
Farm pmdur\e? e R . 192.7 181.2 181.9 182. 4 185. 5 188.3 192.21 198,9
Fruits and vegetables fresh and dried’ do_ ! 176.2 176.4 | 182.8 | 187.9 | 1929} 170.1] 197.1] 2046
(rains. do.. s 157.7 142.5 14,2 144.7 164.6 187.3 169.1; 170.8
Liva po do.... 182.7 176.1 181.7 170.5 162,7 157.8 170.2; 188.8
Livestock. ... ... ... do. ... 3. 172.3 175.2 § 1720 177.5 | 171.6 | 182.7] 188.21 2021
Foods and feeds, pracessed @ 183.4 190. 1 185,11 184.2 | 184.5| 186.7| 189.3| 1913} 1946
Beverages and hevernge materials 190, 6 207.7 2055 | 204.8] 20431 200.6) 201.3] 20 2011
Cereal und bakery produets. 1745 171.3 172.1 | 172,81 175.4 | 170.7 | 182.0| 183.6; 184.7
Dairy products 168.0 174.3 17,3 175,71 17501 176.9 | 178,2| 178.0 178.7
Fruits and vegetables. pluum«d t44. 0 187.8 160.1 1912} 190.3 ] 193.0 ] 194.4| 104.4| 194.8
Meats, poultey, and fish. .. ... ... 174.2 183, 4 1827 182.7 | 1847 ( 183.4 ] 190.8] 193.6; 204.7
Industrisl commodities. ... ... ... do.... 017 194.6 196.9 | 197.8 [ 190.1] 100.2| 200.0] 2015 2028
Chemieals and allied p aduets 9. ... dn 2 193.9 193.5 1 193.2| 193.5] 103.8 | 193.9| 194 195, 2
; chenn. pnxl do. . 7.1 189.0 1891 180.9 | 190.0| 188.1 1 186.0| 187.3 188.9
. . ... do 4 2241 224.7 1 22421 2247 249 2952 2242 ¥24.4
rugs and pharmaceuticals, .. .0 1 do 0 140, 8 141.2 | 1ML4] 1418 | 22| M2.9] 141 1449
Fats and oils, inedible . ........ ... . .do 7 318.8 265.0 | 246.9 | 260.9 | 265.4 1 2815
Prepared pafnt - L do 182,3 183,9 | 185.1 | 185.1| 186.7 | 1859 186.1] 188.5
Fuels and related m od., and p(m ery.. ..o . 304, 0 300.5 | 309,71 310.6] 310.4] an.o) 312.8 3129
: . 390.6 31,5 | 3952 a3ur.8 400.1 2| 4041 4051
®=Eloctric power |11 234.4 244.7 | 2427 | 242.6| 237.8 | 237.2| 239,7] 2428
Gas fuels ... S 386. 6 400.9 | 405.4 | 407.0 | 414.1 422.4 | 4205 417.9
Petroloum produets, refined .. 311.6 313.0 | 312.8| 313.8| 3134 313.7] 3141 3128
Furiiture and houschold durables? ... .. do 151.3 152.4 | 1525 ] 153.01 183.6 | 1540 155.6] 136
Appliances, honsehold . do 144.5 146.2 | M7.1] 147.4 | M7.5| u7.68| 149.1] M4
Furniture, honsehold . ..do. 162.2 163,11 163.1 | 164,11 165.1 | 108.4 | 168.2] 1688
Home electronic equipment. . . do. 83.3 86.8 3} 8.3 86.4 86.4 868 88.1
y 179.7 180.5 179.9 176.6 .1 180.3 181.8 186.1| 187.5
Hides. skins, and leather products Y 1204 | 15|y | w20 1721) iael e
Hides and skine 2%, 8 288,3 | 2744 268,31 2:3.2| 201,9| 300.4f 2982
Leather. . . 202, 1 32‘2’-3 32(2’2 },2‘5: gég g‘;’g gﬂg 219
’ : 2987 .7 | 252.4 | 2473 . 1 . .7
) lllmr‘?flx)(-':ml woad prmlnrm - 2644!’3 264 | 30u3| 2e0 4| 28¢5 2010| 3004 3085
Machinery aml equipiment @ ' 180. 8 1RO 1%2.8 183. 9 185.7 ]86,7 187.3 189.1 1%1
Agrienitiral m.\‘chnul and m;|1||| . e, 01 166 | 198.4 | 200.4 2014 2091 | 2052 20!;.9 :.;g?..z
Construetion machinery and equip o132 | 21497 21581 2157} 21831 221.4 | 22181 222.6 ..4.,_(_)
e [ loetrical minchinery and equip io153,0 | 1041 154.6 ‘1)55 81 157.3 l.'n.? 1-;2',9 ’60.0 160, 8
Metalworking machinery and equip. . WY | 12l 2008 01 203.6 1 204.9 7.8 1 208,11 208.2
Aetals sand metal products ? do wigl 20007 | 21L7 1 2128} 21184 2120} 213.3| 215.2 2101
Heating rquilmn‘-ut A o «IZ). .. 164.5 ] 1654 166.0 },66-\_! 168.0 .31 180.3} 171.0 '1,0.@
Tron and steel 5 Rt (T3 225,91 2311 2331 245.7 4.2 | 2341 235,51 U377 "“"3
Nonferrous metals. LT e w3 1980 ] 198.5( 1951 | 19351 194.2[ 1951 ] 198.0; 1907
- D = 71250
Nonmetallic mineral prodaets9 . . ..., .do.. . . 2004 2005 ) 2024 2042 205.6 | 206.5| 227 2
Clay prod., struetural, exel, refrne - dol T 1635 |- 180.2 | 183.8 | 184.5 ( 1857 185.1 [ 185.5 589,6 1913
Cloncrete prmlu(lx . . do.. 00 RO 190, 9 192.8 1a3.5 194.0 1s. 4 195.7 -'z 215, ‘-i
Gypum produets . {1544 | 187.1 ] 16,6 | 180.8 | 193.7 203.2 | 204.9| 209.7 e
Pulp, paper, and allied lut)duU\ R [T RN 7.3 187.7 | 187.8 | 188.5 188.3 |- 187.6 | 188.2 8.7
Paper .o R3 1. 19631 195.6 ] 6.2 | 196.3 197.5 i 197.1 ] 197.8| 198.3
l(uh\n‘r and’ pl.mlu prmlm s, 169.2 |, 67,4 ] 16RO [ 160.1 [ 180.4 170.0 | 169.8 16?’. 8 17'g'§
Pires amd tubes.. . 161, 5 70,6 16781 17L3 | 17| MLl 170L.6 | 1719 | 1723 ¥
Textile products and appare! 50,8 1544 | 15441 154,41 155.1 135.3 | 1559 156.4| 157.0
'«\n(I:«lw ibers m by }?!’3.6 10,5 | 100.2§ 109.6) 109.8 lw.g | 100.6f 103 102
Processed yarns and lhromls u6. 8 103.4] 103.4( 1030 1021 100.4 (- 100.6 [ 100.6 101-g
cray fabrics 105, 1 1.5 104.9 103.3 103.0 105.2 107.2 108.9] 100, 9
Finished fabrics. R cda, 100, 4 104.5 | 103 ) 104.2 | 104.2 103.3 | 103.4] 103.4; 103.5
Apparet. .0 0 L 1067 100, 144.8 147.2 1 1402 M7.4] l148.4 140.1 1 140.4 | 140.81 148.8
fextile house furntshings .0 do . . 185. 5 160.7 | w607 | 17L2 | 174.7 175.6 | 1757 | 1757 176.2
Transportatlon eeuipment 9 . Dee. 1068100 .1 57.1 Ponkod | B0 159.4 | 150.5 ] 160.6 | 1614 168.0 | 1e8.3 | 160.0| 160.4
Motor vehicles and equip ‘ BT 100, {’;"I ) , H‘:O 7 lt‘:l (’) 161.4 | 1618 | 1618 | 163.1 | 163.8 176.6 | 170.9 § 171.3] L7
Seasonally Adjusted} . i !
: [
AN commaordities, percent change from )n-\lous . - ’ "
’momh ll __________________________ 05 R Lo{ 04} -0.5 0.1 0.2 0.3 0.8 0.9 1 0.4 <09l 10
1y stage of processing. i . -
Crude materials for further processing 1067 =100. .. _..{... ..... 200.2 | 210 . 205.9 | 205.7 1 207.% 314. 4] 217.2 | *221.6 323- :
ll‘_nier:lner;hmo‘malm als, supplies, ete. Ldo. . dIoTIIiIn 1s.7 0 yors X 202.6 | 203.5{ 2043 205.2{ 2059 {°207.8 200.7
inished poods: . . .
(,omumor Minished goods 178.0 X ] 9. 179.7 | 180.2 | 180.8 | 1819 | 1827 [+184.0! 186.3
ood L. e 181,38 ¥ [ 0.9 1 180.4 | 188.9] 189.4 [ 1917 | 192.6 | <1047, 200.4
F(nishod woods, exe, foorls 167.2 0, i 3 173.0 | 174:2 | 174.8 | 1754 ] 176.0 | <176.9] 177.5
Durable e e 148.0 1404 | 1506 | 150,30 1509 | 1524 | 153.6 1530 1549 155.4( 156.0f157.11 151.6
Nondurable . - 770 11T 180, 0 wor | IRL2 0 1852 186.1 | 186.2 | 186.1| 187.6 | 188.0 1 188.7 ( 180.5]«190.2} 190.8
Producer finished goods . 178. 4 180.7 | 1807 i 1828 1 183.7 0 1865 | 185.5 | 186.4 | 188.9 | 180.0 . 1on1]e.192.0; 193.3
By durabllity of produet: i ) 5
Total manafactures.. .. ... i 181.4 187.5 a [ 1004 004 1005 1009 L5 | 102.3( 1937 loa7(e1082 183
Durable manuftures. 0000 T e i 1823 184.5 a{ 182 | ise.s | 1883 | 180.5 | 1ok 1| 1922 | 1032 1sd.2|c196.2 1000
Nondurable manufactures ... ..., . _.do. .. 156, O Fan. 2 R 10001 1937 1022 ] 10051 1914 1920 103.5] 104.4}°195.7 198
i ! -
Farm products . do oo NI A 2«)&»&1 soa 4| 1e2.a ] 188.0] 1818} 1811 1835 | 1B0.2| 1887 |e1o2.0 174
Processed foods und feeds........ ... oo 138§ 9 801 b 102 18ne | 1847 | 1867 | 1836 184.8| 188.1] 18y.3| 100:81 1852
i i .
PURCHASING POWER OF THE DOLLAR i b
As measured hy - i i e $0. 405
Whalesalo prices . . 19678100, | $0.846 ... ... $0. 510 30513 0512 1 40314 | 0.5 | 50,514 $0.512 | $0.500°| $0.508 | 50,507 4 50. 500y 0. 250
Censumer prices PPN [ S . 587 . 551 L BT0 AAT i ) . 550 . 548 . 546 543 L 542 . 530 . 537 .534 .
I . — ! e
’ Revised, SN‘ note 3+ for!his pmzf- d‘ See correspondin note on p. < . - nods are m"mlnh\e for the newly introduced indexes, % Bl‘ainmﬂs in th P('b“““'
cludes data for Hems not shown separately. i Effective wnthnn m.r! wlmr(mg the . 8ruvEey, data have bren revised (back to 1973) torefiect new scasonal factors.  * Beginning

textile products group has heen oxlomively reclassified; 10 comparable data for sarlier pes Jan. 197%, based on CPI-U: see note ™' §”° for p. 8-8.
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May 1960

SURVEY OF CURRENT BUSINESS 85
Unless otherwise stated in footnotes below, data| 1978 1978 1979 1980
through 1976 and descriptive notes are as shown
in the 1877 edition of BUSINESS STATISTICS
Annual Mar. Apr May June July Aug. Sept. Oct. Nov Dec. Jan, Feb. Mar. Apr.
COMMODITY PRICES—Continued
PRODUCER PRICES §
(U.S. Department of Labor Indexes)
Not Seasonally Adjusted
Spot market prices, basic commodities:
22 ComT lues 277.1 278.1 1.2] 2795 281.1 283.8] .-281.0] 2862 287.1 294.1 2853 2725
13 Ra a 264.4 266.5 258.3F 2543 269.1 2623 250.7 255.4 248.5 257.2| 24600 236.0
W iNdustrials. ... 203.8 2939 2973 298.1 297.3f 3077 304.0{ 3096 316.2{ 32251 3189{ 3019
Al dities 2320| 2335] 2369| 2283 2420] 2456| o247.2| r2407] 2647 259.8| 260.5[ 2623
By sta, ‘fe of processing:

e materials for further processing . 282.3] 283.0| 2871 281.7 288,31 28951 290.8| r206.2 2969 3083; 3033] 2969
lntarmedlabe matenals, aupplies, etc . 238.2] 2403 244.6] 247.5| 251.0f 2550] 256.3] 25871 2656{ 2711| 273.2| 2745
Finished goods # 21271 2137 216.2] 217.3] 2207 224.2| 2263| r228.1] 2321 2354 238.2| 2400

Fm\shed ¢ 211.6 2127 2156 2175 221.7 224.7 227.1 r229.1 233.2| 237.3| 2406 2416
Capital 215.1 2168 217.2 216.5 2178 222.8 2239f 2253 229.1 230.3| 231.8| 2358
By durab)llty of product ,
Durable E 224.7 225.8 227.6 2280 230.1 6 235.3| *2870 2434 246.4 246.6] 2472
Nondurable g00ds .........mmrrmmirorin 2369] 238 2437| 2458] 2511 2537] 2s62| r2s9.3] 2630{ 2700| 2731 2740
Total res 225.0 226.6 229.8 2317 235.2 238.0 24061 2426 2482 2527 254.8] 2565
Durable ures 2238 224.6 226.6 221.2 4 234.0 234.6f r236.2 2424 245.01 2452 2462
Nondurable €8 226.6] 9227.8] 2325 2358| 24101 2440 246.6| r249.0] 25387 260.7| 264.7| 2673
Farm prod., processed foods and feeds, 230.8 229.0 232.2 2276 231.8 230.6 2323} 2346 231.9| 236.9] 2349| 2292
. Farm producu ............................. 246.4 2428 246.8 238.6 241.0 239.6 240.2 242.5 236.4 242.3 239.3 2289
Fruits and vegetables, fresh and drie 2282| 226.4| 2267{ 2417 2083 2180| =2165| r2107] 2189 2205( 218.3| 2230
Graina 210.3 2187 2474 228.1 2244 220.0 226.6 227.9 2146 223.3| 2179 2108
Live poultry o 216.3 182.9 171.9 1738 162.0 196.5 184.7 196.2 184.6 180.1 1719
Livestock 280.7 264.0 266.0 240.2 266.4 2617 248.3 2525 247.8f 2672 261.8| 2305
Foods and feeds, processed # 2220| 2206] 223.3] 2205 225.8| 224.8| 227.1| t220.3] 2285) 23311 2315| 2285
Beverages and beverage materials . 205.3 208.5 2141 2165 2179 2189 22121 2216 224.1 224.7 226.0 2219
Cereal and bakery producta . 204.9 206.3 2124 216.0 218.7 2188 2225| r2236 2254 229.7 231.3 2316
Dairy producte . 2079| 2084] 20000 2152| 21837 2181 2193| 2109] 2214| 2212} 2233 2278
Fruits and v 2214| 221.5| 2236 2246] 2251| 2234 2224 r2226] 2228| 2231 2236] 2245
Meats, poultry, and fsg .............................. 250.4 2414 2317 225.5 239.9 234.2] 2393 2428 239.5 2385 2392 2260
Industrial diti 231.6 234.0 23756 240.6 244.2 249.0 2506 2631 260.3 265.4 2682 270.7
Chemicals and allied products E ol 218.0 219.2 225.0 228.5 2342 236.0; r238.2 245.6 247.6 261.6] 258.1
Agric. chemicals and chem. prod 210.0 209.2 211.2 216.3 219.4 224.3 220.5| v2328 238.1 242.8] 2560 2568.3
Chemicals, industrial.... 255.6 259.3 2704 277.1 0 285.7 288.4| r2023 302.6 806.7f 3107 316.8
Drugs and pharmaceuticals 157.7 159.0 169.2 159.6 161.0 162.8 163.0 164.4 166.5 167.7 168.9 1728
Fats and oils, inedibl 418.3 374.1 381.6 376.4 3799 366.9 344.3 327.1 3256.6f 3022 2099 2982
Prepared paint 203.3 201.3 201.3 5. 205.3 206.0 206.7 2094 210.7 223.3 223.3 2233 2315
Fuels and related prod., and power # 3615 377.6 303.7 4118 432.8 454.8 468.5! 4769 r487.9 507.8] 533.0 553.5| 566.3
Coal . 7 450.8 452.0 452.5 454.2 452.6 454.6 455.1) *468.6 4658.1 458.7 460.7 463.3
om Electric power 265.9 269.9 274.8 278.8 280.5 283.6 2819| r£237.0 280.7 289.5 305.7] 310.4em
Gas fuels 507.2 5223 548.4 §72.4 603.4 619.9 637.0] *662.4 679.6] 7198 7203} 7302
Petroleum products, refined ..o 400.0 423.6 449.8 482.8 513.7 533.7 545.4] r555.2 582.4| 6203] 6579 6713
Furniture and household durables # ......... 1696 170.2| 1707 171.5| 1727 178.1 176.4| 1779 182.1 183.4{ 1846f 1831
ppliances, household 1593 1600| 161.1] 1622| 1627] 1632| 1645| r1653] 1666| -168.7f 169.7] 1702
Furniture, h hold X 185.8 186.2 188.5 190.1 1930} r1948 1954 196.5 1969 198.9
Home electronic equipment. . .2 90.2 90.3 90.3 90.3 90.5 88.5 88.7 888 88.9
Hides, skins, and leather products # 2696 <2680| 2619| 2579| 251.1) 2539 2489] -249.2f 2553| 251.0f 2468
Footwear 216.3 221.1 221.8 225.4 226.9 227.6 2219 2279 2286 228.1 2318
Hiden and 666.9 611.0 566.6 5119 466.3 478.8 447.6 4439 468.8 404.8| 3487
Leather 429.4 414.6 386.2 36581 3300 343.6 319.8 324.8 3476 340.3 311.0
Lumber an 302.8 299.8 1 304.7 309.7 308.8 2089 '200.1 290.0 294.8 295.7
Lumber 354.8 354.8 355.0f 3653| 3739 3703} 3556] r3395 336.3 3415} 3406
Machinery a i # 2114 212.4 214.8 216.0 217.7 220.0 221.3| 2234 227.1 2297 2319 X
Ag‘ncultural machmpry and equip. 228.3 229.4 231.21 2333| 2374 24007 243.4} 2442 247.6] 249.1 250.4 .
Conatruction machinery and equip 253.7 254.0 2570 2585 258.9 263.9 265.4| r268.8 2154 2715 2784 .
wa Electrical machinery and equip . 176,56 1776 179.9 181.2 182.5 184.3 1849| 1866 190.5 194.2 195.9 198.
Metalworking machinery and equip . 237.6 239.1 241.4 24367 246.4] 249.6| 2622] 2646 258.7] 2613} 264.1 269.9
Metals and metal products L 2R, 256.2 2582 260.8 2618 263.7 269.6 271.1F 2736 284.5 288.6 286.3| 2846
Heating equip 185.7 186.2 186.0 188.1 191.3 192.2 193.1| 195.6 197.3 1998} 2020 204.2
Iron and steel .. 2795 283.2 286.8 286.1 289.2 292.0| 12928 207.3 300.2 301.6 307.0
Nonferrous mvlvnln 2598 268.2 259.7 262.3 263.1 2689.3 283.1 284.1] 2918 326.1 336.5 320.8 298.9
Nonmetallic mineral products # ... . 2434] 2456 2469 2495| 24009 2546 2662 2674| r269.6| 2680 2728( 2761 2828
Clay prod., struct.ul?ul, excl. refrac . 21481 2157 216.5 220.3§ 2223 22371 2211 22101 *226.7 228.61 2311 23151 2344
Concrete products " 241.6 2437 2452 246.3 248.7 250.1 2506| 2532 264.9| 268.2 26§.6 273.0
Gypsum products | 2488 251.8 251.8 2523 254.9 255.3 256.2 255.0 255.4 262.2] 2676 264.0
Pulp paptr and allied products. 2.1 216.2 216.6 2183 222.2 223.0 227.6 2295 *231.7 2374 238.9 241.61 2465
3.4 227.2 227.8 228.2 229.6 230.3 238.7 241.8| 2427 2465 2475 250.5| 263.6
Rubbar and plastics products ... . 190.8| 1934 195.56 198.8 200.7 203.0 204.91° r205.9 2082 21098] 2127 214.6
Tires and tubes X 197.3 198.9 206.2 2116 215.0 218.3 223.14 . 223.1 224.7 231.2 231.2f 2313
Textile products and apparel 55.2 167.2 168.4 169.3 170.6 171.3 1720 172.8| 1731 174.9 176.5 178.9 180.6
Synth‘;tlc fibers PP 3. 1174 11856 119.5 120.6 123.6 124.7 124.2] r124.7 126.9 1271 129.4 130.7
Processed yarns . 107.8 108.6 109.5 110.6 111.7 112.1 112.6] 1127 114.4 117.3 1189 122.1
Gray fabrics 3. 1247 125.4 128.3 128.7 128.7 129.7 130.7| r1323 132.2 131.7 133.7 136.1
Finiahed fabr X 107.0 107.6 108.2 109.0 109.1 108.9 108,71 *1099 109.8 110.8 113.1 114.5
Apparel... . 159.8| 1602| 1603 161.4| 1616 1622] 163.1f r1626} 16563i 167.3] 1683| 1691
Textile ho o R 188.0 189.3 189.9 180.5 193.9 196.3| 1965| r197.1 199.2 200.0 201.2 2016
Transportation equipment # 100.. 183.8 187.2 1875 188.4 185.9 186.6 194.2 194.81 r195.6 198.3 198.1 198.8f 202.6
MoL?)r vehlclesqnn% equip. .. 1967 100.. 186 1 189.8 190.1 190.8 187.8 188.6 197.1 1974| *198.2 200.3 199.9| 2008] 2049
Seasonally Adjusted
Finished goods, percent change from previous )
month * ¥ o e r ...... b 1.0 08 05 0.6 12 L1 1.6 11 1.2 0.8 15 1.5 14 0.5
By stage of processing’ .
yCru e materials for further processing 1967 = 100 274.2 2732 275.1 278.4 284.8 285.2 2914 294.5 290.8| *30L7 209.5 307.4 300.7 290.3
Intermediate materials, supplies, ete . . do. 23186 2350 237.3 239.7 2436 247.1 250.7 266.0 258.3] r260.2 267.1 272.0 2134 273.8
Finished goods # 209.4 2111 2121 213.4 2159 218.3 221.5 2239 226.3] 2285 2319 2353 2386| 239.8
Finished 208.4 2087 2108 2120 2148 218.3 222.2 224.8 227.1| 2289 23321 2373 241.2) 2412
Food ..o i 2267 L2568 223.5 221.3 222.8 226.2 2203 229.1 2305 r234.1 2320 230.9 2334 226.8
Finished goods, exc foods 197.3 10071 2ou.4| o2osa| 2087| 2123] 21641 2004| 2228} r2255| 2315| 2382 242.7| 2460
Durable.... i i 1770 178.4 179.5 180.6 182.0 182.0 184.7 1877 180.0| *191.6 197.2 200.7 198.9 200.3

Nondurabl 210.6 2147 2175 2217 226.6 2327 2378 2426 2455 r2484 264.7 263.5| 271.9| 2773

Capital equipmenc.. . 2116 2050 215.0 216.4 2182 2178 219.5 2214 22391 r2248 2282 229.8 23161 2359
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APPENDIX C
ENERGY MANAGEMENT MODEL

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 QObjectives

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 consumpticn 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 ihproveﬁ and upgraded
as necessary to accommodate new models, new strategies and new
technology.

- Architectural Objectives

To be modular at all levels so that any module can be:

To

developed, tested and verified independently,

inserted into the package or rep]éced without requiring a major
retrofit affecting the package's integrity.

be, as far as possible, machine independent (no large package can

come even close to being 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.

Treatingkeach 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.
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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.
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TRAIN SCHEDULES

TYPE TRAIN
DEPARTURE TIME

Stors ‘
H © DweLL TIME f

TRAIN CHARACTERISTICS °

NUMBER OF CARS
NUMBER OF POWER :UNITS

WEIGHT OF TRAILING LOAD
AND POWERING UNITS

MECHANICAL AND ELECTRICAL

1 PERFORMANCE
——
ROUTE CHARACTERISTICS
PROFILE
ALI1GNMENT

SPEED RESTRICTIONS

DIAGRAM OF ENERGY MANAGEMENT MODEL - SUBSTATION LOAD CURVE

89

ELECTRICAL NETWORK SPECIFICATIONS

NUMBER OF TRACKS . L
IMPEDANCE OF CATENARY OR THIRD RAIL ~
~ VOLTAGE AND FREQUENCY
SUBSTATION LOCATIONS AND CAPACLTY
SWITCHING STATION LOCATIONS
 IMPEDANCE LOOKING INTO UTILITY POWER SUPPLY

TRAIN | eeerrical
PERFORMANCE | NETHORK
PROGRAM * SIMULATOR

TRAIN PERFORMANCE OUTPUT

SPEED Kw
TiME "~ Kva
PosiTioN

FOR EACH TRAIN

| ELECTRICAL NETHORK SIMULATOR ouTPUT

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. A1l 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 systém,-the maximum
power input to the system must first be calculated. In thevcase of PATCO,
the maximum power input is 43,880 KW (Table 5-7). This ié not app]iéab]e
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‘iﬁput of 1060 KW per car. The ma%imum‘energy storage

pér'PATCO car is 3.34 KWH. The capital investment costs were determined

as follows: .
On-board Battery TC=C$/KWx I, x n
On-board Flywheel TC = C$/KWH x Ecar X n
Off—board - TC = C$/KW x Isubstatiohs
where
TC = total capital investment
C$/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 0C = OC$/KW x Icar X n
On-board F1ywheel 0C = OC$/KWH x Ecar X n
Off-board 0C = OC$/KW x Isubstations
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where
0C = operating costs per year
0C$/KW = operating cost per KW
0C$/KWH = operating cost per KWH

The annual savings from implementation of an energy-storage system

are determined as follows:

S = (KWH/CMbase - KWH/CMtest) X M x $/KWH
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 KiH

The figures for KWH per car mile, both base and test, were taken from

Figure 5-8, Table 5 (timetable average).
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