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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 lists the 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

investment model. 

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

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

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

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

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

basis, every second year, etc. 

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

Lindenwold Line. Following the process mentioned previously, return on 

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

storage systems. 

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

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

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

immediately. 

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

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

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

study. 

• 
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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 - -

, 

t 
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TABLE 1-2 RANGE OF OPERATING COSTS 

$/KW /YEAR $/KWH /YEAR 

SYSTEM HIGH LOW HIGH LOW 

ON-BOARD FLYWHEEL 2.77 2.36 565.40 143.99 

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

OFF-BOARD FLYWHEEL 5.20 2.70 14.40 12.38 

OFF-BOARD BATTERY 3.31 3.31 1.66 1.66 

REGENERATIVE SUBSTATION .98 .98 - -

,. 

t 



2.0 INTRODUCTION 

Reusing the kinetic energy of trains in light and rapid rail 

transit systems through the use of regenerative energy storage systems 

is an old idea that has recently been revived. 

An opportunity exists for effective savings in total energy 

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

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

savings possible are especially important for train systems in which 

interstation distances are small. 

Aside from the energy savings, the reduction 1n heat generated reduces 

tunnel heating and the ventilation and air-conditioning requirements in 

terminals and underground stations. 

The simplest method of utilizing the kinetic energy of trains, 

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

there are practical limitations involved in achieving this objective. 

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

optional energy exchange, another train must be accelerating and 

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

generating energy and must be in close proximity. 

Since it would be too restrictive to synchronize the operation of 

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

alternative. 

5 

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, 

6 

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 description 

of it is presented in Appendix C. 

This work concentrated on steps l 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 

Flywheels have long ago made their mark in history with their 

energy storage characteristics. During the last 200 years, large 

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

engines used in the mills and factories of the industrial revolution 

period. Other flywheel applications have emerged over the last 

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

1884. 

The most extensive use of flywheels in the transportation field 

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

the Oerlikon Engineering Company of Switzerland~ The possibility of 

using flywheels in public transportation was realized in developing a small 

flywheel powered railroad engine for switchyard work. This led to 

the development of the electrogyro bus in the early 1950 1 s. This 

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

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

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

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

the economics of diesel buses limited more widespread acceptance of this 

bus. 

Renewed interest in this type of vehicle stems from the dual 

concern with reducing pollution from fuel-burning vehicles and, 

following the 1974 oil embargo, with developing alternative energy 

sources. 

7 
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Flywheel energy-storage systems are now under consideration for use 

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

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

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

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

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

for the San Francisco Municipal Railway (MUNI). 

2.2.l 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. 

9 



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. 

where 

The figures for KW and KWH were determined as follows: 

-5 KWwheel = 9.95 x 10 x ax v x w 

-8 2 KWH h ,= l .258 x 10 x w xv wee 

a= deceleration (MPHPS) 

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

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

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

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

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

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

the on-board and off-board systems. 

The maximum power entering the on-board flywheel system is 

Kwon-board= 0·76 x KWwheel 

but the requirement for stored energy is 

KWH b d = 0.76 x 0.87 x KWH h l on- oar wee 

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

gears. This process is illustrated in Figure 3-1. 

10 



CARS CAR 

PER WEIGHT MAXIMUM 

PROPERTY TRAIN LOADED SPEED 

NYCTA J2 ]27,00) 8J 

lfflTA 8 98,Bl 75 

l'WUA JO 89,500 75 

!WU 10 73,8)) 8J 

PATCO 6 93,Bl 75 

CTA 10 58,g)) 70 

PCC 1 51,750 9J 

#' 

TABLE 3-1 GENERAL TRANSPORTATION SYSTEM DESIGN CHARACTERISTICS 
AND ENERGY RELATED STATISTICS 

PER/CAR PER/ PER/TRAIN PER/ PER/CAR PER/ PER/TRAIN 

KW RETURNED TRAIN KIi RETURNED CAR KWH RETURNED TRAIN KWH RETURNED 

BRAKING PER/CAR TO KIi TO KWH TO KWH TO 

BRAKE EFFORT KW LINE 76% AT LI NE 76% AT LI NE 76% AT LINE 76% 

RATE AT WHEEL AT WHEEL EFFICIENCY WHEEL EFFIC !ENCY WHEEL EFFIC !ENCY WHEEL EFFICIENCY 

2.5 15,875 2,527 1,921 30,324 23,aifi 10.22 7.77 J22.fi4 93,21 

3.0 14,737 2,20) 1,672 17,fill 13,376 6.95 5.28 55.60 42.26 

3,0 13,LQS 2,0JI 1,523 20,040 15',230 6.33 4.81 63.30 48.10 

3.0 ll,070 1,762 1,339 17,620 13,391 5.94 4.51 59.40 45.10 

2.5 ll,69:i 1,740 1,322 10,440 7,934 6,00 5.Cl2 39.60 30.10 

3,2 9,424 1,313 9'l! 13,130 9,979 3,63 2.76 36,30 27.60 

3.2 8,2!1) 824 626 824 626 1,63 1.24 1.63 1.24 

ON-BOARD 

STORAGE 

REQUIREMENTS 

MAX. KIi MAX, KWH 

1,921 I 6.78 

1,672 ".61 

1,523 4.20 

1,339 3,94 

1,322 I 4.38 

998 I 2.41 

626 I 1.00 

OFF-BOARD 

STORAGE 

REQUIREMENTS 

MAX. KW MAX. KWH 

1,787 I 75.04 

1,555 34.02 

1,416 38.72 

1,245 36.31 

1,229 I 24.23 

928 I 22.22 

582 I 1.00 

REGENERA Tl VE 

REQUIREMENTS 

MAX. KW 

1,787 

1,555 

1,416 

1,245 

1,229 

928 

582 

I-' 
I-' 
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The maximum power entering the off-board flywheel is 

KWoff-board = 0.76 x 0.93 x KWwheel x n 

where n = number of cars per train 

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

loss. 

The off-board energy requirement is 

KWHoff-board = 0.76 x 0.93 x 0.87 x KWHwheel x n 

This process is illustrated in Figure 3-2. 

The regenerative substation incurs power losses from the wheels to 

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

There is less energy loss associated with the regenerative substation than 

with either of the other two systems. 

KWat substation = 0· 76 x o. 93 x KWwheel x n 

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

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

involving curves and grades. 

13 

The table only represents an approximation to the actural power and 

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

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

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

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

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

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

substation storage. 
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3.1.1 On-board Systems 

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

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

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

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

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

during acceleration, those that can recharge and accept power rapidly 

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

15 

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

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

on-board energy-storage systems. 

3.1.2 On-board Flywheels 

1. Conceptual Design 

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

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

results of the Garrett AiResearch Study2of flywheel energy-storage systems 

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

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

provided energy savings of 20 to 40 percent. 

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

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

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

required to overcome the drag on 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 
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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 flywheel tries to operate at a speed above its 

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

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

the flywheel tries to operate below its minimum permitted speed, all energy 
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ENERGY PACK 
Onboard Energy Storage for Rapid Transit Vehicles 

AN IMMEDIATE ANSWER TO INTRA-CITY RAPID TRANSIT 

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

■ Self-contained regenerative braking on car 

■ Significant energy savings 

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

■ Increased passenger comfort 
Jerk free 
Elimination of jerks and lighting flicker 
Substantial reduction of subway tunnel heat 
normally generated by braking 

• Safer 
Car moves without third rail in maintenance yard, 
and can move to next nation in case of power blackout 

FIGURE 3-6 ENERGY STORAGE SYSTEM 5 
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The GARRETT Energy Storage System 

WHAT THE SYSTEM DOES 

1. It recovers energy 
generaied by subway 
car braking 
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2. It returns this energy 
to the onboard storage 
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3. Using this energy, augmented 
by third rail electrical power, 
the subway car moves to the 
next station 
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■ Garrett system effects 30% dollar saving in total power consumption 
• 80% saving in peak power (peak power required for acceleration from station) 
• System helps to reduce tunnel heat by transforming braking heat to energy 
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requirements are obtained from the third rail, so that the flywheel maintains 

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

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

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

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

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

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

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

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

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

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

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

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

power requirements. 

2. On-board Flywheels - Capital Costs 

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

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

Garrett AiResearch Manufacturing Company of California 7 or the Jet Propulsion 

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

study performed by General Electric Corporate Research and Development. 9 

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

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

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

Laboratory, is based on the results obtained from actual operations 

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

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

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

the next section - Flywheel Operating Costs. 



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 $ 1s) 

l. Draper Laboratory 

2. Garrett AiResearch 

3. General Electric 

$/KW $/K~JH 

$ 41 

$130 

$271 

$ 8,454 

$41,656 

$16,552 

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

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

cost comparison usage. 

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

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

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

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

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

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

basis for costing. 

3. On-board Flywheels - Operating Costs 

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

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

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

1. Draper Laboratory $2. 77 $565.40 

2. Garrett AiResearch * * 
3. General Electric $2.36 $143.99 

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

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

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

2.5 traction motors. 

3.1.3 On-board Batteries 

1. Conceptual Design 
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There are several reasons why an on-board battery energy-storage system 

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

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

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

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

additional weight increases vehicle train resistance and increases energy 

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

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

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

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

exactly the opposite of how a battery operates. For these reasons, a 



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 
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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 $1 s) 
$/KW $/KWH 

l. 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 

1. General Electric 

(April 1980 
$/KW 

$61 

$'s) 
$/KWH 

$73,281 
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3.1.4 Comparison of On-Board Flywheel vs. On-Board Battery 

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

more economical than an on-board battery system for both capital and 
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operating costs. An on-board flywheel system can be acquired for approximately 

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

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

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

operating a comparably sized on-board battery system. 

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

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

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

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

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

charge rate. 

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

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

in future comparisons. 

3.2 OFF-BOARD SYSTEMS 

3.2.1 Off-board Flywheels 

1. Conceptual Design 

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

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

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

cost can be achieved. In an off-board FESS, a separately excited DC 



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. 
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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 svstem 

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

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

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

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

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

that one large FESS in the station would cost less than 40 FESS 1 s on-board 

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

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

weight will be reduced also. 

Off-board energy storage, however, has several undesireable 

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

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

This line receptivity problem can be minimized by installing an energy­

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

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

transit system or transit systems which already have regeneration. 

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

storage systems. 



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

Determine capital cost for 
implementation of system. 
(Use Tables 3-6 and 3-7) 

Calculate annual operating 
cost. 

ROI Model 

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

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

assured receptivity performed by General Electric11nd a study of the 

economic feasibility of energy storage flywheels by Rockwell International~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 larger 

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

studies. 

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

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

sources were the Rockwell International/Space Divi~ion1ltudy referred to 
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14 in the previous section, a report by the Charles Stark Draper Laboratory, Inc. 

and a study by AiResearch Manufacturing Company of California~5 In comparing 

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

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

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

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



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

1. GENERAL ELECTRIC 

1250 KW 
(April 1980 $1 s) 

$660.65 

2500 KW 367.03 

3750 KW 271.87 

5000 KW 226.56 

6250 KW 201.39 

7500 KW 186.47 

8750 KW 177. 59 

10000 KW 172.66 

2. ROCKWELL INTERNATIONAL/SPACE DIVISION 

l 000 KW 

10000 KW 

15000 KW 

(April 1980 $ 1 s) 
$1,437.14 

256.88 

212.45 
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TABLE 3-7 CAPITAL COST PER KWH FOR OFF-BOARD FLYWHEELS 

1. ROCKWELL INTERNATIONAL/SPACE DIVISION 

2400 KWH 

8450 KWH 

18600 KWH 

37200 KWH 

2. CHARLES DRAPER LABORATORY 

250 KWH 

3. AiRESEARCH MANUFACTURING COMPANY 

7330 KWH 

(April 1980 $ 1 s) 
$303.74 

258.81 

256.06 

255.69 

402.87 

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

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

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

the appropriate point along the curve. 
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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. 
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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 $1 s) 
$/KW $/KWH 

1. Rockwell International/Space Division 

2. General Electric 

3. Draper Laboratory 

4. Garrett AiResearch 

3.2.2 Off-board Batteries 

1. Conceptual Design 

$2.78 

5.20 

$12.38 

14.40 

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

conducted by Westinghouse Electric Corporation16 for the New York City 

Transit Authority (NYCTA). There are several reasons why an off-board 
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battery energy-storage system has never been put into operation on a rapid 

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

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

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

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

regeneration. However, costing procedures for an energy storage system 

based on cost per KW would be appropriate. 
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A second factor is the life of a battery. In an energy-storage system, 

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

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

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

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

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

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

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

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

batteries required for a system is determined by KW. 

2. Off-board Battery System - Capital Costs 

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

study referred to in the previous section. 

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

(April 1980 $ 1 s) 
$/KW $/KWH 

l. Westinghouse $470 $235 

3. Off-board Battery System - Operating Costs 

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

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

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

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

(April 1980 $1 s) 
$/KW $/KWH 

1. Westinghouse Electric $3.31 $1.66 

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

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

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

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

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

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

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

Replacement battery costs were not included in either operating costs per 

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

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

factors which weigh very heavily against the off-board battery system are 
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its inability to accept energy at a rapid charge rate (and the resulting loss 

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

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

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

alone makes the off-board battery system unacceptable. 

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

in the future with advances in battery technology. 



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 approAimately ten percent to the cost of a standard substation. 

Additional maintenance costs of the reversible substation relative to the 

unidirectional substation are not expected to be significant. 

Using reversible substations,combined with a high conductivity third 

rail, provides an effective receptivity approaching 100 percent that is 

independent of the number of trains operating. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

wye configuration to the high-voltage line. This arrangement results in a 
0 

30 phase displacement between the outputs of thyristor assemblies, allowing 

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

provided through the thyristor heat-sinks. 

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

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

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

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

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

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

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

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

voltage is prevented from rising to unacceptable levels. 

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

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

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

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

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

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

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

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

provides a block diagram of cost/effectiveness procedures for regenerative 

substation energy-storage systems. 

2. Regenerative Substations - Capital Costs 
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The capital costs for regenerative substations are based on two primary 

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

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

Corporation20 for the U.S. Department of Transportation. Since there are no 

regenerative substations in operation on a transit property today, inverter­

recuperative systems developed for other applications were used as the basis 

of cost analysis. The results of the Transportation Research Institute 

report are based on studies of foreign transit properties. 

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

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

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

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

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

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

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

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

of the regenerative substation were not consistently indexed by the Department 

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

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

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

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

44 



TABLE 3-11 CONVERSION INDEX FOR THYRISTORS 
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When updating costs for years prior to 1974, use the following process: 

1. Take original cost back to base year (January 1967). 
2. Update base year cost to last available index figure in top half of table. 
3. Multiply index (from 2) times index of desired year in bottom half of table to get new index. 

Example: 

Base 1967 (100) $79.15 

Jan. 1969 (89.3) $70.68 

Dec. 1974 (80.2) $63.48 

April 1980 (80.2 x 98.1= 78.8) $62.29 
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TABLE 3-12 CONVERSION INDEX FOR DIODES 
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2. Update base year cost to last available index figure in top half of table. 
3. Multiply index (from 2) times index of desired year in bottom half of table to get new index. 

Example: 

Base 1967 (100) $5.31 

Jan. 1969 (90.5) $4.81 

Sept. 1973 (83 .1) $4.42 

April 1980 (94.3 x 83.l = 78.4) $4.16 
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A different method was used in bringing the costs up to date for 

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

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

the components of the substation were updated individually. It was 

determined from the Westinghouse Electric report that the three primary 

components of an inverter substation were thyristors, diodes and corrmutating 

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

47 

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

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

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

detailed example of the Westinghouse Electric costs follows: 

THYRISTORS 

65% Silicon controlled rectifier 
35% Electronic components 

Total Thyristor Cost 

DIODES 

65% Rectifier diode, silicon 
35% Electronic components 

Total diode cost 

COMMUTATING COMPONENTS 

Components 

Inverter Substation Total 

(April 1980 $'s) 
$ 62.29 

74.00 

$136.29 

$ 4.16 
5.00 

$ 9.16 

$ 8.30 

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

TABLE 3-13 CAPITAL COST PER KW FOR REGENERATIVE SUBSTATIONS 

* (April 1980 $1 s) 
l. Transportation Research Institute Report $102.04 

2. Westinghouse Electric 153.75 

3. Regenerative Substations - Operating Costs 

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

General Electric 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 

l. General Electric 
(April 1980 $1 s) 

$ . 98/KW 

* 11 Energy Conservation in Three Electric Powered Transportation Systems 11
, 

R.A. Uher, S.N. Talukdar and D. Ghahraman, Transportation Research 
Institute, Carnegie-Mellon University, January 1979. 



4.0 DESCRIPTION OF RETURN ON INVESTMENT MODEL (ROI) 

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

a basis of cost comparison between various energy storage methods. 

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

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

storage system that may become feasible in the future. 

The return on investment is found by solving the following 

equation: 

1- (l+X2) (l+Xl~ N 
l+R 

F(x)=(l+R)-S/P 1- ~l+X2) (!+XI) 
l+R 

[p+x2u J*INT (N/J) 

where 

C(J)/P * 1- l+R 

[f 1+X28 J 1- l+R) 

P= Initial Cost of System 
S= Savings Per Year 
R= Return on Investment (ROI) 

C(J)= Cost Incurred in 11 J 1 th 11 Year 
Xl= Energy Escalator 
X2= Inflation Escalator 

N= Life of Investment 
J= Year Cost Occurs 

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

+ 

* [ (l+X2) ~J-l 
( l+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 l i ke do 11 a rs . This process is fu 11 y described 

in Appendix B. 

This model can accommodate changes in economic conditions through 

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

sensitivity analysis can be performed through this adjusting process. 

The feasibility of an energy storage system may be drastically affected 

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

model. 

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

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

year as well as those which occur every 11 J 1 th 11 (O<J<=N) Year. These 

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

a coat of paint every 10 1 th year. It can accommodate any number of 

costs occurring any number of years apart. 
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5.0 ANALYSIS OF PATCO PROPERTY 24 

5.1 DESCRIPTION OF THE SYSTEM 

The characteristics associated with the PATCO line were used to test 

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

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

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

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

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

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

locations superimposed on a map of the area. 
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The PATCO rail line is a two track system. The elevation and grade 

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

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

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

of the Benjamin Franklin bridge over the Delaware River. 

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

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

alignment occur on the approaches to the Benjamin Franklin bridge. 

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

the Train Perforr.,ance Sinulator (TPS). Although the vehicles are of two 

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

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

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

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

weighing 160 lbs. was taken at 50.0 tons. This was the assumed 100% 



le DLI' ...._,,._,-

Tc,h••"o•• - l,.,r,10 

'"'"*" I 
I 

I 
I 

r;,' 

r 
PATCO Hi-Speed Line. 

(NN1h - ~oulr 
f, •••• , 

,--+......,.....:._ .7 ~~r----

'F,..,-8fll.,.Aw ..... 

FIGURE 5-1 PATCO HI-SPEED LINE 

Mil• ..... ----.~,,, 

E1,zao.tt 

52 

......... 
C 

• ~· 



80 

70 

60 

:,: 
a. 50 
::E: 

"' z 
2 
I- 40 w 
CZ: 
I-

"' LU 
CZ: 

0 
LU .., 30 a. 
V'> 

20 

10 

0 

100 

80 

60 

40 

I-
LU 

20 LU .... 
w 
0 
:::, 

= 0 
I-
-' < 
LU 

::: 
:;., - 20 
~ 
CZ: 

- 40 

- 60 

- 80 

-100 

Clty Hal 1 
16th 

.._St. 

9th 
St . 

13th 
St. 

8th 
St. 

Broadway 

FIGURE 5-2 

5 10 15 
MILEPOST (MILES) 

Westmont 

Lindenwold 
Haddonfield 

Ashland 
Ferry Ave. 

Collingswood 

s 10 
MILEPOST (MILES) 

SPEED RESTRICTIONS AND ELEVATION VS DISTANCE 
FOR PATCO (WESTBOUND TRACK) 

15 

53 



TABLE 5-1 

PATCO VEHICLE CHARACTERISTICS USED IN 
TRAIN PERFORMANCE ESTIMATES 

Vehicle Empty Weight (tons) 

Vehicle Full Weight (tons) 

Vehicle Length (feet) 

Cross Sectional Area (sq.ft.) 

Number of Axles (all powered) 

Auxiliary Power Requirements (KW) 

38.4 

50.0 

68.0 

125.0 

4 

40.0 
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passenger load factor. This is slightly higher than the quoted 11 fully 

loaded 11 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-Al motor are shown in Figure 5-3. 
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Because of the inefficiency which would be experienced using the present 

cam-control resistor switching for regeneration, a hypothetical chopper 

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

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

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

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

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

as follows: 

Power Operation 

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

to the motor circuit. 

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

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

strength is obtained. 

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

follow the 33% field strength motor curve. 

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

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

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

circuit voltage using the chopper until the match is obtained. 



TABLE 5 -2 

PATCO PROPULSION CHARACTERISTICS USED IN 
TRAIN PERFORMANCE ESTIMATES 

Motors per Vehicle 

Motor Characteristic 

Power Conditioner 

Maximum Accelerating Rate 

Wheel Diameter 

Gear Ratio 

Maximum Speed 

- 4 

- (GE) Type 1255 Al 

- Chopper (For Regeneration) 

- 3.·o MPHPS 

- 28 in. 

- 4.79 

- 75 MPH 
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Braking Operation 

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

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

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

slightly above line voltage. 

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

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

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

the voltage marginally above line voltage. 

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

fadeout of the regenerative brake occurs and friction brake is applied 

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

3.0 MPHPS deceleration. 

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

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

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

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

each station are listed in Table 5-3. 

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

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

700 volts. 

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

AC. The metering points are: 

l. Philadelphia Electric Co. at the Front Street Substation (13.8kV). 
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2. Public Service Electric and Gas Co. at Westmont Substation (26.4kV). 
3. Atlantic Electric Co. at Lindenwold Substation (26.4kV). 
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TABLE 5-3 

STATION LOCATION AND DWELL TIMES 

STATION MILEPOST D~JELL TIMES (seconds) 

16 St. 0. 19 0. 
13 St. 0.47 20. 
9 St. 0.76 20. 
8 St. l. 12 20. 

City Hall 3.47 20. 
Broadway 3. 72 20. 
Ferry Ave. 5.88 20. 
Collingswood 7.49 20. 
Westmont 8.54 20. 
Haddonfield 9.41 20. 
Ashland 12.60 20. 
Lindenwold 14.39 o. 
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There is a DC tie to the SEPTA facilities at Locust Street in Philadelphia; 

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

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

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

There are ten rectifier substations in the distribution system, 

designated by (S3O-S39) in the nodal diagram with 2 - 15OOKW rectifiers in 

each station, which feed the third rail. 

The effective rail/running rail impedance between substations and the 

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

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

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

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

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

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

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

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

These were the basis for the energy management study on regeneration 

which is discussed in the next section. 

5.2 ENERGY SAVINGS BY REGENERATION 

5.2.1 Regeneration Configurations 

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

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

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

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

All regeneration configurations were run using the hypothetical chopper 

control described in Section 5.1. 
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TABLE 5-4 

TYPICAL POINTS USED IN SIMULATION OF PATCO OPERATION 

Hours of Operation in Mode 
Number of Cars Passenger Load Train Headway Weekdays Saturdays & 

in Consist Factor (%) (Minutes) (Hours) Sundavs 
6 95 5 4 --
6 95 7.5 4 --
2 30 10 8 12 
l 50 10 8 12 



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

various regeneration configurations: 

1. No Regeneration 

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

switching propulsion system has been replaced by a chopper control 

propulsion system. Regeneration was turned off. 

2. Regeneration with Natural Receptivity - Regeneration Attempted 
Every Snapshot 

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

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

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

snapshot and the train once more attempts regeneration. 

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

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

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

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

of the BART rail system. 
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4. Regeneration with Assured Receptivity - Wayside Energy Storage Devices 

Receptivity of regenerated energy is assured by providing 

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

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

0.87. 

5. Regeneration with Assured Receptivity - Regenerative Substations 

Assured receptivity is provided by al-lowing all energy to be 

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

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

PATCO credit. 



Case Consist 
1 6 
2 6 
3 2 
4 1 

TABLE 5-5 

SUMMARY OF RESULTS OF NORMAL OPERATION FOR PATCO 

Energy Consumption 
. % Load Headway Schedule Tim~ at Vehicle 
Factor (Minutes) (Minutes) ( KvJHPCM) 

95 5 24.4 6.62 
95 7.5 24.4 6.62 
30 10 24.0 6.39 
50 10 24.4 7.03 

Average over one year's operation = .7.17 KWHPCM 
Estimate of Actual Consumption = 6.94 KWHPCM 

Metered Energy 
Consumption 

(KWHPCM) 
7.56 
7.55 
6.63 
7.20 

C'I 
C'I 



6. Regeneration with Assured Receptivity - Onboard Energy Storage 

Receptivity is assured by placing generic storage devices 

onboard each vehicle. The input and output efficiencies of the 

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

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

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

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

cars for these simulations. 

5.2.2 Analysis of Regeneration Configurations 

A summary of the simulations which were completed using the energy 

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

for each of the modes of operation which approximated the timetable 

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

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

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

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

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

120 snapshots were taken. 

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

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

simulated. 

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

devices are precharged with energy such that 

a. For the on•board storage case the eastbound train initially has 
the stored energy of the westbound train after its run is complete 
and visa-versa, and 

b. For the off-board storage case the storage devices are initially 
charged with the energy they would have at the end of the loadflow 
simulation of one headway time interval 
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TABLE 5-6 RESULTS OF COMPUTER SIMULATION RUNS ON THE PATCO LINDENWOLD LINE USING REGENERATION 

ENERGY CONSUMPTION (KWHPCM) 

Cars/ Headway Load Deli- Regen-
Train (min) Factor Metered vered erated Losses 

1 No Regeneration 6 5 95 7.61 6.67 - 0.94 
2 Regeneration-Natural Receptivity-Try on Each Snapshot 6 5 95 6.70 6.67 1. 19 1. 22 
3 Regeneration-Natural Receptivity-Try Each Brake Cycle 6 5 95 ti.96 6.67 0.93 1. 22 
4 Regeneration-Assured Receptivity-Offboard Storage 6 5 95 5.40 6.67 2.58 1. 31 
5 Regeneration-Assured Receptivity-Regener. Substations 6 5 95 5. 19 6.67 2.58 1.10 

~egeneration-Onboard Storage 6 5 95 5.66 4.95 - 0. 71 
7 No Regeneration 6 7.5 95 7.60 6.67 - 0.93 
8 Regeneration-Natural Receptivity-Try Each Snapshot 6 7.5 95 7.21 6.67 0.71 1.25 
9 Regeneration-Natural Receptivity-Try Each Brake Cycle 6 7.5 95 7.57 6.67 0.33 1.23 

10 Regeneration-Assured Receptivity-Offboard Storage 6 7.5 95 5.41 6.67 2.57 1. 31 

11 Regeneration-Assured Receptivity-Regener. Substations 6 7.5 95 5.27 6.67 2.58 1. 18 

12 Regeneration-Onboard Storage 6 7.5 95 5.67 4.95 - 0. 72 
13 No Regeneration 2 10 30 6.66 6.43 - 0.23 
14 Regeneration-Natural Receptivity-Try Each Snapshot 2 10 30 6. 16 6.43 0.54 0.27 

15 Regeneration-Natural Receptivity-Try Each Brake Cycle 2 10 30 5.49 6.43 0.20 0.26 

16 Regeneration-Assured Receptivity-Offboard Storage 2 10 30 4.79 6.43 2.34 0.70 

17 Regeneration-Assured Receptivity-Regener. Substations 2 10 30 4.39 6.43 2.34 0.30 

18 Regeneration-Onboard Storage 2 10 30 4,93 4. 77 - 0. 16 
19 No Regeneration l 10 50 7. 19 7.07 - 0. 12 

20 Regeneration-Natural Receptivity-Try Each Snapshot l 10 50 6.61 7.07 0.60 0. 14 

21 Regeneration-Natural Receptivity-Try Each Brake Cycle l 10 50 6.82 7.07 0.39 0 .14 

22 Regeneration-Assured Receptivity-Offboard Storage l 10 50 5.36 7.07 2.30 0.59 

23 Regeneration-Assured Receptivity-Regener. Substations l 10 50 4.93 7.07 2.30 0. 16 

24 Regeneration-Onboard Storage l 10 50 5.54 5.45 - 0.09 

O'I 
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then the system is again cyclic and only one headway time interval need be 

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

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

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

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

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

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

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

10%. 

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

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

train consist size changes. 

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

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

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

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

voltage of l 0% above nomi'na l . 

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

regeneration strategies in the four modes of operation plus the 11 average 11 

operation. The 11 average 11 is obtained by determining how many car-miles are 

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

KWHPCM shown in the figure. 

The following remarks refer to Figure 5-7: 
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1. Energy savings obtained by natural receptivity whether regeneration 

attempts are made on each snapshot or on each brake cycle are small, typically 
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4. 95 ENERGY CONSUMPT JON < KWIIPCMJ 

~ NO REGENERATION ~ ASSURED RECEPTIVITY 
OFFBOARD STORAGE 

KEY ~ NATURAL RECEPTIVITY-TRY [] ASSURED RECEPTIVITY 
RE(iENERATION ON EVERY StlAPSHOT REGENERATIVE SUBSTATIONS 

[I]] NATURAL RECEPTIVtTY-TRY 
~~~f~ERATION ON VERY BRAKING ~ ONBOARD STORAGE 

7. 60 7. 57 6.6i 
6.49 

10 

o_..a,;....._.....i......,--- 'a ....................... ~......__...... ~.....:.....;.....;ii..u..i...i.-- ~~m 

(1) SIX CAR TRAIN-5 MIMIITE 14E/\DWAY- <2> SIX CAR TRAl:'1-7 ,5 Ml:WTE HEADIIAY- (3) TIIO CAR TRAIN-10 MINUTE HE.40\·/AY-
95:t PASSENGER LOAD FACTOR 95% PASSEIJGER LOAD FACTOR 30% PASSENGER LOAD FACTOR 

10 
0-"~~....:...:~.i....­

<4> ONE CAR TR/\IN-1O MINUTE HE~DWAY-
50: PASSENGER LOAD FACTOR 

<Sl TIMETABLE AVERAGE 

FIGURE 5-7 REGENERATION ANALYSES SUMMARY FOR PATCO 
LINDENWOLD LINE 



of the order of ten percent. The reason for this is easily seen since 

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

the average substation spacing. 

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

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

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

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

vs. that passing through the substation. 

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

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

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

storage works agains the energy savings. 

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

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

stored by them. 

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

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

maximum energy storage of 3.34 KWH/car. 

5.3 TEST RUN OF RETURN ON INVESTMENT MODEL USING PATCO 

71 

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

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

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

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

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

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

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

a cost analysis, the highest costs should be included so as to abide by 



TABLE 5-7 ENERGY AND POWER REQUIREMENTS FOR OFF-BOARD STORAGE 
DEVICES ON PATCO 

Substation* 
Maximum Energy 
Stored ( KWH) 

Maximum Power 
Input ( KW) 

Maximum Power 
Output (KW) 

B 

E 

H 

I 

J 

K 

L 

M 

N 

p 

19.8(2) 6890(2) 

19. l (1) 5510(1) 

24.9(2) 4110(2) 

9. 6( 1) 3380(2) 

15.5(2) 3970(2) 

24.9(2) 6270(2) 

22.0(2) 4980(2) 

6.3(1) 1630(1) 

14.3(2) 3860(2) 

4.0(1) 3280(1) 

( ) Indicates the run which determines maximum energy or 
power conditions: 

5580(2) 

6060( 1) 

3940(2) 

3860(1) 

3010(2) 

5830{2) 

5120(2) 

1590( 1) 

4560(2) 

1370( 1) 

(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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TABLE 5-8 HIGH RANGE CAPITAL AND OPERATING COSTS 

ENERGY ANNUAL STORAGE 
SYSTEM CAPITAL OPERATING ANNUAL ENERGY INFLATION 

INVESTMENT COSTS SAVINGS ESCALATOR ESCALATOR 

ON-BOARD $10,435,000 $142,000 $274,000 .13 .10 
FLYWHEEL 

ON-BOARD 
$24,407,000 $4,850,000 $321,000 .13 .10 

BATTERY 

OFF-BOARD 
$ 9,941,000 $228,000 $321,000 .13 .10 

FLYWl!EEL 

OFF-BOARD 
BATTERY 

$20,624,000 $145,000 $321,000 .13 .10 

' 

REGENERATIVE $ 6,746,000 $ 43,000 $379,000 .13 .10 

SUBSTATION 

30 YEAR 
ROI 

.20 

-.04 

.20 

. 17 

.27 

20 YEAR 
ROI 

.14 

* 

.15 

.10 

.23 

....... 
w 



TABLE 5-9 LOW RANGE CAPITAL AND OPERATING COSTS 

ENERGY ANNUAL STORAGE 
SYSTEM CAPITAL OPERATING ANNUAL ENERGY INFLATION 

INVESTMENT COSTS SAVINGS ESCALATOR ESCALATOR 

ON-BOARD $ 2,118,000 $36,000 $274,000 .13 .10 
FLYWHEEL 

Otl-BOARD 
$24,407,000 $4,850,000 $274,000 .13 .10 

BATTERY 

OFF-BOARD 
$ 7,576,000 $122,000 $321,000 .13 .10 

FLYWllEEL 

OFF-BOARD 
$20,624,000 $145,000 $321,000 .13 .10 

BATTERY • 

REGENERATIVE 
$ 4,477,000 $ 43,000 $379,000 .13 .10 

SUBSTATION 

30 YEAR 
ROI 

.35 

- . 04 

.24 

.17 

.30 

20 Y[AH 
ROI 

.33 

* 

.19 

.10 

.27 

...., 

.i=,. 



conservative accounting practices. All conclusions of this analysis are 

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

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

year figure being the more conservative of the two. 

An energy escalator of thirteen percent and a general inflation 

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

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

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

PATCO. Of the three remaining alternatives, the regenerative substation 

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

respectable ROI inspite of the fact that very conservative figures were 

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

approximately 15 percent. 

If the most optimistic figures were used (Table 5-9 and a thirty year 

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

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

a ROI of over 35 percent could be achieved; however, it should not be used 

in the decision and analysis process due to the rule of conservatism. 
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APPENDIX A 

ROI COMPUTER MODEL 

DIMENSION C( 100) 
10 FORMAT(' ENTER CAPITAL INVESTMENT:') 
20 FORMAT(' ENTER SAVINGS/YEAR:') 
30 FORMAT (' ENTER ENERGY ESCALATOR:') 
40 FORMAT (' ENTER INFLATION ESCALATOR:') 
50 FORMAT (' ENTER INVESTMENT PERIODS:') 
60 FORMAT (' ENTER COST INCURRED EVERY JTH YEAR; TYPE J:') 
70 FORMAT (' RETURN ON INVESTMENT =',F10.4) 
90 FORMAT (' ENTER COST FOR EVERY ',12.' TH YEAR:') 
100 FORMAT (F10.0) 
110 FORMAT(I2) 

WR I TE ( 2 , 50) 
READ (5, 110)N 
WRITE (2, 10) 
READ (5, 100)P 
WR I TE ( 2 , 20 ) 
READ (5, 100)5 
WR IT E ( 2 • 30 ) 
READ (5, 100)X1 
WRITE (2.40) 
READ (5, 100)X2 

300 WRITE (2,60) 
READ (5,110)J 
IF (J.EO.O) GO TO 310 
WRITE (2,90)J 
READ (5, 100)0 
C(J)=D 
GD TO 300 

310 CALL NWTN(P,S,C,X1,X2,N,R) 
WRITE ( 2, 70)R 
STOP 
END 
SUBROUTINE NWTN(P,S,C,X1,X2.N,R) 
DIMENSION C(100) 
I 1 = 1 
X=.001 
DX=.5 
CALL PVF(X,Y,S,P,C,X1,X2,N) 
IF(Y.GT.O.) DX=-.5 

200 X=X+DX 
CALL PVF(X,Y1,S,P,C,X1,X2,N) 
Y2=Y1•Y 
Y=Y1 
11=11+1 
IF lI1.GT.300) GO TO 270 
IF (Y2.GT.O.) GO TO 200 
DX=-DX/2.00001 
IF (ABS(DX).LE .. 00001) GO TO 260 
GOTO 200 

270 STOP 'LACK OF CONVERGENCE' 
260 R=X 

RETURN 
END 
SUBROUTINE PVF(X,Y.S,P,C,X1,X2,N) 
DIMENSION C(100) 
F = ( 1 + X) - ( S/P) • ( 1 - ( ( 1 + X 1 ) * ( 1 + X2 ) / ( 1 + X) ) **N) / ( 1 -

•( 1+X1 )*( 1+X2)/( 1+X)) 
G=O. 
DO 180 J=1,N 
IF(C(J).EO.O.) GO TO 180 

G=G+(C(J)/P)•(1-(( 1+X2)/(1+X))••(J•INT(N/J+.001 
•)))/(1-(((1+X2)/(1+X)) .. J)) 
••((1+X2)/( 1+X)••(J-1)) 

180 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. 
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For costs prior to January 1979, a biennial publication of the United States 

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

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

referenced from Survey of Current Business , published monthly by the 

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

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

"Electrical Machinery and Equipment" for flywheel .systems or "Storage Batteries 11 

for a battery type system, etc. 

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

month of the cost to be updated. The function of the index is to bring the 
11old 11 initial cost back to 1967 prices (the base year) and then to current 

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

being brought up to date, shows the actual process: 

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

$972,000 f 1.381 = $703,838 

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

up to April 1980 dollars. 

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

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

costs and savings of each system. 
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YEAR AND 
MONTH 

1947 
1948 
1949 

1950 
1951 
1962 
1953 
1954 

1955 
1956 
1957 
111511 
111511 

1980 
11M11 
11M12 
1163 
11114 

INS 
1Nli 
1N7 ,. 
11811 

1970 
1971 
1172 
1973 
1974 

1976 
1911 

1t13 J1nu11v. 
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Novtmblr 
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AuguSI 
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No .. mblt' 
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JuM 

July 
Augull .. 
5lpt1mber. 
Oc1obt<. --· l)ocoml,or 

ltll J,nuary 
f-y 
Morch 

""'" May 
Juno 

July 
Augull 
5'!111mbof 
Octoblr,. --· Dtc:emblr . 

BUSINESS STATl:OT[(_ "!.i i' 1 ,", EDITION 

COMMODITY PRICES--WHOLESALE PRICES-Con. 
ELECTRICAL 
MACHINERY 

-- '-----

US DE PAR TMENT Of- l ABOR INDEXES I 1947-1976 

82 

---- - ------ -----

--- ------- --
Lumber and 

wood products 
~---

Total 4 Lumber Total 4 

II 

734 71 5 SJ 7 
840 81 2 58 2 
77 7 74 J 61 o 

89 J 866 63 1 
97 2 93 7 705 
94 4 91 J 70 6 
94 3 905 722 
92 8 8119 734 

97 1 94 5 75 7 
985 96 5 81 8 
935 909 87 6 
92.4 89 5 89 4 
988 984 91 J I 

I 

953 92 1 920 

I 
910 874 91.9 
916 I 890 920 
935 I 91 2 92 2 
954 I 929 92.8 

959 94 0 939 
1002 1001 96.8 
1000 1000 100.0 
1133 117.4 1032 
125 J 131 6 1065 

113 6 1137 1114 I 127 0 1355 j 1155 
144.J 1594 117 9 I 
117 2 205 2 121 7 
1138 2011 I 139 4 

1769 192 5 1614 
2058 2330 1710 

151 o ! 11190 118.9 I 
1610 182 3 119 4 , 
173 2 1958 1200 
1120 207 2 1208 
1189 2154 121 5 
183 1 214 8 1219 

177 8 20ll 6 1220 I 

1781 2108 122 3 
1819 2188 1226 
190 J 214.6 123 1 
184 7 211 1 1238 
1861 214 8 124 6 

113.7 213 J 1260 
184.1 2128 127.0 
191 J 221.4 1290 
2002 2309 1308 
1910 227 3 1341 
1922 2202 137 2 

1186 214.2 1403 
183 7 208 7 144 3 
190.4 199 8 1468 
1694 1838 1500 
1661 1711 152 7 
1854 177 2 154.0 

184 7 178 6 1588 
11113 1813 157.7 
1686 182 3 151.1 
1748 1883 159 7 
183.0 200 7 1804 
181 0 199 7 181 0 

1711.8 196.11 181 7 
179.7 197.11 182 2 
1789 11189 183.1 
179 1 11180 184.1 
1713 1831 185 3 
1131 2002 1158 

190.7 210 2 167 1 
1118.3 219.11 1678 
202 5 2304 1884 
203.3 230 4 1882 
202 4 227 3 180.8 
1998 224.2 170 4 

203 7 231 2 171 2 
207 5 2382 171 8 
212 8 244 3 172.8 
213.8 245.6 174.0 
214 3 244 3 174 5 
7200 252 1 175 4 

- - -- ----

Machmerv and equipment l 

i 
Agr1 ' Con 

cuhu<al I struct1on 
Elec1,,cal 

machinery machinery maLh1nNy 

and and 
iml 

•flu•pmf'nt l!11ui11men1 
equ111ni,•n1 

j_ ___ ---- --

---
I 

SJ J I 44 o 62 2 
59 7 498 65 1 
638 SJ 0 66 8 

65 2 54 5 68 9 
70 8 60 5 78 9 
71 1 61 4 77 8 
72 1 63 2 800 
720 644 816 

726 67 0 82 9 
75 2 72 6 89 5 
78 7 78 2 9b 4 
81 9 81 2 98 4 
84 5 84 1 999 

861 859 995 
877 87 J 98 2 
895 87 5 96 7 
908 89 0 457 
922 91 2 951 

940 93 6 95 1 
968 965 97 2 

1000 1000 1000 
1039 105 7 101 3 
1085 1104 102 9 

113 2 1159 1064 
117 2 121 4 109 5 
122 J 125 7 1104 
175 9 1307 1124 
1438 152 3 12!-10 

1686 185 2 140 7 
1830 1989 146 7 

123 6 126 6 1109 
124 4 127 4 111 0 
124 7 128 6 111 3 
124 7 1304 111 7 
1250 1309 112 J 
1254 131 J 112 7 

125 5 131 J 112 7 
1255 1314 112 7 
125 6 1314 112 8 
127 5 1325 113 0 
1289 132 7 113 3 
129 4 134 1 114 0 

1309 1356 11~ 1 
131 2 137 0 116 7 
132 6 1388 1169 
133 4 140 1 118 5 
137 8 145 1 1206 
1411 1489 123 il 

143 9 1514 126 3 
147 9 161 3 128 5 
1520 1634 130 4 
1550 167 0 132 4 
159 7 1890 135 4 
160 3 170.0 136 5 

1836 177 J 138 1 
164 4 1604 138 7 
1660 182 o 139 1 
166 7 1838 139 5 
167 5 184 0 140 1 
187 8 184 4 140 4 

1685 184.9 140 8 
111119 115 4 140 9 
1882 187 6 141J8 
171 J 1188 1423 
174 2 191 2 143 I 
175 1 192 5 14J 1 

177 0 193.4 144 2 
178.0 194.5 1447 
179 3 1950 1450 
179 9 195 3 145 J 
181.1 11184 145 5 
182 1 191 8 146 0 

1829 1119 9 146 4 
183 8 2006 146 7 
1856 201 0 148 2 
18e.J 202 7 149 2 
1888 204 5 149 5 
1906 205 8 1500 

'" 

Metal 
work• ng .,, mach,n 

,1nct 

e4U1JJ 
!llt'/1! 

- --

~-

1 
1 
I 

4 
4 
5 

5 
6 

60 
95 
I 9 

5 1 
1 6 
2 6 
JS 
45 

6 
6 
6 

6 
7 
7 
8 

79 
41 
88 
08 
2 7 8 

8 5 1 
59 
7 J 
7 6 
9J 

8 
8 
8 
8 

91 8 
9 60 
000 
04 0 
080 

11 4 1 
117 3 
20 2 
55 
69 

I 
12 
14 

171 6 
27 18 

121 8 
25 
34 
45 
b7 
56 

12 
12 
17 
12 
12 

12 
12 
12 
12 
12 
12 

bB 
58 
66 
7 5 
80 
89 

131 2 
2 1 

34 J 
366 
09 
46 

13 
1 
1 
14 
14 

14 93 
27 
6 1 
99 

15 
15 
15 
161 9 

J.O 16 

1 64 9 
16 11 
688 
696 
07 

1 
1 
17 
171 9 

17 
17 
17 
17 
17 
17 

2 7 
30 
3 1 
5 1 
6J 
69 

17 8.2 
86 
93 

805 

17 
17 
1 
181 4 

2 1 18 

18 
18 

26 
37 

1 
18 
84 4 
58 
73 
8 7 

18 
18 

B-2 

Metals .tnd metal Products Nonme1all1c mmeral protluct\ 

II 'I 
11 11 
I' I I 

r 1101" 1 He,.tinq I hor1 ,illld , Nonferrous T 1 • 
11 cqu,1,mf'111 ne~I I metiih Ola I " , i l ! 

__ ll_ _J - -~l: _____ J 
19hl 100 

54 9 
67 5 
630 

66 3 
7J 
13 
76 
76 

8 
9 
J 
9 

1 
2 

10 

,- ----- --,---- r __ J ___ -
8491 513 591 663 
901 b86 654 711 
92 2 I 60 5 61 0 73 5 

93 5 I 64 6 64 4 I 75 4 
1020 10 4 I 76 II I 60 1 
101 J 11 2 I 76 J I 60 1 

I 
102 J 75 0 77 J I 83 3 
101 8 76 0 , 76 8 ' 851 

I 
a1 5 I 102 5 60 J i 88 J 

105 9 884 96 5 
1084 95 0 850 94 8 

82 
89 
<j 

90 
92 

4 
J 

I 107 4 
' 107 9 ii 

91 J I 
96 4 790 

:~ ~ ! 98 J 84 2 

92 
9 
9 
9 
93 

4 I 
, 9 I 
1 2 I 
1 3 [ I 

96 
98 

100 
102 
108 

8 ! i 
4 
8 
0 
6 
5 

6 
0 

116 
119 
123 
132 
17 

185 
195 
,; ~ 

6 11 

9 'i 
2 ! I 
5 I' 

125 
126 
129 
130 
13 
132 , ~ I 
132 
133 
134 
135 
138 
141 

8 
7 
4 
9 
5 
6 

o 
0 
7 

145 
148 
154 
16 
168 
174 

1 2 

180 
185 
187 
186 
19b 
184 

185 
186 
186 
185 
185 
184 

183 
184 
186 
187 
181 
187 

187 
189 
190 
193 
194 
196 

198 
199 
200 
200 
200 
700 

7 
0 

J 
6 
1 
9 
7 
6 

5 
J 
1 
1 
1 
5 

4 
3 
5 
2 
0 
1 

8 
2 
1 
0 
2 
6 

9 
5 
1 
0 
1 
9 

105 8 97 1 
1018 97 2 
1005 958 
100 2 95 7 
992 97 0 

989 97 9 
998 98 7 

1000 1000 
102 7 1019 
105 4 107 0 

1106 115 1 
1155 121 8 
118 2 128 4 
1204 136 2 
1350 17116 

150 1 2009 
1sa o 215 9 I 

1188 

"'~ 
119 2 1330 
119 5 133 3 
1205 134 0 
120 2 135 J 
120 7 1359 

1209 1359 
120 7 1360 
1207 1365 
1208 1386 
121 1 141 6 
121 8 1424 

122 9 144 7 
123 7 1489 
124 4 157 7 
127 5 164 9 
1300 1691 
132 7 177 9 

137 1 190.4 
1400 195 7 
141 4 1981 
1450 1990 
147 0 199 7 
1485 196 7 

148 3 199 4 
1490 2005 
148 5 2006 
149 8 201 1 
150 2 2006 
1506 1994 

160 2 187 3 
150 3 1984 
150 J 2004 
151 9 204 1 
152 9 204 1 
155 2 204 3 

1554 2061 
155 J 209 7 
1551 211 4 
156 8 213 3 
156 8 213 3 
157 0 218 2 

158 4 220 1 
159 J 2199 
160 3 218 8 
1601 218 8 
1609 218 9 
161 8 222 6 

859 97 2 i 
830 97 6 I 
82 1 97 6 I 82 0 97 1 
87 6 97 J I 

I 
95 3 97 5 

1000 984 
1000 1000 
1035 103 7 
113 5 107 7 

124 7 1119 
116 0 1224 
1169 126 1 
1350 1302 I 
187 1 153 2 I 
171 6 174 0 I 

181 6 186 3 

1119 128 2 
121 0 128 4 
128 J 1290 
131 4 1300 
133 2 1305 
135 1 1311 

1359 1300 
137 9 1300 
1385 1298 
140 7 1309 
144 9 131 5 
1556 132 8 

I 
161 1 138 7 
165 0 142 1 
178 J 144 2 

I 
186.5 146 7 
2004 150 7 
200 5 152 J 

I 
1984 1564 
2004 157 6 
197 0 159 9 
1908 162 2 I 

187 2 1634 
181.8 184 3 

178 8 168 5 
1761 1703 
173.9 1708 
172 2 173 0 
1711 173 1 
169 1 173 J 

1677 174 7 
169 3 175 8 
1708 176 1 
170 7 177 1 
170 1 1777 
169 4 1780 

169 0 181 2 
169 7 181 5 
171 7 182 7 
177 7 185 4 
181 6 1880 
1831 186 J 

187 2 187 3 
187 8 1880 
1899 18116 
188 4 

:::: I 187 5 
185 1 189 61 

Clay 1 

products, ' 
structural, j Conr.retf' 
f'Kclud1ng ! µroduc.t~ 

refr,u 1 

·=1 
62 J 
67 1 
690 

72 1 
78 0 
77 8 
79 2 
80 5 

83 8 
88 1 
B'J 4 
90 1 
92 2 

93 7 
94 2 
950 
95 5 
95 8 

96 6 

i 
I 
I 
I 
I 
I 
i 
I 

I 
I 
I 
I 
I 

98 2 I 

1000 
102 6 
106 2 

1099 
114 2 
117 3 
123 J 
135 2 

151 2 
163 5 i 

l 

120 3 
121 5 
122 2 
123 0 
123 6 
1238 

123 8 
123 9 
1239 
124 6 
124 6 
124 8 

127 2 

::~ I 
131 5 
132 7 
134 2 

135 2 
137 3 
139 2 
141 2 
141 2 
143 2 

145 4 
1468 
1488 
1417 
149 2 
151 0 I 

151 31 
152 3 
154 0 
1558 
156 J 
156 J 

1590 
180 2 
1606 
161 J 
161 7 
162 1 

163 1 i 
164 9 , 
1661 I 
166 2 
168 21 
168 8 i 

71 3 
74 7 
76 4 

78 2 
BJ J 
BJ 4 
85 5 
87 1 

880 
~1 1 
<)J 6 
94 9 
96 1 

97 2 
97 2 
97 J 
965 
95 7 

96 J 
97 7 

1000 
102 6 
106 5 

11' 1 
1206 
125 6 
131 7 
151 7 

1705 
180 1 

128 5 
126 9 
129 6 
1308 
1]1~ 
132 3 

132 3 
132 J 
132 5 
133 6 
134 1 
114 5 

1398 
142.J 
144 7 
1453 
1477 
1499 

155 2 
1564 
157 1 
1~9 b 
1604 
161 8 

167 1 
168 1 
1690 
1699 
1700 
110 3 

1/1 2 
171 J 
171 2 
172 J 
1 n 6 
11:l 1 

177 6 
178 2 
118 1 
1/8 4 
179 4 
119 5 

181 0 
181 4 
181 2 
181 4 
182 4 
183 0 

Gyprnm 
product\ 

70 3 
76 8 
76 1 

77 8 
874 
87 5 
90 I 
909 

909 
94 6 
94 6 
98 2 
990 

99 1 
101 0 
1021 
102 5 
105 J 

101 2 
99 6 

1000 
1036 
103 6 

99 7 
1068 
114 7 
120 9 
137 6 

144 0 
i 154 4 
I 
-t----

117 4 
115 8 
118 1 
1196 
1204 
124 l 

122 9 
127 5 
122 0 
1214 
122 0 
123 3 

127 9 
1300 
129 6 
132 7 
133 J 
137 6 

138 8 
142 9 
145 7 
144 6 
143 8 
144 3 

143 7 
143 7 
145 6 
144 0 
143 ~ 
143 4 

140 8 
143 2 
143 8 
145 2 
146 9 
144 J 

150 2 
148 4 
150 4 
1509 
153 7 
153 5 

153 4 
155 1 
157 6 
159 I 

[ 160 I 

-L _ _'_~__'. 
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COMMODITY PRICES-WHOLESALE PRICES-Con. 
ELECTRIC 
POWER 
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1947 
19'1 
1949 

11150 
1951 
11152 
1953 
1954 

1955 
111611 
1157 
19SI 
111S9 

1960 
111111 
111112 
1183 
11114 

111115 1-111117 
11111 
1118 

1970 
1971 
1972 
1173 
1914 

1975 
1971 

1973 

1974 

YEAR ANO 
MONTH 

Jonu•y 
Ftbruary 
Morch 
Ap .. 1 
Moy 
Juno 

July .-...,n 
S.ptoml»r 
0.,­
Novarnber _ 
Ooa,mbo, 

Jonuory 
Feb1ua,y 
M•ch 
Ap,,I 
M•y 
Ju,. 

July ....... " 
September 
0.,­
Nowombor 
Docombor 

197& Janu•v 
F.t.ua,y 
M•ch 

""'" M•y 
Juno 

July 

"-" S.,,1ombor 

Oct--­Docombor 

1978 January 
hbrU11ry 
Morch 

""''' Moy 
June 

July 

"""''' S.S,t•mbtt 
Oct-• 
Novembef 
l>ecemi.r 

f------ ------- ----- - - -

Chemicals ind 1lhed products 

0,om 
te,.ls 

mdui 
tn~I 

B2 1 
87 2 
799 

840 
100.2 
95& 
97& 
97 6 

9112 
1008 
102& 
1026 
1029 

103 2 
1010 
91.9 
97 3 
118.7 

97 5 
1113 

· 1000 
1010 
1003 

100.9 
1020 
1012 
103.4 
1511 

20ll9 
7193 

1014 
1018 
1019 
1021 
102 7 

1030_1· 
1034 
103.5 
104 3 
1053 
1064 
10591 

1011 I 

1102 II 
122 0 
1309 • 
138 2 
1469 

155.5 
1&71 
174 4 
1819 
1901 
1948 

1961 
2021 
207 5 
207.4 
20l8 
2070 

20ll.3 
207 4 
20l.2 
2012 
210.4 
2111 

2138 
2166 
217 9 
2113 
218 7 
2184 

219 2 
221 2 
221 7 
222 2 
2226 
221 5 

Oruy.and 
pharm1-

ceut1 
c.ls J 

1198 
1149 
108.5 

105.2 
108.8 
1052 
105.7 
1088 

105 e 
1041 

10821 1089 
1081 

108& I 
104.e 
1021 
101 2 
1011 

1004 
1005 
1000 
983 
98.V 

101.2 
1024 
1030 
104 3 
112 7 

12ee 
134.0 

1035 
103& 
1031 
1031 
1040 
1044 

1044 
104 3 
104 7 
1047 
1049 
1051 

1053 
106 7 
108.2 
101 e 
1091 
111 3 

112 7 
1153 
1170 
11111 
1210 
1218 

1238 
124 1 
124 5 
1259 
1251 
12&4 

127 5 
127 5 
127.4 
1215 
1218 
12113 

1308 
131 7 
132 2 
1329 
1331 
134 4 

134 7 
135 2 
135 4 
135 4 
1359 
1364 

F,.H 
1nd oils. 
tned1blt 

2606 
2388 
1155 

1403 
1814 
1022 
107 6 
118.0 

1156 
1141 
175 3 
127 9 
115 7 

1002 
107.6 
93.1 
981 

1191 

1318 
1284 
100.0 
909 

1091 

1328 
133.5 
1151 
2213 
3312 

'" 2552 
2499 

1303 
138 1 
1739 
1140 
2320 
2638 

263 2 
273 2 
279 5 
2730 
2418 
2860 

2910 
3357 
372.4 
3154 
359 3 
361 3 

347 4 
31102 
325 3 
328 3 
301 3 
2613 

2363 
2318 
2182 
2915 
250.5 
24&.7 

2904 
2957 
219 7 
261.3 
290.8 
267.,3 

24.& 
245 3 
2562 
243.8 
2355 
243 5 

2589 
2494 
2629 
251 2 
251 2 
254 6 

708 
718 
72 6 

71 2 
78 1 
79 1 
79 7 
110.9 

821 
860 
!Kl& 
919 
91 g 

92 1 
94 8 
950 
1150 
958 

964 
977 

100.0 
104 8 
1091 

112 4 
115.S 
118.0 
122 2 
145 7 

186.9 
174.4 

119.4 
119.4 
1199 
120.3 
1201 
1210 

1210 
1210 
121.2 
128.0 
1211 
1218 

130.1 
1301 
1325 
1364 
1380 
14&5 

149 7 
152 3 
154 8 
157 8 
1818 
ISi.i 

183 7 
114 0 
1114 7 
1114.7 
1881 
186.9 

187.1 
187 1 
189 7 
189 7 
170 2 
1702 

170& 
1720 
1720 
173 2 
173 2 
1739 

1739 
175 7 
176 2 
176 9 
177 3 
177 3 

789 
905 
86.2 

87 1 
903 
901 
92 6 
91.3 

91 2 
94 0 
991 
963 
96 3 

11111 
97 2 
967 
963 
93 7 

95.5 
978 

1000 
919 

1009 

1082 
114 2 
1188 
134 3 
208 3 

2451 
285 6 

122 2 
1280 
127 4 
12112 
1311 
133 4 

134 7 
1352 
137.4 
139 3 
144 1 
161 5 

1825 
1774 
11190 
197 9 
204 3 
2105 

2217 
22&0 
2260 
2215 
227 4 
22110 

232 2 
232 3 
2330 
236.5 
2381 
243 0 

24&6 
252 4 
2549 
256 6 
257 0 
2510 

257 2 
255 6 
2558 
257 o 
2572 
21105 

265 3 
269 2 
271 2 
277 1 
281 6 
2790 

US DEPARTMENT OF LABOR INDEXES 1 

------- ----- ---------------------------

1947-1976 
F uflls and ,,lated products. and power Furniture and household durlbln H1dt1, 1k1ns, IH!Mr. and r,lated products 

69 I 
83 J 
83 1 

83 3 
85 1 
854 
88 5 
83 4 

82 3 
898 
97 6 
96 5 
96 2 

956 
94 6 
93 7 
938 
938 

93 4 
955 

100.0 
103 7 
112 6 

1503 
1818 
1938 
218 1 
332 4 

3858 
388 7 

205 5 
2069 
207 4 
2138 
214 2 
215 1 

2140 
214 4 
2228 
224 1 
2390 
240 7 

249 3 
2529 
259 3 
303 I 
307 I 
321 5 

3440 
3577 
371 8 
394 3 
3910 
428 4 

4288 
4099 
3883 
387 3 
389 3 
3859 

382 2 
377 9 
373 3 
371 3 
3846 
371 2 

370 1 
369 J 
368 1 
367 3 
367 6 
3666 

3611 
367 8 
36il o 
3684 
35q 1 
374 0 

Electric 
powers f~~s' ~ oducts, 

ef1ned ruoloum 

------ 1------- --

'99 7 
1001 

101 2 
101 7 
102 1 
101 3 
1004 

1001 
996 

1000 
1009 
1018 

1059 
113& 
121 5 
12113 
1&31 

1934 
207 6 

123.8 
1259 
1268 
127 8 
128 2 
1284 

1290 
129 1 
1309 
132 1 
1335 
1359 

137 5 
1422 
1419 
153 4 
15117 
184 7 

167 6 
1708 
173 8 
178.3 
179 7 
1110 3 

1833 
18& 5 
1911 
1946 
1929 
1906 

192 6 
1962 
197 5 
1995 
199 3 
197 6 

1988 
199 2 
201 e 
2044 
204 7 
206 3 

210 1 
2136 
214 5 
213 2 
714 o 
211 5 

B-3 

'- 76 1 
82 9 

81 2 
1117 
192 
918 
90 7 

92 8 
96 7 

1000 
92 7 
93 3 

1036 
1080 
114 1 
126 7 
162 2 

216 7 
2868 

118 4 
1186 
1169 
120 1 
121 4 
1280 

128 7 
1304 
132 2 
1334 
133 1 
137 S 

137 1 
1464 
1416 
149 0 
1500 
1514 

117 4 
1199 
1866 
167 2 
175 5 
177 2 

181 0 
1118 5 
1N1 
2089 
219 1 
2200 

2294 
2268 
231 5 
2316 
235 3 
2456 

244 o 
246 7 
254 3 
268 1 
267 8 
275 9 

277 3 
2116 6 
2119 5 
3309 
3650 
337 6 

1967 • 100 

74.2 
92.8 
81.4 

16.1 
918 
voe 
92& 
902 

920 
97 2 

104 I 
949 
94 4 

95 5 
97.2 
118 I 
961 
90 7 

93.1 
974 

100.0 
91.1 
eve 

1011 
108.8 
101.9 
121.7 
223.4 

257 5 
27U 

112 3 
1117 
1209 
122.8 
126.0 
121 e 
12119 
1303 
1312 
134.0 
1403 
161 7 

1&&.4 
1171 
2oe 3 
215 8 
224.4 
232 2 

2384 
243.V 
2430 
244 3 
231.2 
231.5 

242.3 
240 7 
242.3 
243.e 
248 1 
252 2 

251.1 
2111& 
272.1 
274 2 
2750 
274 7 

272.1 
2725 
2119& 
297 2 
268.9 
2706 

276 8 
2110 7 
283 7 
2850 
2858 
287 6 

Total 4 ::· hoUM •
1
:.~:,c Total 4 Footwear and 

hold hold ment 6 1km1 

L11thtr - --~-~]· ~urnuu~. -~=- -·r-=1•<111 
----- ------~---~---- ---- -----L--

770 
81& 
829 

14.7 
91.8 
90.1 
919 
92.9 

933 
958 
913 
981 
99.3 

99.0 
914 
97 7 
970 
97 4 

96.9 
91.0 

1000 
102.I 
1049 

107.6 
1099 
111.4 
115.2 
1279 

1311.7 
145& 

112.e 
1131 
1135 
1141 
1151 
1152 

115 2 
115.9 
118.0 
116.8 
117 2 
117 5 

1190 
120.2 
121 3 
1229 
124 5 
128.1 

121.2 
12118 
1321 
136.5 
1389 
137 7 

131.1 
1381 
131.5 
1315 
131.8 
1390 

1392 
1398 
1401 
141 1 
141 5 
1420 

1433 
143 7 
144 0 
144.5 
1449 
1453 

145 7 
1461 
146 7 
147 2 
147 5 
147 9 

102 5 
107 5 
1oev 

107 6 
114.0 
113 4 
114 5 
115.7 

112 9 
1114 
1114 
1108 
110.5 

107.5 
106.5 
104.2 
101.1 
101 2 

919 
911 

100.0 
101.1 
1029 

1063 
107 2 
101 e 
1015 
117.9 

132 3 
1382 

1071 
1012 
1014 
101.3 
1010 
1074 

107 7 
1011.0 
1090 
1091 
1095 
109.1 

1113 
111.8 
112 5 
1132 
114 0 
1154 

118.7 
1113 
1209 
1261 
128.9 
1217 

130 1 
130& 
130.1 
1308 
131 0 
132 2 

132.2 
132 4 
133.e 
1341 
1354 
135 7 

1384 
137 6 
138 3 
1381 
1381 
139 1 

139 7 
1400 
1402 
140 4 
1406 
141 o 

88.7 
74.0 
730 

758 
83 7 
81.2 
81.1 
81.5 

11.9 
fi& 
110 
N4 
•2 
1100 
911 
91.1 
92.& 
93.3 

94.1 
118.1 

100.0 
1039 
1014 

111 7 
114 8 
117.3 
1230 
13U 

1483 
153.e 

1191 
1194 
1200 
1211 
122.3 
123.3 

1232 
123.e 
1244 
1252 
129.e 
127 I 

121.9 
1211.8 
130 3 
1321 
134.1 
135.5 

131.7 
137.9 
138.9 
142.1 
144.5 
144.e 

145.4 
1455 
145.3 
145.4 
145 3 
145.3 

145.4 
145.5 
148.1 
147.8 
148.5 
1496 

1509 
150 5 
1509 
151 I 
1518 
1530 

153 5 
1539 
1550 
1585 
157 5 
151.8 

124.2 
1211.2 
133.7 

124.9 
1199 
119.7 

1200 
1201 
1218 
121 7 
119.7 

117.1 
1164 
110 3 
107.3 
10&.8 

103.1 
1012 
100.0 
Ill.I 
94.e 

93 3 
93.8 
92.7 
91.V 
931 

935 
91 3 

92.4 
92 4 
92 2 
922 
92.2 
91 e 
918 
92.0 
915 
916 
91.5 
911 

91.3 
91.4 
92 2 
92.2 
92 5 
931 

93.8 
931 
141 
94.1 
94.5 
94 7 

95.4 
958 
96.4 
91 V 
91.V 
930 

93.3 
94 e 
921 
928 
92.8 
928 

92 3 
91 7 
91 3 
91.3 
913 
91 2 

91 2 
91 2 
91 2 
91 3 
91 0 
gag 

83.3 
84.2 
79.9 

88.3 
991 
BO 1 
81.3 
77 8 

773 
819 
82.0 
129 
94 2 

90.8 
91.7 
92 7 
900 
90 3 

94 3 
1034 
100.0 
103 2 
101.V 

110.3 
1140 
131.3 
1431 
1451 

149 5 I 
167.8 j 

1439 I 
1449 
143.5 
1450 
142.2 
1409 

141.4 
143.0 
1431 
1431 
1430 
1419 

142.6 
143.4 
1434 
1454 
146 3 
1480 

1488 
1482 
1411 
145.2 
144.5 
143.2 

142.1 
141 7 
143 2 
147 5 
147 7 
148 7 

149 3 
149.3 
151 3 
152.4 
1544 
154.8 

1582 
1808 
1829 
1M 1 
170 1 
1681 

170 3 
171 6 
173 6 
1709 
1898 
171 5 

833 
67 6 
86 7 

70 2 
BO 1 
740 
73 7 
73 7 

740 
117 
79 g 
1105 
854 

87 8 
1110 
111.9 
1117 
889 

907 
V&.8 

1000 
1048 
1095 

113 3 
1188 
1245 
130.5 
1400 

1471 
1689 

1211.0 
1309 
1311 
131.5 
12113 
12113 

12115 
12117 
1303 
131.0 
1319 
1325 

134.0 
1349 
1359 
1311 
1317 
1385 

1388 
1407 
144 1 
144.3 
144.8 
144.1 

1454 
145.V 
1480 
1488 
1489 
1489 

147 3 
147 5 
149 5 
150.1 
150.2 
1505 

152 2 
153 7 
1549 
158 1 
1568 
158 7 

160.7 
161 2 
162 5 
182 8 
1629 
1538 

170.8 
15118 
139 1 

1614 
1162 

11118 
1089 

11115 

Ill& 
928 
8&5 
900 

1420 

108 7 
1145 
112 7, 

119 2 
929 

1180 
149.5 
1000 
1081 
124 1 

1042 : 
115 1 II 

213 7 
2539.1 
1115.0 , 

174 5 I 
2684 j 

274 0 
272 7 
2484 
2702 
2535 
241 6 

2483 
2618 
257 3 
2583 
238.1 
227 3 

220.9 
2220 
201 7 
2112 
2118 
207 2 

2155 
204.3 
1114.1 
181.2 
158.5 
1387 

124.7 
122 3 
1315 
1739 
1708 
182 5 

11&8 
1 ■e.e 
192 3 
2010 
209 1 
205.2 

224 8 
2211.8 
2395 
2706 
2859 
281 1 

278 6 
2114 8 
2112 1 
251 4 
2318 
251 2 

971 
932 
1113 

1111 
1153 
12 7 
11113 
711 

71.2 
144 
833 
163 

1034 

93.8 
9&1 
1184 
924 
933 

111.0 
108.I 
100.0 
1021 
101.7 

1077 
112.5 
140.3 
11101 
1543 

1515 
11111 

1828 
1829 
11145 
1111 
15117 
1564 

1568 
157 5 
1828 
180 7 
1604 
15111 

155 7 
1551 
11i87 
1514 
151.3 
1511& 

1553 
1544 
1563 
151 5 
147 4 
1453 

1411 
1381 
1418 
1515 
1533 
1532 

152.& 
151 5 
1541 
1549 
162 4 
1829 

11149 
172 7 
178 9 
1138 
2033 
191 2 

192 2 
1983 
197 5 
193 1 
1914 
191 7 
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u.,- oCher•I• lllllled In root-• belew, data 1976 I 1977 1977 1171 
throu•h 1974 and deeaiptlve nolM are u •hown In _______ ~-
lhe 1175 edlllon of BUSINZ8S STAT1ST1CS I I 1---- 1------ ----- I --

1 1 
--

--------'------"-"_"_u_•_• _ __,__J•n }'rh. ~-~---Apr -- _~_,_•_Y_e__l _J_u_n_•_c_J_u_1_y_c_A_ue_.__,__Se_p_1_. _,__o_._, __,_I_N_o_Y_ . ...!l_n_._._· __.__,_._"_· _l:_F_•_b_. 

COl\li\lODITY PIUCES-Continued 

WHOLESALE PRICESd'-Conllnued 
(ll.S. /Nparhr&tnl of I nhor h1dut1)-Conttnucd 

AU commodllles-f'o111ln11rd 
Farm prod., prO<'eSSNI fond!I and ferds 1M7 =H)o 

Fftrm produrl"I 9 _ do 
F1 uits :imJ ve1?rotnhl"5, frrsh nnd drlMl do 
0mins _ _ _ . du_ 
Li \TO poultr)' _ _ do 
Livestock .. tlo 

Foods and focds, 11rorrs111P,I 9 _ do 
Hevern.J!'.I"~ l\nd hrvern.:r nmtrriols flo 
C'eroal an<l hnkNy produrt,;; <lo 
l)rurv 11rorlw·1s 110 
Fruit~ arnl \"('J!:PI a hit•, p1t111• ... M•d do 
\lt•al'-, (loullr~-. n11cl fish do 

Inrtu~tnal C'ommodlt \rs _. _ 

Clwmir-:tls aml !1ll11•1J 1110<111rt, Q _ 
AP:1ir- d11'm1t•,~1.., and rlw111. pr111I 
C'hc1111rah;, 1111l11~11ial 
JJruJ,!s and phnrmart•utirals 

do. 

''" tin 
do 
do 

1'"nts nncl <nl,;, 1n€'d1l,II' 
Pr"po.n•1I 11111111 

110 I fl,, 

}~ur1s and relrilr1l pro1I , 1mcl JM1w<'1 '( 
Coul_ . 

-Rlcclnr powrr. 
Ons fu<'ls 
Pclrol"um rn od11t·1-., 1 f"hn('d 

Fnrnitur,, and hous"ho]fl ilurnblrs 9 
Appllanr(':ir, houc;rhold • 
Furnll llfP, ho11c;:.f'hnld _ . 
Homr ("\cC.'tro111c f''llllPllll"lll 

_,10 
<lo 
uo 
,to 

7 

183.1 
)111.0 
Iii-I. 4 _. 
'.!fl.\. 9 . - -
100.!, 
1i3. 3 

1;R 0 -·-·-·· __ 
1;3_ !, . _ 

1;'..! I ·~-- .\ liO '..! 
l~L6 

lR:? 4 .. 

l!-\7. '2 
1"-" 3 
:!1 11.:-1 
134.0 
2-1c, 'I ··- ... 
1;u 

2f\.·1.f1 
:4fvl. i . -­
:!07. 6 __ 
~\.R --· 
276.6 

141.~ ··-
13'-I. 2 
l~l fi .. _ 
01. l 

1114. 8 
1!13. S 
}qg .'") 

184. 11 
1~3- 7 
IM.O 

17!). :J 
184.1 
1118.4 
IM.8 
li"S. 4 
1;11.9 

ISS 4 
Ht\1.1 

i~~- ~ : 
1'<3 ; 
lhli.2 

lRt. 9 ( 
lkfl 3 1 

tm H 1 

1r11: ~• 
J)o.:! 'I I 

)";",' 1 

IS.1 11 
1! .. I & 
1;1 !, 
If>!< 0 
•~4 0 
174 :! 

188.4 •1911 I l'JI 7 

18A. 11 
Ut?.:! 
:!:..':!.I 
137. ~ 
2,\.1. 'I 
Iii". 3 

14R. R 
141. 2 
l.'"18. 7 
89.ft 

J•,n 1 l\11. '.! 
1-.,.1 °, 1"'i I 
:!:.?:' ,, :!'.!..!. 4 
1;1-c. -1 I 13'1. 0 
2',:1 11 27:t 7 
Iii 'I liM. 't 

2K<•. I 1 ,,.,;,i 7 
.r:; ;, :\iR ~ 
n11."' 2~:i • 
:ut, 7 , :1;0 11 

~·--) l I :JOI q 

\4 11, l ,i 1411. 6 
112 1 H'2 q 
J!')~ !I Vi'I 7 
k~tJ 8'14 

l'lj ,, I 
''()(' 
~W1 7 I 
I~ 4 1 

Is:,!. 3 i 
167,'.I I 
!RB !. 
~O'! I 
HI I, I 
l7J ~l i 
l),,,'1 • 

li4. 'I 

1!13 :1 

111.:•1 
I""" 0 
'.!:!:1:, 
I~'' 1, 
,iCM II i 
1,0 fi i 
2'1fi x·l 
;fjCj k I 
:!21' -1 I 
,'ii'I O 1 
!lOO K I 

l!le.8 
204.3 
201. H 
171.2 
18.1.1 
11!0.2 

IOI. 0 
20&.Q 
172 0 
174. 2 
lff!iij 
11!3. R 

194. 2 

194. n 
IR7. 7 
224. ll 
!:Ill. 7 
3.17. 5 
IS). 7 

302. 4 
3!WI. 9 
230. 7 
300.2 
310. I 

i,o 1 1 1/J(). r, 
14> s 143 2 
ltiO-; i 161. l 
h~ :1 ' 88. 4 

101 5 
192. 7 
176. 2 
1,17. 7 
182. 7 
172. 3 

IIIO.I 
207. 7 
171. 3 
174. 3 
Ul.i'.k 
18.1.4 

19t. 6 

193. n 
IRIJ.O 
224. I 
140. 8 , 

31M. R I 
IM2. 3 

~:~I 
23H I 
3"6.61 
311. 6 

151.3 I 

14~.5 
162. 2 
88.3 

-------------------------
I 

189. 3 
100.5 
182.0 
1.-.:i. 3 
193. 7 
180.5 

l&1.2 
181. 2 
17ft. 4 
142. 5 
171.1 
17.~ 2 

1
1
!-1-

1
_~ 1M.2 189.8 1sv.s 192.1! 

" • 182. 4 111a. s 1118. 3 192. 21 

187. R 
20!. 7 
172.0 
1;.-,.1 
1118 •• 1 
1~9. 5 

19,1.8 

193.~ 
IHI<. 4 
2i1. 4 
141.2 
281.9 
111.1. 0 

182. 8 187. 9 192. V 170. I 1~7. I 
144.2 144.7 1114.1 117.3 1111.11 
181. 7 170. 5 H2. 7 157. 8 170. 2 
172. 9 177. 5 171. I lll2. 7 188. 2 

~-: ~J ~:~ ~:~ :u ~U! 
rn1 ms m4 m1 ~o ~~ 
175 3 175. 7 17.1 9 111. g 178. 2 178. "I 
l!Hl.l 191. 2 1!1(). 3 l!l3. 0 W4. 4 1114. 4 
182. 7 182. 7 1114. 7 183. 4 }!,O. 8 193. fl 

191. g 197. S 199. I IOV. 2 200. 0 201. 5 

193 .. I IV3. 2 193. 5 l!lll. 8 1113. 9 194. 0 
IRH •1 1119. 9 1!1(1 0 188. I 11111. g 187.1 
224. 7 224. 2 224. 7 224.. 9 22.t 2 2'24. 2 
141.2 141.4 141.8 142.2 142.9 144.1, 

~: ~:~ ~:t ;::; :J m:~1 
300. r. 30!!. 5 3DII. 7 310, fi 310. 4 311. 9 312. 8 
:l'J3. 0 :¥.14. 5 395. 2 3\17. 8 400.1 402. 2 404. I 
2:IU. 2 244 7 242. 7 242.1 237. 8 237. 2 2311. 7 
:191. 9 400. 9 405. 4 4<r.. 0 414. I 422. 4 420. a 
312. 9 313. 0 312. 8 313. 8 313. 4 313. 7 314.1 

1.-,1.2 152.4 152.5 15.1.0 !a3.I 154.0 155.fl 
14 ;_ 4 149. 2 147. I 147. 4 147. 5 147. 8 149. I 
lfo2. 8 163. I 111-1. I IM. I IM. I UMI. 4 Ul8. 2 
ms 1111.s 1111.3 1111.3 1111.4 1111.4 1111.s 

IVG.ft 
198.~ 
204. I 
170. 8 
1118.R 
202. I 

194. 6 
201.1 
184. 7 
178. 7 
194. 6 
201. i 

20'2. 8 

19$. 2 
1118.H 
~'24. 4 
1«.o 
281.!l 
1118.:, 

312.9 
40.;.1 
241. 8 
417.9 
312.8 

158.3 
149.4 
lftS.R 
118.1 

1 (l(l('i,:., skins, an,J 11";\I h('r 1•n,.luc-t,; Q 
Fool wear 

i 
lfi7R 17fi.3 171, 11] 17711 17•1'11 181.Q 179.7 lfUl.3 180.5 17g_9 170ft 180.3 181.8 186.1 
I~ 11 _ _ _. IM.!, 11,.-1 \I lfiri 4 Jti7 ~ i lfi8. 2 IM. 6 170. 3 170. 4 170. 5 171. i 172. 0 172. l 173. 8 

187. 5 
179. 2 
298. 2 
211.!I 
2&3. 7 
309.:; 

II 1clN; nnd 5kl11'­
L<'nth('r 

2.lP4 t __ . . 2i8. 11 :.-'"'-~ fi 2J(,) !I l0."1 () ' 313. 0 ~- 8 ~11. ;, 288. 3 274. 4 :ztU'. 3 273. 2 291. 0 300. 4 
IKK. I _. _ JII:.? 'I 2HI :t :!01 4 :'04 I 210. 7 202. I l!l'S. 6 200. 3 200.:; 1%. 4 1117. 0 200. 4 210. 8 

Lnmhrr nn1l wnod pr,>1l nrts :...11t.•J, ~ .. , . 222, ~ 221 ◄ '.!2'1 0 ~_}II :-I I 220. 5 m.; 2.1..•,. ;, 242. i 2r»2.' 247. 3 243. 2 249. 1 'lb&. 3 
2:J¼:_(J .. 2!'>7.8 2.'",',I :, ~t;ti -t '.!b'- i:,.. 1 2ti7.8 26-1.ft 27.\~ 286 4 30l.3 2'Y2.4 28,4..S 291.0 300.4 

--------------- --- - -l---''"--+--+--1----1-- -- --"'---+--+--+-=,--,-h=-:+.,....,,..i...,,...,,,4-...,._,.....,,...,.1-,,,,..,,....--
~1n('h111N\.' :i.1111 rii1111111u1110 ,1,, i 1;1 n lili,7 17, -j 17~ '.! 1:--... J"'l.0 llil,l).i;i, 1 l"I ~• IR2 R IA.1.9 tFL'i 7 1Rft.7 187.~ 189.1 l'JU.l 

Lumhn 

A"nr11ll111al 111arh1111•1\ a111I r111111• do 
I 

IK.1 ti l'I::'.~ J<11 1 1 1•11 ~1 1•14-., 1~1.'i. l, l\NI.O '. l!Hi.fo 1'18 4 ffll.4 201·41 209.1 20.z;.2 205.!ll :-0
7.:! 

-t:~·l;·~:~-:1~·.;.::•f:::~:.::::.;~::·r'.:.:::{:11:::.
1

.·I' :::: i ir __ r~ f: m·:: -~1 i: i.\'i ~ I m-~ '. m:r: i tu itu !Mj ~u ~H ~J ~:~: r:.~ 
~fr-tal1111 a111I 111<'!:1\ pn:wl1U'I" Y 

llralh1J! rq11lp1111•111 
Tron n11 1I !!-ft•1•l 
Sonfr-r rnus nu'I ale;, 

l\;onmf'lalhc 111111..ral J1rud11l'lsQ 1)0 
f'lrw nro,I • s1rnrt111al. PX<'I 11•f1.11 110 
f'onrrl'ff' pr()IIIH'I" do 
OvJ)'l:11111 1,rocl111 t!'- clo 

Puln, prqwr. awl a\111•,I 1uoduc1"' 110 
Pap1•r iln 

H.uhh,•r n,,,) pl:L'-lll'.., p111d11r1c; 1lu 
Tlr<'S a11tl t11llf'c;;. do I 

T<"xhl<' pr()flnc1~ nnd appnr<'l I do j 
~\·nthelil' Ohrr'- . .l>n· 1'17.~-=lfJn .

1 
Proc.•,.c;,c;;,p,I \Hrfl" :uul ll1rr:ul._ 1Jo 

~:j~~i~l~~flir J,~•~I ll'~ :::: ! 
Apparel . . !067. HKL! 
'f('xt 11e ho11SC' fnmt:;;h1nJtll, do . I 

I 
Trn11~nor131 Inn <''ltll 11111rnt ? I >1•c IM" -- IIKI I 

Motor vt.•hiclr..,nnil "'lllilt Hlf17 •IOII ·1 
I 

St-uonalh• AdJuMtrdt ' 

All romm0tlitl<'s, IM'rC"Pnl clHlllf!'(' from 11rr\.'lons l 
month .... ... . .... _ _ _ __ _ 

n V !l1 A.I!'(' of proccc;..<;IJlJ!, 
Crude- rnnlrrlnl._ fur f11rt lu·r 111 orrc:.i,:.inJ! 11lti7 - 11)(1 
J111crrnedmtr mo.trrrnlc:. -.uppllec;., rte 1l0 

1116 3 
lh3. ~ 
IRll 1 
154.4 --- .. 
179 4 
Ht? 3 
1&1:? 
161. ~ 

14't. :! 
102. 4 .. _ _. _ 
!~•. !j 

IOfi 1 
1111.I 
139. ~ _. . . 
159. 3 

161. I _ .. 
163. H 

Fml~hNI J!oOt)._-
Consuml"r fl111:,.h<'fl J!Ond!-i 

Food 
1111 
tin 
di> 
•lo 
•lo 
do 

i. -· 
Flnl~h('d ~ood,c;;., ""t~' foorls 

Durahl" 
Nond11ral1ll" 

ProduCf'r fh1i,hr1l J!oud" 

Uy durability of prorl11r1· 
Tolnl Jllflllllfncturr.., 

nurnhl<' 11H11111fal'111n•,;;,_ 
Sondurdhl(' 111a11ur1u·tur<'c;:. 

:~,: :: .. :::· 

1: ..... ·­
i •·rarm pnHI 11rl o; 1l0 

Proc1•c;;..~•,1 food" u11d f('ed, _. ,10 
1

:. 

'..'fl! I 
16:!.,. ! 
~04 C j 
18."►.:I; 

:~~:: I 
:~~-~ i 
18:!. 'I , 
IAA.'1 
ltM Ii 
1i0.0 

I.Ill.'< 
10'.!. fl 
'lfl.fl 

JW, I 
1011. 4 
144.8 
l&"i..'i 

If,,. I 
15'1 . .! 

fl .i 

~10 2 
1!1.",. i 

17:1. fl 
1111.:1 
16i. 2 
14~.o 
IKO II 
liR !I 

.. , 1 
J)'(:! .t 
11'10 11 

l:11 I, 1 
tr,; -., 
1 .... ;.., 
1,:11'( 
11,,1 P 

I"°'' I 
1t,1 
If,,\ h , 

IC.I 7 
)fl:i " 
~1; :! 

Ill.I , 
IOI ~ 
11-, f. 

11,-; I 

1;,7 :1 I 
l!,il I 

I I 

1;·, C 
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u..- odlerww nai.d In foot- below, dala 1171 1171 1171 
~ 117• and ~rlpdn - an uol,ownl-----'----1------r---r---~--~--..,....--..,....--..,....--..,....--..,....--+--,---,---,---­
ln the 1177 ..Udoo of BUSINESS STATISTICS 

Annual Mar Ap, May Jun~ July Aue Sept. Oct Nov, Dec Jan Fab. Mar Apr. 

COMMODITY PRICES-Continued 
PRODUCER PRICES f 

1US Otpartm~nl of Labor ln<hu•J 

Not Seuonally AclJuned 

~ c:~:~~::.ea, baaic commod1t1ea 
. 1967-100. '2341 2774 2i6 :J 277 I 278 I 2812 279.5 281.1 283.8 • 281.0 2182 2871 2941 2863 272 5 

9 FoodotufTo do. '2392 2618 251 8 264 4 2565 2593 2643 259.1 262.3 2607 2664 2495 267 2 2450 235 0 
13 Raw mduainal■ do '230.6 2885 29-i 5 293.8 2939 297.3 298.1 297 3 3077 3040 3()119 3192 3225 318.9 3019 

All commoditin . do .. 20ll.3 2267 2.300 2320 2335 236.9 238.3 242.0 245.8 247.2 '2417 264 7 2598 2615 2623 
By ■talf' of procea1n« · 

Cru e material■ for further proceamg do .. 240 I 2766 279 9 2823 2830 2871 281.7 288.3 289.5 211().8 •21112 2189 3083 3033 2969 
lntermed.111.~ mater1al1, ■upphea, etc do 2155 231 5 235 H 2382 240 3 2446 247 5 2510 266.0 269.3 '2517 2859 2711 273.2 2745 
fo~im■hed 1ood1 • do 194 6 209 I 2114 212 7 213 7 2162 217 3 2207 224.2 2211.3 '2281 2321 235 4 2382 240 0 
Fim■hed c:-on■umer «oodl do 1926 207 9 2102 2116 212 7 2156 217 5 221 7 224.7 227 I '22fl I 2332 237 3 240 6 2416 
Capital equipment do 1991 211 7 214 0 215 I 215 8 217 2 2165 217 8 222.8 2239 •2253 2291 2303 2318 235 8 

By durab1ht) of product 

£~~d~1:.~ooda do 2049 2210 2239 224 7 2258 2278 2280 230 I 2341 235.3 '2370 2434 2484 246.6 247 2 
do 2119 '2304 2:14 I 2389 2388 2437 245.6 261 I 2537 2692 '21183 ll83.0 2700 273.I 2740 

Total manuf1cture1 do 2042 219 7 223 I 2260 2265 2298 2317 235.2 2390 240.6 '242.6 248.2 2627 264 8 2695 
Durable manufacturN do 204 7 2198 222 7 2238 224 6 2266 227 2 229.4 2340 2349 '2llU 242.4 246.0 2462 2462 
Nondurable manufarturn do 2030 2190 222 ij 2256 227 8 2325 235 9 2410 244.0 2496 '2490 2638 :.190 7 264 7 2117 3 

Farm prod , proceNNi food.a and fNda do 2066 2290 2:ll 2 2308 229 0 2322 227 5 231.6 2301 232.3 '234 6 231.9 2389 2349 2292 
Farm producta :ft do .. 212.5 2428 246 0 246 4 242 8 2488 2385 2410 2396 240.2 242.5 238.4 2423 2393 2289 

Fnuta and ve1et■bln, frNh and dned do 2195 235 7 2391 228 2 226 4 226.7 2417 2083 218.0 218.5 '210 7 216.9 2j()5 218.3 223.0 
Grain• do 182.5 lll'lO 19H :1 210.3 21H 7 2474 22111 224.4 229.0 23U 227.9 2146 223.3 217.9 210ft 
Live poullry du . 111118 217 6 :11•14 216 3 1829 183.8 171.9 1735 192.0 IIU 114.7 111112 1846 180 I 1719 
L1vntock do 220 I 275 H 2h40 280 7 2h40 2690 240 2 2694 261 7 248.3 262.6 · 247.8 2572 2618 2305 

r~e~~d ~~::;' !ater1al• 
do 202.6 2205 l~2 ·J 2220 2206 2233 2205 2258 2248 227 I •2J93 228.5 233 I 2315 228 5 
do 2000 2012 :1111 5 2053 2085 2141 2165 217.9 2189 221.2 '2218 2241 224.7 226.0 227 9 

Cereal and bakery product.a do. 1903 200.1 2030 204 9 206 3 212 4 216.0 2187 21U 2225 '2236 225.4 229.7 231.3 231 5 
Dairy product,i . do 1884 204 9 l07 I 207 9 208 4 :IOIIO 2152 2183 2181 219.3 '219.9 221.4 221.2 2233 227" ~r:::. ■;.!i~~:~~nbJn'.~rocNNd do 202.6 2196 2205 2214 221 5 2236 2246 2251 2234 2224 •222.e 222.1 223.1 223.6 2245 

do 217.1 2506 2.53 0 2504 2414 237 7 2255 239.9 234 2 2311.3 2428 2395 2395 2311.2 2260 

lndulllrial commod1t1e• do 20ll.4 2254 22'! 0 2316 2340 237 6 2406 244 2 2490 260.6 '253 I 2IIO 3 2654 266.2 2707 

Chenncala and alhed producta ~ do 1988 2099 215 I 2180 219 2 2250 2285 230.8 2342 236.0 '238.2 2455 247.6 251.6 259 1 

~fe'~.~:~~d::r~:I chem ~rod 
do . 1964 206,l 2098 2100 209 2 2112 2153 2194 2243 229.5 '232.9 2381 242.8 256.0 2563 
do 2259 2397 2-18 2 2556 259 3 270 4 277 I 260.0 2867 2884 '292.3 3026 3067 310.7 3168 

~s::::1r:~::i.hi~t1~a,. 
do . 149 I 1566 157 5 157 7 1590 1592 159.6 1610 1928 163.0 1844 1665 167 7 1689 1728 
do 3158 3985 44l'li 7 418 3 :174 1 3816 376 4 3799 seu 340 3271 3259 302.2 299.9 2118 2 

Prepared paint do 1923 2023 203 3 201 3 201 3 2053 205.3 2080 2067 20ll4 2107 2233 2233 2233 2315 

Fuel, and related prod • and power # do. 3225 350 9 :!61 5 377 6 39:1 7 4118 432 8 454 8 4685 476.9 ,4979 5078 5330 5535 5663 
Coal do 4300 445 3 44': I 4508 452 0 452 5 454 2 4526 4546 4551 '4566 4581 456 7 460 7 4633 

- Electnc power do ~ :l.~7 3 lbOt; 265 9 269 9 274 8 278 8 2605 2835 2819 '2a70 211()7 21195 3057 3104-
Gu fuel■ do 471 0 477 4 507 2 522 3 548 4 572 4 603.4 6199 6370 •eeu 6796 7198 720.3 7302 
Petroleum product.a, refined do 3210 3603 378 6 400.0 423 6 4498 4828 5137 5337 546.4 '565.2 5624 003 61579 977 3 

Furniture and hou■ehold durable■ • do 1604 1683 11;117 1696 170 2 170 7 1715 172 7 1751 1794 '177 9 1821 1834 1846 1831 
Apphanc-e111, houeehold do 1530 1588 15R 7 1593 1600 1611 1622 162 7 163.2 164.5 '1653 1(566 1687 1697 1702 
Furniture, hoult"hold do 173 5 1818 lM~ 7 1114 8 185 3 1858 1862 188.5 190 I 1930 '1948 1954 11165 1969 1969 
Home electronic equipment do 90 2 92 3 Yl JI 9H 90.2 902 903 903 903 '905 885 887 888 1169 

Hide■, 1km111, and leather producta • do 2000 25:J 3 :l5H H 269 6 2680 2619 257 9 2511 253.9 248.9 '249 2 2553 2610 2468 2436 
Ji'ootwe■r ,.. do 111.'10 2099 21211 216 3 221 I 2218 2254 2269 227 5 227.1 '2279 2285 228 I 2318 2319 
Hid• and 1kmM do 3605 6396 642 2 6669 611 0 li66 5 5119 46153 476 8 447.9 4439 4688 404 8 3487 3286 
Leather do 2386 371Y 3~3 6 429 4 414 6 3652 365.9 330.0 3436 319.8 324.8 3476 3403 311 0 2976 

Lumber and wood producta do 2760 3005 :m49 302.8 2998 300 I 304 7 3097 3088 2989 '290 I 211()0 2948 2957 275 2 
Lumber do 3224 3505 355 ~ 354 8 354 8 3550 3653 3739 3703 3556 '33115 3363 341 5 3406 310.1 

Machinery and equipment • . do 196 I 2079 :.!414 8 2114 212 4 2148 2160 2177 2200 221.3 '2234 2271 2297 2319 235.8 
Afr'1cultural mac-hmf'ry and equip do 213 I 224 8 226 -I 2283 229 4 2312 2333 2374 2400 243 4 '2442 2476 249 I 250.4 2528 
Con■truct1on machinery and equip do 2329 248 7 lf1l 7 2537 254 0 2570 256.5 2569 2639 2654 ':i68.8 2754 277 5 278 4 282.9 

-Electr1c■ I m11cfonery anti equip do 164 9 173 8 Ii~ 0 176 5 177 6 179.9 1812 1825 184.3 114.9 •1ee.s 1905 194.2 1959 1967-
Metalwork1n1J machinery and equip do 2170 2330 ::!:t5 ,I 237 6 239 I 2414 243 5 2484 2496 252.2 2648 2567 :181.3 264 I 2699 

Metal■ and metal produc-U # do 2271 2517 l:>60 256 2 2582 2608 2618 2637 269.6 2711 '2736 2845 2886 21163 2846 
Heat1n,r equ.1pmf:"nt do 1744 18:l 4 IH'IH 185 7 185 2 11160 1881 1913 1922 1931 '195.6 197 3 199.9 2020 204 2 
Iron •nd 11tffl do 2536 2799 :.!Hll 'l 279 5 28:12 2116 8 2116 I 2855 289.2 2V'l.O '2928 297 3 3002 3016 3070 
Nunr~rrou11 m.-tul11 du 207 8 246b L'i•J h 268 2 ;!~•, 1 262 3 2931 2893 2831 264 I '2919 328.1 3385 3209 2989 

Nonmetallic mineral produ, I.I • do 2228 2408 24:14 245 6 246 9 249 5 2499 264 6 256.2 257.4 '239.6 2680 2728 2791 2128 
Clay prod , etructural. excl refrac- do. 197 2 212 8 211 H 215 7 216 5 2:.J03 222.3 2237 2211 2210 '2311.7 229.8 231 I 2315 2344 
ConcreLe produclll dn 214 0 237 8 14,1 fi 2416 24"17 - 245 2 2463 2487 250.1 2609 2632 2649 268.2 21189 273.0 
Gypeum produc-t• do 2291 251 0 :.!!i:l2 248 8 251 '.) 2518 2523 264 9 2663 2892 2550 266.4 21122 21176 2640 

Pulp, p■ p(!'r. ancl ttllll'd procluc-La do 1956 212 .I :llf,O 216 2 216 6 218 3 222 2 2230 227 5 2295 '231 7 2374 2369 2416 2485 
Paper do 206 1 223 ,I Uh:t 227 2 227 5 2282 2295 2.303 2387 2418 '242.7 245.5 247 5 250.5 2536 

Rubber amd pl■11t1C1 product■ do 174 6 1859 lf,8 H 1908 193 1 1955 1966 200 7 2030 2049 ':!059 2082 2l09 2127 214 6 
Tn·• and tubN do. 179 2 1950 1%1 197 3 1989 2062 2116 2150 216 3 2231 '2231 224.7 231.2 2312 2313 

Tuttle producta and dppuel do 1698 16.~ 2 lh6 l 167 2 168 4 1693 1705 171 3 1720 172.8 '1731 174.9 176.5 178.11 1806 
Synthetic Ober■ Dee 1975--100 !OIi& 113 6 115 I 1174 IIRS 119 5 1206 1236 124 7 124 2 '124.7 12119 1271 12114 1307 
Procea■ed yarn, and thread■ do 102 4 107 0 106H 107 8 111,; 6 IOll5 1106 111 7 1121 112.5 '112 7 114.4 117 3 118 9 1221 
Gray fabric■ do 116 6 12.11 124 5 124 7 125 4 1283 1287 128.7 129.7 1307 '1323 1322 131 7 1337 1361 
Finiahed rabr1ca do 1038 105.4 105 9 107 0 l07 6 l08 2 1090 1091 1069 1097 '1099 1098 1108 1131 114 S 
Apparel . 1967= 100 152 4 156 3 lfi9 H 159~ 160 2 1603 1614 1616 1622 183 I '1626 165 3 167 3 1683 169 I 
Texble hou■e fum11hm1"1 do 178 6 16H 187 6 1880 1893 1899 1905 1939 11115.3 11111.5 '1971 1992 2000 2012 2016 

Tran■port■ llon equipment • Dec 1968- 100 17;15 183 8 1Hb8 187 2 187 5 1884 1859 1ee8 194 2 194 8 '11166 1118.3 1961 196.6 2026 
Motor veh1cle1 and equip 1967- 100 1760 186 I JH~ .a 1898 19<) 1 1908 187 8 1886 1971 1974 '196 2 2003 1999 200.8 204 9 

Seuol\ally AclJuned ; 

F1n11hed Sood•. percent c-hon11e from prt"v1ou11 
month• If) "" 115 Ob 12 II I 5 11 12 '08 '15 I 5 14 05 

Bye~':!: ::.~r:::=■i:r~: funher proceN1ng 1967 ~- 100 274 2 ,U,-12 275 I 278 4 2846 2852 2914 2945 25'08 '3017 2119 5 3074 3007 211() 3 
lnLermech■ te matenat■, iruppttn, etc do 231 6 2.15 ti 2.17 3 2'.14 7 2436 247 1 2507 266.0 2693 '2602 2671 272 0 273 4 2738 
F1n1ehed 1ood1 • do 2094 211 1 212 I 2134 2159 2183 2215 223.9 2263 '22115 2319 235 3 238.6 2398 

F1n1ahed con■umer good■ do 208 4 211H 7 210 8 2120 2148 2183 2222 224.8 2271 ·22119 2332 237 3 2412 2412 
Food do 226 7 :.:!lf) ~ 22.15 221 3 2228 226 2 2293 2291 2305 '234 I 2320 2309 2334 2298 
ft'1n1ah~d good11, eu food!I do 197 :1 ll.JH4 21)2 4 20.-; :1 2087 212 3 2164 2204 222.8 '2255 2315 2382 242 7 2460 

Dur•ble do 177 0 17H 1 179 5 1R06 1820 1820 184 7 187 7 1900 '1916 197 2 2007 1999 2003 
Nondurable do 2106 ll ii 217 5 221 7 226 6 2327 237 8 2426 246.5 '2484 2647 2635 27U 277 3 

CHp1tal 1•<1u1pnu-nr do 211 6 .!110 ll~O 21h 4 2182 217 9 2195 2214 2239 '224 8 22112 2296 2316 235 9 
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APPENDIX C 

ENERGY MANAGEMENT MODEL 

General 

The package of simulation and energy management programs under development 
at the RSC has been designed to meet two categories of objectives--functional 
objectives defining what the package is expected to do and architectural 
objectives defining how the package is to be built. 

- Functional Objectives 

- Realistically model and simulate power flows, energy consumptions 
and energy costs of existing and anticipated electric powered 
transportation systems. 

- Separate a system's overall energy consumption into its important 
end uses. Identify the cause-effect relationships governing these 
end uses and determine their sensitivities to changes in equipment, 
system design and operating practices. 

Provide the means to develop, refine and test energy conservation 
strategies before they are implemented in actual systems. 

Pro;ide flexibility - allowing the package to be improved and upgraded 
as necessary to accorrrnodate new models, new strategies and new 
technology. 

- Architectural Objectives 

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

- developed, tested and verified independently, 

inserted into the package or replaced without requiring a major 
retrofit affecting the package's integrity. 

To be, as far as possible, machine independent (no large package can 
come even close to 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 systen, that is, to detennine its 
performance, power flows, energy consumptions and energy costs, involved the 
following steps: 

- For each train in the system assemble data on its perfonnance 
characteristics, the route and schedule it is to follow and the 
characteristics of the track on which it is to run. 

- Assemble data on the electrical configuration of the network 
supplying power to the trains and/or costs of energy. 

- Treating each train separately, calculate tables of its speed, 
position and power demand against time. 

- From these tables assemble a master table, which, for selected time 
instants spanning the period under investigation, contains data 
on the locations and electric power demands of every train in the 
system. 

- At each of the selected time instants, calculate the voltages, 
currents and real and reactive power flows for all salient points 
in the electrical network. 

Integrate the power flows to give energies and wattless flow, and 
process them in accordance with a selected energy-billing-schedule 
to obtain the energy costs. 

The transportation-system-model consists of three components: a Train 
Performance Simulator, an Electric Network Simulator and a Metered Energy 
Cost Simulator. The last simulator has not yet been built. 
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ENERGY MANAGEMENT MODEL 

Train Performance Simulator 

88 

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 in~ervals 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 SCIIEDULES 
TYPE TRAIN 
DEPARTURE Tl ME 
STOPS 
01'/ELL TIME 

TRAIN CHARACTERISTICS 
NUMBER OF CARS 
NUMBER OF POWER UNITS 
WEIGHT OF TRAILING LOAD 

AND POWERING UNITS 
MECHANICAL AND ELECTRICAL 

PERFORMANCE 

ROUTE CHARACTERISTICS 
PROFILE 
ALIGNMENT 
SPEED RESTRICTIONS 
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ELECTRICAL NETWORK SPECIFICATIONS 

-

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

ELECTRICAL 
NETWORK + 

SIMULATOR 

, , 
TRAIN PERFORMANCE OUTPUT 

SPEED K1~ 
TIME KvA 
Pas IT ION 

FOR EACH TRAIN • 
DIAGRAM OF ENERGY MANAGEMENT MODEL 

ELECTRICAL NETWORK SIMULATOR OUTPUT 
SUBSTATION LOAD CURVE 
ENERGY CONSUMPTION FOR NETWORK 
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APPENDIX D 

ROI COSTING PROCESS 

This appendix describes the manner in which capital investment, annual 

operating costs and annual savings were obtained. All figures in this 

section are based on data provided by officials from the Port Authority 

Transit Corporation of Pennsylvania and New Jersey (PATCO). 

To determine the capital investment cost of any system, the maximum 

power input to the system must first be calculated. In the case of PATCO, 

the maximum power input is 43,880 KW (Table 5-7). This is not applicable 

to the on-board systems. For on-board systems, the maximum power per car 

times the number of cars is the basis of cost estimation. PATCO cars have 

a maximum power input of 1060 KW per car. The maximum energy storage 

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

as follows: 

where 

On-board Battery 

On-board Flywheel 

Off-board 

TC= C$/KW x lcar x n 

TC= C$/KWH x E x n car 

TC= C$/KW x 1substations 

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 
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Operating costs were calculated in the same manner as capital investment 

costs. 

On-board Battery 

On-board Flywheel 

Off-board 

OC = OC$/KW x Icar x n 

QC= OC$/KWH x Ecar x n 

OC = OC$/KW x 1substations 
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where 

OC = operating costs per year 
OC$/KW = operating cost per KW 

OC$/KWH = operating cost per KWH 

The annual savings from implementation of an energy-storage system 

are determined as follows: 

S = (KWH/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 KWH 

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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