
US. Department of Tronsportot1on 

Urban Mass Transportation 
Administration 

UMTA-PA-06-0083-86-3 

ENERGY MANAGEMENT GUIDELINES 

FOR 

• RAIL TRANSIT SYSTEMS 

VOLUME II 

SEPTEMBER 1986 

" UMTA Technical Assistance Program 



. 



ENERGY MANAGEMENT GUIDELINES 

FOR 

RAIL TRANSIT SYSTEMS 

VOLUME II 

by 

Richard A. Uher 
Onkar N. Sharma 

RAIL SYSTEMS GENTER 
Mellon Institute 

Carnegie-Mellon University 
Pittsburgh, PA 15213 

SEPTEMBER 1986 
FINAL REPORT 

Document is available to the U.S. public through the 
National Technical Information Service, 

Springfield, Virginia 22161 

Prepared for 

U.S. DEPARTMENT OF TRANSPORTATION 
URBAN MASS TRANSPORTATION ADMINISTRATION 

Office of Systems Engineering 
Washington. D.C. 20590 



HE 
4211 
• U54 

1987 
v. f 



1. Aepo,, No. 2. Gow•,n"'•"' Acce ■ 110" No. ]. Rec1p1ont' • Catolot Ho. 

UMTA-PA-06-0083-86-3 
•· T1tl ■ enlll ~"~litle S. A'epo,r Oet• 

:~,J- :: ~;· '~~. September 1986 . ,· 

''Energy Management Guidelines for Rai 1 Transit ,. P.,,.,,, .. n, o,, ... i, ■ llon Coil• 

Systems" Volume II 
I. Pe,fo,m1ft9 0,9oniaotion R\,0,1 No. 

1. Awf'f, ■r1 1) 

Richard A. Uher, 0nkar N. Sharma 

'· Porfe,m,n1 D,, .. ,,otion Nomo .,d Ach1reu ID. Work Un,, No. (T RAIS) 

Rail Systems Center, Mellon Institute 
Carnegie-Mellon University 11. Cont,oct or Gr■nl No. 

4400 Fifth Avenue PA-06-0083 
Pitt-<en11rnh. PA 15213 13. Tr,• of Ropert on_, Period Cowe,ed ----

12. Spe11aorint A1■ ncy Ham■ .,4 Addro11 Final Report U.S. Department of Transportation 
Urban Mass Transportation Administration 7/9/84-10/30/86 
400 Seventh Street, s.w. J4. S••n1orin1 A1•nc7 Co,■ 
Washington, D. c. 20590 

IS. Svp,lement•r1 N•••• 

16. Alt1tract 

The cost of electricity is a significant portion of the operating co.sts of rail 
transit systems. The impact of increasing energy costs is felt by those systems 
presently in operation and will be felt by those in the planning or construction 
phases. Because of the number of nuclear power plants coming on line in areas 
served by transit, the influence of electricity costs on operating and design 
policies of rail transit authorities is expected to grow in future years. 

Concerned by rising energy costs, managers of several rail transit authorities 
have established energy management programs. The objectives of these programs are 
energy cost reduction and improved energy efficiency. Energy management is a 
process of understanding a system's energy requirements, with the goals of reduced 
energy cost and increased energy efficiency. Both goals enhance rail transit 
productivity. The bottom line is lower electric bills for the transit authority. 

As a rule, energy management can foster its largest payoff when it is initiated 
during the design and construction phase of a rail transit system. The high dollar 
savings occur because low energy cost technology and operating practices can be 
engineered into the system at the outset. However, changes in technology and 
operations of present transit systems can also reduce the electric bi 11 . Reduction 
of energy cost can be achieved through energy conservation, load management, and 
power rate intervention. These guidelines describe the tools and methodologies for 
assessing energy conservation strategies and power rate structure modifications. 

I 7. ker We,tl1 11. Di11,illutiofl s,.,.,....,, 

Rail Transit Systems Report is available to the public 
Energy Management through the National Technical 
Power Rate Structure Information Service (NTIS), 

Springfield, Virginia 22161. 

19. S•c1,1rity Clo•1if. fof rhi• ,oportl 20. Socurily Cf ■ aaif. (of rhi1 ,•••> 21- No. of P oa,1 22. Pric• 

Unclassified Unclassified 376 

Form DOT F 1700.7 11-72> Reproduction of complet•-' poge ovthoria.•d 



"' = Cl ... 
u 
< ... 
z 
Cl 
in 
= ... 
> z 
Cl 
u 
u 
= ... ... 
:::i;; 

. 
C • ;; 

• > 
C • .. 
• .. 
e 
;; 
:! • • C 

• • . .. . 
• .. 
• . .. • 
• .. 
! .. 

:z: ... ... 
z --

i ; 
i i 
~ i • " 

OZ ; II 

I : I 

:,.,.I.,. 

. 
l . ~ j ; ! 

i r] 

C ... 
C 
C "' "' C 

:I 

i 

: El I i1 I" I 01 I • I' I ' I ' 

i i l 1 1 ! 1' I I : i I 1 1 i ' 
·, 1110'!" '"l''I' 111r11 11' 1' lllfl[lll'"111! 11 IIJ'l'I fll" pn,1 

I 1, 11,, , , 1 I, , ' ' 11 i • 

w • -• -.. 
:::, ... 
C .. ... ... 
:I ... ... 

• 1-:: :I 
: t 

• I . i 
! ! • '-' 

. . . :;; 

N 
~ 

. . 

! ' It E I' 
,,
1 Jrnl, 11 :!:: , .. )mi:/· :.:)::11 

'IT'f l" 'IT'f'I''' 'l'l'''l''T'' '''l'''l'''I''' '''l''T''I''' '''l''T''I''' '''l''l''I''' '''l''T''l'I' '''l'''l'''l'I' 

. 
C • ;; . 
> 
C 
0 
u 

! 
C .. . . .. . 
i 

• 1 .. 

:z: ... ... 
z --

.,, g - • -,.: 0 ci ...; 0 • ~ 

. 
~ 
& 

~~ -QO :I 
:0 -c:, 
> 

:. 
ii . 

1-~ 
i ~ -

iii 

:: : 
~ 

~~,:.::r -... .,.0000.-.00 C - ~ :0 ... 
C 
C -... 
:I . ... 

~ij . ... 
. j 

~ 

i t.~ .. : ': j y " . ,, , !iii! ~ ! !! ; l 

. -
! e; u a .. ;1: ? .-



Table of Contents 
1. ENERGY CONSERVATION STRATEGIES 

1. 1. DESCRIPTIONS OF BASE AND CASE STUDY TRANSIT SYSTEMS 
1. 1. 1. Description of Base Transit System 

1. 1. 1. 1. Right of Way 
1. 1.1.2. Vehicles 
1.1. 1.3. Operating Scenario 
1. 1. 1.4. Power Transmission and Distribution 
1. 1. 1.5. Normal Traction Operation 
1. 1. 1.6. No~mal Support Operation 
1. 1. 1.7. Summary of Power and Energy Use 
1. 1. 1.8. Power Bill Analysis for Normal Operation 

1.1.2. Description of WMAT A and MARTA Systems 
1.2. TECHNICAL STRATEGIES 

1.2. 1. Vehicle Weight Reduction 
1.2.2. Vehicle Streamlining 
1.2.3. Propulsion System Efficiency 
1.2.4. Regeneration 

1.2.4. 1. Regeneration with 
1.2.4.2. Regeneration with 
1.2.4.3. Regeneration with 

Substations 

Natural Receptivity 
Assured Receptivity 
Assured Receptivity 

1.2.4.4. Assured vs. Natural Receptivity 
1.3. OPERATIONAL STRATEGIES 

1.3. 1. Performance Modification 
1.3. 1. 1. General 
1.3. 1.2. Acceleration Reduction 
1.3. 1.3. Braking Reduction 
1.3. 1.4. Speed Reduction 
1.3. 1.5. Coasting 
1.3. 1.6. Optimum Performance Modification 
1.3. 1.7. Coasting vs. Speed Reduction 

- On-Board Storage 
- Regenerative 

1.3. 1.8. Performance Modification Predictions on WMAT A and 
MARTA 

1.3.2. Train Operation Strategies 
1.3.2. 1. Scheduling for Improved Passenger Load Factor 
1.3.2.2. Scheduling to Improve Regeneration Receptivity on MART A 

1.3.3. Support Energy Reduction 
1.3.3. 1. WMAT A Case Study 
1.3.3.2. MART A Case Study 

2. POWER RATE STRUCTURE EVALUATION 

2.1. INTRODUCTION 
2.2. COST OF SERVICE - BASIC PRINCIPLES 
2.3. RA TE STRUCTURE 
2.4. SURVEY OF POWER RATE STRUCTURES OF U.S. TRANSIT AUTHORITIES 

2.4.1. Serving Electric Utilities and Jurisdictions 
2.4.2. Structure of Billing Demand 
2.4.3. Structure of Energy Use Cost 

i 

1 

1 

1 
1 
1 
2 

2 

2 
4 

4 
4 

s 
7 
7 

8 

',­
-'- -

lf 
l -

33 

E~ 
E o 

16.l. 

l r ' _".)----: 

lcci 



2.4.4. Seasonal and Time of Use Rates 
2.4.5. Electric Traction Annual Power Cost 

2.5. REGULATORY CONSIDERATIONS ANO RA TE MAKING ST ANOAROS 
2.5. 1. Customer Classification 
2.5.2. Rate Design 
2.5.3. Cost of Service Study Methodology 

2.6. CASE STUDY RESULTS 
2.6. 1. Washington Metropolitan Area Transit Authority (WMAT A) 
2.6.2. Chicago Transit Authority (CT A) 
2.6.3. SOUTHEASTERN PENNSYLVANIA TRANSPORTATION AUTHORITY 

(SEPT A/AMTRAK) 
2.6.4. Metro - Dade County Miami 

3. LOAD MANAGEMENT 

3. 1. INTRODUCTION 
3.2. POWER DEMAND MONITORING 

3.2. 1. Real Time Monitoring 
3.2.2. Batch Process Monitoring 
3.2.3. Electric Bill Monitoring 

3.3. POWER DEMAND REDUCTION OPPORTUNITIES 
3.3. 1. Traction Performance Modification 
3.3.2. Support Power Reduction 
3.3.3. Load Leveling Using Energy Storage 

3.4. COST AND BENEFIT 
3.4. 1. Load Management with Demand Monitoring 

3.4. 1. 1. Cost Information 
3.4. 1.2. Benefit 

3.4.2. Load Leveling Through Energy Storage 
3.4.2. 1. Cost Information 
3.4.2.2. Benefit 

3.5. LOAD MANAGEMENT ANO THE POWER RATE STRUCTURE 

4. RAIL TRACTION ENERGY MANAGEMENT MODEL 
4.1. INTRODUCTION 
4.2. BRIEF DESCRIPTION OF THE ENERGY MANAGEMENT MODEL 

4.2. 1. Objectives 
4.2. 1. 1. Functional Objectives 
4.2.1.2. Architectural Objectives 

4.2.2. Approach 
4.2.3. Principal Modules 

4.2.3. 1. Train Performance Simulator (TPS} 
4.2.3.2. Electric Network Simulator (ENS) 
4.2.3.3. Energy Cost Module (ECM) 
4.2.3.4. File Construction Module (FILCMO) 
4.2.3.5. File Manipulation Module 

4.3. TRAIN PERFORMANCE SIMULATOR 
4.3. 1. Input 

4.3.1. 1. File Definition 
4.3.1.2. Simulation and Control Parameters 
4.3. 1.3. Train Data 
4.3. 1.4. Right of Way Data 

4.3.2. The Main Program Description 
4.3.3. Output 

4.3.3.1. Detailed Output 
4.3.3.2. Summary Output 
4.3.3.3. Power Profile Output 

ii 

166 
167 
167 
167 
169 
170 
174 

174 
175 

175 
175 

182 

182 
183 

183 
185 
186 
186 
187 
188 
188 
189 
189 
189 
190 

191 
191 
192 
193 

202 

202 
202 
202 
202 
203 
203 
204 
205 
205 
206 
2()7 
208 
209 
209 
210 
210 
211 
211 
211 
213 
213 
214 
214 



4.4. METHODOLOGY 
4.4.1. Equations of Motion 

4.4.1, 1. Integration Formulae 
4.4.2. Real and Reactive Power Estimates 

4.5. ELECTRIC NETWORK SIMULATOR 
4.5. 1. Input 

4.5. 1. ,. File of Filenames 
4.5. 1.2. Electric Network Description File 
4.5.1.3. Operating Time File 
4.5.1.4. Train Locator File 
4.5.1.5. Current Position File 
4.5. 1.6. Train Power Profiles 
4.5.1.7. Main Program Description 

4.5.2. Output 
4.5.2.1. Detailed Output 
4.5.2.2. Meter Load Curves 
4.5.2.3. Current Measurement Output 

4.5.3. Methodology 
4.5.3. 1. Load Flow 

214 
215 
215 
216 
216 
216 
217 
217 
218 
218 
219 
219 
219 
220 
221 
221 
221 
221 
221 

5. ENERGY AUDIT 228 
5. 1. INTRODUCTION 228 
5.2. ENERGY AUDIT OF THE MARTA RAIL SYSTEM 229 

5.2. ,. Description of the Power Metering Data 229 
5.2.2. Regression Analyses 230 
5.2.3. Power Demand Statistics 233 

5.3. ENERGY AUDIT OF WMATA RAIL SYSTEM 235 
5.3. 1. Traction Energy 235 

5.3.1. 1. Description of PEPCO Metering Data 235 
5.3.1.2. Regression Analyses: Daily Car-Miles and Temperature 236 
5.3. 1.3. Selection of Metered Background Power 240 
5.3.1.4. Consolidation Histogram Analysis 241 

5.3.2. Support Energy 242 
5.3.2. 1. Description of Audit 242 
5.3.2.2. Regression Analyses: Temperature 242 
5.3.2.3. Average PEPCO Support Power 243 
5.3.2.4. PEPCO Support Power Model 244 
5.3.2.5. The VEPCO Support Power Model 246 
5.3.2.6. Algorithms for Estimating Support Power Demand and 

Energy Use 247 

iii 



No. 

Table 1-1 
Table 1-2 

Table 1-3 
Table 1-4 

Table 1-5 

Table 1-6 

Table 1-7 

Table 1-8 
Table 1-9 

Table 1-10 

Table 1-11 

Table 1-12 
Table 1-13 
Table 1-14 
Table 1-15 

Table 1-16 

Table 1-17 

Table 1-18 

Table 1-19 

Table 1-20 

Table 1-21 

Table 1-22 

Table 1-23 

ENERGY MANAGEMENT GUIDELINES 
FOR RAIL TRANSIT SYSTEMS 

VOLUME II 

TABLES 

Title 

Vehicle Characteristics 
Vehicle Propulsion and Braking System 
Characteristics 
Operating Timetable Summary 
Train Performance and Energy Summary for 
Normal Operation 
Normal Operation Chopper (Base) Estimate 
of Turnaround and Car Storage Power 
for Base Transit System 
Normal Operation Chopper (Base) 
Energy Analysis 
Support Power Requirements By Function 
By Season 
Summary Normal Power and Energy Use 
Normal Operation Chopper (Base) 
Power Bill Analysis 
Vehicle, Propulsion and Braking 
Characteristics 
Route and Operating Characteristics 
of Study 
Timetable Data 
Annual and Hourly Car-Miles 
Electric Bill Analysis 
Predicted vs Actual Energy Consumption 
(KWHPCM) 
Ten Percent Vehicle Weight Reduction 
(Chopper) Energy Analysis 
Ten Percent Vehicle Weight Reduction 
(Chopper) Power Bill Analysis 
Vehicle Streamlining (Chopper) Energy 
Analysis 
Vehicle Streamlining (Chopper) Power 
Bill Analysis 
Normal Operation Cam-Control (Base) 
Energy Analysis 
Normal Operation Cam-Control (Base) 
Power Bill Analysis 
Chopper vs Cam-Control No Regeneration 
Energy Analysis 
Chopper vs Cam-Control No Regeneration 
Power Bill Analysis 

iv 

Page 

38 

39 
40 

4J 

4.::: 

44 

4 l 



Table 1-24 

Table 1-25 

Table 1-26 

Table 1-27 

Table 1-28 

Table 1-29 

Table 1-30 

Table 1-31 

Table 1-32 

Table 1-33 

Table 1-34 

Table 1-35 

Table 1-36A 

Table 1-36B 

Table 1-37A 

Table 1-37B 

Table 1-38 

Table 1-39A 

Table 1-39B 

Table 1-40A 

Table 1-40B 

Table 1-41A 

Table 1-41B 

Table 1-42A 

Table 1-42B 

Table 1-43A 

Table 1-43B 

Chopper (Regeneration) vs Cam-Control 
Energy Analysis 

Chopper (Regeneration) vs Cam-Control 
Power Bill Analysis 
Chopper (1/4 Fleet) vs Cam-Control 
Separate Trains Energy Analysis 
Chopper (1/4 Fleet) vs Cam-Control Separate 
Trains Power Bill Analysis 
Chopper (1/4 Fleet) vs Cam-Control 
Mixed Consists Energy Analysis 
Chopper (1/4 Fleet) vs Cam-Control Mixed 
Consists Power Bill Analysis 
Assured Receptivity-On Board Storage 
Energy Analysis 
Assured Receptivity-On Board Storage 
Power Bill Analysis 
Assured Receptivity-Regenerative 
Substations Energy Analysis 
Assured Receptivity-Regenerative 
Substations Power Bill Analysis 
Speed and Power Profiles for Cam-Control 
and Chopper Control 
Definition of Level-Tangent Track Runs 
for Performance Modification 
Acceleration Reduction (2.5 MPHPS) 
(Chopper) Energy Analysis 
Acceleration Reduction (2.5 MPHPS) 
(Chopper) Power Bill Analysis 
Braking Reduction (2.5 MPHPS) (Chopper) 
Energy Analysis 
Braking Reduction (2.5 MPHPS) (Chopper) 
Power Bill Analysis 
Energy and Power Bill Analyses for 
Chopper Control (with Regeneration) 
Speed Reduction (Min Run Time +.25 MIN) 
(Chopper) Energy Analysis 
Speed Reduction (Min Run Time +.25 MIN) 
(Chopper) Power Bill Analysis 
Speed Reduction (Min Run Time +.5 MIN) 
(Chopper) Energy Analysis 
Speed Reduction (Min Run Time +.5 MIN) 
(Chopper) Power Bill Analysis 
Speed Reduction (Min Run Time +.75 MIN) 
(Chopper) Energy Analysis 
Speed Reduction (Min Run Time +.75 MIN) 
(Chopper) Power Bill Analysis 
Speed Reduction (Min Run Time +l. MIN) 
(Chopper) Energy Analysis 
Speed Reduction (Min Run Time +l. MIN) 
(Chopper) Power Bill Analysis 
Speed Reduction (Min Run Time +1.25 MIN) 
(Chopper) Energy Analysis 
Speed Reduction (Min Run Time +1.25 MIN) 

V 

51 

51 

52 

52 

53 

53 

54 

54 

55 

55 

14 

56 

57 

57 

58 

58 

16 

59 

59 

60 

60 

61 

61 

62 

62 

63 



(Chopper) Power Bill Analysis 63 
Table 1-44 Energy and Power Bill Analyses for Cam-

Control (No Regeneration) 17 
Table l-45A Speed Reduction (Min Run Time +.25 MIN) 

(Cam-Control) Energy Analysis 64 
Table 1-45B Speed Reduction (Min Run Time +.25 MIN) 

(Cam-Control) Power Bill Analysis 64 
Table l-46A Speed Reduction (Min Run Time +.5 MIN) 

(Cam-Control) Energy Analysis 65 
Table l-46B Speed Reduction (Min Run Time +.5 MIN) 

(Cam-Control) Power Bill Analysis 65 
Table 1-47A Speed Reduction (Min Run Time +.75 MIN) 

(Cam-Control) Energy Analysis 66 
Table 1-47B Speed Reduction (Min Run Time +.75 MIN) 

(Cam-Control) Power Bill Analysis 66 
Table 1-48A Speed Reduction (Min Run Time +1 MIN) 

(Cam-Control) Energy Analysis 67 
Table 1-48B Speed Reduction (Min Run Time +1 MIN) 

(Cam-Control) Power Bill Analysis 67 
Table 1-49A Speed Reduction (Min Run Time +1.25 MIN) 

(Cam-Control) Energy Analysis 68 
Table 1-49B Speed Reduction (Min Run Time +1.25 MIN) 

(Cam-Control) Power Bill Analysis 68 
Table 1-50 Energy and Power Bill Analyses for Chopper 

Control (Regeneration) 18 
Table 1-51A Coasting (3 MPH Band) {Min Run Time +.25 MIN) 

(Chopper) Energy Analysis 69 
Table 1-51B Coasting (3 MPH Band) (Min Run Time +.25 MIN) 

(Chopper) Power Bill Analysis 69 
Table 1-52A Coasting (3 MPH Band) (Min Run Time +.5 MIN) 

(Chopper) Energy Analysis 70 
Table 1-52B Coasting (3 MPH Band) (Min Run Time +.5 MIN) 

(Chopper) Power Bill Analysis 70 
Table 1-53A Coasting (3 MPH Band) (Min Run Time +.75 MIN) 

(Chopper) Energy Analysis 71 
Table 1-53B Coasting (3 MPH Band) (Min Run Time +.75 MIN) 

(Chopper) Power Bill Analysis 71 
Table 1-54A Coasting (3 MPH Band) (Min Run Time +l MIN) 

(Chopper) Energy Analysis 72 
Table 1-54B Coasting (3 MPH Band) (Min Run Time +1 MIN) 

(Chopper) Power Bill Analysis 72 
Table 1-55A Coasting (3 MPH Band) (Min Run Time +1.25 MIN) 

(Chopper) Energy Analysis 73 
Table 1-55B Coasting (3 MPH Band) (Min Run Time +1.25 MIN) 

(Chopper) Power Bill Analysis 73 
Table 1-56A Coasting (5 MPH Band) (Min Run Time +.25 MIN) 

(Chopper) Energy Analysis 74 
Table 1-56B Coasting (5 MPH Band) (Min Run Time +.25 MIN) 

(Chopper) Power Bill Analysis 74 
Table 1-57A Coasting (5 MPH Band) (Min Run Time +.5 MIN) 

(Chopper) Energy Analysis 75 
Table 1-57B Coasting (5 MPH Band) (Min Run Time +.5 MIN) 

(Chopper) Power Bill Analysis 75 

vi 



Table 1-58A Coasting (5 MPH Band) (Min Run Time +.75 MPH) 
(Chopper) Energy Analysis 76 

Table 1-58B Coasting (5 MPH Band) (Min Run Time +.75 MPH) 
(Chopper) Power Bill Analysis 76 

Table 1-59A Coasting (5 MPH Band) (Min Run Time +l MIN) 
(Chopper) Energy Analysis 77 

Table 1-59B Coasting (5 MPH Band) (Min Run Time +1 MIN) 
(Chopper) Power Bill Analysis 77 

Table 1-60A Coasting (5 MPH Band) (Min Run Time +1.25 MIN) 
(Chopper) Energy Analysis 78 

Table 1-60B Coasting (5 MPH Band) (Min Run Time +l. 25 MIN) 
(Chopper) Power Bill Analysis 78 

Table 1-61 Energy and Power Bill Analyses for Cam-Control 
(No Regeneration) 18 

Table 1-62A Coasting (3 MPH Band) (Min Run Time +.25 MIN) 
(Cam-Control) Energy Analysis 79 

Table 1-62B Coasting (3 MPH Band) (Min Run Time +.25 MIN) 
(Cam-Control) Power Bill Analysis 79 

Table 1-63A Coasting (3 MPH Band) (Min Run Time +.5 MIN) 
(Cam-Control) Energy Analysis 80 

Table 1-63B Coasting (3 MPH Band) (Min Run Time +.5 MIN) 
(Cam-Control) Power Bill Analysis 80 

Table 1-64A Coasting (3 MPH Band) (Min Run Time +.75 MIN) 
(Cam-Control) Energy Analysis 81 

Table 1-64B Coasting (3 MPH Band) (Min Run Time +.75 MIN) 
(Cam-Control) Power Bill Analysis 81 

Table 1-65A Coasting (3 MPH Band) (Min Run Time +1.0 MIN) 
(Cam-Control) Energy Analysis 82 

Table 1-65B Coasting (3 MPH Band) (Min Run Time +1.0 MIN) 
(Cam-Control) Power Bill Analysis 82 

Table 1-66A Coasting (3 MPH Band) (Min Run Time +1.25 MIN) 
(Cam-Control) Energy Analysis 83 

Table 1-66B Coasting (3 MPH Band) (Min Run Time +l.25 MIN) 
(Cam-Control) Power Bill Analysis 83 

Table 1-67A Coasting (5 MPH Band) (Min Run Time +.25 MIN) 
(Cam-Control) Energy Analysis 84 

Table 1-67B Coasting (5 MPH Band) (Min Run Time +.25 MIN) 
(Cam-Control) Power Bill Analysis 84 

Table 1-68A Coasting (5 MPH Band) (Min Run Time +.5 MIN) 
(Cam-Control) Energy Analysis 85 

Table 1-68B Coasting (5 MPH Band) (Min Run Time +.5 MIN) 
(Cam-Control) Power Bill Analysis 85 

Table 1-69A Coasting (5 MPH Band) (Min Run Time +.75 MIN) 
(Cam-Control) Energy Analysis 86 

Table 1-69B Coasting (5 MPH Band) (Min Run Time +.75 MIN) 
(Cam-Control) Power Bill Analysis 86 

Table 1-70A Coasting (5 MPH Band) (Min Run Time +l MIN) 
(Cam-Control) Energy Analysis 87 

Table 1--70B Coasting (5 MPH Band) (Min Run Time +l MIN) 
(Cam-Control) Power Bill Analysis 87 

Table 1-71A Coasting (5 MPH Band) (Min Run Time +l.25 MIN) 
(Cam-Control) Energy Analysis 88 

Table 1-71B Coasting (5 MPH Band) (Min Run Time +l.25 MIN) 

vii 



Table 1-72 
Table 1-73 
Table 1-74 

Table 1-75 

Table 1-76A 

Table 1-76B 

Table 1-77 

Table 1-78 

Table 1-79 

Table 1-80 

Table 1-81 

Table 1-82 

Table 2-1 

Table 2-2 

Table 2-3 

Table 2-4 

Table 2-5 
Table 2-6 

Table 2-7 

Table 3-1 

Table 3-2 

Table 3-3 

Table 3-4 

(Cam-Control) Power Bill Analysis 
Monte Carlo Results for WMATA Red Line 
Steepest Descent Results for WMATA Red Line 
Summary of Coasting Predictions on WMATA 
and MARTA 
Passenger Load Factor Improvement 
Operating Timetable Summary 
Passenger Load Factor Improvement 
Energy Analysis 
Passenger Load Factor Improvement 
Power Bill Analysis 
Energy Cost Effect of Passenger Load Factor 
Improvement on WMATA and MARTA 
Estimates of Receptivity for Normal 
Operation at MARTA 
Energy Cost Variation Resulting From Offset 
Variation at MARTA 
Reduction of Power Demand and Energy Use 
By Employing Direct Mercury Vapor Lighting 
in Underground Stations 
Energy Savings By Reducing Escalator 
Operation During Non-Peak Hours of Operation 
Surveyed Installed Support Load 

Serving Electric Utilities and Regulatory 
Jurisdictions 
Grouping of Utility Rate Structures 
for Rail Transit by Classification 
Demand Aspects of Rail Transit Power Rate 
Structures 
Noncoincident and Coincident Peak Power 
Demand for Traction Meters on the WMATA 
Red Line 
Voltage Variation Influences on Power 
Description of Typical Transit Demand 
Ratchets 
1983/1984 Electric Traction Annual 
Power Costs 

Power Demand Monitoring Cost Components 
(1986 Dollars) 
Cost of Demand Monitoring Equipment 
for WMATA (1983 Dollars) 
Energy Cost Savings of Load Management 
WMATA Using Coasting (1983 Dollars) 

on 

Cost/Effectiveness of Load Management at 
WMATA (1983 Dollars) 

viii 

88 
89 
89 

90 

90 

91 

91 

92 

92 

93 

94 

95 
96 

177 

178 

178 

179 
179 

180 

181 

195 

196 

196 

197 



Table 3-5 

Table 3-6 

Table 3-7 

Table 3-8 

Table 5-1 
Table 5-2 
Table 5-3 

Table 5-4 

Table 5-5 

Table 5-6 

Table 5-7 

Table 5-8 

Table 5-9 

Table 5-10 

Table 5-11 

Table 5-12 

Table 5-13 

Table 5-14 

Table 5-15 

Table 5-16 

Table 5-17 

Table 5-18 

Cost Details of Real Time Power Demand 
Monitoring System on MARTA (1985 Dollars) 
Cost/Effectiveness of Load Management 
at MARTA (1985 Dollars) 
Cost Coefficients for Battery Storage 
System (1985 Dollars) 
Summary of Peak Load Shaving Effectiveness 

Metering Points and Power Feed Information 
Regression Analyses Results 
Results of Regression Analyses on North-South 
and East-West Lines During Different 
Time Periods 
Comparison of Terms of Regression Equation 
to Total Daily Energy 
Energy Consumed By Metro Operations 
During 1980 
Summary of Average Actual vs Scheduled 
Car-Miles for Metro (Feb. 1, 1980-
Oct. 15, 1980) 
Results of Regression Analyses for 
Power vs Car-Miles and Degree Days 
Temperature Dependent Coefficient of 
Regression Analyses and Load Differences 
for Traction Meter Consolidation 
Average Powers (KW) for Traction Meters 
at Different Operating Times (May 1, 1980-
Oct. 15, 1980) 
Derived Background of PEPCO Traction 
Meters on Red, Orange and Blue Lines 
Comparison of Maximum Power Demand to 
Average for Several Traction Energy Meter 
Consolidations 
Results of Temperature Regression Analyses 
for Support Meters 
Temperature Dependent Coefficients of 
Regression Analyses Load Differences for 
Support Meter Consolidation 
Average Support Power (KW) for Passenger 
Stations, Office Buildings and Repair 
Shops During Principal Daily Operational 
Periods 
Average Support Power for Meter Consoli­
dations at Various Operating Periods 
Summary of Lighting Loads By Passenger 
Station 
Summary of Lighting Loads By Meter 
Consolidations 
Passenger Station Average Daily Power 
of Escalators 

ix 

197 

198 

198 
199 

329 
330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

346 



Table 5-19 

Table 5-20 

Table 5-21 

Table 5-22 

Table 5-23 

Table 5-24 

Comparison of Predicted Daily Average 
Escalator Power with Observation Using 

Simple Escalator Power Formula 
Summary of Background, Lighting and 
Escalator Power (KW) for Support Meters 
at Passenger Stations 
Average Power Demand During Peak Periods 
and Daily Energy Consumption of Office 
Buildings and Repair Shop 
Passenger Station Lighting and Escalator 
Loads Provided by VEPCO 
Summary of Background, Lighting and 
Escalator Support Power (KW) Furnished 
By VEPCO 
Estimate of Support Energy Use and 
Average Peak Power Demand by Utility/ 
Jurisdiction 

X 

347 

348 

349 

350 

351 

352 



No. 

Figure 1-1 
Figure 1-2 
Figure 1-3 
Figure 1-4 
Figure 1-5 
Figure 1-6 
Figure 1-7 
Figure 1-8 
Figure 1-9 
Figure 1-10 

Figure 1-11 
Figure 1-12 

Figure 1-13 
Figure 1-14A 
Figure 1-14B 
Figure 1-14C 
Figure 1-15A 
Figure 1-15B 
Figure 1-15C 

Figure 1-lSA 
Figure 1-16B 
Figure 1-16C 

Figure 1-17A 

Figure 1-17B 

Figure 1-17C 

Figure 1-18A 
Figure 1-lBB 
Figure 1-18C 

Figure 1-19A 

Figure 1-19B 

Figure 1-19C 

ENERGY MANAGEMENT GUIDELINES 
FOR RAIL TRANSIT SYSTEMS 

VOLUME II 

FIGURES 

Title 

System Layout 
Traction Curves Chopper Control 
Propulsion Efficiency Power Mode 
Propulsion Efficiency Braking Mode 
Power Distribution Nodal Diagram 
Speed Profile Eastbound Normal 
Speed Profile Westbound Normal 
Power Profile Eastbound Normal 
Power Profile Westbound Normal 
Status of 101 Mile Metro System 
December 1980 
MARTA Rapid Transit System 
Assured vs Natural Receptivity Base 
Transit System 
Summary Regenerative Savings WMATA 
Speed Profile Minimum Time 
Power Profile Minimum Time 
Power Profile Minimum Time-Regeneration 
Speed Profile Minimum Time-1.5 Mile Run 
Power Profile Minimum Time-1.5 Mile Run 
Power Profile Minimum Time-1.5 Mile Run­
Regeneration 
Speed Profile Acceleration Reduction 
Power Profile Acceleration Reduction 
Power Profile Acceleration Reduction­
Regeneration 
Speed Profile Acceleration Reduction-
1.5 Mile Run 
Power Profile Acceleration Reduction-
1.5 Mile Run 
Power Profile Acceleration Reduction-
1.5 Mile Run-Regeneration 
Speed Profile Deceleration Reduction 
Power Profile Deceleration Reduction 
Power Profile Deceleration Reduction­
Regeneration 
Speed Profile Deceleration Reduction-
1.5 Mile Run 
Power Profile Deceleration Reduction-
1.5 Mile Run 
Power Profile Deceleration Reduction-

xi 

Page 

97 
98 
98 

lC:.. 

::t. 
~(It 

;_ 1. L. 

1 .-, '·, 
C .;___'_I 



Figure l-20A 
Figure 1-20B 
Figure l-20C 
Figure 1-21A 
Figure l-21B 
Figure 1-21C 

Figure 1-22A 
Figure 1-22B 
Figure 1-22C 
Figure l-23A 
Figure 1-23B 
Figure 1-23C 

Figure 1-24 

Figure 1-25 

Figure 1-26 

Figure 1-27 

Figure 1-28 

Figure 1-29 

Figure 1-30 
Figure 1-31 
Figure 1-32 

Figure 1-33 

Figure 1-34 

Figure 1-35 

Figure 1-36 

Figure 1-37 

Figure 1-38 

Figure 1-39 

Figure 1-40 

Figure 1-41 

1.5 Mile Run-Regeneration 
Speed Profile Speed Reduction 
Power Profile Speed Reduction 
Power Profile Speed Reduction-Regeneration 
Speed Profile Speed Reduction-1.5 Mile Run 
Power Profile Speed Reduction-1.5 Mile Run 
Power Profile Speed Reduction-1.5 Mile Run­
Regeneration 
Speed Profile Coasting 
Power Profile Coasting 
Power Profile Coasting-Regeneration 
Speed Profile Coasting-1.5 Mile Run 
Power Profile Coasting-1.5 Mile Run 
Power Profile Coasting-1.5 Mile Run­
Regeneration 
Speed Reduction Effect on Power Bill 
Chopper Propulsion (Regeneration) 
Speed Reduction Effect on Power Bill 
Cam-Control Propulsion 
Coasting Effect on Power Bill Chopper 
Propulsion (3 MPH Speed Band) 
Coasting Effect on Power Bill Chopper 
Propulsion (5 MPH Speed Band) 
Coasting Effect on Power Bill Cam-Control 
Propulsion (3 MPH Speed Band) 
Coasting Effect on Power Bill Cam-Control 
Propulsion (5 MPH Speed Band) 
The Energy-Running Time Plane 
Diagram of Forces Acting on a Train 
Distributions Used in Monte Carlo 
Simulation 
A Point on the Non-Inferior Portion of 
the Curve with Travel Time T=T1 
Algorithm for Selecting Optimal 
Step Size 
Discretization and Minimization 
Flow Chart 
Coasting vs Speed Reduction Chopper 
Propulsion (Regeneration) 
Coasting vs Speed Reduction Cam-Control 
Propulsion 
Performance Modification Strategy 
WMATA AM Peak 
MARTA Performance Modification Results 
AM Peak Operation 100% Receptivity 
Performance Modification Results WMATA 
Red Line Outbound 
Energy Variation with Schedule Offset 

xii 

127 
128 
129 
130 
131 
132 

133 
134 
135 
136 
137 
138 

139 

140 

141 

142 

143 

144 

145 
146 
147 

148 

149 

150 

151 

152 

153 

154 

155 

156 
157 



Figure 3-1 
Figure 3-2 

Figure 5-1 
Figure 5-2 

Figure 5-3 

Figure 5-4 

Figure 5-5 

Figure 5-6 

Figure 5-7 

Figure 5-8 

Figure 5-9 

Figure 5-10 

Figure 5-11 

Figure 5-12 

Figure 5-13 

Figure 5-14 

Figure 5-15 
Figure 5-16 

Figure 5-17 
Figure 5-18 
Figure 5-19 
Figure 5-20 
Figure 5-21 

Figure 5-22 
Figure 5-23 
Figure 5-24 

Power Demand Monitoring 
Peak Load Shaving 

Heating and Cooling Degree Day Models 
Observed vs Predicted Daily Energy Use 
(KWH) 
MARTA Meter Summary Statistics 
All Coincident, All Days 
MARTA Meter Summary Statistics 
All Coincident, January 1983 
MARTA Meter Summary Statistics 
All Coincident, April 1983 
MARTA Meter Summary Statistics 
All Coincident, July 1983 
MARTA Meter Summary Statistics 
All Coincident, October 1983 
MARTA Meter Summary Statistics 
All Coincident, January 1984 
MARTA Meter Summary Statistics 
All Coincident, April 1984 
MARTA Meter Summary Statistics 
All Coincident, July 1984 
Histogram Red Line-Car Miles (Feb. 1-
0ct. 15, 1980) 
Histogram Blue Line-Car Miles (Feb. 1-
0ct. 15, 1980) 
Histogram Orange Line-Car Miles (Feb. 1-
0ct. 15, 1980) 
Histogram Average Degree Day (Feb. 1-
0ct. 15, 1980) 
Summary Statistics WMATA Red Line-AM Peak 
Summary Statistics WMATA Blue/Orange Line­
AM Peak 
Summary 
Summary 
Summary 
Summary 
Summary 
PM Peak 

Statistics 
Statistics 
Statistics 
Statistics 
Statistics 

DC Jurisdiction-AM Peak 
MD Jurisdiction-AM Peak 
VA Jurisdiction-AM Peak 
WMATA Red Line-PM Peak 
WMATA Blue/Orange Line-

Summary Statistics DC Jurisdiction-PM Peak 
Summary Statistics MD Jurisdi.ction-PM Peak 
Summary Statistics VA Jurisdiction-PM Peak 

xiii 

200 
201 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 
367 

368 
369 
370 
371 
372 

373 
374 
375 
376 



No. 

Exhibit 4-1 
Exhibit 4-2 
Exhibit 4-3 
Exhibit 4-4 

Exhibit 4-5 
Exhibit 4-6 
Exhibit 4-7 
Exhibit 4-8 
Exhibit 4-9 
Exhibit 4-10 
Exhibit 4-11 
Exhibit 4-12 
Exhibit 4-13 
Exhibit 4-14 
Exhibit 4-15 
Exhibit 4-16 
Exhibit 4-17 
Exhibit 4-18 
Exhibit 4-19 
Exhibit 4-20 
Exhibit 4-21 
Exhibit 4-22 
Exhibit 4-23 
Exhibit 4-24 
Exhibit 4-25 
Exhibit 4-26 
Exhibit 4-27 
Exhibit 4-28 
Exhibit 4-29 
Exhibit 4-30 
Exhibit 4-31 

ENERGY MANAGEMENT GUIDELINES 
FOR RAIL TRANSIT SYSTEMS 

VOLUME II 

EXHIBITS 

Title 

Energy Management Block Diagram 
Format for File of Filenames 
Format of Control File 
Format of Train File 
Part 1 Weights and Dimensions 
Part 2 On Board Energy Storage 
Part 3 Propulsion 
Part 4 Traction and Braking 
Format of Corridor Related Files 
Program Flowchart 
Equation of Motion of a Train 
Grade Resistance 
Train Resistance Formulae 
Format for File of Filenames 
Format of Electric Network Description File 
Format of Operating Time File 
Format of Train Locator File 
Format of Current Position File 
Format of Train Power Profiles 
Summary Flowchart of ENS 
Creation of Curve File 
Creation of Grade File 
Creation of Route File 
Creation of Speed Restriction File 
Creation of Station File 
Motor Control 
Region I, II and III, TE vs SPD Curve 
Braking Effort vs Speed 
Execution of TNF 
Execution of NFC 
Execution of OPF 
Execution of TLF 
Creation of Current Position File 
Format of Meter Load Curve File 
Format of Meter Consolidation File 

xiv 

Page 

210 
224 
225 

228 

226 

- I,.: 



1. ENERGY CONSERVATION STRATEGIES 

1.1. DESCRIPTIONS OF BASE AND CASE STUDY TRANSIT SYSTEMS 

1.1.1. Description of Base Transit System 

A base rail transit system was designed to illustrate the effects of energy 

conservation strategies on power demand and energy use. The baseline system has 

been made simple. The simplicity, however, does not mask reality. The effects 

observed in the application of traction energy cost reduction strategies are of the 

same nature as would be seen on real transit systems. 

1.1.1.1. Right of Wav 

The physical layout of the base system is shown in Figure 1-1. There are no 

curves nor grades, and only one speed limit is designated, a speed of 40 MPH 

between mileposts 3.8 and 5. 1. The maximum speed of 70 MPH is allowed 

everywhere else on the double track I ine. 

The location of the passenger stations and substations are also shown in Figure 

1-1. The passenger stations are either 0.5, 1.0 or 1.5 miles apart. All mileposts (MP) 

are measured from passenger station A, designated as the western terminal. The 

eastern terminal is located at MP 8.0. 

1.1.1.2. Vehicles 

The fleet of vehicles contain cars with identical characteristics. The fleet has 

114 cars, 90% (or 102) of which are available and are used for peak transit service. 

The vehicle physical characteristics are listed in Table 1-1. The propulsion and 

braking characteristics are listed in Table 1-2. 

The traction effort curves for power and electrical braking are shown in Figure 

1-2. These curves represent the maximum capability of each car. 

The propulsion system efficiencies in the power and braking modes are shown 
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in Figures 1-3 and 1-4, respectively. Each of the curves in the figures represent the 

efficiencies at different percentages (20, 40, 60, 80 and 100%) of maximum tractive 

effort. 

1.1.1.3. Operating Scenario 

Table 1-3 provides a summary of the operating timetable. Passenger loading 

between all stations during the peak periods was assumed to be 50% of crush load. 

At all other time, passenger loading is assumed to be 25% of crush load. Dwell 

times at all passenger stations are 20 seconds. 

1.1.1.4. Power Transmission and Distribution 

The nodal diagram for the power transmission and distribution for traction 

power is shown in Figure 1-5. The unit power is taken as SMW and the unit voltage 

is taken as 750V on the track side of the substation. This means that the unit 

resistance is [(750V) 2/(5000000W)=J0.11 ohms. If the third rail resistance in series 

with the resistance of four parallel running rails (two parallel tracks} is 0.00321 ohms 

per 1000 ft., then the per unit resistance is 0.154/mile [.00642 • 5.28/0.11). 

The substations are all rated at 10000 MW with an impedance of 6%. Each 

substation feeds each third rail and four parallel rails of the ground return circuit. 

1.1.1.5. Normal Traction Operation 

1. 1. 1.5. 1 Moving Trains 

The speed profile superimposed on the speed restrictions for normal operation 

during the peak period for eastbound and westbound trains is shown in Figures 1-6 

and 1-7, respectively. Figures 1-8 and 1-9 show the power profiles for the same 

operations (eastbound and westbound). The negative values of power in the last two 

figures represent the power available during regenerative braking. 

Terminal to terminal summaries of run time and energy use (minimum with full 

receptivity and with natural receptivity) are listed in Table 1-4. The minimum energy 
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consumption is measured at the third rail shoe or trolley. The energy use with 

natural receptivity is measured at the meters. Energy use during dwell times at 

stations is also included. Energy use during turnaround and layup (storage) was not 

included, and is estimated separately. 

1.1.1.5.2 Estimate of Train Turnaround and Storage Energy Use 

For a simple two track system with two terminals and a fixed headway, the 

power use during turnaround at the terminals due to on-board auxiliaries is 

P:P •TT/HW 
0 

where P is the power use of a single train, TT is the total turnaround time 
0 

(min) and HW is the headway (min). For the base transit system, the minimum 

turnaround time is taken as 3 minutes per terminal or 6 minutes round trip. 

Likewise, the minimum number of trains required to run the schedule specified 

in the operating timetable of Table 1-3 is given by the expression 

N : RT + TT . + AT 
o m,n 

where N is an integer, RT is the round trip running time (sum of eastbound and 
0 

westbound run times) expressed in units of headway (HW) and TT . is the minimum 
min 

turnaround time expressed in units of headway. The quantity, AT 

0SATS1 

expressed in units of headway is called the slack time. 

Table 1-5 shows the' details of the turnaround and storage power estimates 

based on the formulae above and operating scenario of the base transit system. 

It is well to note that the turnaround and storage power were estimated 

independent of train movement. Some of this power requirement can be met by 

regenerating trains. During the peak period, the power requirement is smallest. 
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1.1.1.5.3 Summary of Traction Power Requirements 

Table 1-6 presents a summary of estimated power and energy use for traction 

operation for the normal conditions of the base rail transit system. It was assumed 

that none of the turnaround and storage power was supplied by regenerating trains. 

On the other hand, no network losses were included for the turnaround and storage 

power. 

It was also assumed that on-board auxiliaries on the cars remained operating 

during storage periods. This assumption can cause the energy use per car-mile 

during off-peak operating periods to seem exaggerated. 

The traction power requirement during the peak period is 16340 kW and the 

annual energy use 55. 1 MkWh. 

1. 1.1.6. Normal Support Operation 

A facility breakdown of support power by support function and season of the 

year is presented in Table 1-7 for the base rail transit system. 

requirements are for normal operation. 

1.1.1.7. Summary of Power and Energy Use 

These power 

Table 1-8 summarizes the energy use and power demand billing determinants of 

traction and support power for the base rail transit system. For the power demand 

component, the support power portion is 34% of the total demand, while for the 

energy use component, it is 57% of the total energy use. 

1.1.1.8. Power Bill Analysis for Normal Operation 

Table 1-9 contains the power bill analysis for normal operation. The rates are 

expressed in units of the annual power bill, which is assumed 1.00. The rate is also 

shown as a function of the portion of the power bill which is demand (which varies 

from O - 1 in steps of .25). It is also assumed that the facilities charge is negligible 

so that 
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Demand Portion + Energy Use Portion = Power Bill 

As an example, if the power bill is 50% demand related {and thus 50% energy 

use related) the unit rates are 0.00154/MW for demand and 0.00376/MKWH for energy. 

So if th!l total power bill were $10M, the demand charge is $15.40/kW ($15400/MW) 

and 3.7 cents/KWH ($37,000/MkWH). 

1.1.2. Description of WMATA and MARTA Systems 

The operation studied at WMAT A consisted of the RED, BLUE and ORANGE 

lines. At the time (1980-82), the RED line ran from Dupont Circle to Silver Spring, a 

distance of 9.9 miles. The BLUE line ran from National Airport to Addison Road, a 

distance of 15.9 miles. The ORANGE line ran from Ballston to New Carrollton, a 

distance of 16.6 miles. The ORANGE and BLUE lines shared common track from a 

point slightly west of Rosslyn Station to DIG Junction, a point east of Stadium 

Armory Station. Figure 1-10 shows a map of the WMATA rail system as it was in 

1980-82, during the time of the study. 

The operation studied at MART A consisted of the North-South (NS) and East­

West (EW) lines shown in Figure 1-11. During the early stages of the study, the 

service extended from West End to Arts Center on the NS line, but during 1985, the 

service was expanded so that it extended from Lakeview to Brookhaven. On the EW 

line, trains operated between Hightower and Avondale. 

Table 1-10 shows the physical, propulsion and braking characteristics of the 

vehicle for both rail systems. During the time of the WMATA study, the cars were 

propelled using cam-controlled resistor switching (cam-control), which was not 

capable of regeneration. Cars which use chopper control were on order, and are now 

in service. 

Table 1-11 lists the route and operating characteristics of the two rail systems. 

Although the maximum speed of the WMAT A system (75 MPH) is higher than that of 

MART A (70 MPH), the average speed of MART A is higher than WMAT A. 
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Table 1-12 lists the timetable data for both systems; namely, the headway and 

number of cars per train for both systems during various operating periods. These 

were the data used for the studies. 

Table 1-13 shows the annual car-miles and the car-miles per hour normally 

scheduled for peak operation for both systems. These numbers when multiplied by 

the KWHPCM yield the traction component of energy consumption and demand. 

Table 1-14 lists the principal structure of the electric bills. The electric power 

service to the WMATA rail system is provided by two utilities: the Potomac Electric 

Power Company (PEPCO), and the Virginia Electric Power Company (VEPCO). The 

PEPCO service to Metrorail is under three jurisdictions: District of Columbia (DC), 

Maryland (MD), and Virginia (VA). VEPCO provides power to WMATA under the VA 

jurisdiction. 

WMA TA is considered a separate customer class (RT rate) by PEPCO in all three 

jurisdictions. The service supplied by VEPCO is part of a government rate with just 

an energy charge. 

Electric service to MART A is provided by the Georgia Power Company (GPC) 

under a modified industrial rate (ET rate). Presently, MARTA is not classified 

separately. However, its unique load and customer characteristics are recognized by 

GPC. 

Both MART A and WMAT A rail systems rely on automatic train control (ATC) to 

drive the trains. 

Energy audits were conducted on both rail systems by examining and analyzing 

the metering records of the electric utilities serving the authorities. Regression 

analyses were conducted to determine the KWHPCM based on daily energy 

consumption and daily car-miles. The results are shown for both systems in Table 
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1-15. Also included in the table is a prediction using the Energy Management Model 

(EMM). 

All of the subsequent estimates of traction energy consumption reduction were 

made using the EMM. 

1.2. TECHNICAL STRATEGIES 

1.2.1. Vehicle Weight Reduction 

The base rail transit system is used to illustrate the example of vehicle weight 

reduction. The empty weight of the vehicle was reduced by 10%. All other system 

characteristics remained the same including the initial acceleration rate and the 

propulsion system. 

Table 1-16 shows the energy analysis of the vehicle weight reduction strategy. 

Because of the decreased empty weight of the vehicle, the run time has decreased 

(peak period from 13.85 min to 13.79 min). 

Table 1-17 shows the power bill analysis using the new fleet of reduced weight 

vehicles. 

The net effect for vehicle weight reduction under the postulated circumstances 

is marginal (less than 1% change in the power bill). 

There are three basic causes for this marginal behaviour: 

1. Because of the lower weight vehicle and under the circumstances 
postulated (no change in the propulsion system), acceleration on the motor 
curve is higher causing more high speed running and higher performance. 
This counteracts the reduced energy effect of lower weight. 

2. Vehicle weight affects the braking and train resistance energy end uses. 
The effect on train resistance is small since it does not influence the 
aerodynamic portion. Because of regeneration, the weight influence in the 
braking energy end use is also small. Weight has no affect on the 
auxiliary power and propulsion system losses. Thus, the weight influence 
on energy consumption is small, so that a change in weight produces a 
much smaller change in energy consumption. 
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3. Because of the change in train performance (run time) receptivity of 
braking energy is also changed. This effect could be either positive or 
negative. 

1.2.2. Vehicle Streamlining 

Vehicle streamlining was also tested on the base rail transit system using 

simulation. The aerodynamic factor of the front end of the train was reduced from 

the standard Davis equation value of (.0024) to .00226, a reduction of 6%. 

Table 1-18 shows the energy analysis of the effects of improved vehicle 

streamlining. Table 1-19 shows the power bill analysis. In this case, there is little 

or no effect on train performance or run time, since the propulsion system or initial 

accelerating rate remains unchanged. 

The overall effect of streamlining is small (<1%). The cause for this marginal 

effect is that the energy end use of the aerodynamic drag portion of train resistance 

is small. Thus small changes in this end use have a very small effect on system 

energy. 

1.2.3. Propulsion System Efficiency 

One energy end use of a moving train is the propulsion system losses caused 

in the conversion process of line electrical power to rail mechanical power and visa­

versa during regeneration. Domestic rail transit service is in trains propelled by DC 

motors, either using cam-controlled resistor switching or chopper control of these 

motors. It is interesting to observe the effect of cam-control vs. chopper control on 

the same system without the effect of regeneration. 

Two vehicle fleets were simulated. The base fleet was provided with cam­

control. The propulsion system provided the same performance as the chopper. A 

traction energy summary of this base system is provided in Table 1-20. Table 1-21 

presents a power bill analysis of the base system, similar to Table 1-9, where the 

power bill has been set to unit value. This cam-control base system is used for 
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further analysis in applying the energy conservation strategies in the following 

sections of this chapter. 

To make the comparison of cam-control vs. chopper propulsion without 

regeneration, the chopper propulsion system regeneration was turned off. The energy 

analysis is presented in Table 1-22. The power bill analysis, using the cam-control 

system as the base is presented in Table 1-23. Observation of these tables shows 

that the cam-control is slightly more energy cost-effective than the chopper without 

regeneration. The difference is approximately 1% in the power bill. 

Cam-control losses occur during acceleration in the resistors. Chopper losses 

occur for both acceleration and constant speed running. Thus, chopper control tends 

to be more efficient for small interstation distances, while the cam-control tends to 

be more efficient for large interstation distances. In the case of the base transit 

system, the cam-control wins out, but only marginally. 

1.2.4. Regeneration 

Regeneration is the conversion of mechanical power during braking into 

electrical power, which may be used by other trains on the system, stored aboard 

the train (flywheel), stored in devices off-board the train or sold to the electric 

utility. 

Regeneration with natural receptivity refers to the condition where only other 

trains on the system use the regenerated power. This case is the norm for all rail 

transit systems which use regeneration. 

Regeneration with assured receptivity has not progressed beyond experiment, 

anywhere in the world. Assured receptivity means that some positive action is taken 

in the form of additional equipment to capture regenerated power, which would 

otherwise be lost under conditions of natural receptivity. This positive action can 

take the form of energy storage systems both on-board and off-board the trains, or 
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regenerative substations, by which power can either be delivered back to the electric 

utility or used to power other portions of the transit system. The electric utility 

may give credit for the regenerated power, which it receives. 

In the discussion of regeneration in the next few sections, the cam-control 

vehicle fleet is used as the base operation. It was described in the preceding 

section. Various comparisons are made using natural receptivity and the on-board 

storage and regenerative substation approach to assured receptivity. The results 

obtained in the WMAT A study are also presented and discussed. 

Regeneration does not change the schedule performance of trains, unless 

additional weight must be added such as is the case with on-board energy storage. 

1.2.4. 1. Regeneration with Natural Receptivity 

Two cases are of interest. The first is a system where all cars can regenera1e 

power. This condition applies at MART A, MIAMI, BAL Tl MORE and BART, and mos1 

probably, in all new systems in the future. The second case relates to oider 

systems and WMATA, which are in the process of adding regeneration to new cars, 

but the old ones remain as cam-control. 

1.2.4. 1. 1 Case 1: All Cars Regenerate 

The proper comparison is the all chopper car base fleet (with regeneration) to 

the cam-control base fleet. 

Table 1-24 shows the energy analysis of the comparison. Table 1-25 provides 

the power bill analysis of the chopper (with regeneration) vs. the cam-control fleet. 

Because of the better regeneration receptivity during peak operation, savings 

become larger as the demand portion of the bill increases. Substantial power cost 

savings are possible. The MARTA study concluded that 14% of a total power bill of 

$4.BM (1984) was saved because regeneration was selected. 
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1.2.4. 1.2 Case 2: Some Cars Regenerate 

The proper comparison is a fleet of some chopper cars mixed with cam-control 

cars against the cam-control base fleet. It is further assumed that the chopper cars 

with regeneration are used whenever possible, to save energy. 

Out of the 102 cars required for peak service, it is assumed that 36 cars have 

chopper propulsion. These cars can be used as 6 six-car trains running together in 

the same consist, or as part of mixed consists. As mixed consist, there would be 2 

trains with 3 chopper cars and 15 trains with 2 chopper cars, with an average of 2.12 

chopper cars per train. 

During off-peak periods, all chopper cars are used. Table 1-26 shows the 

energy analysis of the comparison of the scenario of running with the chopper cars 

in separate trains versus the base case of all cam-control trains. The power bill 

analysis for the same scenario is shown in Table 1-27. 

Table 1-28 shows the energy analysis of the comparison of the scenario of 

running the chopper cars in mixed consists versus the base case of all cam-control 

trains. Table 1-29 presents the power bill analysis for this scenario. 

The results show that running the chopper-cars in mixed consists is better from 

the point of view of energy cost savings than running them in separate consists. 

Since the on-board auxiliary loads are fed first during regenerative braking, with 

mixed consists, there is a larger fraction of regenerated power being accepted by the 

regenerating train. This condition increases the natural receptivity of the mixed 

consist over the separate consist scenario. 

The rule can be generalized. When the fleet consists of mixed chopper and 

cam-control cars which can be trained, use· the maximum number of chopper cars 

with the minimum number of cars per train in mixed consist. Under most 

circumstances this will provide the best energy savings. 
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A comparison of cost differences between cam-control and chopper cars was 

possible on the WMAT A cars, because both types of cars were ordered 

simultaneously in 1982. This cost difference was $25,000/car (chopper > cam-control). 

1.2.4.2. Regeneration with Assured Receptivity - On-Board Storage 

The base fleet was modified so that all of the cars consisted of on-board 

storage devices. These devices increased the empty weight of the cars by 10%; 

however, because the propulsion system was not changed, the cars lost performance 

capability. 

Table 1-30 shows the energy analysis comparison of the energy storage car 

fleet with the base cam-control fleet. Table 1-31 presents the power bill analysis 

for the same scenario. 

The results again show substantial energy cost savings. There are two other 

effects which must be considered here. The increased weight of the cars reduced 

their performance causing both an increase of energy use (weight) and a decrease of 

energy use (performance reduction). 

1.2.4.3. Regeneration with Assured Receptivity - Regenerative Substations 

It was assumed for this case, that the base transit system had inverter 

substations, which could feed power back to the electric utility. It was further 

assumed that the utility gave full credit for this power (meters could rotate in both 

directions). 

Table 1-32 provides the energy analysis of the comparison of the assured 

receptivity (regenerative substations) with the base cam-control operation. The power 

bil I analysis is shown in Table 1-33. 

This scenario has by far the largest energy cost savings. However, the 

assumption that the utility will give full credity or that the full regenerated energy 

could be used to power support functions may not be the best. Anything less than 

this assumption results in diminished savings. 



1.2.4.4. Assured vs. Natural Receptivity 

1.2.4.4. 1 Base Transit System 

A comparison of assured vs. natural receptivity is shown in Figure 1-12. 
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Regeneration with assured receptivity, using inverter substations, certainly leads 

in the energy savings category. 

1.2.4.4.2 WMA TA Case Study 

During the WMAT A study, assured receptivity was investigated using 

regenerative substations on on-board storage as alternative means for assuring that 

regenerated power would be used. 

During the WMA TA study, assured receptivity was investigated using 

regenerative substations and on-board energy storage as alternative means of 

assuring that regenerated power would be used. In the case of on-board storage, a 

flywheel was increased by 10%. A comparison of the 1981 $ savings among natural 

receptivity and the assured receptivity conditions of regenerative substations and on­

board storage is shown in Figure 1-13. As compared to the natural receptivity case 

of 17% savings, the use of regenerative substations increases the savings to 20% and 

the use of on-board storage shows a 17% savings, the same as for natural 

receptivity. The reason for the small increase in savings for regenerative substations 

is that the WMAT A rail system under natural conditions is already highly receptive. 

and that regenerative substations compete with natural receptivity. 
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1.3. OPERATIONAL STRATEGIES 

1.3.1. Performance Modification 

Performance modification strategies are those that reduce the normal train 

performance (run time increase) in order to reduce energy consumption. If 

performance is reduced too much, it will be necessary to add another train thus 

adding additional operating cost. The strategies to be considered are acceleration 

reduction, braking reduction, top speed reduction, coasting and optimum performance 

modification. The latter strategy represents the best energy trajectory per fixed 

schedule time increase. The effect of performance modification strategies depends 

upon whether a system is regenerative. 

1.3.1.1. General 

An illustration of the speed profiles and the power profile for both cam-control 

and chopper control (with regeneration) are shown for the base transit system in the 

several figures which follow: 
Table 1-34 

Length of Run (miles) 1.0 1.5 

Type Profile Speed Power Power/Regen Speed Power Power/Regen 

Strategy FIGURE # 

Minimum Time 1-10 1-148 1-uc 1·15A 1-158 1·15C 

Acceleration Reduction 1 · 16A 1-168 1·16C 1•17A 1-178 1·17C 

Deceleration Reduction 1·18A 1-188 1-1ac 1·19A 1-198 1-19C 

1 ·20A 1-208 1-2oc 1·21A 1-218 1-21c 
Speed Reduction 

1·22A 1-228 1·22C 1·23A 1-238 1·23C 
Coasting 

Table 1-35 summarizes the result of all of the runs depicted in Figures 1-14 (A, 

B, C) through Figures 1-23 {A, B, C). 

The area under speed profiles must remain the same for a fixed run length, 
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since the area is just the distance. The area under the power profile curves is just 

the energy. 

1.3.1.2. Acceleration Reduction 

The base transit system with chopper control was used to illustrate the effect 

of acceleration reduction on energy. The acceleration rate was reduced from 3.0 to 

2.5 mphps. 

The energy analysis of the acceleration reduction strategy is shown in Table 

1-36A. The power bill analysis is presented in Table 1-36B. 

The major energy effect of acceleration reduction occurs when the rate is 

reduced enough so that the train does not reach its former top speed within the 

interstation distance. This occurs for short station spacings. 

1.3.1.3. Braking Reduction 

For the purpose of illustrating the result of braking reduction on energy, the 

base transit system braking rate was reduced from 3.0 to 2.5 mphps. The result is 

shown in the energy analysis of Table 1-37A. The power bill analysis of this 

scenario is presented in Table 1-37B. 

As in the case of acceleration reduction. a large effect on energy is realized 

when the braking rate is reduced enough so that the train is prevented from reaching 

its former top speed within the interstation distance. A second effect is the 

increased natural receptivity caused by the rate decrease. Less power is regenerated 

but over longer periods of time. Thus there is more of a chance that other trains on 

the system will use it. 
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1.3.1.4. Speed Reduction 

The base transit system was used to illustrate the reduced energy and increased 

running time effect of the speed reduction strategy. This is one of the energy 

conservation strategies which is seriously considered by transit management, and, in 

fact is used on a regular basis. This strategy is discussed using the chopper control 

propulsion as the base system (regeneration) and the cam-control propulsion as the 

base system (no regeneration). 

1.3. 1.4. 1 Speed Reduction with Regenerative Systems 

The following tables show the energy and power bill analysis for the chopper 

control propulsion (with regeneration) on the base transit system for increasing values 

of run time (decreasing values of maximum speed) 

Table 1-38 

Increased Run Time* Maximum Speed* Energy Analysis Power Bill Analysis 
(minutes) (mph) 

+.25 62.4 1-39A 1-39B 
+.50 58.0 1-40A 1-40B 
+.75 54.8 1-41A 1-41B 

+1.00 52. 1 1-42A 1-42B 
+1.25 49.9 1-43A 1-43B 

* Normal run time is 13.85 min and normal maximum speed is 70 mph. 

The results are summarized in Figure 1-24. 

1.3.1.4.2 Speed Reduction with Non-Regenerative Systems 

The following tables show the energy and power bill analysis for the cam­

control propulsion with no regeneration on the base transit system for increasing 

values of run time (decreasing values of maximum speed) 



Table 1-44 

Increased Run Time11 Maximum Speed Energy Analysis Power Bill Analysis 
(minutes) (mph) 

+.25 62.4 1-45A 1-45B 
+.SO 58.0 1-46A 1-46B 
+.75 54.8 1-47A 1-47B 

+1.00 52. 1 1-48A 1-48B 
+1.25 49.9 1-49A 1-49B 

* Normal run time is 13.85 min and normal maximum speed is 70 mph. 

The results are summarized in Figure 1-25. 

1.3. t.5. Coasting 

The base transit system was used to show the reduced energy and increased 

running time effect of the coasting strategy. 

seriously considered by transit management. 

This strategy is another that , s 

To effect coasting, acceleration occurs in the normal speed maintaining pract,ce 

until a maximum (coast) speed is reached. Power is removed from the train and it ,s 

allowed to drift until the lower speed of a speed band error is reached. At th:s 

time, power is reapplied again and the cycle is repeated. For reasonable speed error 

bands (-> 3 MPH), there is usually one cycle per interstation run. This strategy ,s 

discussed using two speed error bands (3 mph, 5 mph) and using the chopper control 

propulsion as the base system (regeneration) and the cam-control propulsion as the 

base system (no regeneration).· 

1.3. 1.5.1 Coasting with Regenerative Systems 

The following tables show the energy and power bill analysis for the chopper 

control propulsion (regeneration) on the base transit system for increasing values of 

run time (decreasing values of coast speed) at two speed error bands: 
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TABLE 1-50 

Increased Run Time• Coast Speed Energy Analysis Power Bill Analysis 
(minutes) (mph) 

Case I: Speed Error Band= 3 mph 

+.25 63.8 1-SlA I-SIB 
+.SO 59.4 l-52A l-52B 
+. 75 56.0 l-53A l-53B 

+l.00 53.4 l-54A 1-54B 
+l.25 51.2 1-SSA 1-SSB 

Case 2: Speed Error Band= 5 mph 

+.25 64.0 l-56A l-56B 
+.SO 60.0 l-57A 1-57B 
+.15 57.0 l-58A l-58B 

+l.00 54.S l-59A 1-59B 
+ 1.25 52.2 l-60A l-60B 

• Normal run time is 13.85 minutes 

The results are summarized in Figures 1-26 (3 mph band) and 1-27 (mph band). 

1.3.1.5.2 Coasting with Non-Regenerative Systems 

The following tables show the energy and power bill analysis for the cam­

control propulsion (no regeneration) on the base transit system for increasing values 

of run time (decreasing values of coast speed at two speed error bands): 

TABLE 1-61 

Increased Run Time• Coast Speed Energy Analysis Power Bill Analysis 
(minutes) (mph) 

Case 1: Speed Error Band,. 3 mph 

+.25 63.8 l-62A 1-628 
+.50 59.4 l-63A l-63B 
+.75 56.0 l-64A 1-648 

+l.00 53.4 l-65A l-65B 
+l.25 51.2 l-66A l-66B 

Case 2: Speed Error Band= 5 mph 

+.25 64.0 l-67A l-67B 
+.50 60.0 l-68A l-68B 
+.15 57.0 l-69A l-69B 

+l.00 54.S l-70A l-70B 
+l.25 52.2 1-71A 1-71B 

• Normal run time is 13. 8 5 minutes. 

The results arc summarized in Figures 1-28 (3 mph band) and 1-29 (5 mph band). 
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1.3.1.8. Optimum Performance Modification 

Optimum performance modification is a future development for rail transit (just 

as assured receptivity is in regeneration). 

1.3.1.6. 1 General 

Low energy consumption and minimum running time are conflicting objectives in 

a transit system. Transit cars are generally used to their maximum capability so that 

over given running profiles, the minimum running time is achieved. Usage of full 

capability does not result in minimum energy consumption. 

Figure 1-30 shows a two dimensional objective space for the two conflicting 

objectives, running time and energy. The accessible region is the area in the running 

time vs. energy consumption plane which can be realized by a train with a fixed 

passenger load factor between two stations. Any point in this plane is accessible to 

the train as it moves between the stations. 

The border of the accessible region is the non-inferior curve. It represents the 

extremum of energy consumption for a fixed running time which is greater than the 

minimum running time. 

The problem of finding the optimum performance modification strategy is to 

find those strategies which lie near the lower portion of the non-inferior curve, so 

that for a given small increase in running time, a maximum energy saving is possible. 

Here the optimization of the trajectory of an individual train is considered. The 

physical and performance characteristics of the train and its tracks are specified. The 

principle concern is that total energy E and total running time T be as small as 

possible. 
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1.3. 1.6.2 Problem Description 

The problem is to minimize: 

J = E 

where E is the total energy, subject to the constraints on the speed and 

propulsion system. 

The train must meet the speed limits along the route, 
o S v(x) S v (x) 

max 

where x is the position along the route. 

X
0 

:!, X S Xf 

and where x
0

, x
1 

are the positions of the beginning and end of the route. The 

quantity v (x) is the speed limit at position x. 
max 

Propulsion system models can relate the electric power, P , at the third ra;I 
e 

shoe of the vehicle to the applied force, u, of the propulsion system at the whee; is 

and the speed of the train, v. This relation has the form, 

P = g(u,v) . 
e 

The applied force at the wheel, u, has a maximum and minimum value 

depending on the speed of the train, which is expressed in the form, 
u . (v) :!, u S u (v) 

min max 

Figure 1-31 shows the equation of motion and describes its components. The 

position of the train along the route is related to its speed by the equation: 

v = dx/dt . 

The curve resistance, C, and the grade resistance, G, are functions of the position of 

the train and the train resistance terms T RR and T RA are functions of the speed (vi of 

the train. 

The total running time, T, can be expressed as the quantity 



T = 

X 
f dx 

~ v{"x) 
0 

while the total energy consumed is J 
E = [ P (t) 

a 
+ P (t)] dt 

e 
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where, P (t), is the power drawn by the auxiliaries (such as heating and air 
I 

conditioning units) which is generally assumed to be constant in time. 

It is desired to make T and E as small as possible. This problem was solved 

using two approaches. In the first approach, Monte Carlo techniques are used to 

generate all feasible trajectories in the E-T plane and only those are selected which 

have minimum E for fixed T. The second approach is a multiobjective optimization 

technique which minimizes the quantity, 
J = E • 

1.3. 1 .6.3 Monte Carlo Algorithm 

A Monte Carlo Simulation was done for the problem of the form described in 

the previous section, namely, 

Min E {y,!l 

subject to: T < T " (prespecified) 
« S v S /J (prespecified) 

0 S V S V (x) . 
max 

Here « and /J are the minimum and maximum speeds generated ~Y the 

propulsion system, i.e .. speeds corresponding to minimum and maximum applied force 

that can be delivered through the propulsion system at the wheels. 

The Monte Carlo procedure generates random vectors v distributed on two-way 

negative exponential distribution with mean R
1
« + R2/J (R

1 
+ R2 = 1) and variance R3' 
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The quantities R 
1

, R2 and R3 are randomly generated using a Random Number 

Generator, and these are the same for a set of speeds. 

Each v. randomly generated was checked for the three constraints. v. was set 
I I 

to the constraint each time it violated a constraint. Energy was calculated for the 

vector v and T. Energy was retained if it did not violate the time constraint, and 

energy was less than the previously stored values. In this way, the lower most 

bottom portion of the accessible region was traced. 

Appropriate choice of R
1

, R2 and R
3 

ranges have provided fairly efficient runs 

of Monte Carlo. Overall, as long as R
1
oc+R 2,B is tilted towards ,8, and R

3 
is around 

20, it provides good results. 

Description of Random Number Generator. 

The Random Number Generator used for the purpose was system routine 

RAN!IDUM) which generates random number uniformly distributed between O and 1. 

Figure 1-32 provides the probability density function f(x) and probability distribution 

function F(x) for RAN(IDUM). 

For the purpose of simulation, it was better to use negative exponential 

distribution as uniform random numbers provide large changes more often, and thus 

leading to a higher probability of sub-optimal results. Negative exponential 

distribution, on the other hand, provides a tapering in the density function. Figure 

1-32 provides the probability density and probability distribution function for negative 

exponential distribution. 

Now, in order to generate negative exponential distributed random numbers, it is 

necessary to use F- 1 (x) where x is uniformly distributed random number. For negative 

exponential distribution, 

F(O) = 0 



F(oo) • 1 

Hence, if random number selected from a uniform distribution is y, then: 

y = log xlp or 

x = -p log pY, 

1.3. 1.6.4 The Trajectory Optimization Algorithm_ 
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The purpose of this algorithm is to minimize J = E, subject to all the 

constraints of the system, and T • T 
1 

where T 
1 

is a specific travel time assigned to 

route. 

The steepest descent method is used in the minimization procedure because of 

its simplicity in programming and because for this specific problem, it converges in 

a reasonable amount of time. The algorithm is summarized below. 

1. Generate a feasible trajectory to serve as an initial guess. 

2. Oiscretize with respect to distance (divide the distance to be covered into 

appropriate intervals). 

3. Calculate ~J. for = 1, 2, ...• n-1. 

Here J = E 

I 

n-1 
uo) + ~ r 

i=l 
P(v,. 

X -X 
u) + n n-1 

i vn 



n-1 
+ ½ r 

i=l 

Subject to T = T 
1 

where T 
1 

is a specific travel time assigned so that the solution of 

the problem generates a point on the convex portion as shown in Figure 1-33. Thus. 

aP(vi+l'ui+l) 
av1 

) 

because u. , u, u. 
1 

are functions of v. , 1-, l 1+ I 

and 

u = M a. + G + C + T • T 
I E I RR RA 

i = 1, 2, ...• n-1 

vi+l-vi-1 
X;+1•Xi-l 

P(v., u.) + 
1 1 

x.-x. 2 1 1-

v. 1 1-

aP(v. 
1

,u. 
1

) 
1 - 1- + 

av. 
1 
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Ag•ln. 

and 

set 

aP 
a (v., u.) 

Vi 1 1 
= aP I + 

av; u. 
1 

aP aui 
au1 Iv . av; 

1 
const. const. 

aP 
(v. l' u. 1) aP aP aui-1 = av1 lu. + au1_1 Iv. av1 

av. 1- 1-
1 1-l 1-l 

canst. const. 

aP 
(vi+l' ui+l) aP I aP aui+l = av1 u + - I av1 au1 +I av. 

i+l vi+l 1 
canst. const. 

4. Determine ci such that 

5. Calculate vi- 1 
'
2 such that 

6. Calculate oJ. = oE I ovi-.112 
I I 

7. Calculate new vi by taking a small step in the direction of the gradient, i.e .. 
I 
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where vj is the velocity, i, in /h iteration and a is a constant which gives suitable 
I 

step which minimizes the objective function J. 

The step size a has been calculated using the quadratic approximation for the 

objective function described in the next section. 

and 

8. The gradient projection method is used to test all the constraints, i.e .. 

• Verify if vj abides by the speed restriction. If not, set vj equal to the 
d 

J • I 

• 

spee restriction. 

Calculate ai and /J; velocities corresponding to the minimum 
tractive force. 

If vj < a. set VJ = a. 
I I I I 

If VJ ) /J. set vj = /Ji I I I 

9. Test for convergence using the following criterion: 

= i: (oJ.12 :S: E II oJ II 
I 

and maximum 

where E and o have a prefixed value. If process has converged, stop, otherwise 

return to 4. 

The algorithm for discretization and minimization is summarized in a flow chart 

shown in Figure 1-34. 

1.3. 1.6.5 Algorithm for Selecting Optimal Step Size 
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Consider approximating the function J{a) by a function ;,(a) which has an easily 

determined minimum point. The simplest 1- variable function possessing a minimum 

is the quadratic: 

the minimum of which occurs where 

2 = a + ba + ca 

(dJ') / da) = 0 :::} b + 2ca = 0 

or a* = (-b / 2c) 

The constants b and c for the approximating quadratic can be determined by 

sampling the function at three different a values, e.g •• 0, t and 2t where t is the 

preselected trial step and evaluating the functions at these three a values at: 

a = 0 

a = t 

a = 2t 

The above equations give 

a= f 1 

therefore, 

b = (4f 
2 

- 3f 
1 

- f 
3

) I 2t 

2 
C = (f 

3 
+ f 

1 
- 2f 

2
) / 2t 

f 1 = a 

f2 = a 

f3 = a 

a* = (-b/2c) "" (4f -3f -f ) / {4f -2f -2f ) - 213 231 

+ bt + ct 2 

+ 2bt + 4ct2 

Also, for a* to correspond .:; minimum it must satisfy 

(d
2 

J' I da 
2

) I a* > 0 =} C > 0 

For C > 0 we should have 

f 
3 

+ f 
1 

> 2f 2 

This means that the value of f 
2 

must be below the line connecting f 1 and f 
3

. 

The logic for the quadratic interpolation described above is given in the flow 

diagram shown in Figure 1-35. 
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1.3. 1.6.6 WMA TA Case Study 

The WMAT A Red Line running from Dupont Circle to Silver Spring was selected 

for the optimization purpose. 

Using the actual motor and brake curve, the total run of 9.81 miles has been 

optimized using Monte Carlo and Steepest Descent. The results are summarized in 

Tables 1-72 and 1-73, respectively. 

1.3.1.7. Coasting vs. Speed Reduction 

1.3. 1.7.1 On Regenerative Systems 

Figure 1-36 shows a comparison of coasting and speed reduction with a vehicle 

fleet using the chopper propulsion with regeneration. Speed reduction saves the least 

energy per unit run time increase. As the coasting speed error band increases, the 

energy savings increase until a point is reached where no more physical coasting can 

be done within the longest station spacing on the system. 

1.3. 1.7.2 On Non-Regenerative Systems 

Figure 1-37 shows a comparison of coasting and speed reduction strategies with 

a vehicle fleet using cam-control propulsion without regeneration. Again speed 

reduction saves the least energy per unit increase in run time. 

1.3.1.8. Performance Modification Predictions on WMATA and MARTA 

Several performance modification strategies were simulated on the WMATA and 

MARTA rail systems. 

The results of speed reduction and anticipatory coasting on the Red I ine and 

Blue/Orange lines of WMATA are plotted in Figure 1-38. The graphs show the 

decre,ase in energy consumption at the train and do not include the effects of power 

distribution system losses. 
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Figure 1-39 shows the results of speed reduction and anticipatory coasting on 

the NS and EW lines of MARTA. The plots reflect the conditions of 100% 

receptivity upon regeneration. Again, power distribution losses are not included. 

Several performance modification strategies were evaluated on the Red line of 

WMATA. The results are presented in Figure 1-40. Power distribution losses are not 

included. 

In all cases, coasting is a better strategy than speed reduction in terms of 

energy saved for fixed schedule time increase. However, for the speed reduction 

strategy, only the top speed of the train was reduced. At schedule time increases of 

2-3%, which limit increases in one way trip time to less than one minute, traction 

energy savings on WMATA ranged from 12-16%. On the Red line of WMATA, 

application of optimum performance reduction can result in energy consumption 

decreases of 17-20% with a 1% increase in schedule time. These decreases are 

estimated at the train rather than the meters. 

Using the anticipatory coasting results in Figures 1-38 to 1-40 as a guide, 

energy cost savings were determined using sawtooth coasting. Power distribution 

losses were considered in these estimates. In all cases, the schedule time increase 

was limited to less than one minute. The results are detailed in Table 1-74. 

Coasting is predicted to save 5% of the power bill on WMATA and 6% of the power 

bill on MARTA. The one minute schedule time increase could be made up at 

turnaround; thus, the capacity of the system would be unaffected. 

At the time, the cost to modify the cars was estimated at $32K (1981 $) at 

WMATA and $200K (1985 $) at MARTA. These low initial costs mean immediate 

payback if the strategy is applied. 
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1.3.2. Train Operation Strategies 

1.3.2.1. Scheduling for Improved Passenger Load Factor 

1.3.2. 1.1 Base Transit System 

The base transit system was used to illustrate the effect of improving 

passenger load factor by running shorter trains at higher load factors during the peak 

operating periods and running shorter trains during selected off-peak periods. 

During the peak periods, the number of cars per train was reduced from six to 

four. This effectively increased the passenger load factor from 50% to 75%. During 

the daily evening operation, the number of cars per train was reduced from four to 

two, which effectively increased the passenger load factor from 25% to 37.5%. 

The operating timetable for the passenger load factor improvement is shown 

alongside the original timetable in Table 1-75. 

The energy analysis of the passenger load factor effect on energy is showr in 

Table 1-76A. The power bill analysis is shown in Table 1-76B. 

In practice, more careful attention would be payed to scheduling but th,s 

analysis conveys the intention. 

1 .3.2. 1 .2 WMA TA and MART A Results 

The original timetables used in the WMATA and MARTA studies together witr 

car-miles/hr during the peak period and annual car-miles are listed in Tables 1-12 and 

1-13, respectively. During the course of the studies, only one new schedul,ng 

strategy was suggested for WMAT A operations. This strategy was the reduction of 

train consist size during off-peak operation. During midday on weekdays, alternate 4 

end 6 car trains, instead of all 5 car trains, would be run and on evenings, Saturdav 

and Sunday, alternate 2 and 4 car trains would be run instead of 6 car trains. The 
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annual savings were 1.178M, 1.069M and 1.570M car-miles on the Red, Blue and 

Orange lines respectively. As presented in Table 1-13 this amounted to 5% in energy 

cost savings. 

On the MARTA rail system., several scheduling strategies were analyzed, each 

one successively increasing the passenger load factor by reducing car-miles. At the 

lowest level of passenger load factor improvement, the principal changes in the 

schedule were: 

1. Alternate trains on the EW line would run from Hightower to Candler Park, 
where they would turn back during weekday peak and midday. This 
schedule would be used instead of all trains running from Hightower to 
Avondale. 

2. Four car trains would be used instead of six car trains on the run from 
Lakewood to Brookhaven on the NS line during peak and midday, weekday 
operation. All other service remains the same. 

These strategies will reduce the annual car-mi on the NS line by 344K and on 

the EW line by 4891<. In addition, since the scheduling reduces the car-mi/hr during 

the peak periods from 940 to 790 on the EW line and from 1427 to 1162 on the NS 

line, there is a savings in power demand as well. The demand and energy savings 

are detailed in Table 1-77. Application of this strategy reduces the electric bill by 

7%. 

1.3.2.2. Scheduling to Improve Regeneration Receptivity on MARTA 

Regeneration receptivity is a measure of the ability for the trains on the 

system to use the power being regenerated by trains on the system. Consider a two 

track rail line such as the MARTA EW or NS line. The positions of the trains along 

the lines at any instant of time are determined by the headway and offset. The 

headway is the time between trains moving in any given direction, while the offset 

is the difference in time to within one headway of a train leaving one terminal and a 

train departing from the opposite terminal. For example, if the trains leave a 

terminal at 7:00 a.m., 7:05 a.m., 7:10 a.m., etc., and the schedule for trains leaving the 

opposite terminal is 6:58 a.m., 7:03 a.m., 7:08 a.m., etc., then the headway is 5 
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minutes and the offset is 3 minutes. As defined here, the offset can vary from zero 

to one headway. Under ideal conditions, a two track system operating at constant 

headway, with identical trains and train movement, is cyclic. Thus, train positions. 

speeds and power are repeated every headway in time and no offset has the same 

effect on power flow as one headway of offset. 

To study the effect of scheduling on regeneration receptivity, the energy use 

per car-mile was estimated as a function of offset over the period of one headway. 

The higher the energy consumption per car-mile the less the regeneration receptivity. 

Regeneration receptivity is difficult to define quantitatively because the 

condition of a 100% receptive system does not exist. In this study, receptivity is 

defined as the ratio (%) of energy saved as a result of regeneration to the maximum 

energy capable of being delivered by the trains to the third rail. It can only be 

determined through simulation, because the 100% receptive condition cannot be 

realized in actual operation. Table 1-78 shows the estimate of system receptivity 

under conditions of normal operation during 1983-1984. One would generally expect 

the receptivity to be high during the peak periods and low during non-peak periods. 

However. because regeneration receptivity depends on both offset and headway, this 

is not always the case. 

Using the EMM, the schedule offset was varied in one-minute steps for both 

operating periods selected (AM peak and evening). The results are summarized in 

graphical form in Figure 1-41. During the peak period, maximum variations [(max­

min)/average] in energy consumption of 7.2% and 2.7% were observed to occur on 

the NS and EW lines, respectively. During the evening operating period, a maximum 

variation of 9.9% and 9.2% was observed to occur on the NS and EW lines, 

respectively. 

The energy variation as a function of schedule offset can be translated into 
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energy $. Table 1-79 provides the details of this translation. The difference 

between the maximum and minimum annual energy cost as a result of schedule 

offset is estimated at $106K, or 2.6% of the electric bill. 

Since scheduling trains without taking the offset energy effects into account 

would be expected to lie somewhere between the maximum and minimum, most 

probably half-way, taking energy effects of offset scheduling into account might save 

$53K per year. There are other scheduling constraints which may either enhance or 

diminish this estimated cost savings. 

1.3.3. Support Energy Reduction 

1.3.3.1. WMATA Case Study 

Opportunities for support energy cost reduction at WMATA were identified in 

the lighting and escalator loads. 

1.3.3.1.1 Lighting Load Reduction 

Several recommendations were made by the General Manager's Lighting Task 

Force on lighting energy conservation opportunities. 

One recommendation was to replace the indirect fluorescent lighting with direct 

mercury vapor lighting in both side and center platform underground stations. The 

estimated reduction in power was 82KW/side platform station. and 39KW/center 

platform station. 

The peak power demand reduction and annual energy savings on incorporating 

these lighting changes are shown in Table 1-80. 

There are two aspects to the lighting improvement costs which were used as 

the basis for the lighting energy cost reduction estimates. The capital cost for the 

improvement was $33,000 per underground station, and $28,000 for surface station. 

In addition, because of less labor and materials required in bulb replacement, there is 
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an annual cost savings of $2,064 for side platform stations, and $1,216 tor center 

platform stations. Above ground stations savngs are estimated at $521. 

Based on these cost figures with 11 above ground stations and 23 underground 

stations at the time, of which 14 of the underground stations were center platform 

and 9 stations were side platform, the capital cost was estimated at $1,076,000, and 

the cost savings in addition to energy is $41,331. 

The General Manager's Committee on Lighting recommended that the indirect 

fluorescent lighting at the passenger stations be replaced with direct mercury vapor 

lighting. The energy cost savings is estimated at $675,000/year (4-5% of the overall 

power cost) with an additional savings in replacement lamps estimated at 

$41,000/year, or a total annual savings of $716,000. The estimated capital cost is 

$1,067,000 which would be payed back in 1 1/2 years. 

1.3.3.1.2 Escalator Load Reduction 

A strategy for reducing escalator energy consumption would be to turn off all 

escalators under 16 ft. height of rise and the ,third escalator in areas where three 

escalators service the station from one entrance during off-peak periods. 

Table 1-81 presents the results of this strategy. Since escalators are turned off 

during the non-peak periods, there is no effect on peak power demand reduction. 

The effect on support energy is very small (1%). 

The annual energy cost savings achieved by turning off all escalators with less 

than 16 ft. height of rise, and the third escalator in areas where three are serving the 

station from one entrance, in off-peak periods, was $32,000 (< 1% of total power 

costs). 

Unless this strategy is used for egress control, turning off "down" escalators 

during peak periods, was not recommended because heavily loaded down escalators 

can regenerate power. 
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1.3.3.2. MARTA Case Study 

Because of the nature of the ratchet on the billing demand at MART A [ i.e., the 

billing demand remains at 95% of the maximum monthly demand obtained during the 

summer months (June-September)], an opportunity for effective load management 

exists. A true load managing strategy would be used during the weekday AM and 

PM peak operating periods, in anticipation of reducing a high power demand. 

Although traction load reduction wi II reduce power demand on a continuous basis, it 

is support load reduction which can be used as part of true load management 

strategy. For every 1000 KW of support load which is shed during the periods of 

highest demand during the summer months, annual savings of $122K are possible. 

The chosen load reduction strategy need only be used during the summer months. 

1.3.3.2.1 Installed Support Power Tabulation 

The last survey of installed support load on the MARTA rail system was 

conducted several years ago. This survey forms the basis of the analysis. 

The installed support loads identified in the survey were divided into the 

general categories of VENTILATION, HEATING, LIGHTING, AIR CONDITIONING, 

ESCALATORS & ELEVATORS, TRAIN CONTROL & COMMUNICATIONS, FARE 

COLLECTION, and MISCELLANEOUS. The survey covered all of the EW line and the 

downtown portion of the NS line. The installed support loads are summarized by 

category in Table 1-82. 

Because of the nature of the billing demand ratchet, it is clear that to be most 

effective, the load must be shed during the summer months. Since even one 

operating period of high power demand in which the load were not shed, could 

negate the load managing strategy, load shedding must be effected with equipment 

which is easily turned off and on and is reliable. It is also important that safety, 

security, comfort and convenience of passengers not be compromised. 
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At the outset, only two categories of load might satisfy the above mentioned 

conditions: LIGHTING and AIR CONDITIONING. The remaining load categories do not 

meet the conditions mentioned. The LIGHTING and AIR CONDITIONING represent 

2000 KW and 6000 KW of surveyed installed load, respectively. 

Reduction of lighting had been considered by MART A staff as a method of 

reducing energy cost. It cannot be considered a load management strategy in the 

sense discussed, since 

1. Any lighting which can be turned off without affecting passenger safety 
and security in structures not exposed to daylight should be permanently 
off. 

2. For outside facilities which receive adequate natural lighting during the 
day, the lights should be turned off during daylight hours if the cost to 
do so is less than the cost to keep them lit. 

During the summertime, daylight hours span the peak operating periods, so that 

turning off lights will naturally reduce peak demand. Because of the nature of the 

installed lighting loads, it is not easy to turn them off and on, and negligence could 

jeopardize safety and security. 

The only remaining load category which satisfies the load managing strategy 

conditions is AIR CONDITIONING. Not all air conditioning would qualify (e.g., air 

conditioning in the central control facility or other vital equipment enclosures). 

Since the chi I lers would operate during the summer months, it is natural to 

think of chiller plant load shedding as a potential strategy. By using the chillers to 

cool to lower, but comfortable temperatures during the hours just before the AM and 

PM peak operating periods, the chiller plants could be unloaded during the peak 

periods to keep the temperature just below the maximum for passenger comfort. In 

utility terms, this' form of load management is known as peak shaving and valley 

filling. Three criteria must be satisfied before the strategy can be used: 

1. The chillers can easily be loaded and unloaded. 



2. The cost for loading and unloading must not exceed the cost of the 
savings. 

3. The chiller load must be part of the peak load. 

Further study of these requirements was recommended. 

37 
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TABLE 1-1 VEHICLE CHARACTERISTICS 

Empty Weight (tons) 

Crush Load Weight (tons) 

Vehicle Length (ft) 

Cross Sectional Area (sq. ft.) 

Measured Flange Coefficient 
(lbs/ton/mph) 

Number of Axles (All Powered) 

Auxiliary Power (kW) 

Wheel Diameter (inches) 

Lead Vehicle Air Drag Coefficient 
(lbs/ton/mph2 ) 

Trail Vehicle Air Drag Coefficient 

(lbs/ton/mph2 ) 

36.0 

52.5 

75.0 

80.0 

0.071 

4 

30 

28 

.0024 

.00034 



TABLE 1-2 VEHICLE PROPULSION AND BRAKING SYSTEM CHARACTERISTICS 

Motors per vehicle - 4 
Motor characteristic - ( W) Type 1462 
Chopper Control 
Initial accelerating rate 3 MPHPS 
Wheel diameter 28 inch 
Gear ratio 5.414 to 1 
Maximum speed - 70 MPH 
Line voltage (V) (nominal. maximum, minimum) - 750, 860, 600 
Field strengths available in power 1.00, 0. 7, 0.5, 0.4 
Field strengths available in brake 1.00 

Motor Control Philosophy 

Load weighing device aboard vehicle automatically sets the propulsion control so that 
initial accelerating rate is 3 MPHPS in acceleration. and that dynamic plus friction 
braking provides a constant rate of 3 MPHPS throughout all speed ranges. Dynamic 
braking provides as much of the braking effort being supplemented by friction braking 
when: 

■ enough braking effort cannot be provided to maintain the 3 MPHPS braking 
rate. 

• the line voltage is too high to accept regenerative braking. 

■ regenerative braking is turned off. 

Propulsion 

• Motors arc connected in two series/two parallel. 

■ To increase speed. the control sets motor amps to maximum possible acceleration 
rate not to exceed 3 MPHPS. 

■ A 60% field shunt (field strength " 40%) is brought in in three steps when 
request for tractive effort exceeds availability at 100% field. 

Braking Control Philosophy 

■ Motors are connected in two series/two parallel. 

■ Note that a resistor is needed to limit line voltage at high speed. 

■ Friction braking is used to supplement dynamic braking effort and keep the total 
braking effort at 3.0 MPHPS. 
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TABLE 1·3 
OPERATING TIMETABLE SUMMARY 

SERVICE TIME PERIOD CARS/TRAIN HEADIIAY(MIN) 

Weekday 

Morn1ng 

Peak 

Midday 

Peak 

Evening 

Sat., Sun. & Hol. 

Morn1ng 

Day 

Evening 

12:00 am-6:00 am 

6:00 am-9 :00 am 

9:00 am-3 :00 pm 

3:00 pm-6:00 pm 

6:00 i:,m-12:00 i:,m 

12:00 am-6:00 a111 

6:00 am-6:00 p111 

6:00 pni-12:00 am 

Trains leave on the hour from both terminals. 

6 

4 

6 

4 

4 

2 

NO SERVICE 

NO SERVICE 

2 

4 

2 

B 

B 

B 

TABLE 1-4 TRAIN PERFORMANCE AND ENERGY SUMMARY FOR NORMAL OPERATION 

PERIOD TIME 
RUN TIME (MIN) 

EASTBOUND WESTBOUND 
KWHPCM 

MINIMUM• NORMAL•• 
IIEEKOAY 

MORNING 
AM PEAK 
MIDDAY 
PM PEAK 
EVENING 

SAT & SUN 
MORNING 
DAY 
EVENING 

12:00AM • 6:00AM 
6:00AM - 9:00AM 
9:00AM • 3:00PIII 
3:00PM - 6:00PM 

6:00PM - 12:00AM 

12:00AM • 6:00AM 
6:00AM - 6:00PM 

6:00PM • 12:00AM 

NS 
• 
•• 

NS NS 
13.85 13.83 
13.77 13.76 
13.8S 13.83 
13. 77 13.76 

NS NS 
13.77 13.76 
13.76 13.76 

- NO SERVICE 
100% REGENERATION RECEPTIVITY 
NATURAL RECEPTIVITY 

4.82 6. 3 • 
4.60 5. 96 
4.82 6. 3. 
4.60 6 28 

4.60 6 -~3 
4.79 5. 'J 



TABLE 1-:1 NDRIIAI. OPERATION CHOPP£RIBASEI 
ESTJIIATE Of TURNAROUND AND CAR STIIRA&E POIIER FDR BASE TRANSIT SYSTEII 

NAIIE OF PERIOD IEAIIIIAY CARS P£R IIIN TIIRIAROlaD TIIIE RUii TINE SCHEDIJLE IIIN I OF TOTAL CARS CARS TURNAROUND 6TDRA6E TOTAL 
IIIIITES DAIN IEST EAST EASTBOUND 11£STBOUND SLACl(ININI TRAINS CARS REDUJRED STORED POIIERIKNI POIIERIKMI POIIERIKMI 

PEAK 2 6 l l IJ,85 ll,Bl 0.32 17 102 102 0 569 0 569 
NJDDAY 4 4 3 J 13.77 IJ.76 2.47 9 102 36 66 254 1980 2234 
EffNI• B 4 l l ll,77 ll.76 6.47 5 102 20 82 187 2460 2647 

SATltSIII EffNI• 8 2 l l ll.76 13.76 6.48 :I 102 10 92 94 2760 2854 
NO liEIVICE 0 102 0 102 0 3060 3060 

NOTES1 30 KM/CM AIIIILIAIIV PIIIEI 

TABLE 1-6 

NORMAL OPERATION CHOPPER(BASE) 
ENERGY ANALYSIS 

TURNAROUND 
RUNNING fRAINS & STORAGE TOTAL 

PERIOD TIME HOURS CM/HR KWHPCM CM KWH KW PEAK KW KWH KWH KW PEAK 
WEEKDAY 

MORNING 12:00AM - 6:00AM 6 NS 3060 18360 18360 
AM PEAK 6:00AM - 9:00AM 3 2877.90 5.48 8633. 70 47313 15771 569 1706 49019 16340 
MIDDAY 9:00AM - 3:00PM 6 959.25 5.49 5755.50 31598 2234 13405 45002 
PM PEAK 3:00PM - 6:00PM 3 2877.90 5.48 8633.70 47313 569 1706 49019 
EVENING 6:00PM - 12:00AM 6 479.63 5.84 2877.75 16806 2647 15882 32688 3268B 

0 
TOTAL 24 5.52 25901 143029 32700 175729 

SAT & SUN 
MORNING 12:00AM - 6:00AM 6 NS 3060 18360 18360 
DAY 6:00AM - 6:00PM 12 479.63 5.84 5755.50 33612 2647 31765 65377 ~ 
EVENING 6:00PM - 12: ODAM 6 239.63 5.57 1437.75 8008 2B54 17122 25130 ..... 

TOTAL 24 5.79 7193.25 41620 4B886 90507 

IIEEKLY 5.55 143890 798386 15771 261271 1059657 16340 
ANNUAL 5.55 7482267 4151608B 189251 13586087 55102175 196076 



TAil[ 1-7 Sll'PORT PIIIO RElllll11£11EUS IY FLmCTIOII IY SEA&ml 

SHIii& 11111 AIITLIM 
STATIOII STATIOII STATIOII STATIOII STATIOI SJATIOI STATIIIII STATION STATIOII STATION 

SUPPORT LIIAII FIJICTIIII A I C D E F & N I J 
Ytntil1tion 200 200 200 200 
He1ti19 
Air coa,itloniflt 
Li9Uint 100 100 so 100 100 100 100 so 50 100 
EK1l1tw1. Eltv1tar1 JOO JOO 300 300 
Train C.trol I C-lc1tl•• 100 100 100 100 100 100 100 100 100 100 
Fart CollKtlDI so 50 so 100 100 100 100 50 so so 
litctll111a.1 so 50 so ISO 150 ISO 150 so 50 so 

TOTAL 300 JOO 250 950 950 950 'ISO 250 250 JOO 

MIIITER 
ITATIOI &TATIIII STATION STATI■ ITATIIII &TATIIII STATIIIII STATIOII STATIIJI STATION 

SUPPIIIT UIAD FIJICTIIIII A I C D E F & N I J 
Vlllt i hti on 200 200 200 200 
lltati•t 200 200 200 300 300 300 300 200 200 200 
Air coa,1tioni11 
li9Ui■I 100 100 so 100 100 100 100 50 50 100 
EKalator1 • Eltwator1 JOO 300 300 300 
Tr1l1 C.tr1I I c-1c1tla.1 100 100 100 100 100 100 100 100 100 100 
fut CollKtlN 50 50 so 100 100 100 100 50 so so 
NitctllMINI so 50 50 150 150 ISO 150 50 so 50 

TOTM. 500 500 4:IO 12:IO 1250 1250 1250 450 450 500 ... 
ITATIOI BTATIIII STATIOM ITATI■ ITAJIDII ITATIOII ITATIOI IJATI■ STAJIOII ITAJIOII 

lllff■T UIAD flatTIIII A I C I E F & N I J 
VNUlatloa so 50 so 200 200 200 200 50 so 50 
11Nth1 
Air eon•1tloni11 500 500 500 500 
llptint 100 100 50 100 100 100 100 so so 100 
£Kal1tar1. Eltw1tor1 300 JOO JOO JOO 
Train Control• c-■icationa 100 100 100 100 100 100 100 100 100 100 
Firt Colltctioa 50 so 50 100 100 100 100 so 50 50 
Ni1ul11n,on 50 so 50 150 ISO 150 uo 50 50 50 

IDTAL m 3:IO JOO 1450 1450 1450 1450 300 JOO l50 

"•i1tnc1 Ctnlr•I 
200 100 

100 

100 so 

500 

400 100 

700 850 

N1intact Ctntr1l 
200 100 
JOO 

100 
100 50 

500 

400 100 

1000 850 

"autnct C111tul 
200 100 

50 
50 ]00 

100 50 

500 

400 100 

750 1100 

TOTAL 
1100 

100 
0 

1000 
1200 
1500 

700 
1400 

7000 

TOTAL 
1100 
2700 
100 

1000 
1200 
1500 
700 

1400 

9700 

TOTAL 
1400 

so 
2~ 
1000 
1200 
1500 
700 

1400 

9600 

,O­

N 



TABLE 1-a SUMMARY NORMAL POWER ANO ENERGY USE 

SUPPORT POWER TRACTION POWER 
ENERGY ENERGY 

PERIOD MONTHS POWER use POWER USE 

SPRING 3 7000 15330000 16340 13775544 
SUMMER 3 9600 21024000 16340 13775544 
AUTUMN 3 7000 15330000 16340 13775544 
WINTER 3 9700 21243000 16340 13775544 

ANNUAL 12 99900 72927000 196080 55102175 
PERCENT 0.34 0.57 0.66 0.43 

POWER - KW ENERGY - KWH 

PORTION OF 

DENAND COIIPONENT 
TRACTIDII I lllll 

ENER&V CDNPONENT 
TRACTI0NIIIKIIO 
SUPPORTINKIIHl 
TOTALINDHI 

TABLE 1·9 

NDRIIAL OPERATION CHDPPERIBASEl 
POIIER BIU ANALYSIS 

DEIIAND 0,00 
NORIIAL 

0.00000 
196.08 

0.25 0.50 0,75 
RATEIPOIIER BILL UIIITSI 

0,00084 0,00169 0.00253 

1.00 

0.00338 

0.00781 0.00586 0.00391 0.001'5 0.00000 
55.10 
72.93 

128.03 

TOTAL 

POWER 

23340 
25940 
23340 
26040 

295980 
1.00 

43 

POWER 
ENERGY 

USE 

29105544 
34799544 
29105544 
35018544 

128029175 
1.00 



WMATA 

MARTA 

TABLE 1-10 VEHICLE, PROPULSION ANO BRAKING CHARACTERISTICS 

VEHICLE PHYSICAL CHARACTERISTICS 
Empty Weight(tons) 
Crush Load Weight(tons)• 
Length(ft) 
Cross Sectional Area(sq ft) 
Flange Coefficient(lbs/ton/mph) 
Average Auxiliary Power(kw) 
Lead Vehicle Air Orag(lbs/ton/mph/mph) 
Trail Vehicle Air Orag(lbs/ton/mph/mph) 

PROPULSION AND BRAKING CHARACTERISTICS 
Motors 
Control 

Normal Accelerating Rate(mphps) 
Maximum Speed(mph) 
Normal Braking Rate(mphps) 
L1ne Voltage(Nominal, Max, Min) 

WMATA 

36.0 
52.5 
75.0 
85.0 

0.071 
30.0 

0.0024 
0.00034 

DC Serles/Field Shunt 
Cam Resistor Switching 
Chopper(Regeneration) 

3.0 
75.0 
3.0 

755, 900, 600 

• WMATA based on 220 - 150 lb passengers/car 
MARTA based on 273 - 150 lb passengers/car 

•• Brake taper: 
2.0 mphps 50 mph< v < 70 mph 
3.0 mphps 20 mph< v < 50 mph 
2.0 mphps 0 mph< V < 20 mph 

MARTA 

38.0 
58.5 
75.0 

116. 0 
0 045 

35.0 
0.0024 

0 00034 

DC Separately Excited 
Chopper(Regenerat1onl 

2.6 
70.0 

T apared• • 
750. 860. 600 

TABLE 1-11 ROUTE AND OPERATING CHARACTERISTICS OF STUDY 

RED LINE 
BLUE LINE 

ORANGE LINE 

NS LINE 
EW LINE 

Dupont Circle to Silver Spring 
National Airport to Addison Road 

Ballston to New Carrollton 

Lakewood to Brookhaven 
H~ghtower to Avondale 

DI STANCE (mi) 

9.89 
15.87 
i6.57 

13.25 
11. 75 

NUMBER OF 
STATIONS 

11 
21 
22 

13 
13 

AVERAGE 
INTERSTATIDN AVERAGE 

SPACING(m1 l SPEED(mph) 

0.99 31. 4 

0. 79 33 3 
0 79 27 7 

1 10 35 0 
0.98 34 Cl 

+-' 
~ 



TABLE 1-12 TIMETABLE DATA 

WMATA 
RED LINE 

WEEKDAY PEAK 
WEEKDAY OFF-PEAK 
SATURDAY 
SUNDAY 

BLUE & ORANGE LINES•• 

WEEKDAY PEAK 
WEEKDAY OFF-PEAK 
SATURDAY 

MARTA 
NS LINE 

EW LINE 

SUNDAY 

WEEKDAY PEAK*** 
WEEKDAY MIDDAY*** 
WEEKDAY EVENING 
SATURDAY 
SUNDAY 

WEEKDAY PEAK 
WEEKDAY MIDDAY 
WEEKDAY EVENING 
SATURDAY 
SUNDAY 

HEADWAY 
(MIN) 

5 
10 
10 
10 

6 
12 
12 
12 

6 
6 

10 
10 
15 

6 
6 

10 
10 
15 

CARS/TRAIN 

6&8 
6 
6 
6 

6 
6 
6 
6 

6 
4 
4 
2 
2 

4 
4 
4 
2 
2 

* During peak periods, six 6-car trains and five 8-car trains operate, 

•• Headway refers to route between Rossyln and DG Junction. 

••• On weekdays during peak and midday periods, half of the trains 
run from Lakewood to Lenox while the other half run from Lenox 
to Brookhaven. The headway refers to route from Lakewood to Lenox. 

TABLE 1- 13 ANNUAL AND HOURLY CAR-MILES 

ANNUAL CAR-MI CAR-Ml/HR 
MILLIONS 

PEAK OFF-PEAK TOTAL PEAK 
WMATA( 1980) 

REO LINE 2.467 3.057 5.524 1644 
BLUE LINE 2.477 3.083 5.560 1470 

ORANGE LINE 3.309 4. 111 7.420 1988 
TOTAL 8.253 10.251 18.504 5102 

MARTA(1985) 
N-S LINE 3. 172 1. 336 4.507 1057 
E-W LINE 2.815 0.908 3.724 938 

TOTAL 5.987 2.244 8.231 1995 

45 
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TABLE 1-14 ELECTRIC BILL ANALYSIS 

WMA TA ( 198 1 ) • 

Annual Energy Cost (SM) 15.7 

Demand Related 46% 
E:iergy Related 54% 

Traction Related 70% 
Support Related 30% 

Cost/kWH $0.0~61 

Estimated Annual Demand 734.100 kW 
Estimated Annual Energy 271000 MWh 

8ILLING FACTORS 
DEMAND 

WMATA• 

PEPCO DC $11. 70/kW 
PEPCO MO 9.B5/kW 
PEPCO VA 7.85/kW 
VEPCO VA 

MARTA GPC• 11. 62/kW 

• WMATA costs and rates in 19B1 dollars 
MARTA costs and rates in 1984 dollars 

MARTA ( 19B4) • 

4. 1 

50% 
50% 

40% 
60% 

179.BOOkW 
951000 MWh 

ENERGY DEMAND INTERVAL 

S0.028/kWh 
0.024/kWh 
0.022/kWh 
0.061/kWh 

0.0227/kWH 

30 min. 
30 min. 
30 min. 

60 min. 

TABLE 1-15 PREDICTED VS ACTUAL ENERGY CONSUMPTION (KWHPCM) 

ACTUAL PREDICTED DIFFERENCE 

WMATA (1980) 
RED LINE 6.B7 6.63 -4% 
BLUE/ORANGE LINE 5. 73 6. 16 +7% 

MARTA ( 1983&19B4) 
1983 OPERATING PERIOD 5.01 4.54 -9% 
1984 OPERATING PERIOD 4. 17 4.33 +4% 

ALL 4.69 4.46 -5% 



TAllE 1-16 
TEN PERCENT VEHICLE IIEl&HT REDUCTION(CHIIPPERI 

ENER&Y ANALYSIS 
TURNAAIIIIND 

RIJININ& TRAINS l STORA&E TOTAL IIORIIAl. TOTAL DIFFERENCE 
PERIOD TINE HOURS CN/HR KIIIPCN CN kllH KIi PEAK KIi KIii KIIH KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

IIEEKDAY 
NIIRNIN& 12100AN - 6100M 
All PEAi< 6100AN - 9100AN 
NIDDAY 9:00AN - 3100PN 
PN PEAK 3100PN - 6100PN 
EVENIN& 6100PN - 12100M 

TOTAL 

SAT• SUN 
NIIRN[Nli 12:00AN - 6100M 
DAY 6100M - 6100PN 
EVENIII& 6100PN - 12100M 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF DEMAND 
POWER BILL •=> ENERGY 

NORMAL 
DEMAND COMPONENT 

TRACTION( MW) 196.08 
SUPPORT(MW) 99.90 
TOTAL(MW) 295.98 

ENERGY COMPONINI 
HlAc:I ION(MKWtl) ~5 10 
',UPl 1 [JR r ( Ml<'wlt J 1 ..' < j ~ 

I (J ! /1 l ( Mr< WI I) 1. fl \) 1 

6 NS 3060 18360 183'10 183110 0 
3 2879.40 5.65 8638.20 48806 16269 580 1739 50545 16848 49019 16340 -1526 
6 959.40 5.25 5756.40 30221 2237 13424 43646 45002 1357 
3 2879.40 5.65 8638.20 48806 580 1739 50545 49019 -1526 
6 479.70 5,48 2878,20 15773 2649 15892 31665 32688 1024 

24 5.54 25911 143605 32794 176399 175729 -671 

6 NS 3060 18360 183'10 183'10 0 
12 479.70 5.48 5756.40 31545 2649 31784 63329 65377 2047 
6 239.93 5.24 1439.55 7543 2854 17126 24669 25130 461 

24 5. 43 7195. 95 39088 48911 87999 90507 2508 

5.53 143947 796203 16269 261792 1057995 16848 1059657 16340 1662 
5.53 7485239 41402562 195223 13613184 55015746 202179 55102175 196076 86429 

0.00 
1.00 

0.00000 

0.00781 

0.25 
0. 75 

TABLE 1-17 
TEN PERCENT VEHICLE WEIGHT REDUCTIDN(CHOPPER) 

POWER BILL ANALYSIS 

0.50 0.75 1. 00 DEMAND 0.00 
0.50 0.25 0.00 ENERGY 1.00 

RATE(POWER BILL UNITS) SAVINGS 
0.00084 0.00169 0.00253 0.00338 

-6. 10 
0.00 

-6. 10 0.000 

0.00586 0. 003'-J I 0 UU1()'::J 0 00000 
() ()<J 

() (l() 

u ()\) 0.001 
I PAl. I I UN (l.CJ01 
PC~CfNf 0. 1 

o. 25 0.50 0. 75 
0. 75 0.50 0. 25 

SAVINGS(PDWER BILL UNITS) 

-0.005 -0.010 -0.015 

0.001 .000 .000 
-() 005 -o 010 ·0.015 

·O 5 - 1 0 1. 5 

-509 

-509 
-6102 

1.00 
0.00 

-0 021 

0.000 
-0.021 

- 2. 1 

;;, 
-, 



TAIi.£ 1-18 
YEIIICLE STREAIILININ6(Cllll'PERI 

ENERIY ANALYSIS 
TIIRIIMIIIIIII 

11111111■ TRAINS .. , .. TOTAL NORIIM. TOTAL DIFFEMNCE 
PERIOD TIIE HOORS CN/HR KlllflCN CN KIii 1(11 PEAi( KIi 1(1111 KIii 

IIEEKMY 
NDRNllli 12100AII - 6100AII 6 NS 
All PE~ 6100AII - 9100AII 3 2878.20 
NIDMY 9100AII - 31001'11 6 959,25 
I'll PEAK 3100PII - 6100PII 3 2878,20 
El/ENI■ 6100PII - 12100AII 6 

TOTAL 24 

SAT l SIii 
NIIRNI■ l2100AII - 6100AII • DAY 6100AII - 6100PII 12 
El/ENI■ 6100PII • 12100AII 6 

TOTAL 24 

IIEO:LY 
MIIIAL 

PORTION OF 
POWER BILL .. > 

DEMAND 
ENERGY 

NORMAL 
DEMAND COMPONENT 

TRACTION( MW) 
SUPPORT(MW) 
TOTAL(MW) 

196.08 
99.90 

295.98 

479,63 

NS 
479,63 
239.63 

0.00 
1.00 

0.00000 

3060 11360 11360 
5.47 8634.60 47231 15744 569 1706 48938 
5,47 5755,50 31413 2234 13406 44889 
5,47 1634,60 47231 569 1706 48938 
5,82 2877.75 16749 2647 15113 32'32 
s.:11 25902 142694 32702 17:5396 

3060 18360 18360 
S,82 S75S,50 33497 2647 31766 6:5263 
s.s2 HU.JS 7936 2ffl 17122 2SOS8 
S, 76 7193,25 41433 ... 90321 

S.SJ 143899 796335 1:5744 261288 10:57623 
5,S3 748273:I 41409412 188925 13:116976 54H63111 

TABLE 1-19 
VEHICLE STREAMLINING(CHOPPER) 

POWER BILL ANALYSIS 

0.25 0.50 
o. 75 0.50 

RATE(POWER BILL 
0.000B4 0.00169 

o. 75 
0.25 

UNITS) 
0.00253 

1.00 DEMAND 
0.00 ENERGY 

SAVINGS 
0.00338 

0.33 
0.00 
0.33 

ENERGY COMPONENT 
TRACT ION( MKWH) 
SUPPORT(MKWH) 
TDlAL(MKWH) 

0.00781 0.00586 0.00391 0.00195 0 00000 
55. 10 
72.93 

128.03 

0. 11 
0.00 
0. 11 

FRACTION 
PERCENT 

KIi PEAK Klllt KIi PEAK 1(1111 KIi PEAK 

18360 0 
16313 49019 16340 Bl 27 

45002 113 
49019 81 
32688 57 

17:5729 333 

18360 0 
6:5377 113 
25130 72 
90507 UIS 

16313 10596:57 16340 2034 27 
195751 S:1102175 1960711 105787 326 

0.00 
1.00 

0.000 

0.001 
0.001 

0. 1 

0.25 0.50 0.75 
0.75 0.50 0.25 

SAVINGS(POWER BILL UNITS) 

.000 

0.001 
0.001 

0. 1 

0.001 

.000 
0.001 

0. 1 

0.001 

.000 
0.001 

Q. 1 

1 .00 
0.00 

0.001 

0 000 
0 001 

0 1 

~~ 

00 



TABLE 1·20 
NORIIAL OPERATJON CAIi-CONTROL IIASEI 

ENER&Y ANALYSIS 
TURNAROUND 

RINIIII& TRAINS l STORAGE TOTAL 
PERIOD TUE HOURS CNIHR KNtfCN CN l(Nlf KIi PEAK KIi KIIH KIIH KIi PEAK 

IIEEKDAY 
NDIIIIIN& 12100AN • 6100AN 
AN PEAK 6100AN · 9100AN 
NIDDAY 9100!\N · 3100PN 
PN PEAK J100PN • 6100PN 
EVENIIII 6100PN • 12100M 

TOTAL 

SAT l SUN 
NIIRllllli 121 OOAN · 61 OOAII 
DAY 6100AII - 6100PII 
EVENIII 6100PN • 12100AII 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL 2 •> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TDTAL(MW) 

ENERGY COMPONENT 
TRACTION( MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

6 NS 3060 
3 2877,90 9.02 8633,70 77876 25959 569 
6 959.25 8.63 5755.50 49670 2234 
3 2877.90 9.02 8633,70 77876 569 
6 479,63 8.61 2877.75 24777 2647 

24 8,89 25901 230199 

6 NS 3060 
12 479,63 8,61 5755,50 49555 21147 
6 239,63 8,54 1437.75 12278 2r.l4 

24 8,60 7193,25 61833 

8,86 143890 1274663 25959 
9,86 7482267 66282485 311504 

TABLE 1-21 
NORMAL OPERATION CAM-CONTROL(BASE) 

POWER BILL ANALYSIS 

DEMANO 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

o.oo 0.2s a.so o.75 
1.00 0.75 0.50 0.25 

RATE(POWER BILL UNITS) 
0.00000 0.00060 0.00120 0.00179 

18360 18360 
1706 79582 

13405 63075 
1706 79582 

15882 40660 
32700 262899 

18360 18360 
31765 81l19 
17122 29400 
48886 110719 

261271 1535934 
13586087 79868572 

1.00 
0.00 

0.00239 

0.00654 0.00491 0.00327 0.00164 0.00000 
79.87 
72 .93 

152.80 

26527 

26527 
318329 

~ 

'° 



PERIOD TIIIE 
IIEEKDAY 

NDRNIII& 12,00AII - 6100AN 
All P(Ak 6100M - 9100AN 
NIDDAY 91 ONII - 31 OOl'II 
PII P£M 3100l'II - 6100l'II 
EUEIIIII 6100l'II - 12100M 

TOTAi. 

SAT l SIii 
111111111■ 12,00M - 6100M 
IMY ''""" - 6100l'II 
EUEIII■ 6100l'II - 12100M 

TDTAI. 

El(LY 
AIIIIIM. 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTJON(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENlRGY COMPONfNf 
lf.lAC' f l(JNtMKWH) 

'.Li!Jf'()hl I ( MKWtt I 

ltJi i°ll (Mr<witl 

TAaE 1-22 
CNOPPER VS CAII-C.TIHIL 1111 RE&EIIERATI■ 

EIIU&Y AIIAl YSIS 

TIIIJIM-
Rlalllli TRAINS l STDU&E TOTAi. NDRIIAI. TOTAL DIFFERENCE 

HOURS CN/HR KIH'CN CN .. KIi P(M H KIii 1111 IIIP£M KIii KIi P£M KIIH KIi PEAK 

6 NS 3060 18360 18360 18360 0 
3 2177,90 9.17 1633,70 79171 26390 5'9 1706 80877 26959 795112 26527 -1295 -432 
6 959.25 8.70 5755,50 50073 2234 13405 63477 63075 -403 
3 2177,90 9.17 1633.70 79171 569 1706 80877 79582 -1295 
6 479,63 8.67 2177, 75 24950 2647 15112 40832 40660 -173 

24 9,01 25901 233365 32700 266065 262199 -31'6 

6 IS 3060 18360 18360 11360 0 
12 479,63 1.,1 sm.:io 49900 2647 31765 81665 8lll9 -345 
6 239,63 1.56 1437, 75 12307 2154 17122 29429 29400 -29 

24 1,65 7193.25 62207 4 ... 111094 110719 -374 

1,97 143890 1291240 26390 261271 1552511 26959 1535934 26527 -16576 -432 
1,97 7412267 67144462 316614 l35160117 80730549 323510 79168572 318329 -861976 -5180 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

7') H 1 

12 (JJ 

1',1 llU 

o.oo 
1.00 

0.00000 

0. 25 
0. 75 

TABLE 1-23 
CHOPPER VS CAM-CONTROL ND REGENERATION 

POWER BILL ANALYSIS 

0.50 o. 75 1.00 DEMAND 
0.50 0.25 0.00 ENERGY 

RATE(POWER BILL UNITS) SAVINGS 

0.00060 0.00120 0.00179 0.00239 
-5. 18 
0.00 

-5. 18 

0 00654 0 0049 1 0 OOT.! I 0 O{,11 b4 0 1)O0UO 
() fib 
0 (J,) 

j) tlt, 

I I..'.,'\, I l LlN 
., l I~ l [ t ~ ) 

0.00 
1.00 

0.000 

0 {)()b 

o oub 
0 b 

0. 25 0.50 0. 75 
0. 75 0.50 0. 25 

SAVINGS(POWER BILL UNITS) 

-0 003 

0 004 
0 .001 

0 ., 

-o 006 

0 ()()) 
-o oo~ 

. () 9 

-0.009 

-() 001 

-o 011 
- 1 . 1 

1.00 
0.00 

·0.012 

0 000 
0 012 

· I 2 

u, 
0 



TABLE 1-24 
CffOPPERIRE&EIERATION) VS CAN-CIINTRll 

ENER&Y ANALYSIS 
TURNAROUND 

RUNNING TRAINS • STORA&E TOTAL NORIIAL TOTAL DIFFERENCE 
PERIOD TIii HOURS CN/HR KIIHPCN CN kllH KIi PEAK kll KIii KIIH KIi PEAK KIIII KIi PEAK KIIH KIi PEAIC 

IIEEkDAY 
NIIRNIN& 12100AN - 6100AII 6 NS 3060 18360 1831,0 18360 0 
All PEAK 6:00AII - 9:00AN 3 2877,90 5.48 Blt33.70 47313 15771 569 1706 49019 16340 79582 26527 30563 10188 
NIDDAY 9:00AN - 3100PII 6 959.25 5.49 5755.50 31598 2234 13405 45002 113075 18072 
PN PEAK 3100PN - ll100PN 3 2877.90 5,4B 8633.70 47313 569 17011 49019 79582 30563 
EYEN!lll ll100PN • l2100AII 6 479.63 5.84 2877.75 16806 2647 15882 321188 40660 7971 

TOTAL 24 5,52 25901 143029 32700 175729 2112899 87170 

SAT• SUN 
IIDRNIINi l2100AN • 6100AN II NS 3060 18360 IB360 18360 0 
DAY 6100AN - 6100PN 12 479.63 5.84 5755.50 33612 2647 31765 65377 81319 15943 
EVENING 6100PN - 12100AII 6 239.63 5.57 1437.75 8008 2854 17122 25130 29400 4270 

TOTAL 24 5. 79 7193.25 41620 48886 90507 110719 20213 

IIEEKLY 5.55 143890 7983811 15771 261271 1059657 16340 1535934 26527 4711277 10188 
ANNUAL 5.55 7482267 41516088 189251 13586087 55102175 1960711 79868572 318329 24766397 122253 

TABLE 1-25 
CHOPPER(REGENERATION) VS CAM-CONTROL 

POWER BILL ANALYSIS 

PORTION OF DEMAND 0.00 0.25 0.50 0.75 1.00 DEMAND 0.00 0.25 0.50 0.75 1.00 
POWER BILL ••> ENERGY 1.00 o. 75 0.50 0.25 0.00 ENERGY 1.00 o. 75 0.50 0.25 0.00 

NORMAL RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
DEMAND COMPONENT 0.00000 0.00060 0.00120 0.00179 0.00239 

TRACTION(MW) 318.33 122.25 
SUPPORT(MW) 99.90 0.00 
TOTAL(MW) 418.23 122.25 0.000 0.073 o. 146 0.219 0. 292 

ENERGY COMPONENT 0.00654 0.00491 0.00327 0.00164 0.00000 
TRACTION(MKWH) 79.87 24. 77 
SUPPORT(MKWH) 72.93 0.00 V, 

TOTAL(MKWH) 152.80 24.77 0. 162 o. 122 0.081 0.041 0.000 .... 
FRACTION 0. 162 o. 195 0.227 0.260 0. 292 
PERCENT 16.2 19.5 22.7 26.0 29.2 



PERIOD TINE HOURS CN/111 
IIEEKDAY 

IIIIIIIIIN& 12100M - 6100M 6 NS 
All PEAK 61 OOAII - 9 I OOAII l 3013.55 
IIIDDAY 9100AII - 3100PII 6 959,25 
PII PEAK 3100PII - 6100PII 3 3013.55 
EVENIII& 6100Pfl - 12100AII 6 479.63 

TOTAL 24 

SAT Ii SUN 
IIORNI II& 121 OOAII - 61 OOAII 6 NS 
DAY 6100AII - 6100PII 12 479,63 
EVENIII& l1100PII - 121 OOAII 6 239.63 

TOTAL 24 

IIEEKLY 
All_,AL 

PORTION OF DEMAND 0.00 
POWER BILL ••> ENERGY 1.00 

NORMAL 
DEMAND COMPONENT 0.00000 

TRACTION(MW) 318.33 
SUPPORT(MW) 99.90 
TOTAL(MW) 418.23 

ENERGY COMPONENT 0.00654 
TRACTIDN(MKWH) 79.87 
SUPPORT(MKWH) 72.93 
TOT AL ( MKWH) 152.80 

TMLE 1-26 
CHDPPERll/4 FLEETI VS CAll·COIITla. SEPARATE TUINS 

ENER8Y MIM. YS I& 
TUIIIAIIIIIII 

RIIININ& TRAINS • STIIUIIE TOTAL NORIIAL lDTRl DIFFERENCE 
KllfllCII CII KIIH KIi PEAK KIi KIii KIii KIi PEAK KIii 

3060 18360 18360 11360 
7.87 9040.65 71150 23717 569 1706 72856 24285 79582 
5,49 5755,50 31598 2234 13405 45002 63075 
7.87 9040.65 71150 569 1706 72856 79582 
s. 84 2877, 75 16806 2647 15812 32688 40660 
7,14 26715 190704 32700 2234Gl 262899 

3060 18360 18360 18360 
S.84 5755.50 33612 2647 31765 6:1377 81319 
S.:17 1437,75 8008 2854 17122 25130 294GO 
:1.79 7193.25 41620 4N86 90507 110719 

7.01 147959 10367:19 23717 261271 1298030 24285 153:1934 
7.01 7693881 53911453 284600 13586087 67497539 291425 79868572 

TABLE 1-27 
CHOPPER(1/4 FLEET) VS CAM-CONTROL SEPARATE TRAINS 

POWER BILL ANALYSIS 

0.25 0.50 0. 75 1.00 DEMANO 0.00 0. 25 
0.75 0.50 0.25 0.00 ENERGY 1.00 0. 75 

KIi PEAK KIIH KIi PEAK 

0 
26527 6726 2242 

18072 
6726 
7971 

39496 

0 
15943 
4270 

20213 

26527 237904 2242 
318329 12371033 26904 

0.50 0. 75 1.00 
0.50 0.25 0.00 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00060 0.00120 0.00179 0.00239 

26.90 
0.00 

26.90 0.000 0.016 0.031 0.048 0.064 

0.00491 0.00327 0.00164 0.00000 
12.37 
0.00 

12.37 0.081 0.061 0.040 0.020 0.000 
FR ACT ION 0.081 0.077 0.073 0.068 0 064 
PERCENT 8. 1 7. 7 7.3 6.8 6.4 

\Jl 
N 



PERIOD TINE HOORS CII/IIR 
IIEEKDAY 

llllllllllli 12:00AN · 6:00AII 6 NS 
All PEAK 6100AN • 9100M 3 3013.55 
IIIDDAY 91 OOAII · 31 OOPII 6 959,25 
PII PEAK 3:00PII · 6100PII 3 3013.55 
EVENIII& 6100PII • 12: OOAII 6 479.63 

TOTAL 24 

SAT• 51111 
IIOIINllli 12:00AII · 6100AII 6 NS 
DAY 6100AII - 6100PII 12 479,63 
EVENIIIB 6100PII - 121 OOAII 6 239,63 

TOTAL 24 

IIEEKLY 
ANNUAL 

PORTION OF DEMAND o.oo 
POWER BILL •=> ENERGY 1.00 

NORMAL 
DEMAND COMPONENT 0.00000 

TRACTION(MW) 318.33 
SUPPDRT(MW) 99.90 
TOTAL(MW) 418.23 

ENERGY COMPONENT 0.00654 
TRACT ION( MKWH) 79.87 
SUPPORT(MKWH) 72.93 
TOTAL(MKWH) 152.80 

TAILE 1·28 
CIIIPPER 11/4 FLEETI VS CAII-CIINTRtl. IIIIED CONSISTS 

EIIER&Y ANALYSIS 
TURIIAROOIID 

Rlllllllli TRAINS • STORA&E TOTAL NIIRIIAL TOTAL DIFFERENCE 
KIJIIIICN CII KNH KIi PEAK KIi KIii KIIH KIi PEAK KIIH 

3060 18360 18360 18360 
7.75 9040,65 70065 23355 569 1706 71771 23924 79582 
5.49 5755.50 3159B 2234 13405 45002 63075 
7. 75 9040, 65 70065 569 1706 71771 79582 
5,84 2877,75 16806 2647 15882 32688 40660 
7,06 26715 188534 32700 221234 262899 

3060 18360 18360 18360 
5.84 5755,50 33612 2647 31765 65377 81319 
5.57 1437,75 8008 2854 17122 25130 29400 
5.79 7193,25 41620 48886 90507 110719 

6,93 147959 1025910 23355 261271 1287181 23924 1535934 
6.93 7693881 53347316 280260 13586087 66933403 287086 79868572 

TABLE 1-29 
CHOPPER(1/4 FLEET) VS CAM-CONTROL MIXED CONSISTS 

POWER BILL ANALYSIS 

0.25 0.50 0.75 1.00 DEMAND 0.00 0.25 
0.75 0.50 0.25 0.00 ENERGY 1.00 o. 75 

KIi PEAK KIIH KIi PEAK 

0 
26527 7B11 2604 

18072 
7811 
7971 

41666 

0 
15943 
4270 

20213 

26527 248753 2604 
318329 12935169 31244 

0.50 o. 75 1.00 
0.50 0.25 0.00 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00060 0.00120 0.00179 0.00239 

31. 24 
0.00 

31. 24 0.000 0.019 0.037 0.056 0.075 

0.00491 0.00327 0.00164 0.00000 
12.94 
0.00 

12.94 0.085 0.063 0.042 0.021 0.000 
FRACTION 0.085 0.082 0.080 0.077 0.075 
PERCENT 8.5 8.2 8.0 7.7 7.5 

u-, 
w 



TABLE 1-30 
ASSURED RECEPTIVITY - ON BOARD STIIRA&E 

ENERBY ANALYSIS 
TUIINMIIUND 

RUIINIII& TRAINS l STIIU&E TOTAL NOIIML TOTAL DIFFERENCE 
PERIOD TINE HOURS CIIIHR 

IIEEKDAY 
IIOIINIII& l2100AII - luOOM 6 NS 
AN PEAK 6100M - 9100M 3 2876,10 
NIDOAY 9100AN - 3100PII 6 958.95 
PII PEAK 3:00PII - 6100PII 3 2176.10 
EVENII• 6100PII - 12100M 6 479.48 

TOTAL 24 

SAT I SUN 
11111111116 l2100AII - 6100AII 6 NS 
DAY 6100AII - 6100PII 12 479.48 
EVENIII& 6100PII - 12100M 6 239.70 

TOTAL 24 

IIEEKLY 
AIIIIUAl. 

PORTION OF OEMANO 0.00 
POWER BILL ••> ENERGY 1.00 

Kllll'CII CII KIIH KIi PEAK 1(11 KIN KIIH KIi PEAK 1(1111 

3060 18360 18360 18360 
6.31 8628,30 54445 18148 572 1717 56162 18721 79582 
6.10 5753.70 35098 2231 13383 48481 63075 
6.31 8628,30 54445 572 1717 56162 79582 
6.08 2876,85 17491 2645 15872 33363 406'0 
6.24 25887 161471 32689 194167 262899 

3060 18360 18360 18360 
6.08 5753.70 34982 2645 31743 66725 81319 
6.14 1438. 20 8831 2852 17109 25940 294GO 
6.09 7191. 90 43813 48852 92665 110719 

6.22 143820 895016 18148 261149 1156164 18721 1535934 
6.22 7478617 46540827 2tn78 13579722 60120549 224'47 79168572 

TABLE 1-31 
ASSURED RECEPTIVITY - ON BOARD STORAGE 

POWER BILL ANALYSIS 

0.2!1 0.!10 0.75 I .DO DEMAND 0.00 0. 25 
o. 75 0.50 0.25 0.00 ENERGY 1.00 o. 75 

KM PEAK KINI KIi PEAK 

0 
26527 23421 7807 

14594 
23421 
7297 

68732 

0 
14594 
3460 

18054 

211527 379770 7807 
318329 19748023 93682 

0.50 0.7!1 1.00 
0.50 0.25 0.00 

NORMAL RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
DEMAND COMPONENT 

TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION( Ml<WH) 
SUPPORT(MKWH) 
TOTAL(Mi<WH) 

0.00000 0.00060 0.00120 0.00179 0.00239 
318.33 93.68 
99.90 0.00 

418.23 93.68 

0.00654 0.00491 0.00327 0.00164 0.00000 
79.87 19. 75 
72.93 0.00 

152.80 19. 75 
FRACTION 
PERCENT 

0.000 

0. 129 
0. 129 

12.9 

0.056 

0.097 
o. 153 

15.3 

o. 112 

0.065 
0. 177 

17.7 

0. 168 

0.032 
0. 200 

20.0 

0.224 

0.000 
o. 224 

22.4 

V, 
J;-



PERIDD TIIIE HOURS CN/IIR 
IIEEKDAY 

NDRNIN6 12:00AN • 6:00AN 
AN PEAK 6:00AN · 9:00AN 
NIDDAY 9:00AN · 3:00PN 
PN PEAK 3100PN • 6100PN 
EVENIIII 6100PN · 12:00M 

TOTAL 

SAT• SUN 
IIORNIN6 12:00AN · 61 OOAN 
DAY 6100AN - 6100PN 
EVENIIII 6100PN • 12:00AN 

TOTAL 

MEEKLY 
ANNUAL 

PORTION OF 
POWER BILL --> 

DEMAND COMPONENT 
TRACTJON(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACT ION( MKWH) 
StJPl'ORl (MKWH) 
r (l r Al l MK WH I 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

79.87 
72.93 

1 ~):.? 80 

6 NS 
3 2877,90 
6 959,25 
3 2877.90 
6 479,63 

24 

6 NS 
12 479,63 
6 239,63 

24 

0.00 
1.00 

0.00000 

0.00654 

TABLE 1·32 
ASSURED RECEPTIVITY· RE&EIIERATIVE SIIBSTATIONS 

EIIER&Y ANALYSIS 
TURNAROOND 

RIIININ6 TRAINS • STORA&£ TOTAL NORNAL TOTAL DIFFERENCE 
KIIIIPCN CN KIIH KIi PEAK KIi KIii! KIIH KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

3060 18360 183'10 18360 0 
5,21 8633.70 44982 14994 5119 1706 46688 15563 79582 26527 32894 10965 
5,31 5755.50 30562 2234 13405 43966 63075 19108 
5.21 8633.70 44982 569 1706 46688 79582 32894 
:1,29 2877,75 15223 2647 15882 31106 40660 9554 
:1,24 25901 135748 32700 168448 262899 94451 

3060 18360 18360 18360 0 
5,29 5755.50 30447 2647 31765 62211 81319 19108 
5.03 1437. 75 7232 2854 17122 24353 29400 5047 
5.24 7193.25 37678 41886 86565 110719 24155 

5,24 143890 754098 14994 261271 1015369 15563 1535934 26527 520565 10965 
5,24 74B2267 39213082 179926 13586087 52799169 186752 79868572 318329 27069403 131578 

TABLE 1-33 
ASSURED RECEPTIVITY - REGENERATIVE SUBSTATIONS 

POWER BILL ANALYSIS 

0.25 0.50 o. 75 1 .OD DEMAND 0.00 0.25 0.50 o. 75 1.00 

0.75 0.50 0.25 0.00 ENERGY 1.00 o. 75 0.50 o. 25 o.oo 
RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

0.00060 0.00120 0.00179 0.00239 
131. 58 

0.00 
131. 58 0.000 0.079 0. 157 0. 236 0.315 

0.00491 0.00327 0.00164 0.00000 V, 

27.07 v, 
0 00 

27 .07 0. 177 o. 133 0.089 0.044 0.000 
FRACTION o. 177 o. 212 o. 246 o. 280 0. 315 
PERCENl 17 _ 7 21. 2 24.6 2B 0 31. 5 
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TABLE 1-35 

DEFINITION OF LEVEL-TANGENT TRACK RUNS FOR PERFORMANCE MODIFICATION 
2/17/86 

TPS C\. T ST p REMARKS TIME KWHPCM 

CAM-CONTROL STATION SPACING• 1.0 MILE 

001 F01 CAM EOI R1E1 MIN TIME 1. 28 7.71 
002 F02 CAM E01 R1E2 SPEED RED 1. 32 7.01 
003 F03 CAM E01 R1E3 ACCEL RED 1. 32 7.74 
004 F04 CAM E01 R1E4 DECEL RED 1. 32 7.62 
005 F05 CAM E01 R1E5 COASTING 1. 32 6.00 

CHOPPER-CONTROL STATION SPACING• 1.0 MILE 

101 F01 CHO E01 C1E1 MIN TIME 1. 28 4.31 
102 F02 CHO E01 C1E2 SPEED RED 1. 32 4.08 
103 F03 CHO E01 C1E3 ACCEL REC 1. 32 4.27 
104 F04 CHO E01 C1E4 DECEL RED 1. 32 4. 19 
105 F05 CHO E01 C1E5 COASTING 1. 32 3. 16 

CAM-CONTROL STATION SPACING• 1. 5 MILE 

OF1 G01 CAM F01 R1F1 MIN TIME 1. 71 6. 16 
OF2 G02 CAM F01 R1F2 SPEED RED 1. 76 5.91 
OF3 G03 CAM FOi R1F3 ACCEL RED 1. 76 6.21 
OF4 G04 CAM F01 R1F4 DECEL REO 1. 76 6.08 
OF5 GOS CAM F01 R1F5 COASTING 1. 76 4.66 

CHOPPER-CONTl:OL STATION SPACING - 1. 5 MILE 

1 F 1 G01 CHO F01 C1F1 MIN TIME 1. 71 3.89 
1F2 G02 CHO F02 C1F2 SPEED RED 1. 76 3.83 
1F3 G03 CHO F03 C1F3 ACCEL REO 1. 76 3.91 
1F4 G04 CHO F04 C1F4 DECEL REO 1. 76 3.77 
1F5 GOS CHO F05 C1F5 COASTING 1. 76 2.77 



TABLE l-36A 
ACCELERATION REDIICTIONl2,5 IIPHPSIICIIOPPERI 

ENER6Y ANALYSIS 
TURNAROUND 

RUNNlllli TRAINS • STORAGE TOTAL NGRIML TOTAL DIFFERENCE 
PERIOD TINE HOURS CN/HR KIIHPCN CII KIIH KIi PEAK 1(11 KIii KIIH KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

IIEEKIIAY 
NORN!ll6 12100M - 6:00AII 6 NS 
All PEAK 6:00AN • 910011N 3 2874, 90 
NIDIIAY 9100AN - l:OOPN 6 957.75 
PN PEAK 3100PII - 6100PN 3 2874,90 
EVENJN& 6100PN • l2100AII 6 

TOTAL 24 

SAT • SUN 
NDRNIN& l2100AN • 6100AII 6 
DAY 6100M - 6100PII 12 
EVENIN& 6100PN • 12,00AII 6 

TOTAL 24 

IIEEKLY 
ANNUAL 

PORTION OF DEMAND 
POWER BILL ••> 

DEMAN□ COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY 
NORMAL 

196.08 
99.90 

295.98 

478.88 

NS 
478,88 
239,40 

0.00 
1.00 

0.00000 

3060 18360 18360 18360 
5.04 8624,70 43468 14489 524 1571 45040 15013 49019 
4,60 5746.50 26434 2219 13311 39745 45002 
5,04 8624.70 43468 524 1571 45040 49019 
5.29 2873.25 l5l99 2639 1583' 31035 32688 
4.97 25869 128570 32289 160860 175729 

3060 18360 18360 18360 
5,29 5746.50 30399 2639 31671 62070 65377 
5.47 1436,40 7857 2850 17097 24"4 25130 
5,JJ 7182, 90 38256 48768 87024 90507 

5.01 143712 719364 14489 258983 978347 15013 1059657 
5.01 7473001 37406929 173874 13467121 50874051 180160 55102175 

TABLE 1-36B 

ACCELERATION REOUCTION(2.5 MPHPS)(CHOPPER) 
POWER BILL ANALYSIS 

0.25 0.50 a. 75 1. 00 DEMAND 0.00 0.25 
1.00 o. 75 

0 
16340 3979 1326 

5257 
3979 
1653 

14869 

0 
3307 

175 
3482 

16340 81310 1326 
196076 4228124 15917 

0.50 0. 75 
0.50 0.25 

0.75 0.50 0.25 0.00 ENERGY 
RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

0.00084 0.00169 0.00253 0 00338 
15.92 
0.00 

15.92 0.000 0.013 0.027 0.040 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWHI 
TOTAL(MKWH) 

0.00781 0.00586 0.00391 0 00195 0.00000 
,1 23 
0 00 
•l :.!:l 

55. 10 
72.93 

128 OJ 
~ h.''/\l I I ON 
J>f-:/..'C:f Nf 

0 013 
0 033 

3.3 

0.02~ 
0 038 

3 8 

0. 017 
0.043 

4.3 

0 008 
0.049 

4 9 

1.00 
0.00 

0.054 

0 000 
0.054 

5 4 

v, 
--.J 



TAll.E 1-37A 
BIIAKIN6 REDIICTIOll12, 5 ftSI ICHOPPERI 

EIIER6Y AIIM. YS IS 

TURNAROUND 
RIMNIII& TRAINS Ii STDRA&E TOTAL NORIIAL TOTAL DIFFERENCE 

PERIOD TINE HOURS CII/IIR Kllll'CII CII KIIH KIi PEAK KIi KIIH KIIH 
IIEEKDAY 

IIORlllll6 12100AII - 6100AII 6 NS 3060 18360 18360 
All PEAK 6100AII - 9100M 3 2876,10 5.07 8628.30 43745 14582 518 1553 45298 
IIIDDAY 9100M - 3100PII 6 951.65 5.56 5751. 90 31911 2217 13302 45213 
PII PEAK 31 OGPII - 61 OOPII 3 2176,10 5.07 1621.30 43745 511 1553 45298 
EVENlll6 6100PII • 12100M 6 479.33 6. 11 ?175.95 17572 2639 15831 33403 

TOTAL 24 5.29 25884 137044 32238 169212 

SAT Ii SUN 
IIOlllllll6 12100AII • 6100M 6 NS 3060 11360 11360 
DAY 6100AII. 6100PII 12 479.33 6.11 5751.90 35144 2639 31662 66806 
EVENIII& 6100PII • 12100M 6 239.40 5.97 1436.40 1575 2849 17096 25671 

TOTAL 24 6.08 7181. 30 43719 41751 92477 

IIEEKLY 5.37 143799 772657 14582 258705 1031362 
AIIIIUAI. 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TDTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWl1) 
TOTAL ( MKWH) 

5.37 7477540 40171150 174982 13452660 53630810 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

0.00 
1.00 

0.00000 

0.25 
o. 75 

TABLE 1-378 
BRAKING REDUCTIDN(2.5 MPHPS)(CHOPPER) 

POWER BILL ANALYSIS 

0.50 0.75 1.00 DEMAND 
0.50 0.25 0.00 ENERGY 

RATE(POWER BILL UNITS) SAVINGS 
0.00084 0.00169 0.00253 0.00338 

14.88 
0.00 

14.BB 

0.00781 0.00586 0.00391 0.00195 0.00000 
55.10 147 
72.93 0.00 

128.03 1 47 
FRACTION 
PERCENT 

0.00 
1.00 

0.000 

0.01 I 
0. 011 

I. 1 

KIi PEAK KIIII KIi PEAK KIIH 

18360 0 
15099 49019 16340 3721 

45092 -280 
49019 3721 
32618 -715 

175729 6447 

18360 0 
65377 -1429 
25130 -541 
90507 -1970 

15099 I0591i57 11,]40 21295 
181192 55102175 196076 1471365 

0.25 0.50 0. 75 
0.75 0.50 0.25 

SAVJNGS(POWER BILL UNITS) 

0.013 

0 009 
0.021 

2. 1 

0.025 

0 006 
0 031 

3. 1 

0.038 

0.003 
0.041 

4. 1 

KIi PEAK 

1240 

1240 
14814 

1.00 
0.00 

0 050 

0 000 
0.050 

5.0 

Vl 
CD 



PERIOD TINE HOURS CN/HR 
IIEEKDAY 

NIIRNIII& 12:00AN · luOOAII 
All PEAK 6:00AII - 9100M 
MIDDAY 9100AN · 3100PII 
PN PEAK 3:00PN • 6100PII 
EVENING 6100PII • 12100M 

TOTAL 

SAT le SUN 
NORNIN& 12100AII · 6100AII 
DAY 6100AII · 6:00PII 
EVENING 6100PII - 12100AII 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

6 NS 
3 2874.90 
6 958.50 
3 2874.90 
6 479.25 

24 

6 NS 
12 479.25 
6 239.40 

24 

o.oo 
1.00 

0.00000 

TABLE 1·39A 
SPEED REDUCTIONININ RIii TINE + .25 NINI ICIIIPPERI 

ENER&Y ANALYSIS 
TURNARIIUIII 

RUNNING TRAINS I STDIIAIIE TOTAL NIIRIIAL TOTAL DIFFERENCE 
KIIIIPCN CN KIIH KIi PEAK KIi KIIII KIIH KIi PEAK KIIH 

3060 18360 18360 18360 
5.29 8624.70 45625 15208 524 1571 47196 15732 49019 
4.81 5751.00 27662 2218 13307 40970 45002 
5,29 8624.70 45625 524 1571 47196 49019 
5.32 2875.50 15298 2639 15834 31131 32688 
5.19 25876 134209 32284 166493 175729 

3060 18360 18360 18360 
5.32 5751.00 30595 2639 31667 62263 65377 
5.18 1436.40 7441 2850 17097 24538 25130 
5.29 7187,40 38036 48765 86801 90507 

5.20 143754 747118 15208 258949 1006067 15732 1059657 
5,20 7475224 3B850148 182499 13465343 52315490 188784 55102175 

TABLE 1-39B 
SPEED REOUCTION(MIN RUN TIME+ .25 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.25 0.50 0. 75 1.00 DEMAND 0.00 0.25 
o. 75 0.50 o. 25 0.00 ENERGY 1.00 o. 75 

KIi PEAK KIIH KIi PEAK 

0 
16340 1823 608 

4033 
1823 
1557 
9236 

0 
3114 

592 
1706 

16340 53590 608 
196076 2786684 7292 

0.50 0. 75 1.00 
0.50 0.25 0.00 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00084 0.00169 0.00253 0.00338 

7.29 
0.00 
7.29 0.000 0.006 0.012 0.018 0.025 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOT AL ( MKWH) 

0.00781 0.00586 0.00391 0.00195 0.00000 
55. 10 
72.93 

128.03 

2.79 
0.00 
2.79 

FRACTION 
PERCENT 

0.022 
0.022 

2.2 

0.016 
0.022 

2.2 

0.011 
0 023 

2.3 

0.005 
0.024 

2.4 

0.000 
0.025 

2.5 
V, 

'° 



TABLE l-40A 
SPEED REDUCTION IN II RUN TIii + • 5 NINIICIIIIPPERI 

EIIER&Y AIIALY&IS 
TUIIIIARIIUIID 

RIIINIII TRAINS I STIIIAIIE TOTAL NOIIIIAl TOTAL DIFFERENCE 
PERIOD TIii 

IIEEKDAY 
IHIRIIIII 121 OOAN - 61 OOM 
AN PEAK 61 OOAII - 91 OOAII 
ftlDIIIIY 9100AN - J100PII 
PN PEAK 3100Pft - 6100PII 
EVENIII 6100PII - 12100M 

TOTAL 

SAT I SUN 
IIORNIII 12100AII - 6100M 
DAY 6100AN - 6100PII 
EVENIII 6100PII - 12100M 

TOTAL 

IIEEKLY 
MUI. 

PORTION OF 
POWER BILL ••> 

DEMAND 
ENERGY 

HOURS CN/HR 

6 NS 
3 2877,30 
6 959.25 
J 2877,JO 
6 479,63 

24 

6 IS 
12 479,63 
6 239,11 

24 

0.00 
1.00 

Kllll'Cft Cft KIIH KIi PEAK KIi 1(111 KIii KIi PEAK ICIIH 

3060 18360 11360 18360 
5.11 1631,90 44109 14703 478 1434 45543 15181 49019 
5. 19 5755. 50 29871 2201 13208 43079 45002 
5,11 lltll,90 44109 478 1434 45543 49019 
5.60 2877,75 16115 2631 15714 31900 32681 
s.11 25197 134204 31160 166M4 175729 

3060 18360 18360 18360 
s., 5m.so 32231 2631 31568 63799 ~377 

5.43 1439.10 7814 2846 17071 24■7 25130 
5.57 7194,60 40045 48641 1116117 90507 

5.22 143874 751113 14703 2S6Sll 1007695 15181 1059~7 
5.22 7481471 390571152 17'436 13142306 52400158 112171 55102175 

TABLE 1·40B 
SPEED REDUCTJDN(MIN RUN TIME+ .5 MIN)(CHDPPER) 

POWER BILL ANALYSIS 

D.25 0.50 0. 75 1.00 DEMAND 0.00 0. 25 
o. 75 0.50 o. 25 0.00 ENERGY I .00 0. 75 

1(11 P[AI( CIIH 1(11 PEAK 

0 
16340 347' 1159 

1923 
1476 

789 
9664 

0 
1578 

241 
1820 

16140 51962 1159 
196076 2702017 13905 

0.50 0. 75 1.00 
0 50 0. 25 0 00 

NORMAL RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
DEMAND COMPONENT 

TRACT ION( MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWHI 
10TAI (MKWH) 

0.00000 0.00084 0.00169 0.00253 0.00338 
196.08 13.91 
99.90 0.00 

295.98 13.91 

0 00781 0.005B6 0.00391 0.001~5 0 00000 
55 10 2 70 
1) 9:J () IHJ 

1~U (U ) /1.l 

I fU1, J !Or-J 

I' I h'( I iJ l 

0.000 

0.021 
,1 CU 1 

2 1 

0.012 

0.016 

0 028 
2 II 

0.023 

u 11 
o uJ4 

J 4 

0 035 

0 00~ 
0 04 1 

4 1 

0.047 

0 (JQ(__J 

0 047 
4 7 

°' 0 



PERIOD Tllf.: HOURS Cft/HR 
IIEEICDAY 

NORN 1116 121 OOAN • 61 OOM 6 NS 
Aft PEAK 6100AN • 9100M 3 2877.00 
NIDDAY 9100Aft - 3100PII 6 9:19.25 
Pft PEAK 31 OOPII - 6 I OOPII 3 2877.00 
EVENINB 6100PII - 12100M 6 

TOTAL 24 

SAT• SUN 
ftllRNINB 12100Aft • 6100M 6 
DAY 6100Aft - 6100PII 12 
EVENIII& 6100PII - 12100M 6 

TOTAL 24 

IIEEICLY 
ANIIIAL 

PORTION OF DEMAND 
POWER BILL aa> 

DEMAND COMPONENT 
TRACT ION( MW) 
SUPPORT(MW) 
TDTAL(MW) 

ENERGY 
NORMAL 

196.08 
99.90 

295.98 

479.63 

NS 
479.63 
239.85 

0.00 
1.00 

0.00000 

TABLE 1·41A 
SPEED REDUCTIONlftlN RUN TIIIE t • 75 NINI ICIIIIPPERI 

ENERBY ANALYSIS 
TIIRNMIIUND 

Rlllll(II& TRAINS • STORABE TOTAL IIORIIM. TOTAL DIFFERENCE 
ICIIIPCft CN ICIIH KIi PEAK 1(11 K .. KNH KIi PEAK KIIH 

3060 18360 18360 18360 
4.67 8631.00 40307 13436 433 1299 41605 13868 49019 
5.36 5755.50 30849 2186 1311B 43968 45002 
4.67 1631.00 40307 433 1299 41605 49019 
5.73 2877.75 16490 2623 15739 32229 32688 
4.94 25895 127953 31455 159408 175729 

3060 18360 IB360 18360 
5.73 5755.50 32979 2623 31478 64457 65377 
5.63 1439.10 B102 2842 17051 25153 25130 
5. 71 7194.60 41081 48529 89610 90507 

5,02 143865 721925 13436 254333 976258 13868 1059657 
5,02 74B1003 37540097 161227 13225306 50765402 166422 55102175 

TABLE 1-418 
SPEED REDUCTIDN(MIN RUN TIME+ .75 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.25 0.50 o. 75 1. 00 DEMAND 0.00 o. 25 
o. 75 0.50 0.25 0.00 ENERGY 1.00 0.75 

KIi PEAK KIIH KIi PEAK 

0 
16340 7414 2471 

1034 
7414 
460 

16321 

0 
919 
-23 
897 

16340 83399 2471 
196076 4336773 29654 

0.50 0. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00084 0.00169 0.00253 0.00338 

29.65 
0.00 

29.65 0.000 0.025 0.050 0.075 

ENERGY COMPONENT 
TRACTION( MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

0.00781 0.00586 0.00391 0.00195 0.00000 
55. 10 
72.93 

128.03 

4.34 
0.00 
4.34 

FRACTION 
PERCENT 

0.034 
0.034 

3.4 

0.025 
0.050 

5.0 

0.017 
0.067 

6.7 

0.008 
0.084 

8.4 

1.00 
0.00 

0. 100 

0.000 
0. 100 

10.0 

°' ..... 



TAILE l-42A 
SPEED REDIICTIIINIIIINIIIIII 11111 TIIE + I.IIINIICNIIPPERI 

ENER&Y MALYSIS 
TIIRIIM-

Rllllllll& TRAINS • STIIRA&E TOTAL NORML TOTAL DIFFERENCE 
PERIOD TIRE HIIURS CNIHR KIIHPCII CR KNH KIi PEAK 1(11 ICIIH KIIH KIi PEAK KIIH KIi PEAK ICIIH KIi PEAK 

IIEEKDAY 
IIININIII& l2100AII - 6100M 
All PEAK lu 0OAII - 91001111 
IIIDDAY 9100M - 31 OOPII 
PII PEAK 31 OOP11 - 61 OOPII 
EVENIII 6100PII - 12100M 

TOTAL 

SAT• 61111 
IIININIII 12100M - 6100M 
DAY 61 00M - 61 OOPII 
EYENIII 6100PII - 12100M 

TOTAL 

IIEEKLY 
AIIUl 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128.03 

6 NS 
l 2879.70 
6 958.95 
3 2879.70 
6 479.48 

24 

6 NS 
12 479.41 
6 239.71 

24 

0.00 
1.00 

l0IIO 1113/IO 11360 11360 
4.53 81139.10 39135 13045 387 ll111 40296 13432 49019 
4.99 5753,70 287ll 2171 13025 417311 45002 
4,53 81139,lO 39135 387 llH 40296 49019 
5.37 2876.85 1:1449 2615 15692 31141 32688 
4.73 25909 122430 31039 153469 175729 

3060 11360 11360 11360 
5,37 5753.70 30897 2615 31315 62212 65377 
5, 19 1431,65 7467 2131 17027 24494 25130 
5,33 7192,35 31364 41412 ""' 90507 

4,79 143921 611177 13045 252020 940897 13432 1059657 
4.79 7484279 35121624 156540 13105030 48926654 16ll84 55102175 

TABLE 1-428 
SPEED REDUCTION(MJNIMUM RUN TIME + 1.MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.25 0.50 o. 75 1.00 DEMAND 0.00 0.25 
0.75 0.50 0.25 0.00 ENERGY 1.00 0.75 

0 
16340 8723 

3267 
1723 
1~7 

22260 

0 
3095 
636 

3731 

16340 118760 
196076 6175521 

0.50 0.75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00000 0.00084 0.00169 0.00253 0.00338 

34.89 
0.00 

34.89 0.000 0.029 0.059 0.088 

0.00781 0.005B6 0.00391 0.00195 0.00000 
6. 18 
0.00 
6. 18 0.048 0.036 0.024 0.012 

FRACTION 0.048 0.066 0.083 0 100 
PERCENT 4.B 6.6 8.3 10.0 

2908 

2908 
34892 

1.00 
0.00 

o. 118 

0.000 
0. 118 

11. 8 

"' N 



PERIOD TINE 
IIEEKDAY 

IIORIIIII 121 OOAN - 61 OOAII 
AN PEAK 6100AN - 9:00AII 
NIDDAY 9100AN - 3100PII 
PN PEAK 3100PN - 6100PN 
EVENIII 6100PII - 12100M 

TOTAL 

SAT• IUN 
NDRNINI 12100AII - 6100M 
DAY 6:00AN - 6100PII 
EVENIIII 6100PII - 121001111 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL ••:> 

OEMAND COMPONENT 
TRACTIDN(MW) 
SUPPDRT(MW) 
TDTAL(MW) 

ENERGY COMPONENT 
TRACTIDN(MKWH) 
SUPPDRT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128.03 

TABLE l-43A 
SPEED REDUCTIONININ RIii TIIIE + 1,2511INI ICHDPPER> 

ENERGY AIIALYSIS 
TURNMOUND 

RIINNIII TRAINS • STORMIE TOTAL NORIIAI. TOTAL DIFFEREIICE 
HOIIIS CN/HR KllfllCN CN KIIH KIi PEAK KIi KIii KllH KIi PEAK KllH KIi PEAK KNH 

6 NS 3060 18360 IB3'10 183'10 0 
3 2874.30 5.04 8622,90 43459 14486 342 1026 44415 14128 49019 16340 4534 
6 958.80 4.65 5752,80 26751 2156 12935 39685 45002 5317 
3 2174.30 5.04 8622,90 43459 342 1026 44485 49019 4534 
6 479.40 5.01 2876.40 14411 2608 15647 30058 32681 2630 

24 4.95 25175 121080 llllll4 158714 175729 17014 

6 NS lllllO 18360 18360 11360 0 
12 479,40 5. 01 5752. 80 21B22 2608 31295 60116 65377 5260 
6 239, 71 4.96 1438.65 7136 2834 17004 24139 25130 990 

24 5.00 7191.45 35957 41299 84256 90507 6251 

4.95 143758 712315 14486 249768 962083 14128 1059657 16340 97574 
4,95 7475411 37040382 173831 1291793'1 50021311 177942 55102175 196076 5073857 

TABLE I -43B 
SPEED REDUCTIDN(MIN RUN TIME + 1.25MIN)(CHDPPER) 

POWER BILL ANALYSIS 

o.oo 0.25 0.50 o. 75 1.00 DEMAND 0.00 0.25 0.50 0.75 1.00 o. 75 0.50 0.25 0.00 ENERGY 1.00 0. 75 0.50 0.25 
RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

0.00000 0.00084 0.00169 0.00253 0.0033B 
18. 13 
0.00 

18. 13 0.000 0.015 0.031 0.046 

0.00781 0.00586 0.00391 0.00195 0.00000 
5.07 
0.00 
5.07 0.040 0.030 0.020 0.010 

FRACTION 0.040 0.045 0.050 0.056 
PERCENT 4.0 4.5 5.0 5.6 

KIi PEAK 

1511 

1511 
18135 

1.00 
0.00 

0.061 

0.000 
0.061 

6. 1 

°' w 



PERIOD TINE HIIIJRS CN/IIR 
IIEEKDAY 

11111111111& 12100AN - 6100M 6 NS 
All PEAie 61 OOAII - 91 OOAII 3 2174.90 
NIDDAY 9100AII - l100PN ' 9:18. so 
PII PEM l100PII - 6100PII 3 2874.90 
EVENIII& 6100PII • l2100AII ' 479.25 

TOTAL 24 

SAT I 51111 
IIORIIIIB 12100AII - 6100AII 6 NB 
IAY 6100AII - 6100PII 12 479.25 
EVENIII& 6100PII - l2100AII 6 239,40 

TOTM. 24 

IIEEKLY 
ANIIIAI. 

PORTION OF DEMAND 0.00 

POWER BILL ••> ENERGY 1.00 
NORMAL 

DEMAND COMPONENT 0.00000 
TRACTION( MW) 320.40 
SUPPORT(MW) 99.90 
TOTAL(MW) 420.30 

ENERGY COMPONENT 0.00653 
TRACTIDN(MKWH) 80. 14 
SUPPORT(MKWH) 72.93 
TOTAL(MKWH) 153 .07 

TAII.E 1-45A 
SPEED IIEDIICTIDNIIIIN JIii + ,25 NINI ICAII-CDNTROLI 

EN£R6V AIMLYSIS 
TUINMOUNI 

RUIIIIIIII TRAINS I &TIIRAIIE TOTAL NOIINAL TOTAL DIFFERENCE 
KlllfCII CII DH 1(11 P[AI( Kit KIIII KIIII Kl PEAie Klllt 

3060 18360 18360 183'0 
8,58 1624,70 74000 24667 524 l57l 7:1571 25190 80100 
7,80 57:11.00 4411:18 2218 13307 58165 63075 
8.51 8624,70 74000 524 1571 75571 80100 
7.77 2875.:IO 22343 2639 15834 38176 40660 
1,32 25876 215200 32284 247484 263915 

3060 18360 183'0 183'0 
7. 77 57:11,00 4468:1 2639 31667 76353 81319 
7,67 1436.40 11017 2850 17097 28114 29400 
7,75 7187.40 55702 4876$ 104467 110719 

8.26 143754 1117406 24667 251949 1446355 25190 1541114 
1,26 7475224 61745130 296000 13465343 7:1210473 302m 80137944 

TABLE 1-45B 
SPEED REDUCTION(MIN TIME+ .25 MIN)(CAM-CDNTRDL) 

POWER BILL ANALYSIS 

0.25 0.50 0.75 1.00 DEMAND 0.00 0.25 
1.00 0.75 

KIi PEAie KIIH Kit P[AI( 

0 
26700 4:129 1:uo 

4909 
4529 
2483 

16451 

0 
4967 
1285 
6252 

26700 94759 1510 
320402 4927471 1B116 

0.50 0. 75 1.00 
0.50 0.25 0.00 

0.75 0.50 0.25 0.00 ENERGY 
RATE(POWER BILL UNITS) SAVINGS SAVINGS(PDWER BILL UNITS) 

0.00059 0.00119 0.00178 0.00238 
18. 12 
0.00 

18. 12 0.000 0.011 0.022 0.032 0.043 

0.00490 0.00327 0.00163 0.00000 
4.93 
0.00 
4.93 0.032 0.024 0.016 0.008 0.000 

FR ACT ION 0.032 0.035 0.038 0.040 0.043 
PERCENT 3.2 3.5 3.8 4.0 4.3 

°' ~ 



TABLE 1·46A 
SPEED REDIICTIOIIIIIIN RUN TIIIE + • 5 NINI ICAII-CIINTROLI 

EIIER&Y ANALYSIS 
TURIIAIIOUND 

RIIININ& TRAINS le STIIRAIIE TOTAL NORIIAL TOTAL DIFFERENCE 
PERIOD TINE HOURS CII/HR KlllflCII CN KIIH KIi PEAK KIi KIii Kllll KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

IIEEKDAY 
IIOIHIIII& 121 OOAll - 6100M 6 NS 3060 18360 18360 18360 0 
All PEAK 6100M · 9100AII 3 2877.30 8.06 8631,90 69573 23191 478 1434 71007 23669 80100 26700 9094 3031 
IIIDDAY 9100All - 3rOOPII 6 959.25 7,45 5755,50 42878 2201 13208 5'087 63075 6988 
PII PEAK 3r00PN · 6100PII 3 2877,30 8,06 1631,90 69573 478 1434 71007 80100 9094 
EVENIN& 6100PII • 12100M 6 479.63 7.43 2877,75 21382 2631 15784 37166 40660 3494 

TOTAL 24 7.85 25897 203406 31860 235266 263935 28669 

SAT le SUN 
IHIRtlllll 121 OGAII · 61 OOM 6 NS 3060 18360 18360 18360 0 
DAY 61 OOAII • 6100PII 12 479.63 7.43 5755.50 42763 2631 31568 74JJ2 81319 6'188 
EVENJIII 6100PII • 12100M 6 239.85 7.33 1439,10 10549 2846 17073 27622 294" 1778 

TOTAL 24 7.41 7194,60 53312 48641 101953 110719 8766 

IIEEKLY 7.81 143874 1123656 23191 256583 1380239 23669 1541114 26700 160876 3031 
ANIIIAL 7.11 7481471 51430105 278292 13342306 71772411 284027 80137944 320402 1365533 311374 

TABLE 1-46B 
SPEED REOUCTION(MIN RUN TIME + .5 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTJON(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 0.00 
ENERGY 1.00 

NORMAL 

320.40 
99.90 

420.30 

0.00000 

0.25 0.50 0.75 
0.75 0.50 0.25 

RATE(POWER BILL UNITS) 
0.00059 0.00119 0.00178 

1.00 DEMAND 
0.00 ENERGY 

SAVINGS 
0.00238 

36.37 
o.oo 

36.37 

0.00653 0.00490 0.00327 Q.00163 0.00000 8.37 
0.00 
8.37 

80. 14 
72.93 

153.07 FR ACT JON 
PERCENT 

0.00 
1.00 

0.000 

0.055 
0.055 

5.5 

0.25 0.50 0. 75 
0.75 0.50 0.25 

SAVINGS(POWER BILL UNITS) 

0.022 

0.041 
0.063 

6.3 

0.043 

0.027 
0.071 

7. 1 

0.065 

0.014 
0.079 

7.9 

1.00 
0.00 

0.087 

0.000 
0.087 

8.7 

a­
v, 



TAII.E 1·47A 
SPEED REDIICTIONININ RUN TIIE +, 75 IIINI ICM-CIIITMI.I 

ENERGY ANALYSIS 
TIIIIAROUIII 

RIIINING TRAINS • STIIRAIIE TOTAL IIIIIIIAL TOTAL DIFFERENCE 
PERIOD TIIE IIDIJRS CII/IIR •CII Cit KIIII KIi PEAK KIi KIIN KIii! Kl PEAK KIIII KIi PEAK KIIII KIi PEAK 

IIEEKDAY 
IIORIIING l2100AII - 6100M 
AN PEAK 6100AN - 9100M 
NIDDAY 9100AN - 3:00PN 
PN PEAK l100l'II - 6100PN 
EVENING 6100PN • 12100M 

TOTAL 

SAT l liUII 
IIORll 111 121 OOAII - 61 OOAII 
DAY 6100AII - 6100PN 
EVENING 6100l'II - 12100M 

TOTAL 

IIEEICLY 
AIIIIUM. 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTIDN(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT( MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

320.40 
99.90 

420. 30 

80. 14 
72.93 

153.07 

6 NS 30.0 113'0 113'0 113'0 0 
3 2877,00 7.72 8'31,00 611611 22210 433 1299 67930 22'43 80100 26700 12170 
6 959.25 7.45 5755,50 42878 218' 13118 55997 63075 7078 
l 2877,00 7. 72 8'31,00 611631 433 1299 67930 80100 12170 
6 479,63 7,43 2177,75 21382 2623 1573' 37121 40660 3539 

24 7.63 25195 197523 31455 228t71 263935 34957 

' IS 30.0 18360 11360 11360 0 
12 479,63 7,43 5755,50 42763 2623 31471 74242 81319 7078 

' 239,15 7.ll 1439.10 10549 2842 17051 27599 29400 1801 
24 7.41 7194.60 53312 41529 101141 110719 1879 

7.61 143865 1094231 22210 254333 1341571 22643 1541114 26700 192544 
7.61 7411001 56900372 266525 ll2ffll6 70125671 271720 80137944 320402 1001226' 

TABLE 1-47B 
SPEED REDUCTIDN(MIN RUN TIME +.75 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

0.00 0.25 0.50 0. 75 1.00 DEMAND 0.00 0.25 0.50 0. 75 
1.00 o. 75 0.50 0.25 0.00 ENERGY 1.00 o. 75 0.50 0. 25 

RATE(POWER BILL UNITS) SAVINGS SAVJNGS(POWER BILL UNITSI 
0.00000 0.00059 0.00119 0.00178 0.00238 

48.68 
0.00 

48.68 0.000 0.029 0.058 0.087 

0.00653 Q.00490 0.00327 0.00163 0.00000 
10.01 
0.00 

10.01 0.065 0.049 0.033 0.016 
fRACT ION 0.065 0.078 0.091 0. 103 
PERCENT 6.5 7.8 9. 1 10.3 

4057 

4057 
48682 

1.00 
0.00 

0. 116 

0.000 
o. 116 

1 I . 6 
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PERIOD TINE HOURS CNINR 
IIEEKDAY 

NORNIN& 12100AN - li:OOM 6 NS 
AN PEAK 6100M - 9100AN 3 2879.70 
NIDDAY 9100AN - 3:00PII 6 958.n 
PN PEAK 3100PII - 6100PII 3 2879.70 
EVENIII 6100PII - 12100M 6 

TOTAL 24 

SAT • SUN 
NORNIII 12100A" - 6100AN 6 
DAY 6100AII - 6100PII 12 
EVENilll 6100PII - 12100M 6 

TOTAL 24 

IIEEKLY 
AIIIIIM. 

PORTION OF DEMAND 
POWER BILL ==> 

DEMAND COMPONENT 
TRACT IDN(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY 
NORMAL 

320.40 
99.90 

420.30 

479.48 

NS 
479.48 
239, 78 

0.00 
1.00 

0.00000 

TABLE 1-48A 
SPEED REDUCTION l"IN RIM TINE + 1 NINI ICAN-CONTRlll 

EIER&Y ANALYSIS 
TIIRIWIIIIIID 

RIIINIII TRAINS • STIIRA&E TOTAL NORNAL TOTAL DIFFERENCE 
KII .. CN CN KIIN KIi PEAK KIi KIIN KIIN KIi PEAK KIIN 

3060 18360 18360 18360 
7,16 8639.10 618511 20619 387 1161 63017 21006 90100 
6.94 57'3.70 39931 2171 1302' 52"5 113075 
7,16 8639.10 618511 387 1161 63017 80100 
6.92 2876.115 19908 2615 15692 35600 40660 
7.08 25909 183550 31039 214590 263935 

3060 18360 18360 18360 
6,92 57'3.70 39116 2615 313115 71200 B1319 
6,78 1438.65 97'4 2838 17027 26781 29400 
6,89 7192.~ 49570 48412 97982 110719 

7.07 143928 1016891 20619 2'2020 1268911 21006 1541114 
7.07 7484279 52878346 247424 13105030 65983375 2'2068 80137944 

TABLE 1-488 
SPEED REDUCTIDN(MIN RUN TIME+ 1 MIN)(CAM-CDNTROL) 

POWER BILL ANALYSIS 

0.25 0.50 0. 75 1 .00 DEMAND 0.00 0.25 
0. 75 0.50 0.25 0.00 ENERGY 1.00 0.75 

KIi PEAK KIIN KIi PEAK 

0 
211700 17083 5694 

10119 
17083 
5060 

49345 

0 
10119 
2619 

12738 

26700 272203 5694 
320402 14154569 68334 

0.50 0. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(PDWER BILL UNITS) 
0.00059 0.00119 0.00178 0 00238 

68.33 
0.00 

1.00 
0.00 

68.33 0.000 0.041 0.081 0. 122 0. 163 

ENERGY COMPONENT 
fRACI ION(MKWH/ 
SLJl'PORT I MKWH I 
101 Al (MK\.'f1 j 

0 00653 0.00490 0.00327 0.00163 0.00000 
HO. 14 
72 9] 

1~J {)7 

14. t~ 
0 00 

14 1 1 ) 

r f~AC r li.lN 
f'tRUNI 

0.0~2 
0 09~ 

9 '_) 

0 069 
0. 110 

11.0 

0.046 
0 128 

12. B 

0 023 
0. 145 

14.5 

O 000 
0. 16:J 

16.3 

er, 

~ 



PERIOD TlllE HOURS CII/HR 
IIEEKDAY 

IIIIRNllli 12100AII - 6100AII 6 NB 
All PEIIIC 61 OOAII - 91 OOAII 3 2874.30 
IIIDDAY 9100M - 3100PII 6 9'1,80 
PII PEAK 3100PII - 6100PII 3 2874.30 
EVEIIIII 6100PII - 12100M 6 479.40 

TOTAL 24 

SAT l BUii 
IIIIRIIIIII 12100AII - 6100M 6 NS 
DAY 6100AII - 6100PII 12 479.40 
EVENIIII 6100PII - 12100M 6 239.71 

TOTAL 24 

IIEEKLY 
MIIUAL 

PORTION OF DEMAND 0.00 
POWER BILL ••> ENERGY 1.00 

NORMAL 
DEMAND COMPONENT 0.00000 

TRACTION(MW) 320.40 
SUPPORT(MW) 99.90 
TOTAL(MW) 420. 30 

ENERGY COMPONENT 0.00653 
TRACTION(MKWH) 80. 14 
SUPPORT(MKWH) 72.93 
TOTAL ( MKWH) 153.07 

TAILE l-49A 
SPEED REDIICTIONIIIIN RUN llllE + l,25 IIINI ICM-CIIITRIILI 

ENER&Y AIIALYBIS 
TURIIAIIOIIND 

RUNNIII& TRA 1116 l STORA&E TOTAL IIIIIIIAL TOTAL DIFFERENCE 
Kllll'CII CII KIIH KIi PEAK 1(11 KIii KIIH KIi PEAK KIIH 

306D 18360 18360 18360 
7.30 1622.90 62947 20982 342 1026 63973 21324 80100 
6.95 5752.80 39912 2156 12935 52917 63075 
7.30 1622.90 62947 342 1026 63973 80100 
,.,3 2176.40 19913 2601 15647 35581 40660 
7.11 25175 1115110 30634 216444 263915 

3060 18360 18360 18360 
6.93 5752.IO 39867 2608 llffl 71162 81319 
6.17 1438.65 9■4 2134 17004 268117 29400 
6.92 7191.45 49750 48299 98049 110719 

7.15 143758 l 021550 20982 249761 1271318 21324 1541114 
7.15 7475411 53484580 2517H 12917936 6647251' 2551193 10137944 

TABLE 1-498 

0.25 
0.75 

SPEED REDUCTION(MIN RUN TIME+ 1.25 MIN)(CAM-CDNTROL) 
POWER SILL ANALYSIS 

0.50 o. 75 1.00 DEMAND 0.00 0.25 
0.50 0.25 0.00 ENERGY 1.00 o. 75 

KIi PEAK KIIH KIi PEAK 

0 
26700 16127 5176 

10151 
l'127 
5079 

47491 

0 
10151 
2513 

12671 

26700 262797 5176 
320402 13665421 64509 

0.50 0. 75 1.00 
0.50 0. 25 0.00 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00059 0.00119 0.00178 0.00238 

64.51 
0.00 

64.51 0.000 0.038 0.077 0. 115 0. 153 

0.00490 0.00327 0.00163 0.00000 
13.67 
0.00 

13.67 0.089 0.067 0.045 0.022 0 000 
FRACTION 0.089 0. 105 0. 121 o. 137 0 153 
PERCENT 8.9 10.5 12. 1 13.7 1!:, 3 

°' 00 



TABLE HllA 
COASTIN613 ll'H IANDllNIN RUN TIii + ,25 NINllCHOPPERl 

EIIER&Y ANALYSIS 
TUIIIIAROOND 

RUNNIII& TRAINS I STDRA&E TOTAL IIIIRIIAL TOTAL DIFFERENCE 
PERIOD TINE HOURS CN/HR KIIIFCN CN KNH KIi PEAK KIi KIii KIIH KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

IIEEKDAY 
NDIINIII& l2100AN • llrOOM 
AN PEAK 6100AN • 9100M 
NIDDAY 9100AII - lrOOPII 
PN PEAK 3100PN - 6100PN 
EVEIIIII& 6100PII - 12100M 

TOTAL 

SAT l SU11 
NORNIN& 12100AN - 6:00AII 
DAY 6100AN - 6:00PII 
EVENIN& 6100PII • 12100M 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION( MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128. 03 

6 NS 
3 2877,30 
6 95B.65 
3 2877,30 
6 479.ll 

24 

6 NS 
12 479.33 
6 239. 70 

24 

0.00 
1.00 

3060 18360 18360 18360 
4,27 B631,90 36B5B 12286 523 1569 38427 12809 49019 
4.57 5751.90 26286 221B 13307 39594 45002 
4.27 8631,90 368:18 523 1569 38427 49019 
5.08 287:1,95 14610 2639 15834 30444 3211111 
4.43 25892 114612 32279 146891 175729 

3060 18360 1B360 1B360 
5,0B 5751,90 29220 2639 31'67 60887 65377 
:1.18 1438,20 7450 28:10 17097 24547 25130 
5.10 7190.10 36670 48765 8:1434 90507 

4,49 143838 646401 12286 258'122 90:5323 12809 1059657 
4,49 7479599 33612864 147433 13463939 47076803 1:13708 55102175 

TABLE 1-518 
COASTING(3 MPH BANO)(MIN RUN TIME + .25 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.25 0.50 o. 75 1 .00 DEMAND 0.00 0. 25 
o. 75 0.50 0.25 0.00 ENERGY 1.00 0. 75 

0 
1'340 10592 

5409 
10592 

2245 
28838 

0 
4490 
583 

5072 

111340 154334 
1960711 8025372 

0.50 0.75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00000 0.00084 0.00169 0.00253 0.00338 

42.37 
0.00 

42.37 0.000 0.036 0.072 0. 107 

0.00781 0.00586 0.00391 0.00195 0.00000 
8.03 
0.00 
8.03 0.063 0.047 0.031 0.016 

FRACTION 0.063 0.083 0. 103 0. 123 
PERCENT 6.3 8.3 10. 3 12.3 

3531 

3531 
42369 

1.00 
0.00 

o. 143 

0.000 
0. 143 

14.:J 

a, 

"' 



PERIOD TIIIE HINIRS CN/HR 
IIEEKDAY 

IIORIIIII 121 OOAN - 61 OOM ' NB 
M PEAK 6100M - 9100M 3 2874,60 
NIDDAY 9100M - 3100PII 6 ~.70 
Pt1 PEAK 3&00Ptl - 6100PII 3 2874,60 
EVENIII 6100PII - 12100M 6 478.35 

TOTAL 24 

SAT l 1i111 
IIORIIIII 12100M - 6100M 6 NS 
DAY 6100M - 6100Ptl 12 478,35 
EVENIII 6100Ptl - 12100M 6 239.55 

TOTAL 24 

IIEEKLY 
MUI. 

PORTION OF DEMAND 0.00 
POWER BILL ••> ENERGY 1.00 

NORMAL 
DEMAND COMPONENT 0.00000 

TRACTION(MW) 196.08 
SUPPORT(MW) 99.90 
TOTAL(MW) 295.98 

ENERGY COMPONENT 0 00781 
TRAC f ION( MKWH) 55 I 0 
SUf'PORT(MKWH) 72.9J 
TOI Al (MKWti) 12/l l_):.} 

TABLE Hl2A 
COASTlll13 IIPH IAIIDIININ RII TIIIE + .5 NINIICIIOPPERI 

ENER&Y AIIALYSIS 
TURMRIIUIID 

RIIINIII& TRAINS l STIJRME TOTAL NORIIAL TOTAL DIFFERENCE 
KIIIIICN CN KIIH KIi PEAK KIi KIIH KIii KIi PEAK llllt 

3060 IB3'0 IB3'0 183'0 
4.14 8623.80 35703 11901 478 1434 37136 12379 49019 
4.63 5740.20 26577 2202 13212 39789 45002 
4.14 8623,80 35703 478 1434 37136 49019 
5.01 2870.10 14379 2631 15786 30165 32688 
4.35 25858 1123'1 31865 144227 175729 

3060 18360 18360 183'0 
5.01 5740.20 28758 2631 31572 60330 65377 
4.95 1437,30 7115 2846 17073 24111 25130 
5.00 7177,50 35873 48645 M518 90507 

4.41 143'45 633553 11901 256617 890170 12379 1059657 
4,41 7469514 329"758 142810 13344084 46281142 148545 55102175 

TABLE 1-52B 

0.25 
o. 75 

COASTING(3 MPH 8ANO)(MIN RUN TIME+ .5 MIN)(CHOPPER) 
POWER BILL ANALYSIS 

0.50 0.75 1. 00 DEMAND 0.00 0. 25 
0.50 0.25 0.00 ENERGY 1.00 o. 75 

KM PEAK KNH 

0 
16340 11883 

5213 
ll883 
2523 

31502 

0 
5046 

942 
5989 

16340 169487 
196076 8813333 

0.50 o. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00084 0.00169 0.00253 0.00338 

47.53 
0.00 

47.53 0.000 0.040 0.080 0. 120 

0.00586 0.00391 0 00195 0.00000 
8 8 I 
0 00 
H 81 0 069 0 052 0. 034 0.017 

t !{1\1'. J l(JN 0 (1b9 0 092 0 115 0 138 
f' I I~ ( t ~J i 6 9 9 2 1 I 5 13 8 

KIi PEAK 

3961 

3961 
47531 

1.00 
0.00 

0. 161 

0 000 
0 1 f) 1 

16 ' 

.._. 
0 



TABLE 1·53A 
CDASTIN613 IIPH BANDIIIIIN RUN TINE+ ,75 IIINIICINIPPERI 

ENER&Y ANALYSIS 
TURNAROIIID 

RIIIINlllli TRAINS I STDRA&E TOTAL NORNAL TOTAL DIFFERENCE 
PERIOD TINE HOURS CN/HR Kllll'CII CII KIIH KIi PEAK KIi KIii KIIH KIi PEAK KNH KIi PEAK KIIH KIi PEAK 

IIEEKlll1Y 
IIORNIIIB 12100AII • 6100M 
AN PEAK 6100AN - 9100M 
IIIDIMIY 9100AII · 3100PN 
PII PEAK 3100PN · 6100PN 
EYENlllli 6:00PN · 12rOOM 

TDTAL 

MT I SUN 
IIORNIII& 12100AII - 6: OOM 
DAY 6100AII - 6100PN 
EYENlllli 6100PII · 12100M 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION (MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION( MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128. 03 

6 NS 
3 2879.40 
6 958.80 
3 2879.40 
6 479.40 

24 

6 NS 
12 479,40 
6 239, 70 

24 

0.00 
1.00 

3060 18360 11360 18360 
4.08 8638.20 3:1244 11748 432 1296 36540 12180 49019 
4,43 5752.80 25485 2185 13111 38596 45002 
4.08 8638.20 35244 432 1296 36540 49019 
4.77 2876.40 13720 2623 15736 29456 32688 
4.23 25906 109693 31439 141132 175729 

3060 18360 18360 18360 
4. 77 5752.80 27441 2623 31471 58912 65377 
4.84 1438.20 6961 2B41 17049 24010 25130 
4. 78 7191.00 34402 48520 82922 90507 

4.29 143910 '17269 11748 254234 871503 12180 1059657 
4.29 7483320 32097973 140975 13220158 45318130 146159 55102175 

TABLE 1-538 
COASTING(J MPH BAND)(MJN RUN TIME+ .75 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.25 Q.50 0. 75 I. 00 DEMAND 0.00 0.25 
o. 75 0.50 0.25 0.00 ENERGY 1.00 0.75 

0 
16340 12479 

6406 
12479 
3232 

34597 

0 
6465 
1120 
7585 

16340 188155 
196076 9784045 

0.50 0. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00000 0.00084 0.00169 0.00253 0.00338 

0.00781 0.00586 0.00391 0.00195 0.00000 

49.92 
0.00 

49.92 

9.78 
0.00 
9.78 

FR ACT ION 
PERCENT 

0.000 

0.076 
0.076 

7.6 

0.042 

0.057 
0.099 

9.9 

0.084 

0.038 
0. 123 

12.3 

0.126 

0.019 
0. 146 

14.6 

4160 

4160 
49917 

1. 00 
0.00 

0. 169 

0.000 
0. 169 

16.9 

__, 
...... 



PERIOD TIIIE HOURS CN/NR 
IIEEKDAY 

11111111111& 121 OOAN - II I OOAN 6 NS 
AN PEAK 6100AN - 9100M 3 2876.70 
NIDDAY 9100AII - 31 OOPN ' 9:18.50 
PN PEAK 3100PN - 6100PN 3 287'.70 
EVENIII& 6100PN - l2100AN 6 479.25 

TOTAL 24 

SAT• SUN 
IIOIINIII& l2100AN - 6100AN 6 115 
DAY 6100AN - 6100PN 12 479.25 
EVENIII& 6100PN - l2100AN 6 239,70 

TOTAL 24 

IIEEKLY 
ANIIIAL 

PORTION OF DEMAND 0.00 
POWER BILL ••> ENERGY 1.00 

NORMAL 
DEMAND COMPONENT 0.00000 

TRACTION(MW) 196.08 
SUPPDRT(MW) 99.90 
TDTAL(MW) 295.98 

ENERGY COMPONENT 0.00781 
TRACT JON( MKWH) 55. 10 
SUPPORT(MKWH) 72 .93 
TOTAL(MKWH) 128.03 

TABLE l-54A 
COASTlll& 13 NPN BANDI ININ RIii TIIIE + I NINI ICHllfll'ERI 

EIIER&Y ANALYSIS 
TUIIIAIIOOII 

RIJINIII& TRAINS Ii STIIWE TOTAL NIIINAL TOTAL DIFFERENCE 
KlllflCN CN KIIH KIi PEAK KN KIii KIii KN PEAK KIii 

1060 18360 11360 18360 
4.42 8630.10 38145 12715 387 1161 39306 13102 49019 
4.21 5751.00 24212 2170 13019 37231 45002 
4.42 8630.10 38145 387 1161 39306 49019 
4.59 2875.50 13199 2615 15690 21181 32618 
4.39 2511117 113700 31031 144731 175729 

3060 18360 18360 11360 
4.59 5751.00 26397 2615 31379 57776 65377 
3,13 1438.20 5501 2838 17026 22535 25130 
4.44 7189.20 31905 48406 80311 90507 

4.40 143812 632112 12715 251967 884279 13102 1059657 
4.40 7478219 32880249 152580 13102261 459ffll8 157224 55102175 

TABLE 1-548 
COASTING(3 MPH BANDl(MIN RUN TIME+ I MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.25 0.50 o. 75 1.00 OEMAND 0.00 0.25 
0. 75 0.50 0.25 0.00 ENERGY 1.00 o. 75 

KIi PEAK KIIH KN PEAK 

0 
16340 9713 1238 

7771 
9713 
3800 

30997 

0 
7600 
2595 

10196 

16340 175378 3238 
196076 9119657 38852 

0.50 0. 75 1.00 
0.50 0. 25 0.00 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00084 0.00169 0.00253 0.00338 

38.85 
0.00 

38.85 0.000 0.033 0.066 0.098 0. 131 

0.00586 0.00391 0.00195 0.00000 
9. 12 
0.00 
9. 12 0.071 0.053 0.036 0 018 0.000 

FRACTION 0.071 0.086 0. 101 0. 116 0 131 
PERCENT 7. 1 8.6 10. I 11. 6 13. 1 

_, 
"' 



PERIOD TIIIE 
IIEEKDAY 

NIIRNIII& 12100AN - 6100AN 
AN PEAK 6100AN - 9100AN 
NIDDAY 9100AN - 3100PN 
PN PEAK l100PN - 61 OOPII 
EVENIII& 61 OOPN - 121 OOAII 

TOTAL 

SAT I SUN 
NIIRNINli 12100AN - 6100AII 
DAY 6100AN - 6:00PN 
EVENIII& 6100PN - l2100AN 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL u> 

DEMAND COMPONENT 
TRACT ION( MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128.03 

TABLE l-55A 
CINISTIN6(3 ll'H BANDIININ RUN TIit: + 1.25 NINIICHOPPERI 

ENER&Y ANALYSIS 
TURNAROUND 

AIMNIII& TRAINS I STDRA&E TOTAL NORIIAL TOTAL DIFFERENCE 
HOURS CN/HR KNll'CN CN KNH KIi PEAK KIi KIIH KIIH KIi PEAK KIIH KIi PEAK KIIH 

6 NS 3060 18360 18360 18360 0 
3 2880,00 3,63 8640.00 31363 10454 341 1023 32387 10796 49019 16340 16633 
6 958.20 l,97 5749,20 22824 2154 12926 35750 45002 9~2 
3 2880.00 3,63 8640.00 31363 341 1023 32387 49019 16633 
6 479,10 4.32 2874.60 12418 2607 15643 28061 32681 4627 

24 l,78 25904 97969 30615 128584 175729 47145 

6 NS 3060 18360 18360 18360 0 
12 479,10 4.32 5749.20 24837 2607 31286 56122 65377 9~4 
6 239,70 4,17 1438.20 5997 2834 17003 23000 ~130 2130 

24 4,29 7187.40 30834 48289 79122 90507 11384 

3,83 143894 551513 10454 249654 801166 10796 1059657 16340 258491 
3,83 7482478 28678658 125453 12981992 41660651 129546 55 I 02175 196076 13441524 

TABLE 1-55B 
COASTING(J MPH BANO)(MIN RUN TIME+ 1.25 MIN)(CHOPPERJ 

POWER BILL ANALYSIS 

0.00 0.25 0.50 0. 75 1.00 DEMAND 
1.00 0.75 0.50 0.25 0.00 ENERGY 

RATE(POWER BILL UNITS) SAVINGS 
0.00000 0.00084 0.00169 0.00253 0.00338 

66.53 
0.00 

66.53 

0.00781 0.00586 0.00391 0.00195 0.00000 
13.44 
0.00 

13.44 
FRACTION 
PERCENT 

0.00 
1.00 

0.000 

0. 105 
0. 105 

10.5 

0.25 0.50 0. 75 
0. 75 0.50 0.25 

SAVINGS(PDWER BILL UNITS) 

0.056 

0.079 
o. 135 

13.5 

0. 112 

0.052 
0. 165 

16.5 

0. 169 

0.026 
0.195 

19.5 

KIi PEAK 

5544 

5544 
66530 

1.00 
0.00 

0.225 

0.000 
0.225 

22.5 

..... 
w 



TABLE 1·56A 
COASTIN&l5 IIPN IANIII CRIN RUN TIIE + .25 NINIICIIOPPERI 

ENER&Y ANALYSIS 
TUIIIARIIUND 

RIIINllli TRAINS • &TIIIIAliE TOTAL NOIIML TOTAL DIFFERENCE 
PERIOD TIIIE HOURS CII/NR KNll'CN CN 1(1111 ICII PEAK KIi 1(111 KIIII KIi PEAK KIIN KIi PEAK Kllff KIi PEAK 

IIEEKDAY 
IIORNllli 12:00AII - 6100M 
AN PEAK 6:00AII - 9100M 
NIDDAY 9:00M - 3100PII 
I'll PEAK 3100PII • 6100PN 
EVENIII& 6100PN • 12:00M 

TOTAL 

SAT I SUN 
IIIIIINllli 12100M • 6100M 
DAY 6100M - 61001'11 
EVENIII& 6100PN • 12,00M 

TOTAL 

IIEEKLY 
ANIIIAL 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPDRT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128.03 

6 NS 3060 18360 18360 1B360 0 
3 2877,00 4.37 8631.00 37717 12572 523 15'9 39286 13095 49019 16340 9733 
6 959.25 4.50 5755.50 25900 2217 13300 39200 45002 5802 
3 2877.00 4.37 8631.00 37717 523 15'9 39286 49019 9733 
6 479.63 5.06 2877.75 14561 2638 151130 30392 32688 2297 

24 4.41 25195 115896 32268 1481'4 175729 27565 

6 NS 3060 18360 18360 18360 0 
12 479.63 5.06 5755.50 29123 2638 31660 60783 65377 4594 
6 239.78 4,61 1438.65 6632 2849 17094 23726 25130 1404 

24 4.97 7194.15 35755 48754 14509 90507 5998 

4,Sl 143865 650991 12572 2511846 909137 13095 1059657 16340 149820 
4.53 7480957 338'1508 150870 13460008 47311516 157145 5,ao2115 196076 7790659 

TABLE 1-568 
COASTING(5 MPH BANO)(MIN RUN TIME + .25 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.00 0.25 0.50 0.75 1.00 DEMAND 0.00 o. 25 0.50 0. 75 

1.00 o. 75 0.50 0.25 0.00 ENERGY 1.00 o. 75 0.50 0.25 
RATE(PDWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

0.00000 0.00084 0.00169 0.00253 0.00338 
38.93 
0.00 

38.93 0.000 0.033 0.066 0.099 

0.00781 0.00586 0.00391 0.00195 0.00000 
7.79 
0.00 
7.79 0.061 0.046 0.030 0.015 

FRACTION 0.061 0.079 0.096 0. 114 
PERCENT 6. 1 7.9 9.6 11 . 4 

3244 

3244 
38932 

1.00 
0.00 

0. 132 

0.000 
0. 132 

13 2 

..., 
"' 



TABLE l-57A 
COASTIN& 15 NPII IANDIININ RIii TINE + .5 NINI CCNIN'PERI 

ENER6Y ANALYSIS 
TURNARINJtlD 

RUIINIII& TRAINS I STORA&E TOTAL NDRML TOTAL DIFFERENCE 
PERIOD TINE HINJRS CNIHR Kllll'CN CN KllH KIi PEAK KIi Klllf Kiili KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

11:EKDAY 
NDRNIII& 121 OOAII - 61 OOAN 6 NS 3060 18360 IBlliO 18360 0 
AN PEAK 6100M - 9,00AN 3 2877.00 4,05 B631,00 34956 11652 477 1431 36387 12129 49019 16340 12633 4211 
NIDDAY 9100AN - l100l'II 6 960, 15 4.46 5760.90 25694 2200 13201 38B95 45002 6107 
PN PEAK l100l'II - 6100Ptl 3 2877.00 4.05 8631.00 34956 477 1431 36387 49019 121,33 
EVENIIII 6100Ptl - l2100AN 6 480.0I 4.87 2880,45 14028 2630 15781 29808 32688 2880 

TOTAL 24 4.23 25903 109633 31844 141476 175729 34253 

SAT I SUN 
IIIIRNIII& 12:00AN - 6100AII 6 NS 3060 18360 18360 18360 0 
DAY 6100AN - 6100PN 12 480.0B 4.87 5760.90 28056 2630 315'1 59617 65377 5760 
EVENIII& 6100Ptl - 12,00AN 6 23'.70 4.84 1438.20 6961 2845 17070 24031 25130 1099 

TOTAL 24 4.86 7199. 10 35016 48632 83648 90507 6859 

IIEEKLY 4.30 143915 618195 11652 256412 874677 12129 1059657 16340 1B4980 4211 
ANNUAL 4.30 7483577 32146164 139822 13337064 45483228 145546 55102175 196076 9618947 50530 

TABLE 1-57B 
COASTING(5 MPH BANO)(MIN RUN TIME+ .5 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

PORTION OF DEMAND 0.00 0.25 0.50 0.75 1.00 DEMAND 0.00 0. 25 0.50 0.75 1.00 
POWER BILL ••> ENERGY 1.00 0.75 0.50 0.25 0.00 ENERGY 1.00 0. 75 0.50 0.25 0.00 

NORMAL RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
DEMAND COMPONENT 0.00000 0.000B4 0.00169 0.00253 0.00338 

TRACTION(MW) 196.08 50.53 
SUPPORT(MW) 99.90 0.00 
TOTAL(MW) 295.98 50.53 0.000 0.043 0.085 0. 128 0. 171 

ENERGY COMPONENT 0.00781 0.00586 0.00391 0.00195 0.00000 
TRACTION( MKWH) 55. 10 9.62 
SUPPORT(MKWH) 72. 93 0.00 
TOTAL(MKWH) 128 .03 9.62 0.075 0 056 0.038 0.019 0.000 

FRACTION 0.075 0.099 0. 123 0. 147 0.171 " "' PERCENT 7.5 9.9 12.3 14. 7 17. 1 



PERIOD TINE 
IIEEKDAY 

IIORNIII 12100M - 6100M 
AN PEAK lt100AII - 9100M 
NIDDAY 9100AN - 3100PN 
PN PEAK 3100PII - 6100PII 
EVENIII 6100PII - 12100M 

TOTM. 

SAT I Sia 
IIIIIIIIINI 12100AN - 6100M 
DAY 6100AN - 6100PII 
EVENINS 6100PII - 12100M 

TOTM. 

IIEEKLY 
ANIJM. 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

55. 10 
72.93 

128.03 

TAILE 1-!IBA 
COASTlll 15 NPH IANDI CNIN RII TINE + • 75 IFNIICHOPPERI 

ENER&Y ANALYSIS 
TUIIIIARIIIJID 

RIJINIII TRAINS • STORA&E TDTM. IIORIIAL TOTAL DIFFERENCE 
HOURS CN/HR KIIIPCN CN KIIH KIi PEAK KIi KIIH KIIH KIi PEAK KIIH KIi PEAK KIIH 

" NS 30/tO 183/tO 18360 18360 0 
3 2874.30 3.52 B622,90 303:13 10111 432 1296 31649 10550 49019 16340 17370 
6 9:18,65 4,:15 5751,90 26171 2115 13111 39212 45002 5720 
3 2174,30 3.52 1622,90 30353 412 1296 31649 49019 17370 
6 479.33 4.14 2175.95 13920 2623 15736 2965:1 32681 3033 

24 3,90 251174 100796 31439 132235 175729 43494 

6 NS 30/tO 113/tO 11360 18360 0 
12 479.33 4.14 5751.90 27B39 2623 31471 59310 65377 '°" 6 239,85 5.06 1439, 10 7212 2142 17051 24332 25130 798 
24 4.11 7191.00 35121 41522 83643 90507 6164 

l,ff 143750 574222 10111 254237 821459 10550 1059657 16340 231198 
3,ff 7475013 29859531 121410 13220345 43079113 126594 55102175 196076 12022292 

TABLE 1-588 
COASTING(5 MPH BANO)(MIN RUN TIME+ .75 MPH)(CHOPPER) 

POWER BILL ANALYSIS 

0.00 0.25 0.50 o. 75 1.00 DEMAND 0.00 0.25 0.50 o. 75 
1.00 0.75 0.50 0.25 0.00 ENERGY 1.00 0.75 0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00000 0.00084 0.00169 0.00253 0.00338 

69.48 
o.oo 

59.48 0.000 0.059 0. 117 o. 176 

0.00781 0.00586 0.00391 0.00195 0.00000 
12.02 
0.00 

12 .02 0.094 0.070 0.047 0.023 
FRACTION 0.094 o. 129 o. 164 0.200 
PERCENT 9.4 12.9 16.4 20.0 

kll PEAK 

5790 

5790 
69482 

1.00 
0.00 

0.235 

0.000 
0. 235 

23.5 

-l 
a, 



PERIOD TINE 
IIEEKDAY 

NIIRNIII& 12100AN - 6:00AN 
AN PEAK 6100AN - 9100AN 
NIDDAY 9100AN - J:OOl'II 
PN PEAK 3:00PN - 6100PN 
EVENING 6:00PN - 12100M 

TOTAL 

SAT I SUN 
NIIRN 1116 121 OOAN - 61 OOAN 
DAY 6100AN - 6100PN 
EVENIN& 6100PN - l2100AN 

TOTAL 

IIEEKLY 
MNUN. 

PORTION OF 
POWER BILL ==> 

OEMAND COMPONENT 
TRACT ION( MW) 
SUPPDRT(MW) 
TOTAL(MW) 

ENERGY COMPONENl 
TRAC f !{]N{ MKWH l 
surrDRf(MKWll) 
lUIALIMKWII) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

'.i5 1() 
7:) qJ 

1 : 1 tJ O ·i 

TABLE l-59A 
COASTill615 NPH IIMDIININ RUN TINE+ 1 NINIICHOPl'ERI 

ENERGY MM. YSIS 
TURNAROUND 

RUNNIN& TRAINS I STORA&E TOTAL NOR1M1. TOTAL DIFFERENCE 
HOURS CN/HR Kllll'CN CN KIIH KIi PEAK 1(11 1(111( ICIIH KIi PEAK KIIH KIi PEAK ICIIH 

6 NS 3060 18360 18360 18360 0 
J 2874,30 3.15 8622, 90 33198 11066 387 1161 34359 11453 49019 16340 14660 
6 959,25 4.58 5755.:50 26360 2171 13025 39385 4:5002 5617 
3 2874.lO 3.15 8622,90 33198 387 1161 34359 49019 14660 
6 479,63 4.87 2877,75 14015 2615 15692 29707 32688 2981 

24 4.13 25B79 106771 31039 137Bl0 175729 3791B 

6 NS 3060 18360 1B360 18360 0 
12 479,63 4.B7 5755,:50 28029 2615 31385 59414 65377 5963 
6 239,63 5,0J 1437.75 7232 2838 17030 24262 25130 868 

24 4,90 7193.25 35261 48415 83676 90:507 6831 

4,20 143782 604378 11066 252025 1156403 11453 1059657 16340 203254 
4,20 7476651 31427664 132793 13105310 44532974 137437 55102175 196076 10569201 

TABLE 1-59B 
COASTING(5 MPH BANO)(MIN RUN TIME+ 1 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

0.00 0. 25 0.50 0. 75 1.00 DEMAND 
1.00 0.75 0.50 0. 25 0.00 ENERGY 

RATE(POWER BILL UNITS) SAVINGS 
0.00000 0.00084 0.00169 0.00253 0.00338 

58.64 
0.00 

58.64 

0.00781 0.00586 0.00391 0.00195 0 00000 
10 'c,7 

0 OU 
10 ~-, ! 

I h'J\(I ION 
11 1· RC! NT 

o.oo 
1.00 

0.000 

0 083 
0.083 

8.3 

o. 25 0.50 0.75 
0.75 0.50 0.25 

SAVINGS(POWER BILL UNITS) 

0.050 

0 062 
0 111 

11. I 

0.099 

0.041 
0. 140 

14 .0 

0. 149 

0.021 
0. 169 

16.9 

KIi PEAK 

4887 

4887 
58640 

1.00 
0.00 

0. 198 

0.000 
0. 198 

19 8 

...... 

...... 



TOLE 1-.oA 
CDASTIN815 IIPH 8ANDIININ RUii TIIE + 1.25 NINIICIIJIIPERI 

ENER&Y AIIM.YSIS 
TllRIIAROIIID 

RIIININ& TRAIN& I STIIRAliE TOTAL IIINltlAL TOTAL DIFFEREIEE 
PERIOD TINE HOURS CN/HR Kllll'CN CN KINI KIi PEAK KIi 11111 1(1111 KIi PEAK 1(1111 KIi PEAK KIIH 

IIEEKINIY 
IIIIRNIN& 12100t\N - 6:00M ' IIS 3060 lffiO 11360 18360 0 
All PEAK 6100AII - 9100M 3 2877.00 3,90 8631.00 33661 11220 341 1023 34684 11561 49019 16340 14335 
NIDDAY 9100t\N - J100PII 6 958.95 3.89 5753.70 22382 2156 12935 35317 45002 9686 
PN PEAK 3100PN - 6100PII 3 2877.00 3.90 8'31.00 33661 341 1023 34684 49019 14335 
EVENIN& 6100PII - 12100AII 6 479.48 4.24 2876.85 12191 2608 15647 27845 32688 484] 

TOTAL 24 3.94 25893 101902 30629 132510 175729 43198 

SAT I SUN 
IIIIRNIIIB 12100t\N - 6100M 6 IIS 3060 lffiO 18360 18360 0 
DAY 6100M - 6100PII 12 479.48 4.24 5753,70 24396 2608 31295 55690 65377 9686 
EVENIIIB 6100PN - 12100M 6 239.53 4,22 1437.30 6065 2834 17006 23072 25130 2058 

TOTAL 24 4,24 7191.00 30461 48301 78762 90507 11744 

IIEEKLY 3.97 143845 570430 11220 249746 820176 11561 1059657 16340 239481 
MINUAL 3,97 7479927 29662353 134644 12986813 42649166 138737 55102175 196076 12453009 

TABLE 1-608 
COASTING(5 MPH BANO)(MIN RUN TIME + 1.25 MIN)(CHOPPER) 

POWER BILL ANALYSIS 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTIDN(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACT JON( MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

196.08 
99.90 

295.98 

0.00 
1.00 

0.00000 

0.25 0.50 
0. 75 0.50 

RATE(POWER BILL 
0.00084 0.00169 

0. 75 
0.25 

UNITS) 
0.00253 

1. 00 OE MAND 
0.00 ENERGY 

SAVINGS 
0.00338 

57.34 
0.00 

57.34 

0.00781 0.00586 0.00391 0.00195 0.00000 
55. 10 12. 45 
72.93 0.00 

128.03 12.45 
FRACTION 
PERCENT 

0.00 
1.00 

0.000 

0 097 
0 097 

9.7 

0.25 0.50 0.75 
0.75 0.50 0.25 

SAVINGS(POWER BILL UNITS) 

0.048 

0.073 
0. 121 

12. 1 

0.097 

0.049 
0. 145 

14.5 

0. 145 

0.024 
0. 170 

17 .0 

KIi PEAK 

4778 

4778 
57340 

1.00 
0.00 

0. 194 

0.000 
0. 194 

19.4 

..... 
00 



TABLE l-62A 
COASTlll&IJ NPN BANDI IIIIN RIii TIIIE + ,25 IIINI ICM-CIINTRlll 

EIER&Y ANALYSIS 
TURNAROUND 

Rt.llNIII& TRAINS l &TORA&E TOTAL NIIIIIIAL TOTAL DIFFERENCE 
PERIOD TIIIE MOORS CII/HR KNHPCII CII KNII KIi PEAK KIi KIIH KIIH KIi PEAK KIIH KIi PEAK KIIH KIi PEAK 

IIEEKIMY 
IIININIII& l2100AN - 6100AII 
AN PEAK 6100AN - 9100M 
IIIDIMY 9:00AII - 3100PII 
PII PEAK 3100PII - 6100PII 
EVENIII& 6100PII • 12100M 

TOTAL 

SAT l SUN 
IIIIIINIII& l2100AII • 6100M 
DAY 6100AII - 6100PII 
EVENINII 6100PII - 12100AII 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL ••> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

79.B7 
72.93 

152.80 

6 NS 
3 2877.30 
6 958.65 
3 2877.30 
6 479.33 

24 

6 NS 
12 479,33 
6 239.70 

24 

0.00 
1.00 

3060 18360 18360 18360 
7.52 8631.to 64912 21637 523 1569 66481 22160 795112 
7.51 5751,90 43197 2218 13307 56504 63075 
7.52 1631,90 64912 523 1569 66481 79582 
7.49 2875.95 21541 2639 151114 37375 40660 
7.51 ·25192 194561 32279 226840 262899 

3060 18360 18360 18360 
7.49 5751.to 43082 2639 31667 74749 81319 
7.49 1438.20 10772 21150 17097 278"9 29400 
7.49 7190.10 53854 41765 102619 110719 

1.:11 143838 1080515 21637 258922 1339437 22160 1535934 
7.51 7479599 56186767 259648 13463939 69650706 265922 79868572 

TABLE 1-62B 
COASTING(3 MPH BANO)(MIN RUN TIME+ .25 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

0.25 0.50 0. 75 1 .00 DEMAND 0.00 0.25 
o. 75 0.50 0.25 0.00 ENERGY 1.00 0.75 

0 
26527 13102 

6570 
11102 
3285 

36059 

0 
6570 
1531 
1101 

26527 196497 
311329 10217866 

0.50 0.75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00000 0.00060 0.00120 0.00179 0.00239 

0.00654 0.00491 0.00327 0.00164 0.00000 

52.41 
0.00 

52.41 

10. 22 
0.00 

10. 22 
FR ACT ION 
PERCENT 

0.000 

0.067 
0.067 

6.7 

0.031 

0.050 
0.081 

B. 1 

0.063 

0.033 
0.096 

9.6 

0.094 

0.017 
0. 111 

1 1 . 1 

4367 

4367 
52407 

1. 00 
0.00 

0. 125 

0.000 
0. 125 

12.5 

__, 
SC, 



PERIOD TIIIE 
IIEEKDAY 

IIOIIIII II 121 OOAII - 61 OOM 
Ml l'EAK 6100AII - 9100M 
NIDDAY 9100AN - 3100PII 
PN PEAK 3100PII - 6:00PII 
EVEIIIII 6100PII - 12100M 

TOTAL 

SAT I BUii 

-·· 12100M - lt100AII DAY 61 OOAII - 61 OOPII 
EVEIIIII& 6100PII - 12100M 

TOTAL 

IIEEICLY 
AIIIIIAI. 

PORTION OF 
POWER BILL ••> 

OEMANO COMPONENT 
TRACT ION( MW) 
SUPPORT(MW) 
TOTAl(MW) 

fNfRGY COMPONfNT 
rRACT JONI MKWH) 
SLJPPO~T(MKWHI 
1 0 I Al ( Mt( WI l ) 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418. 23 

7~.1 87 
7) ~:1 :3 

1', 1 Ht) 

TABLE H1lA 
COASTlllil3 IIPH BANDI 11111 RIii TUE + .5 NINI ICAII-CONTROLI 

EIER&Y ANALYSIS 
TUIMIOOIII 

RIIIIIIII& TRAINS I STORA&£ TOTAL NINIIIAL TOTAL DIFFERENCE 
HOURS CIIIHR Kllll'CN CN KIH Kl PEAK Kl KIit Kit Kl PEAK KIN Kl PEAK KIIH 

6 NS 3060 18160 18360 18360 0 
3 2874.60 7.40 8'23,80 63816 21272 478 1434 '5250 21750 7~2 2,521 l4lll 

' 956.70 1.06 5740.20 40526 2202 13212 53738 63075 9337 
3 2874.60 7,40 1623,80 63816 478 1434 '5250 79582 14333 

' 478.35 7.04 2870.10 20206 2'31 15786 35992 406/aO 461a8 
24 7.28 25851 1■364 318115 220229 2112899 42670 

' NS 3060 18360 18360 18360 0 
12 478.35 7.04 5740.20 40411 2'31 31572 71913 81319 9336 

' 239,55 7.03 1437.30 10104 284' 17073 27177 29400 2223 
24 7.04 7177.50 50515 48645 99160 ll0719 11559 

7.26 143645 1042848 21272 25Ml7 1299465 21750 1535934 26527 23"469 
7.26 7469514 54228108 2552'4 13344084 67572192 260999 79868572 318329 1229'380 

TABLE 1-63B 
COASTJNG(3 MPH BANO)(MIN RUN TIME + .5 MIN)(CAM-CONTROL) 

POWER Bill ANALYSIS 

0.00 
1.00 

0.00000 

o. 25 0.50 
0. 75 0.50 

RATE(POWER Bill 
0.00060 0.00120 

0. 75 
0.25 

UNITS) 
0.00179 

1. 00 OE MAND 
0.00 ENERGY 

SAVINGS 
0.00239 

57.33 
0.00 

57.33 

0.00654 0.00491 0.00327 0.0()164 0 00000 

.,,,.,,.. 

I 2 J(J 

() l J() 

1 2 l ◄ J 

IUH_:! l(!f'J 

l'I 1(1 I fil 

0.00 
1.00 

0.000 

0 ll80 
0 UHO 

H 0 

0.25 0.50 0.75 
0.75 0.50 0.25 

SAVINGS(POWER BILL UNITS) 

0.034 

0 ObO 
0 O'J~ 

9 ~ 

0.069 

0 040 
0 109 

10. 9 

0. 103 

0.020 
0 123 

12 J 

KIi PEAK 

4778 

4778 
57330 

1. 00 
0.00 

0. 137 

o.uuu 
0 1 JI 

13 I 

00 
0 



PERIOD TIIIE HOORS CII/HR 
IIEEKDAY 

NDRNINB 12100AN - 6100M 6 NS 
AN PEAK 6:00AN - 9100AII 3 2879,40 
NIDDAY 9:00AN - 3100PN 6 958.80 
PN PEAK 3100PN - 6:00PN 3 2879.40 
EVENllli 6:00PN - 12:00AII 6 479,40 

TOTAL 24 

SAT Ii SUN 
NDRNINB 12100!\N - 6: OOAII 6 11S 
DAY 6100AN - 6tOOPN 12 479.40 
EYENINB 6:00PN - 12:00AII 6 239. 70 

TOTAL 24 

IIEEKLY 
ANNUAL 

PORTION OF DEMAND 0.00 
POWER BILL ==> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY 1.00 
NORMAL 

0.00000 
318.33 
99.90 

418.23 

TABLE l-64A 
COASTIN613 NPH BANDl<NIN RUN TIIIE + ,75 NINIICAN-CONTROLI 

ENERBY ANALYSIS 
TURNAAOUND 

RUNNING TRAINS • BTDRA&E TOTAL NDRIIAL TOTAL DIFFERENCE 
KIIHPCN CN Kllff KIi PEAK 1(11 ICIIH ICIIH KIi PEAK ICIIH 

3060 18360 18360 18360 
6,66 8638.20 57530 19177 432 1296 58826 1960!/ 79582 
6. 13 5752.80 352115 2185 13111 48376 113075 
6.66 8638.20 57530 432 1296 58826 79582 
6.12 2876.40 17604 2623 15736 33339 401160 
6.48 25906 1117929 31439 199368 262899 

3060 18360 18360 183110 
6.12 5752.80 35207 2623 31471 116678 81319 
6.45 1438.20 9276 2841 17049 26325 29400 
6.19 7191.00 44484 48520 93003 110719 

6.45 143910 928612 19177 2'4234 1182846 1960!/ 1535934 
6.45 7483320 48287841 230122 13220158 61507999 235306 79868572 

TABLE 1-64B 
COASTING(3 MPH BANO)(MIN RUN TIME+ .75 MIN)(CAM-CDNTROL) 

POWER BILL ANALYSIS 

0.25 0.50 0.75 1.00 DEMAND 0.00 0.25 
1.00 0.75 

KIi PEAK KINI 

0 
211527 20756 

146'9 
20756 

7321 
63531 

0 
14641 
3075 

17716 

26527 353088 
318329 18360573 

0.50 0.75 
0.50 0.25 

0.75 0.50 0.25 
RATE(PDWER BILL UNITS) 

0.00060 0.00120 0.00179 

0.00 ENERGY 
SAVINGS SAVINGS(POWER BILL UNITS) 

0.00239 
83.02 
0.00 

83.02 0.000 0.050 0.099 0 .149 

KIi PEAK 

6919 

6919 
83024 

1.00 
0.00 

0.199 

ENERGY COMPONENT 
TRACT! ON( MKWH) 
SUPPORT(MKWH) 
TOTAL( MKWH I 

0.00654 0.00491 0.00327 0.00164 0.00000 
18.36 
0.00 

18.36 
FRACTION 
PERCENT 

79.87 
72. 93 

152.80 
0. 120 
o. 120 

12 .o 

0.090 
o. 140 

14.0 

0.060 
o. 159 

15.9 

0.030 
o. 179 

17. 9 

0.000 
0. 199 

19.9 

CX) ..... 



TABLE 1-W 
CIIASTll813 ll'H BAIIDI IIIIN RINI TUE + 1,0 NINI ICAII-CIIIITRDLI 

Elllt&Y AIIALYSIS 
TUIIIIMWND 

RINIIII& TRAINS I STORA&E TOTAL NOIIIIAL TOTAL Dlf'FERENCE 
PERIOD TUE HOURS CN/111 llllPCN CN KIIH lll PEAK KIi KIi (1111 KIi PEAK KINI KIi PEAK KIIH KIi PEM 

IIEEKDAY 
IIORNIII& l2100AII - 6100AII 
M PEAK 61 OOAII - 91 OOAII 
NIDDAY 91 OOAII - 31 OOPN 
PN PEAK 3100PII - 6100PII 
EVENINI 6100PII - 12100M 

TOTAL 

SAT I SUN 
111111111116 121 00M - 61 OOAII 
DAY 6100AII - 6100PII 
EYENIII& 6100PII - 12100M 

TOTAL 

IIEEKLY -
PORTION OF DEMANO 
POWER BILL ••> ENERGY 

NORMAL 
DEMAND COMPONENT 

TRACTION(MW) 318.33 
SUPPORT(MW) 99.90 
TOTAL(MW) 418.23 

ENERGY COMPONENT 
TRACTION(MKWH) 79.87 
SUPPORT(MKWH) 72 .93 
IOIAllMKWHI 152.BO 

6 NS 3060 18360 18360 18360 0 
3 2176.70 6. 71 1630. 10 57908 1'303 387 1161 59069 19690 79582 26527 20513 
6 958.50 6.06 5751.00 341151 2170 13019 47870 63075 15204 
3 2876.70 ,. 71 8630.10 57908 387 1161 59069 79582 ffl13 
6 479.25 6.04 2175.50 17368 2615 15690 33058 40660 7602 

24 6.49 25887 168035 31031 199066 262199 63833 

6 NS 3060 18360 11360 18360 0 
12 479.25 6.04 5751,00 34736 2615 31379 66115 81319 15204 
6 239.70 5,28 1438,20 7594 2838 17026 24'20 29400 4780 

24 5.19 7189.20 42330 48406 90735 110719 19914 

6.43 143812 924835 19303 251967 1176801 19690 1535934 26527 359133 
6,43 7478219 48091398 231632 13102268 61193667 236276 79868572 318329 18674906 

TABLE 1-65B 
COASTING(3 MPH BAND)(MIN RUN TIME+ 1.0 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

0.00 0.25 0.50 0.75 1 .00 DEMAND 0.00 0.25 0.50 0.75 
1.00 0.75 0.50 0.25 0.00 ENERGY 1.00 o. 75 0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00000 0.00060 0.00120 O.C0179 0.00239 

82.05 
0.00 

82.05 0.000 0.049 0.098 o. 147 

0.00654 0.00491 0.00327 0.00164 0.00000 
18.67 
0.00 

18.67 0. 122 0.092 0.061 0.031 
fRACTION 0. 122 0. 141 o. 159 0. 178 
PERCENT 12. 2 14. I 15.9 17.8 

6838 

6838 
82054 

1.00 
0.00 

0. 196 

0.000 
0. 196 

19.6 

(X) .., 



TABLE 1·66A 
COASTIN&IJ NPH BANDIININ RIii TINE+ 1.25 NINllCAN·CONTROl.l 

EIIER&Y ANALYSIS 
TIIRNARDUND 

RUNNIN& TRAINS l STORA&£ TOTAL NORIIAl TOTAL DIFFERENCE 
PERIOD TINE HIIURS CN/HR KIIHPCN CN KIIH KIi PEAK KIi KIIH KIIH KIi PENC KIIH KIi PEAK KIIH KIi PEAK 

IIEEKDAY 
NORNIN& l2100AN · 6100AII 6 NS 3060 18360 18360 18360 0 
AN PENC 6:00AN · 9100M 3 2880.00 6.00 8640,00 51840 17280 341 1023 52863 17621 79582 26527 26719 8906 
NIODAY 9100AN · 3100PN 6 958.20 6.04 5749,20 34725 2154 12926 47651 63075 15424 
PN PEAK 3100PN · 6100PN 3 2880.00 6.00 8640,00 51840 341 1023 52863 79582 26719 
EVENIN& 6100PN · 12:00AII 6 479.10 6.03 2874.60 17334 2607 15643 32977 40660 7683 

TOTAL 24 6.01 25904 155739 30615 186354 262899 76545 

SAT l SUN 
NORNIN& 12:00AN · 6100AII 6 NS 3060 18360 18360 18360 0 
DAY ,,oOAN • 6100PII II 479,10 ,.01 110,20 34'H 1107 31216 61913 ,m, IHH 
EVENIN& 6100PN · 12:00AII 6 239,70 5. 76 14J8, 20 8284 28J4 17003 25287 29400 4113 

TOTAL 24 5.98 7187,40 42952 48289 91240 110719 19479 

IIEEKLY 6,01 143894 864598 17280 249654 1114252 17621 1535934 26527 421682 8906 
ANNUAL 6.01 7482478 44959119 207360 129B1992 57941112 21145J 79868572 Jl8329 21927461 106876 

TABLE 1-66B 
COASTING(3 MPH BANO)(MIN RUN TIME + 1.25 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

PORTION OF DEMAND 0.00 0.25 0.50 0.75 1 .00 DEMAND 0.00 0.25 0.50 0.75 1.00 
POWER BILL ••> ENERGY 1.00 0.75 0.50 0.25 0.00 ENERGY 1.00 0.75 0.50 0.25 0.00 

NORMAL RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
DEMAND COMPONENT 0.00000 0.00060 0.00120 0.00179 0.00239 

TRACTION(MW) 318.33 106.88 
SUPPDRT(MW) 99.90 0.00 
TOTAL(MW) 418.23 106. BB 0.000 0.064 0. 128 0. 192 0.256 

ENERGY COMPONENT 0.00654 0.00491 0.00327 0.00164 0.00000 
TRACTION( MKWH) 79.87 21. 93 
SUPPORT(MKWH) 72.93 0.00 
TOTAL(MKWH) 152.80 21. 93 0. 144 o. 108 0.072 0.036 0.000 00 

l.,J 
FRACTION 0. 144 0. 172 0.200 0.228 0.256 
PERCENT 14.4 17. 2 20.0 22.8 25.6 



PERIOD TIIIE HOORS CN/HR 
IIEEKDAY 

NDRNIN& 12100AN - 61i>OM 
AN PEAK 6:00AN - 9100AN 
NIDDAY 9:00AN - 3100PN 
PN PEAK 3:00PN • 6100Pft 
EYENllli 61 OOPN • 121 OOM 

TOTAL 

SAT Ii SUN 
NORNIN& 12100AN • 6100AN 
DAV 6:00AN - 6100PN 
EVENING 6100PN • 12:00AII 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL =•> 

OEMANO COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

OEMANO 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

6 NS 
3 2877.00 
6 959.25 
3 2877.00 
6 479.63 

24 

6 NS 
12 479.63 
6 239.78 

24 

o.oo 
1.00 

0.00000 

TABLE 1·67A 
CDASTIN6(5 IIPH BANDl(NIN RUN TIIIE + ,25 NINIICAN-CDNTROLI 

ENER&Y ANALYSIS 
TURNAROOND 

RUNNIN& TRAINS Ii STORAGE TOTAL NDRNAL TOTAL DIFFERENCE 
KNHPCN CN KNH KN PEAK KM KIii Kllll KIi PEAK KIIH 

3060 18360 18360 18360 
7. 70 8631. 00 66459 22153 523 1569 68027 22676 79582 
7,38 5755.50 42476 2217 13300 55776 63075 
7. 70 8631. 00 66459 523 1569 68027 79582 
7.36 2877.75 21180 2638 15830 37010 40660 
7.59 25895 196573 32268 228841 262899 

3060 18360 18360 18360 
7.36 5755.50 42360 2638 31660 74021 81319 
7.11 1438.65 10229 2849 17094 27323 29400 
7.31 7194.15 52589 48754 101343 110719 

7.56 143865 1088045 22153 258846 1346891 22676 1535934 
7.56 7480957 56578325 265835 13460008 70038333 272110 79868572 

TABLE 1-67B 
COASTING(5 MPH BAND)(MIN RUN TIME + .25 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

0.25 0.50 0.75 1 .00 DEMAND 0.00 0. 25 
0.00 ENERGY 1.00 o. 75 

KIi PEAK KIIH KIi PEAK 

0 
26527 11555 3852 

7299 
11555 

3649 
34058 

0 
7299 
2077 
9376 

26527 189043 3852 
318329 9830240 46220 

0.50 0. 75 1.00 
0.50 0.25 0.00 o. 75 0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

0.00060 0.00120 0.00179 0.00239 
46.22 
0.00 

46.22 0.000 0.028 0.055 0.083 0. 111 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

0.00654 0.00491 0.00327 0.00164 0.00000 
79.87 
72.93 

152.80 

9.83 
0.00 
9.83 

FRACTION 
PERCENT 

0.064 
0.064 

6.4 

0.048 
0.076 

7.6 

0.032 
0.087 

8.7 

0.016 
0.099 

9.9 

0.000 
0. 111 

11. 1 

00 
~ 



PERIOD TINE HOURS CN/HR 
IIEEKDAY 

NORNIIIG 12:00AII - 6100AII 
AN PEAIC 6:00AN - 9:00AN 
NIDDAY 9:00AN - 3:00PN 
PN PEAK lrOOPN - 6:00PN 
E~NIN& 6100PN - l2100AII 

TOTAL 

SAT Ii SUN 
NDRN!ll6 12:00AN - 6100AII 
DAY 6100AN - 6100PN 
EVENlll6 6:00PN - 12100M 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL ==> 

DEMAND COMPONENT 
TRACT ION( MW) 
SUPPORT(MW) 
TOTAL(MW) 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

6 NS 
3 2877.00 
6 960.15 
3 2877.00 
6 480,08 

24 

6 NS 
12 480.08 
6 239.70 

24 

0.00 
1.00 

0.00000 

TABLE l-68A 
CDASTIN615 IIPH BANDI ININ RUN TINE + ,5 NINI ICAII-CONTRIN.I 

ENERGY ANALYSIS 
TURNAROUND 

RUNNING TRAINS Ii STORAGE TOTAL NORIIAL TOTAL 11 l FFERENCE 
KNll'CN CN KIIH KIi PEAK KIi KIIH KIIH KIi PEAK KIIH 

3060 18360 18360 18360 
li,92 8631.00 59727 19909 477 1431 61158 20386 79582 
6.60 5760.90 38022 2200 13201 51223 63075 
6.92 8631.00 59727 477 1431 61158 79582 
6.59 2880,45 18982 2630 15781 347113 40660 
6.81 25903 176457 31844 208301 262899 

3060 18360 18360 18360 
6.59 57110,90 37964 2630 31561 69526 81319 
6,92 1438,20 9952 2845 17070 27023 29400 
6,66 7199, 10 47917 48632 96548 110719 

6.80 143915 978119 19909 256482 1234601 20386 1535934 
6.80 7483577 50862192 238906 13337064 64199256 244630 798"8572 

TABLE 1-68B 

Q.25 
0.75 

COASTING(5 MPH BAND)(MIN RUN TIME+ .5 MIN)(CAM-CONTROL) 
POWER BILL ANALYSIS 

a.so o. 75 1. 00 DEMAN□ 0.00 0. 25 
0.50 0.25 0.00 ENERGY 1.00 0. 75 

KIi PEAK KIIH 

0 
26527 18425 

11851 
18425 
5897 

54598 

0 
11794 
2377 

14171 

26527 301333 
318329 l5'169316 

0.50 o. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAV[NGS SAVINGS(POWER BILL UNITS) 
0.00060 0.00120 0.00179 0.00239 

73.70 
0.00 

73.70 0.000 0.044 O.OBB 0. 132 

KIi PEAIC 

6142 

6142 
73699 

1.00 
0.00 

0. 176 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

0.00654 0.00491 0.00327 0.00164 0.00000 
79.87 
72.93 

152.80 

15.67 
0.00 

15.67 
FRACTION 
PERCENT 

0. 103 
o. 103 

10. 3 

0.077 
0. 121 

12. 1 

0.051 
0. 139 

13.9 

0.026 
0. 158 

15.8 

0.000 
0. 176 

17. 6 

cc 
\J1 



PERIOD TIIIE HOORS Cft/llR 
IIEEKDAY 

NORNIN& 121 OOAII - 61 OOAN 6 NS 
Aft PEAK 6100AN - 910011ft 3 2874.30 
ft!DDAY 9:00Aft - 3:00PN 6 958.65 
Pft PEAK 3100PN - 6100PN 3 2874.30 
EYENIN& 6100PN - 12:00M 6 479. 33 

TOTAL 24 

SAT I SUN 
NDRNJlli 12:00Aft - 61 OOM 6 NS 
DAY 6:00AN - 6100PN 12 479,33 
EYENIIIB 6100PN - 12100M 6 239.85 

TOTAL 24 

IIEEKLY 
ANIIIAL 

PORTION OF DEMAND 0.00 
POWER BILL •=> ENERGY 1.00 

NORMAL 

TABLE l-69A 
COASTJN6<5 IIPH BAND> (ft IN RUN TIIIE + • 75 ft IN I ICAII-CDNTROLI 

ENER6Y ANALYSIS 
TURNAROUND 

RIMNIN6 TRAINS • STORASE TOTAL NORIIAL TOTAL Dlf'FERENC£ 
KIIHPCN CN KIIH KIi PEAK KIi KIIH Klllt KIi PEAK KIIH 

30il0 18360 18360 18360 
6.37 8622.90 54928 18309 432 1296 56224 18741 79582 
6.34 5751.90 36467 2185 13111 49578 63075 
6.37 8622.90 54928 432 1296 56224 79582 
6,32 2875.95 18176 2623 15736 33912 40660 
6.36 25874 164499 31439 195938 262899 

3060 18360 18360 18360 
6.32 5751.90 36352 2623 31471 67823 81319 
6.48 1439,10 9325 2842 17051 26376 29400 
6.35 7191.00 45677 48522 94199 110719 

6.36 143750 913849 18309 254237 1168086 18741 1535934 
6.36 7475013 47520134 219711 13220345 60740479 224895 79868572 

TABLE 1-698 

0.25 
0. 75 

COASTING(5 MPH BANO)(MIN RUN TIME+ .75 MIN)(CAM-CONTROL) 
POWER BILL ANALYSIS 

0.50 0. 75 1 .00 OEMANO 0.00 0. 25 
0.50 o. 25 0.00 ENERGY 1.00 0. 75 

KIi PEAK KIIH 

0 
26527 23359 

13496 
23359 
6748 

6"961 

0 
13496 
3024 

111520 

211:121 367848 
318329 19128093 

0.50 0. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

KIi PEAK 

7786 

7786 
93434 

1.00 
0.00 

DEMAND COMPONENT 0.00000 0.00060 0.00120 0.00179 0.00239 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACT ION( Ml<Wlt) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

318.33 
99.90 

418.23 

79.87 
72.93 

152.80 

0.00654 0.00491 

93.43 
0.00 

93.43 

0.00327 0.00164 0.00000 
19. 13 
0.00 

19. 13 
FR ACT ION 
PERCENT 

0.000 0.056 0. 112 o. 168 o. 223 

0.125 0.094 0.063 0.031 0.000 
0. 125 0. 150 o. 174 o. 199 0. 223 

12.5 15.0 17. 4 19.9 22.3 

00 
0-



PERIOD TINE HINJRS CII/HR 
IIEEKDAY 

IIOIIN!ll6 12:00AII - 6100AN 
AN PEAK /11 OOAII - 9 I OOAII 
NIDDAY 9100AN • 3100PII 
PII PEAK 3100PII • 6100PN 
EYEN!ll6 6100PII - l2100AII 

TOTAL 

SAT• SUN 
NORN 1116 121 OOAII - 61 OOAII 
DAY 6100AN - 6100PII 
EYEll!ll6 61 OOPII - 121 OOM 

TOTAL 

IIEEKLY 
AIIIIIM. 

PORTION OF 
POWER BILL ==> 

DEMAND COMPONENT 
TRACT! ON (MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTIDN(MKWH) 
SUPPDRT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

79.87 
72.93 

152.80 

6 NS 
3 2874.30 
6 959,25 
3 2874.30 
6 479,63 

24 

6 NS 
l2 479,63 
6 239,63 

24 

o.oo 
1.00 

0.00000 

0.00654 

TMLE l·70A 
COASTIN&15 11'11 IANDIIIIIN RUN TINE+ l IIINIICM-CONTRIILI 

EIIER&V ANALYSIS 
TURNARIIIIIID 

RIIININ& TRAINS l STORA&E TOTAL NORNAL TOTAL DIFFERENCE 
KIIIIPCN CN KIIH KIi PEAK KIi KIIH KIIH KIi PEAK KIIH 

3060 18360 18360 18360 
6.33 8622.90 54583 l8l94 387 1161 55744 l858l 79582 
6.36 5755.50 36605 2171 13025 49630 63075 
6.33 8622.90 54583 387 1161 55744 79582 
6.34 2877,75 19245 21115 15692 33937 40660 
6.34 25879 164016 31039 195055 262899 

3060 18360 18360 18360 
6,34 5755,50 36490 2615 31385 67875 81319 
6.48 1437.75 9317 2838 17030 26346 29400 
6.37 7193,25 45806 48415 94221 110719 

ii.34 143782 911692 18194 252025 1163717 18581 1535934 
6,34 7476651 47407991 218332 13105310 60513301 222976 79868572 

TABLE 1-70B 
COASTING(5 MPH BAND)(MIN RUN TIME+ 1 MIN)(CAM-CONTRDL) 

POWER BILL ANALYSIS 

0.25 0.50 0.75 1.00 DEMAND 0.00 0. 25 
0. 75 0.50 0.25 0.00 ENERGY 1.00 0.75 

KIi PEAK KIIH KIi PEM 

0 
26527 23838 7'146 

13445 
23838 
6722 

67844 

0 
13445 
3054 

16498 

26527 372217 7946 
3 l 8329 l 9355271 95354 

0.50 o. 75 1.00 
0.50 0.25 0.00 RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 

0.00060 0.00120 0.00179 0.00239 
95.35 
0.00 

95.35 0.000 0.057 0. 114 0. 171 0.228 

0.00491 0.00327 0.00164 0.00000 
19.36 
0.00 

19.36 0. 127 0.095 0.063 0.032 0.000 
FRACTION 0. 127 0. 152 0. 177 0. 203 0. 228 
PERCENT 12.7 15.2 17.7 20.3 22.8 

00 .._. 



PERIOD TINE HOURS CN/HR 
IIEEKDAY 

NORIIIII l2100AII - 6100AII 
AN PEAK 6:00AII - 9100AN 
NIDDAY 9100AN - 3100PN 
PN PEAK 3:00PN - 6100PN 
EVENINB 6100PN - 12100M 

TOTAL 

SAT I SUN 
NDRNIN& l2100AN - 6100AII 
DAY 6100AII - 6100PN 
EVENIN& 6100PN - 12:00M 

TOTAL 

IIEEKLY 
ANNUAL 

PORTION OF 
POWER BILL n> 

DEMAND COMPONENT 
TRACTION(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 
ENERGY 

NORMAL 

318.33 
99.90 

418.23 

79.87 
72.93 

152.B0 

6 NS 
3 2877.00 
6 958.95 
3 2877.00 
6 479.48 

24 

6 NS 
12 479.48 
6 239,55 

24 

0.00 
1.00 

0.00000 

0.00654 

TABLE l-7lA 
CIIASTIN615 NPH BANDI UIIN RUN TIIIE + 1,25 NINI ICM-CDNTRIN..I 

ENERGY ANALYSIS 
TURNMOUND 

RIJINlN6 TRAINS Ir STORABE TOTAL NIWIIIAL TOTAL DIFFERENCE 
KlllflCN CN KIIH KIi PEAK KIi KIIH KIIH KIi PEAK KIIH KIi PEAK kllll KIi PEAK 

3060 18360 18360 18360 0 
6.07 8631.00 52390 17463 341 1023 53413 17804 79582 26527 26169 8723 
5.85 5753.70 33659 2156 12935 46594 63075 16481 
6.07 8631.00 52390 341 1023 53413 79582 26169 
ll.83 2876.85 lli772 2608 15647 32419 40660 8240 
5.99 25893 155212 30629 185840 262899 77059 

3060 18360 18360 18360 0 
5.83 5753.70 33544 2608 31295 64839 81319 16481 
5. 78 1437. 30 8308 2834 17006 25314 29400 4086 
5.B2 7191.00 41852 48301 90153 110719 20567 

5.98 143845 859761 17463 249746 1109507 17804 1535934 26:127 426427 8723 
ll.98 7479927 44707568 209561 12986813 57694381 213654 79868572 31B329 22174191 104676 

0.25 
0.75 

TABLE 1-718 
COASTING(5 MPH BAND)(MIN RUN TIME + 1.25 MIN)(CAM-CONTROL) 

POWER BILL ANALYSIS 

0.50 0.75 1.00 DEMAND 0.00 o. 25 
0.50 0.25 0.00 ENERGY 1.00 o. 75 

0.50 0. 75 
0.50 0.25 

RATE(POWER BILL UNITS) SAVINGS SAVINGS(POWER BILL UNITS) 
0.00060 0.00120 0.00179 0.00239 

104.68 
0.00 

104.68 0.000 0.063 o. 125 0.188 

0.00491 0.00327 0.00164 0.00000 
22. 17 
o.oo 

22. 17 0. 145 o. 109 0.073 0.036 
FRACTION o. 145 0. 171 0. 19B 0.224 
PERCENT 14.5 17. 1 19.8 22.4 

1.00 
0.00 

0.250 

0.000 
0.250 

25.0 

00 
00 



Energy Consumption 
KWH/Car Mile 

6.60 

5.50 

5.35 

5.31 

Energy Consumption 
(KWH/Car Mile) 

6.60 

5.47 

5.16 

4.88 

TABLE 1-72 

Monte Carlo Results for WMA TA Red Line 

Time 
(min) 

l 9.1 

l 9.3 

20.0 

19.5 

% Reduction 
In Energy 

16. 7 

l 9.0 

l 9.6 

% Increase In Schedule 
Time 

l.l 

4.6 

2.1 

TABLE l-73 

Steepest Descent Results for WMA TA Red Line 

Time %Reduction % Increase in 

89 

(min) in Energy Schedule Time 

19.l 

19.3 17. l 0.84 

19.7 21.8 2.72 

20.l 26. l 4.81 



TABLE 1-74 
Summary of Coasting Predictions on WMATA and MARTA 

DEMAND 
RATE 

WMATA 
PEPCO DC 11. 70 
PEPCO MD 9.85 
PEPCO VA 7.85 
VEPCO VA 0.00 
TOTAL 

MARTA 
GPC 11. 62 

SERVICE TIME PERIOD 

Weekday 

Morning 12:00 am-6:00 am 

Peak 6:00 am-9:00 am 

Midday 9:00 am-3:00 pm 

Peak 3:00 pm-6:00 pm 

Evening 6:00 pm-12:00 pm 

Sat., Sun. & Hol. 

Morning 12:00 am-6:00 am 

Day 

Evening 

6:00 am-6:00 pm 

6:00 pm-12:00 am 

ENERGY 
RATE 

0.028 
0.024 
0.022 
0.061 

0.0227 

MONTHLY ANNUAL ANNUAL 
DEMAND ENERGY DEMAND 
SAVINGS SAVINGS SAVINGS 

(KW) (MWH) ( $) 

2300 8000 322920 
670 2400 79194 
150 600 14130 

0 100 0 
3120 11100 416244 

1113 4068 155138 

TABLE 1-75 

Passenger Load Factor Improvement 
Operating Timetable Summary 

ORIGINAL 

CARS/TRAIN HEADWAY PASS. LOAD 
(MIN) FACTOR (o/.) 

6 

4 

6 

4 

4 

2 

NO SERVICE 

NO SERVICE 

2 

4 

2 

8 

B 

8 

50 

25 

50 

25 

25 

25 

Tra1ns leave on the hour from both terminals. 

ANNUAL ANNUAL ANNUAL 
ENERGY TOTAL TOTAL 
SAVINGS SAVINGS SAVINGS 

( $) ($) (%) 

224000 546920 
57600 136794 
13200 27330 
6100 6100 

300900 717144 4.6 (1981$) 

92350 24748B 6.0 ( 19B5 $) 

CARS/TRAIN 

STRATEGIC 

HEADWAY 

4 

4 

4 

2 

4 

2 

NO SERVICE 

2 

4 

2 

B 

8 

8 

PASS. LOAD 
FACTOR (o/.) 

75 

25 

75 

37.5 

25 

25 

\D 
0 



TABLE 1·76A 
PASSENGER LOAD FACTOR INPROYENENT 

ENER&Y ANALYSIS 
TURNAROUND 

RIJININ6 TRAINS l STORAGE TOTAL NORIIAL TOTAL DIFFERENCE 
PERIOD TINE HOURS CN/HR KIIHPCN CN KIIH KIi PEAK KIi Klllt KIIH KIi PEAK ICIIH KIi PEAK KIIH KIi PEAK 

NEEKDAY 
NDRNIII l2100AN • 6100AN 6 NS 30it0 18360 18360 18360 0 
AN PEAK 6100AN • 9100AN 3 1917.30 5.48 5751.90 31520 10507 555 1666 33186 11062 49019 16340 15833 5278 
NIDDAY 9100AN • 3100PN 6 959.25 5,49 5755,50 31598 2234 13405 45002 45002 0 
PN PEAK 3100PN - 6100PN 3 1917,30 5,48 5751,90 31520 555 1666 33186 49019 15833 
EYEN!llli 61 OOPII • 121 OOM 6 239,115 5.58 1439.10 B030 2647 15882 23912 32688 8776 

TOTAL 24 5.49 18698 102669 12619 135287 175729 40441 

SAT l SUN 
NIIRN1N6 12:00AN • 6:00AN 6 NS 30it0 18160 1B160 18360 0 
DAY 6:00AN · 6:00PII 12 239,85 5. 58 2878. 20 16060 2647 31765 47825 65377 17552 
EVENIN6 6100PII • l2100AN 6 239.63 5.57 1437.75 8008 2853 l711B 25126 25130 4 

TOTAL 24 5.58 4315.95 240it9 48883 72951 90507 17555 

IIEEKLY 5.50 102124 561481 10507 260859 822339 11062 I 059657 16340 237318 527B 
ANNUAL 5.50 5310443 29196998 126082 11564652 42761650 132745 55102175 196076 12340524 63331 

PORTION OF 
POWER BILL ==> 

DEMAND COMPONENT 
TRACTIDN(MW) 
SUPPORT(MW) 
TOTAL(MW) 

ENERGY COMPONENT 
TRACTION(MKWH) 
SUPPORT(MKWH) 
TOTAL(MKWH) 

DEMAND 0.00 
ENERGY 1.00 

NORMAL 
0.00000 

196.08 
99.90 

295.98 

0.00781 
55. 10 
72.93 

128.03 

0.25 
0. 75 

TABLE 1-76B 
PASSENGER LOAD FACTOR IMPROVEMENT 

POWER BILL ANALYSIS 

0.50 0.75 1.00 DEMAND 
0.50 0.25 0.00 ENERGY 

RATE(PDWER BILL UNITS) SAVINGS 
0.00084 0.00169 0.00253 0.00338 

63.33 
0.00 

63.33 

0.00586 0.00391 0.00195 0.00000 
12. 34 
0.00 

12.34 
FRACTION 
PERCENT 

0.00 0.25 0.50 o. 75 1.00 
1.00 0.75 0.50 o. 25 0.00 

SAVINGS(POWER BILL UNITS) 

0.000 0.053 0. 107 0. 160 0.214 

0.096 0.072 0.048 0.024 0.000 
0.096 0. 126 0. 155 0. 185 0.214 

9.6 12.6 15.5 18.5 21. 4 
'° ...... 
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TABLE 1-77 
Energy Cost Effect of Passenger Load Factor Improvement 

on WMATA and MARTA 

MONTHLY ANNUAL ANNUAL ANNUAL ANNUAL ANNUAL 
DEMAND ENERGY DEMAND ENERGY TOTAL TOTAL 

DEMAND ENERGY SAVINGS SAVINGS SAVINGS SAVINGS SAVINGS SAVINGS 
RATE RATE (KW) (MWH) ($) ($) ($) (%) 

WMATA 
PEPCO DC 11. 70 0.028 0 18500 0 518000 518000 
PEPCO MO 9.85 0.024 0 2800 0 67200 67200 
PEPCO VA 7.85 0.022 0 2500 0 55000 55000 
VEPCO VA 0.00 0.061 0 2100 0 128100 128100 
TOTAL 0 25900 0 768300 768300 4.9 

MARTA 
GPC 11 . 62 0.0227 1608 3071 224220 69715 293934 7. 1 

TABLE 1-78 
ESTIMATES OF RECEPTIVITY FOR NORMAL OPERATION AT MARTA 

NAT FULL NO " PERIOD OURATION RECEP RECEP REGEN RECEP 

NORTH - SOUTH LINE ALL OPERATION (1983 ,. 1984) 

AM PEAK 6:45AM-9: 15AM 4.81 3.40 7.06 61 
MIOOAY 9: 15AM-3:45PM 4.62 3.31 6.87 63 

5:45AM-6:45AM 
PM PEAK 3: 45PM-6: 15PM 4.84 3.27 7. 15 60 
EVENING 6: 15PM-1: 15AM 4.04 3. 41 5.36 68 
SATURDAY 5: 45AM-1: 15AM 3.89 3.28 5.35 71 
SUNDAY 6: 15AM-1: 15AM 4.60 3. 19 5.34 34 

EAST - WEST LINE 1984 OPERATION 

AM PEAi< 6:45AM-9: 15AM 4.22 3.22 6.51 10 
MIDDAY 9: t SAM-3: 45PM 4. 12 3. 18 6.42 71 

5:45AM-6:45AM 
PM PEAK 3:45PM-6:15PM 4.22 3.21 6.54 70 
EVENING 6: 15PM-1: 15AM 4.55 3.45 6.46 63 
SATURDAY 5:45AM-1: 15AM 4.31 3. 11 6.45 64 
SUNDAY 6: 15AM-1: 15AM 4.90 3. 13 6.45 47 

EAST - WEST LINE 1983 OPERATION 

AM PEAK 6: 45AM-9: 15AIIII 4.66 3. 11 6.48 54 
MIDDAY 9: 15AM-3: 45PM 4.44 3. 18 6.40 61 

5:45AM-6:45AM 
PM PEAK 3:45PM-8:15PM 4.70 3. 13 6.51 54 
EVENING 6: 15PM-1: 15AIIII 4. 55 3.45 6.45 63 
SATURDAY 5: 45AM- 1: 1 SAIIII 4.31 3. 11 6.45 64 
SUNDAY 6: 15AIIII- 1 : 1 SAIIII 4.90 3. 13 8.45 47 



TABLE 1-79 
ENERGY COST VARIATION RESULTING FROM OFFSET VARIATION AT MARTA 

KWHPCM• 
LINE AND OPERATING PERICO VARIATION 

ENERGY USE COST RANGE 

NORTH-SOUTH AM PEAK 0.27 
NORTH-SOUTH EVENING 0.42 
EAST-WEST AM PEAK o. 13 
EAST-WEST EVENING 0.40 
TOTAL SAVINGS/MONTH ENERGY USE 

POWER OEMANO COST RANGE 

NORTH-SOUTH AM PEAK 
EAST-WEST AM PEAK 
TOTAL VARIATION/MONTH DEMAND 

TOTAL MONTHLY VARIATION 

TOTAL ANNUAL VARIATION 

ANNUAL POWER BILL 

VARIATION AS PERCENT OF POWER BILL 

0.27 
0. 13 

•• INCLUDES AM PEAK, PM PEAK ANO MIDDAY PERIOOS 
••• INCLUDES EVENING, SATURDAY ANO SUNDAY PERIODS 
+ COST PER MONTH 

CAR-MILES 
PER MONTH 

264326 
111273 
234580 

75652 

CAR-Ml/HR 

1057 
938 

ENERGY USE SAVINGS • KWHPCM •CAR-MILES/MONTH• .0227 
POWER OEMAND SAVINGS• KWHPCM •CAR-MILES/HOUR• 11.62 

.. 
••• .. ... 

COST+ 
PER MONTH 

1620 
1061 
692 
6B7 

4060 

3331 
1423 
4754 

8814 

105768 

4140000 

2.6 

93 
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TABLE 1-80 
REDUCTION OF POWER DEMAND AND ENERGY USE BY EMPLOYING 
DIRECT MERCURY VAPOR LIGHTING IN UNDERGROUND STATIONS 

PEPCO JURISDICTIONS 
DC MD VA 

NUMBER OF UNDERGROUND STATIONS 
Side Platform 6 0 2 
Center Pl at form 14 0 0 

PEAK POWER DEMAND SAVINGS 
KW 1040 0 165 
Percent of Support Power 12 0 18 

ANNUAL ENERGY SAVINGS 
MWH 9100 0 1400 
Percent of Support Energy 13 0 18 

VEPCO 

5 

1 

450 
24 

3900 

24 



TABLE 1-81 
ENERGY SAVINGS BY REDUCING ESCALATOR OPERATION 

DURING NON-PEAK HOURS OF OPERATION 

PEPCO JURISDICTIONS 
DC MD VA 

Normal Escalator Power (Peak Operation) (KW) 540 40 130 

Escalator Power Reduction (Non-Peak Operation) (KW) 185 0 28 

Annual Energy Savings 
MWH 750 0 100 

Percent of Support Energy 1 1 

*Escalators with heights of rise below 16 ft.and the third escalator of a three escalator 
grouping are turned off during non-peak. 

VEPCO 

120 

54 

200 

1 

"' ..,, 



96 

TABLE 1-82 
SURVEYED INSTALLED SUPPORT LOAD 

SUPPORT POWER ITEM 

VENTILATION 
vent1 lat,on 
Exhaust Fans 
Air Handler 
Mid Tunnel Exhaust 

HEATING 
Hot Water Heaters 
Space Heat1ng 

LIGHTING 
Interior L1ght1ng 
Emergency Lighting 
Parking Lot L1ghting 

ESCALATORS ANO ELEVATORS 
Escalators 
Elevators 

AIR CONO ITIONING 
A1r Condition;ng 
Chillers 

TRAIN CONTROL & COMMUNICATIONS 
Train Control 
Communications 

FARE COLLECTION 

MISCELLANEOUS 
Miscellaneous Mechanical 
Miscellaneous Electrical 
A1r Compressor 
HVAC 
Station Power 
Isolated T/C Room 

TOTAL SUPPORT POWER 

INSTALLED 
KW 

3160 
1037 
507 
416 

1200 

128 
128 

0 

2538 
1753 
332 
453 

3400 
2128 
1272 

6146 
275 

5871 

1641 
1635 

6 

337 

2077 
742 

28 
80 

101 
1077 

49 

19427 
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2. POWER RATE STRUCTURE EVALUATION 

2. 1. INTRODUCTION 

The first major task in evaluating the rate structure involves the procurement of 

necessary data from the utility, the regulatory public service commission and various 

departments of the transit system itself. The include: 

• Applicable utility tariff. 

• Annual report of the utility. 

• Utility tariffs applicable to governmental or other large customers. 

• Utility's franchised service territory and its characteristics. 

• Various customer classes, their revenue and load contributions to the 
system. 

• Utility's generation mix and fuel cost characteristics. 

• Peaking characteristics of the utility. 

• Public Service Commission's (PSC) composition. 

• Status of any pending rate proceedings of the utility. 

• PSC's decisions in most recent rate proceedings of the utility. 

• Transit system's power bills for two years covering the latest 12 months. 

• Transit system's operating characteristics and its power requirements. 

• Role of mass transit in utility's service territory. 

• The transit system's organizational structure regarding utility bill approvals, 
audit, energy conservation and load management, and the department 
responsible for negotiations with utility or participation in utility rate 
proceedings before the Public Service Commission. 

The general considerations in evaluating power rate structure for transit systems 

are substantially the same that arise in setting rates, whether through a regulatory 

proceeding or by negotiation. These include the necessity to establish a rate 

structure that assigns class revenue responsibility in accordance with the cost 

causation associated with each of the identifiable classes of customers. Rates based 
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on cost of providing service are both equitable and economically efficient. Rates 

charged to a transit system should reflect the unique nature of mass transit, its 

loads, and the cost of service required to serve such loads. The economic and 

financial manifestation of the utility's risk associated with these rates for mass 

transit is comprehensively embodied in the statistical measure of the variance or 

variability of earnings or the rate of return. To attain this type of rate structure and 

end result, the following general issues must be carefully evaluated and assessed: 

1. Determination of a utility's total cost of service and overall revenue 
requirement. 

2. Determination of a cost of service allocation method among customer 
classes. 

3. Determination of the revenue requirement including fair rate of return. 

4. Determination of a suitable rate design, or rate structure, that would apply 
to all customer classes. 

As a general proposition, cost of service analysis is a complex process 

because it involves assignment to customer classes all of the power company's 

embedded or booked accounting costs, as modified, adjusted, or normalized for rate­

making purposes. 

2.2. COST OF SERVICE - BASIC PRINCIPLES 

Most of the costs incurred by an electric utility are incurred to provide electric 

service to all its customers. Total jurisdictional revenue requirements for a utility is 

the sum of jurisdictional operating expenses and the opportunity to earn the 

authorized rate of return on the jurisdictional rate base. 

Electric utilities provide several different types of services to their customers, 

and they incur many different types of costs to provide these services. The cost of 

power production which includes the investment in various generating plants (coal, 

hydro, nuclear, gas and oil) as well as the cost of fuel and associated operating 

expenses, which generally constitutes more than half of the utility's total cost. are 

the costs incurred to serve all jurisdictional customers. 
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Some other costs are incurred to provide service to provide one or more 

different types of service, but they are not necessary for all types of service which 

a utility offers. A good example of this cost is the utility's secondary distribution 

lines at voltage level(s) below the voltage at which generally traction power is 

provided to a transit system. 

For costs incurred to provide a service used by two or more different classes 

of customers, it is necessary, in accordance with the basic principle of cost 

al location, to determine an appropriate distribution of these costs among the classes 

of customers which utilize the type of service for which costs are incurred. The 

distribution of these costs should be in proportion to the causes of the cost 

incurrence. 

The development of a class cost-of-service is generally considered to have 

three stages: functionalization, classification and allocation. Functionalization is 

simply the identification of the different types of costs which a utility incurs. 

Classification is the determination of the types of service for which each kind of 

cost is incurred. 

Classification relates each type of functionalized accounting cost to the 

different types of service which the utility provides. The primary types of service 

are: 

1. DEMAND. Supply of the service (KW) whenever it is demanded by the 
customers. The utility must have a s•Jfficient amount of generating and 
bulk power transmission capacity to meet the system coincident peak 
load. In addition, transmission and distribution facilities must be adequate 
to serve the maximum load of each customer in his local area. 

2. ENERGY. The utility must generate and deliver electrical energy (kwh) 
required by the customers. Actual amounts of energy differ with hour of 
the day, day of the week and time of the year. 

3. CUSTOMER or BASE. The utility must bring the electric service of 
DEMAND and ENERGY to the customer's premises, connect each customer 
to the system and provide metering of usage. 



One major problem in classification arises when a single functionalized cost 

relates both to DEMAND and ENERGY services. Costs for generating capacity, bulk 

power investments and related operating expenses are incurred both to serve the 

coincident peak load and to provide energy throughout the year. 

Costs which are incurred to meet the coincident peak demand of the system or 

the localized or class maximum demands (non-coincident peaks) should be related to 

the DEMAND service. Costs which depend on the number of customers should be 

classified as CUSTOMER service. Costs which depend on the amount of energy 

which the utility must apply should be classified as related to ENERGY service. 

In the allocation phase, the functionalized and classified costs are distributed to 

the customer classes based costs caused to serve the consumption and load at 

production, transmission and distribution levels. There is a great amount of 

subjective judgement involved in determining the relationship between cost causation 

and customer service requirements because there is no universally accepted cost 

allocation methodology. It is not uncommon for a utility to undertake class cosi-of­

service analysis using more than one cost allocation methodology to evaluate relative 

customer class contribution to revenues and costs. (For further discussion on cost 

allocation methodologies see Sec. 2.5.3.) 

2.3. RATE STRUCTURE 

The components of the energy use pattern; namely, power facilities, energy 

consumption and power demand, are influenced by equipment and system design and 

operating practices which are controllable within limits by transit management. The 

power rate structure may be a matter of negotiation between the transit authority 

and the electric utilities. The ability to set a rate structure favorable to the transit 

system is dependent on both internal and external factors. It is by careful 

management of the internal ones (i.e., a vigorous energy conservation or load 

management program) and wise negotiations with knowledge of the external ones that 

optimum rate structures are secured. 

161 
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The purpose of this section is to explore the power rate structures of typical 

U.S. rail transit systems and outline an approach to rate negotiations which can be 

used by rail transit authorities. Particular case studies which were conducted by the 

authors and which follow the outlined approach are also summarized. 

2.4. SURVEY OF POWER RATE STRUCTURES OF U.S. TRANSIT AUTHORITIES 

The power rate structures of the following rail transit systems were surveyed 

during the past few years: 

• BART - San Fransisco Bay Area Rapid Transit District 

• CT A - Chicago Transit Authority 

• GCRTA - Greater Cleveland Regional Transit Authority 

• MARTA - Metropolitan Atlanta Rapid Transit Authority 

• MBT A - Massachusetts Bay Transportation Authority (BOSTON) 

• MDCT A - Miami Dade County Rapid Transit Authority 

• NYCT A - New York City Transit Authority 

• PATCO - Port Authority Transit Corporation (Philadelphia-Lindenwold NJ) 

• PATH - Port Authority Trans Hudson (New York City - NJ) 

• SEPT A - Southeastern Pennsylvania Transportation Authority(Philadelphia) 

• WMAT A - Washington Metropolitan Area Transit Authority 

These represent the major rai I transit systems in the U.S. who take electric 

power. A summary of this survey is now presented. 

2.4.1. Serving Electric Utilities and Jurisdictions 

Table 2-1 lists the electric utilities serving the rail transit systems surveyed and 

the jurisdiction of regulatory control. Of the systems covered in the survey, four are 

served by more than one electric utility and rates of two are regulated under more 

than one jurisdiction. 

WMATA is particularly complicated since it is served by two utilities, one of 
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which; namely, the Potomac Electric Power Company (PEPCO) is regulated under three 

jurisdictions for WMATA service 1 This means that WMATA has four separate rate 

structures, depending on which utility is providing power and in what state the transit 

authority receives the power. 

SEPTA also deserves special mention. Its principal power source is the 

Philadelphia Electric Company (PECO). However, it also runs some of its commuter 

service on an electrified railroad which is owned by the National Railroad Passenger 

Corporation (AMTRAK). Power to operate these trains is purchased from AMTRAK 

who in turn buys the power from PECO. In addition, SEPTA sells power purchased 

from PECO to PATCO for operation of its train within the city of Philadelphia. 

AMTRAK is also actively evaluating co-generation and alternative power supply 

sources. 

All of the transit authorities surveyed have some form of contract with the 

electric utility supplying power. Most of these contracts provide for the firm supply 

of power requirements of the transit system for a fixed period of time (the term 

varies from month to month to thirty years), thereby assuring an adequate and 

reliable source of power. In addition, these contracts provide for the basis of a 

special facilities charge and/or reimbursement provision for construction costs of 

special facilities in the form of contributions in aid of construction required to meet 

the design and reliability criteria of rail transit systems. 

Nineteen utility rate structures for rail transit were represented in the survey of 

the rail systems. Eight (including one pending) of the rate structures recognized rail 

transit operation as a separate customer class and ten considered rail transit electric 

service as part of the high voltage industrial class with some modifications. The 

details are presented in Table 2-2. Most utilities and regulatory agencies which 

1 
Virginia Power Company is negotiating to acquire PEPCO's Northern Virginia service territory. At the 

consumation of the forthcoming sale. PEPCO's retail rate regulation will be limited to D.C. and Maryland. 
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regulate and approve rates for rail transit, recognize that these systems have unique 

load and customer characteristics which distinguish them from industrial class 

customers in their cost causation on the utility system. 

2.4.2. Structure of Billing Demand 

Determination of billing demand from actual power use varies widely among the 

utilities which serve rail transit systems. The principal demand time interval aspects 

of rail transit rate structures are listed by utility/rail transit system in Table 2-3. 

The demand interval varies from 15-60 minutes. In general, maximum demand 

from day to day is more predictable with large_r demand intervals. 

If the electric utility feeds to the transit system are electrically connected to 

each other, usually on the DC side of the traction substations, the utility is parallel 

feeding power to the rail system. Under such circumstances, it is appropriate for the 

utility to meter demand coincidentally. The voltage fluctuations among these parallel 

feeds, some of which may be caused by loads from other utility customers, can 

cause power flows which do not reflect the true demand caused by the rail system. 

An example of this is demonstrated using the WMA TA Red Line: 

Noncoincident peak demands together with their times of occurrence are given 

in Table 2-4 for the meters through which power is supplied to the Red Line. The 

coincident peak demand is also shown in the table. The noncoincident peak demand 

is 30% higher than the coincident value. 

The noncoincident peak demand is always larger than the coincident peak. The 

magnitude of the difference between the two is attributed to four major influences: 

1. The variation in the number of passengers with time (thus influencing train 
weight) is likely to be more important on a local level, rather than over 
the whole system. 

2. Abnormal operation (train delay and subsequent make up operation) is 
more likely to occur locally rather than globally at any time. 



3. Several meters, especially those associated with yards, shops and storage 
tracks, can record peak power at off-peak transit operating times. 

4. The voltage at which the utility supplies power can vary because of 
customer loads independent of the transit load. 
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The effect of voltage variation at the feed points on the altering of 

noncoincident demand is illustrated in Table 2-5 for the WMATA Red Line operation. 

The numbers in the table are the results of simulation of actual WMATA operation. 

In the first case, a normal off-peak operation of the transit system was simulated, 

with all feed points at nominal voltage. In the second case, the voltage at the New 

York Avenue feed was increased by one percent relative to the other feed points. 

(This could happen when another customer's load on the same utility circuit serving 

the New York Avenue feed is diminished.) The resulting power draw through the New 

York Avenue feed has increased by 40% while power draws from the adjacent feeds 

have decreased. 

Since it is typical for utilities to guarantee voltage to within .:: 5%, voltage 

variations, not caused by the transit system itself, can create situations where 

noncoincident peak demand can bear no relation to coincident demand. Note that 

practically no change occurred in the coincident demand in this example (Table 2-5). 

Since it is the monthly demand combined with the ratchet which determines the 

demand portion of the electric bill, it is appropriate to discuss typical monthly 

demands and ratchets which are common to transit. Of the authorities surveyed, two 

utilities computed a monthly demand which was different from the maximum demand 

achieved in the month. The Public Service Electric and Gas Company in its service 

to PATCO and PATH, averages more than one daily maximum demand to obtain the 

monthly demand. Commonwealth Edison Company, in its service to CT A, averages 

several of the highest demands to obtain monthly demand. 

Billing demand, in most cases is ratcheted. The ratchets are summarized in 
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Table 2-6 . It is difficult to see how any of the demand ratchets are based on cost 

of service. Demand ratchets tend to be anticonservation. In most cases, load 

management systems, which are designed to reduce peak demand, will look less 

effective in the presence of a ratcheted demand. In particular, MART A has a ratchet 

in which one should be careful on load control during the summer months (June­

September) and careless about load control during the winter months (October-May). 

2.4.3. Structure of Energy Use Cost 

The energy use pattern is measured in terms of kilowatt hour (kwh) 

consumption. It recognizes the utilization of power production facilities in terms of 

load factor and cost causation. It primarily consists of the fuel adjustment charge 

or the charges in cost of fuel burned to produce the kwh. The high volume discount 

or block energy charges are being replaced by flat, seasonal or time of use energy 

charges. The power rate structures for transit systems which are based on industrial 

or modified industrial customer class rates generally cause recovery of a portion of 

the demand cost through the energy charge. A pure energy charge based on energy 

cost recovery may vary from less than one third of a cent ($0.033) to more than $.6 

cents ($.0600)per kwh for the transit systems surveyed. 

2.4.4. Seasonal and Time of Use Rates 

The Public Utilities Regulatory Policies Act of 1978 (PURPA) mandated that state 

utility regulatory commissions evaluate and consider implementation of seasonal and 

time of use rates for electric customers to promote conservation, equity and 

efficiency. The cost of producing electricity varies by season and time of day 

based on the load peaking characteristics of the utility which in turn depends on the 

peaking characteristics of the customer it serves. Principles that rates reflect the 

cost of providing service by season and time of use are I ikely to provide the 

customer with the correct price signal and the result is the most efficient use of the 

limited energy resources available to the society. Most of the rate structures 

applicable to rail transit systems reflect seasonal differential in energy charges. 



167 

Most transit systems who have dirannual load do not have peak loads that coincide 

with the seasonal load pattern of the utility. The implementation of seasonal rate 

differentials has generally been a benefit to the transit system. However, because of 

daily morning and evening peaking characteristics of rail transit systems coupled with 

the obligation to provide transit service and subsequent lack of opportunity to shift 

load, application of time of day rates to transit systems is likely to result in higher 

power cost than under a non-time differentiated power rate structure. 

2.4.5. Electric Traction Annual Power Cost 

Table 2-7 contains a summary of the annual traction power cost of several 

major rail transit systems. AMTRAK costs have also been included in the table. 

2.5. REGULATORY CONSIDERATIONS AND RATE MAKING STANDARDS 

A modern electric utility must provide the functions of production, 

transportation and delivery of electricity to a large number of customers. In pricing 

electric service, the utility is guided by regulatory principles of reasonable, just and 

non-discriminatory rates. 

The first step toward reasonable, just and non-discriminatory pricing of 

electricity is proper customer classification. The second step is the proper rate 

structure for the customer classes. 

The cost of service study methodology is used to assign proper cost 

responsibility to customer classes. 

2.5. 1. Customer Classification 

Customer classes of an electric utility should be defined in such a way that 

only customers of similar customer and load characteristics are grouped together. 

Customer characteristics relate primarily to the nature of the customer and have 

been traditionally recognized by most utilities, as residential, commercial, industrial, 

railways and street lighting. 
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The important load characteristics which form the basis for customer 

classification are: 

1. Size of the load. 

2. Coincidence factor, which is the ratio of the maximum demand of the 
class or system as a whole to the sum of the maximum demands of the 
components of the class or system as a whole. 

3. Load factor, which is the ratio of the average demand over a designated 
period of time to the maximum demand occurring in that period. This can 
refer to customer, class or system. 

4. Seasonal Time of Use of Power, (Summer/Winter). 

5. On/Off System Peak Time of Use of Power. 

6. Voltage level at delivery point. 

7. Reliability of the Service Required (Firm or lnterruptable). 

8. Full or partial requirements for power. 

By reason of the rising cost of producing electricity in recent years, it is 

common for utilities to place more emphasis on load rather than customer 

characteristics. 

A utility generally provides service to a wide range of customers having 

different characteristics. These characteristics impose significantly different costs on 

the utility's system for production, transmission (transportation) and distribution 

(delivery). The basic regulatory principle states that rates developed for a customer 

should be such as to recover the costs incurred by the utility for serving that 

customer, plus a reasonable rate of return. Since the ideal approach of developing 

rates for each customer is impractical, it is a general practice to group customers 

with similar characteristics into classes and then determine the cost of service for 

the properly grouped classes. 
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2.5.2. Rate Design 

The second and final step in the rate-makin~ process is the pricing of electric 

service for each of the customer classes. Under conventional rate regulatory 

framework, responsibility for pricing the electric service is shared by the utility and 

a Public Utilities Commission, which has been delegated authority to legislate in the 

public interest (agency having jurisdiction over rates and conditions of providing 

electric service). 

In addition to setting rates for the customer classes in such a way as to 

reflect cost of service to the classes, rates are also set to provide an effective 

instrument for the marketing of the electric service. 

Although cost of providing service is the generally accepted standard for 

establishing rates for customer classes, practicability and non-cost considerations 

may also play a role. Rate schedules are statements of differential prices over a 

wide range of requirements of existing and prospective users of electric service. A 

comprehensive list of rate design considerations are: 

1. Contribution of the class to the peak demand of the utility. 

2. Diversity of the peak load of the customer classes. · 

3. Historical development of rate patterns. 

4. Economic efficiency. 

5. Long term incremental cost. 

6. Relative rate of return. 

7. Relative contribution to system revenue. 

8. Stability of and ability to meet annual revenue requirements. 

9. Social goals of the region which the utility serves (employment, 
humanitarian acts, etc.). 

10. Conservation of scarce resources. 

11. Equity or fairness among customers. 
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12. Utility growth considerations. 

13. Administrative ease. 

2.5.3. Cost of Service Study Methodology 

Coincidental Peak: The Coincidental Peak Method or Peak Responsibility Method 

allocates peak demand-related costs in accordance with each classes' coincident 

demand at the time of the system peak. By using each classes' demands calculated 

from actual metered demands (adjusted for line losses). load research statistics, and 

billing data, the proportion of the system peak load of each customer class is 

developed. The capacity costs are then allocated to each rate class on the basis of 

these derived percentages. The single peak version of this method utilizes each 

customer classes' contribution to the annual peak as the cost defining characteristic. 

Off-peak users are assessed on demand costs. 

One drawback of the Coincidental Peak Method is that diversity benefits are 

inequitably distributed among the classes. Although the overall system peak is an 

important cost consideration to the system, there are also savings to be had from 

diversity. In large electric systems, the times of the class peaks do not necessarily 

coincide with each other or the system peak, and this is beneficial to the utility. 

Another weakness of the Coincident Peak Method is that. even though all users on an 

electrical system can use the service any time, off-peak users are allocated zero 

demand costs. An additional limitation of this method is that it does not consider 

that off-peak demand may conflict with necessary maintenance, resulting in additional 

capacity to permit maintenance scheduling. 

Another drawback of this method is the effect that the change in time of peak 

may have on the cost responsibility. If the load pattern at the time of system peak 

is typical, then the shift of load changes the allocation of costs among the classes 

completely. Therefore, the Peak Responsibility Cost Allocation Method may not meet 

the criterion of equity. 
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Multiple Peak Responsibility Method: Several forms of peak responsibility 

demand allocation have been developed that allocate demand on the basis of multiple 

peaks to recognize customer diversity. One approach is to use various weighted and 

unweighted constibutions to the monthly maximum coincident demand. This demand 

allocation method apportions more expenses to consistently high use customers. 

rather than to those who only peak with the system. 

An advantage of the Multiple Peak Responsibility Method is that it overcomes 

the instability of the single coincident peak approach. The Multiple Peak 

Responsibility Method can be calculated by constructing a normal distribution of peak 

demands and by giving each possible demand a probability of occurrence. Then, the 

weighted average of the probable demand is developed. However, this requires all 

customer classes to be monitored for a long period to determine what the class 

peaks are, and what their relationships are to the system peaks. The unavailability 

of this type of load-research data may be a problem for some utilities. However, it 

has been suggested that in the absence of such data, a company could use the mean 

contributions to the system peak demand over several system peak demand days as 

the basis for assignment. 

Non-Coincident Peak Demand Allocation: The Non-Coincident Peak Method 

(NCP), also called the Sum of the Peak Method, is based on assigning demands to 

each customer class on the basis of the class' maximum demand, rather than their 

contribution to the system peak. The various class peaks are summed, regardless of 

when they occurred, and each class is allocated capacity costs by the ratio of the 

class peak to the sum of the class peaks. 

One problem of the Non-Coincident Method is that the method disregards the 

economics of electric supply. A production plant system is designed to meet the 

maximum system coincident and not the non-coincident peak. 
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Another problem of the NCP Method is that is does not recognize load 

diversity. Since the Non-Coincident Method apportions demand costs on the basis of 

the proportion of the class peaks without regard to coincident peaks, the method 

does not recognize diversity for low and high factor customers. However, 

operational economics analyst Constantine Bary has postulated that this demand 

allocation method may meet the requirements of the Second Law of Load Diversity, 

referred to as the Bary Curve. The Bary Curve is a family of curves which express 

the relationship between load factor and coincidence factor. Coincidence factor 

reflects diversity, since it is the reciprocal of the diversity factor. • This relationship 

between a customer's load factor, within a class, and their coincidence with the 

system peak. The Bary Curve indicates that the diversity factor is unchanging over a 

wide range of load factors from 30 to 70 percent. Magnitudes of class load factors 

usually fall within this range, that is, where the diversity factor is unchanged; 

therefore, the Coincident Peak Method does indirectly recognize diversity. 

Average and Excess Demand Methodology: So far, this discussion of 

production demand allocation methodologies has been limited to cost allocation 

methodologies that only consider demand. The Average and Excess Demand Method 

bases capacity allocations on both demand and energy consumption. Two kinds of 

demand measurements are used to allocate demand in this method. A distinction is 

made between the cost of facilities to serve the average load and the cost of 

facilities to serve the excess load. The fraction of capacity equal to the system 

load factor is then allocated on the basis of the average demands. The excess 

demand is then allocated on the basis of the difference of the maximum class 

demands and their average demands. 

The Average and Excess Demand Method considers the importance of the 

customer class load factor. Accordingly, the use of the Average and Excess Method 

results in a situation where system facilities are allocated in proportion to their 

relative uses. In addition, the opportunity for diversity is recognized as a linear 
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relationship which decreases with increasing load factor. The effect is to assign less 

of the diversity benefits to high load factor customers, and more to the low load 

factor customers. As the system load factor increases under the Average and 

Excess Demand Method, the low load factor customer pays proportionately less than 

under the Non-Coincident Peak Method. Using the Average and Excess Method, a 

customer operating at a 100 percent load factor receives no diversity benefits, while 

a customer operating at the system load factor receives benefits equal to those 

assigned to the group under the NCP Method. Like the Non-Coincident Peak Method, 

the Average and Excess Method produces some degree of stability, since a small 

shift in system load patterns does not change the relationships. Proponents of the 

Average and Excess Method also argue that the method recognizes the differences in 

the types of production plants and that no customers are given a free ride for off­

peak consumption. 

One problem with the Average and Excess Method is that the capital costs of 

the mix of base load, intermediate, and peaking units are not accurately assigned. 

Like the Non-Coincident Peak Method, the Average and Excess Method does not 

consider the time element of the system load. Another problem of the Average and 

Excess Method is the use of the non-coincident peak to assign the excess portion of 

capacity costs. However, this problem can be alleviated by the use of the 

coincidental peak. 

Average and Excess, Using Coincident Peaks: Like the traditional average and 

excess methodology, the system average load is allocated on the basis of the 

average demands of the classes. However, in this methodology, the system excess 

is allocated on the basis of the class excess, defined as the difference between the 

class average demand and the class contribution to the system peak (as opposed to 

the class non-coincident peak, as used in the traditional average and excess 

allocation). The off-peak classes have no excess demands, while the on-peak 

customers share in the reduction of excess demand resulting from the average 
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demand allocation assigned to off-peak classes. The method avoids the problem of 

the traditional form of average and excess allocation which places an 

overproportionate burden on the off-peak user. In addition, the average and excess 

allocation using coincidental peaks "fits" the system's seasonal peak, as well as 

allocating to all customers some portion of the demand-related costs (since they all 

use the energy output of these facilities at some time). 

2.6. CASE STUDY RESULTS 

The principles which have just been discussed have recently been applied to 

various rail transit systems in their negotiations and interventions, pursuant to rate 

cases. Each of these cases are summarized in the following material. 

2.6.1. Washington Metropolitan Area Transit Authority (WMATAI 

In 1976, when Metro rail service began, electric service for D.C. operations 

was billed by the Potomac Electric Power Company (PEPCO) under 

Commercial/Industrial (C&S) Tariff. Pursuant to a negotiated agreement, PEPCO has 

developed and implemented a Separate Rapid Transit (RT) tariff for WMATA, based 

on an actual cost of service study and load data. 

for WMATA's Metrorail operations in Maryland. 

A similar procedure was followed 

By intervention in PEPCO's rate 

cases before D.C. and Maryland Public Service Commissions, WMATA has been 

successful in modifying the initial perpetual demand ratchet to a two (2) month 

billing demand ratchet. WMATA's active participation in PEPCO's rate proceedings 

has also resulted in less than the average authorized rate increases for Metro. In 

PEPCO's Virginia Service territory, Metro's negotiated separate RT rate has resulted in 

virtually no rate increase to Metro in the last two years. WMA TA is currently 

negotiating with the Virginia Power Company for an appropriate rate based on cost 

of providing service. 

Because of WMAT A's opposition to time of use rate for Metro in the most 

recently concluded proceedings, the D.C. Public Service Commission has rejected 

PEPCO's proposal to charge Metro based on the time of use pricing structure. 
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WMAT A is agressively pursuing load management and energy conservation 

strategies, e.g. acquisition of chopper control railcars, coasting, top speed reduction, 

monthly load and bill monitoring, and careful scheduling to supplement its rate 

intervention work<3l_ 

2.6.2. Chicago Transit Authority (CTA) 

Pursuant to a negotiated contract, CT A is served under a contract rate. Through 

active participation in Commonwealth Edison's rate proceedings, the CTA has been 

successful in the elimination of the ratcheted billing demand provision, reducing the 

point of supply charge, and convincing the Illinois Commerce Commission to 

authorize a less than average rate increase for the CT A, and direct implementation of 

seasonal differential in the energy component of the tariff. 

2.6.3. SOUTHEASTERN PENNSYLVANIA TRANSPORTATION AUTHORITY (SEPTA/ AMTRAK) 

SEPTA has been trying to establish a separate rate based on cost of providing 

service to the railroads. In the three rate cases of Philadelphia Electric Company 

(PECO), the Pennsylvania Public Utility Commission rejected SEPTA's position. In the 

last base rate proceedings of PECO, the Commission directed PECO to develop a 

cost of service study and a separate rate for the railroads. In the rate proceeding of 

PECO, currently pending before the Pennsylvania Public Utilities Commission, PECO 

has proposed separate rates for SEPT A and AMTRAK based on the results of the 

Commission-directed cost of service study. In view of the lower cost of providing 

service to SEPT A and AMTRAK than PECO's industrial customers, PECO is now 

seeking less than an average rate increase for SEPT A and AMTRAK. 

2.6.4. Metro - Dade County Miami 

Pursuant to a negotiated agreement, Florida Power and Light Company (FPL) has 

developed and implemented a separate tariff for electric service to Metro. In 

approving one separate rate classification of Metro, the Florida Public Service 

Commission specifically relied upon one unique load, customer and cost causation 
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characteristic of electric service to rapid rail transit systems. The tariff contains 

separately stated demand, energy, and customer charges. It has no billing demand 

ratchet provision. The ability of this tariff to accurately track demand and energy 

cost causation is likely to become an issue in the next rate proceedings of FPL. 



TABLE 2-1 

Serving Electric Utilities and Regulatory Jurisdictions 

TRANSIT ELECTRIC UTILITY JURISDICTION 
SYSTEM 

BART Pacific Gas and Electric Company California Public 
Utility Commission 

CTA Commonwealth Edison Company Illinois Commerce Commission 

GRCTA Cleveland Electric Illuminating Company Ohio Public Utilities 
CommisSion 

MARTA Georgia Power Company 

MBTA Boston Edison Company(77\) 

Massachusetts Electric Company(l9\) 

Braintree Light Department(3\) 

Cambridge Electric Light Company(l\) 

MIAKI Florida Power and Light Company 

NYCTA Power Authority State of New York 

Consolidated Edison Company• 

PATCO Public service Electr-ic and Gas company 
(68\) 

Atlantic City Electric company(l71) 

SEPTA(lSI) .. 

PATH Public service Electric and Gas Company 

SEPTA Philadelphia Electric Company 

WIIATA Potomac Electric Power company 

Vir-g1nia Electr-1c Power company 

• For the purpose of transmission only 

Georgia Power Service 
Comm.1.ssion 

Massachusetts 
Department of Public 
Utilities 
Massachusetts 
Department of Public 
Utilities 
Massachusetts 
Department of Public 
Utilities 
Massachusetts 
Department of Public 
Utilities 

Florida Public 
Utilities Commission 

New Yor-k Public 
Service commission 
Feder-al Ener-gy 
Regulator-y Commission 
Power Authority State 
of New Yor-k 
New York Public 
Service commission 

New Jersey Boar-d of 
Public Utilities 

New Jar-say Board of 
Public Utilities 

New Jersey Board Of 
Public Utilities 

Pennsylvania Public 
Utilities commission 

District of Columbia 
Public Service commission 
Maryland Public 
Service commission 
Virginia Stata Agency 

Vir-ginia state Agency 

•• SEPTA resells power purchased from Philadelphia Electric Company 
to PATCO in the city of Philadelphia. 

177 
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UBLE 2-2 
GROUPING OF UTILITY RATE STRUCTURES FOR RAIL TRANSIT BY CLASSIFICATION 

UTILITY/TRANSIT SYSTEM RATE STRUCTURE 

Atlantic City Electric Co./PATCO 
Boston Edison Co./MBTA 
Braintree Light Dept./MBTA 
Cambridge Electric Light Co./MBTA 
Cleveland Electric Illuminating Co./GRCTA 
Commonwealth Edison Co./CTA 
Consolidated Edison Co./NYCTA 
Florida Power and Light Co./MIAMI 
Georgia Power Co./MARTA 
Massachussets Electric Co./MBTA 
Pactftc Gas and Electric Co./BART 
Philadelphia Electric Co./SEPTA 
Potomac Electric Power Co.(DC)/WMATA 
Potomac Electric Power Co.(MO)/WMATA 
Potomac Electric Power Co.(VA)/WMATA 
Power Authority State of New York/NYCTA 
Public Service Electric and Gas Co./PATCO 
Public Service Electric and Gas Co./PATH 
Virginia Electric Power Co./WMATA 

TABLE 2-3 

CLASS IF !CA TI ON 

Separate 
Modified High Voltage Industrial 
Modified High Voltage Industrial 
Modified High Voltage Industrial 
Modified High Voltage Industrial 

Separate 
Modified High Voltage Industrial 

Separate 
Modified High Voltage Industrial 
Modified High Voltage Industrial 

Separate 
Separate(pending) 
Separate 
Separate 
Separate 

Modified High Voltage Industrial 
Modified High Voltage Industrial 
Modified High Voltage Industrial 

Government 

DEMAND ASPECTS OF RAIL TRANSIT POWER RATE STRUCTURES 

ELECTRIC UTILITY/RAIL TRANSIT SYSTEM 

Atlantic City Electric Co./PATCO 
Boston Ediscn Co./MBTA 
Braintree Light Oept./MBTA 
Cambridge Electric Light Co./MBTA 
Cleveland Electric Illuminating Co./GRCTA 
Commonwealth Edison Co./CTA 
Florida Power and Light Co./MIAMI 
Georgia Power Co./MARTA 
Massachussets Electric Co./MBTA 
Pacific Gas and Electric Co./BART 
Philadelphia Electric Co./SEPTA 
Potomac Electric Power Co.(OC)/WMATA 
Potomac Electric Power Co.(MD)/WMATA 
Potomac Electric Power Co.(VA)/WMATA 
Power Authority State of New York/NYCTA 
Public Service Electric and Gas Co./PATCO 
Public Service Electric and Gas Co./PATH 
Virginia Electric Power Co./WMATA 

NOTES: 

DEMAND 
INTERVAL(mtn) 

15 
30 
15 
30 
60 
60 
30 
60 
15 
30 
30 
30 
30 
30 
30 
15 
15 

(1) Average of 3 highest demands/ month 

DEMAND 
CONSOLIDATION 

cotncdnt 
noncoincdnt 
noncoincdnt 
noncotncdnt 
noncoincdnt 
coincdnt 
cotncdnt 
coincdnt 

noncoincdnt 
noncoincdnt 
coincdnt(6) 
cotncdnt 
cotncdnt 
cotncdnt 
cotncdnt 
coincdnt 
coincdnt 

(4) 

(2) Average of 4 highest daily maximum demands 
(3) Average of 2 highest datly maximum demands 

or 75% of highest daily demand, whichever ts higher 
(4) No demand charge 

MONTHLY DEMAND 
DEMAND RATCHET 
max/mo yes 
max/mo yes 
max/mo yes 
max/mo yes 
max/mo no 

( 1 ) yes 
max/mo no 
max/mo(5) yes 
max/mo yes 
max/mo yes 
max/mo yes 
max/mo yes 
max/mo yes 
max/mo yes 
max/mo yes 

( 2) no 
(3) no 

(5) In months Jun - Sept max/mo, in months Oct - May 60%•max/mo 
(6) SEPTA DC transit demand ts cotnctdent, the AC commuter lines 

served through Wayne Junction has a separate demand 



TABLE 2-4 
NONCOINCIDENT AND COINCIDENT PEAK POWER DEMAND 

FOR TRACTION METERS ON THE WMATA RED LINE 

METER NAME 

FARRAGUT NORTH 

GALLERY PLACE 

UNION STATION 

NEW YORK o\VENUE 

RHODE ISLAND AVENUE 

BROOKLAND AVENUE 

NEW HAMPSHIRE AVENUE 

TAKOMA PARK 

SILVER SPRING 

TOTAL NON-COINCIDENT 

COINCIDENT 

TABLE 2-5 

METER NAME 

FARRAGUT NORTH 

GALLERY PLACE 

UNION STATION 

NEW YORK AVENUE 

RHODE ISLAND AVENUE 

BROOKLAND AVENUE 

NEW HAMPSHIRE AVENUE 

TAKOMA PARK 

SILVER SPRING 

COINCIDENT 

VALUE (KW) 

2399 

2441 

1741 

1831 

2200 

2961 

2506 

2252 

3542 

21873 

16572 

PEAK DEMAND 

TIME OF OCCURENCE 

17 :00 - 17:30 

17:00 - 17:30 

17:30 - 18:00 

16:45 - 17: 15 

17:45 - 18: 15 

17:45 - 18: 15 

17: 15 - 17:45 

17 : 30 - 18 : 00 

9: 15 - 9:45 

8: 15 - 8:45 

VOLTAGE VARIATION INFLUENCES ON POWER 

AVERAGE POWER (KW) % CHANGE 

NORMAL INCREASED VOLTAGE 

648 641 - 1 

232 206 - 11 

259 187 -28 

644 896 +39 

1236 1126 -9 

347 328 -5 

85 81 -5 

107 106 - 1 

173 173 0 

3731 3743 +.3 

179 



TABLE 2-6 
DESCRIPTION OF TYPICAL TRANSIT DEMAND RATCHETS 

ELECTRIC UTILITY/RAIL TRANSIT SYSTEM 

Atlantic City Electric Co./PATCD 

Boston Edison Co./MBTA 
Braintree Light Oept./MBTA 
Cambridge Electric Light co./MBTA 
Cleveland Electric Illuminating Co./GRCTA 
Commonwealth Edison Co./CTA 
Florida Power and Light Co./MIAMI 
Georgia Power Co./MARTA 

Massachussats Electric Co./MBTA 
Pacific Gas and Electric Co./BART 
Philadelphia Electric Co./SEPTA 

Potomac Electric Power Co.(DC)/WMATA 
Potomac Electric Power Co.(MD)/WMATA 
Potomac Electric Power Co.(VA)/WMATA 
Power Authority State of New York/NYCTA 
Public Service Electric and Gas Co./PATCO 
Public Service Electric and Gas Co./PATH 
Virginia Electric Power Co./WMATA 

DESCRIPTION OF RATCHET 

75% of average monthly demand In past 12 months, or 
75% of original contract capacity. or 1000 kW, whichever Is 
2/3 of highest monthly demand tn past 11 months or 5000 kW 
80% of highest montly demand or 75 kW 
95% of highest monthly demand lass 1000 kW 
Nona 
Highest monthly demand tn past 11 months 
Nona 
Seasonally dlffarantlated for preceding 11 months 
June - Sept: 

95% of highest monthly demand In previous summer months, or 
60% of highest monthly demand In previous winter months 

Oct - May: 
95% of highest monthly demand In previous summer months, or 
60% of highest monthly demand In previous winter months 

For all months no lass than 50% of contract capacity, or 
5000 kW, whichever ts greater 
80% of highest monthly demand In past 11 months 
12 month rolling average of monthly demand 
Seasonally differentiated 
Oct - May: 

80% of highest monthly demand In previous June - Sept, or 
40% of maximum demand specified In contract 

June - Sept: 
None 

Highest 
Highest 
Highest 
None 
Nona 
None 
None 

monthly 
monthly 
monthly 

demand tn 
demand In 
demand tn 

past 
past 
past 

two months 
two months 
two months 

greatest 

f-' 
(j) 

0 

f-' 
OJ 
0 



TABLE 2-7 1983/1984/1985 
ELECTRIC TRACTION ANNUAL FGJER COSTS 

Tot a 1 Cost s 
TRANSIT Al..lra)RITI /UITLI'IY 1983 1984 1985 1983 1984 1985 

t-W-1 tivli K,IH $ $ $ 

J\Ml'RAI( 

PHIUIDELPHIA ELECTRIC COMPANY 388,910 423,337 444,874 24,769,810 30,496,875 32,769,963 
PENNSYLVANIA FGJER AND 
UGHI' COMPANY 24,643 22,489 20,707 1,375,093 1,420,391 1~639,306 
BALTlMJRE GAS AND ELECTRIC 
COMPANY 79,015 84,037 89,562 3,820,727 4,511,424 5,003,278 

BART 

PACIFIC GAS & Il..ECTRIC COMPANY 232,301 238,667 243,592 14,070,796 15,512,278 19,048,644 

CTA/ICG 

O)HMJNWF.AL'Di EDISON COMPANY 352,318 365,964 395,940 21,282,681 23,907,024 25,860,801 

HAlITA 

GEORGIA FGJER COMPANY 84,697 92,318 130,574 3,565,679 4,264,358 5,774,166 

PATCO 

ATLANTIC cm ELECTRIC COMPANY 5,275 5,372 5,340 325,682 357,064 362,576 

RTA CLEVELAND 

'IllE CLEVELAND ELECTRIC 
ILLI.HINATillG O)MPANY 35,115 37,213 40,149 2,748,312 2,772,567 3,044,796 

SEPl'A 

PHIUIDELPHIA ELECTRIC POWER CO. 246,918 267,361 273,583 16,163,168 19,345,569 21,562,024 

\.t1ATA 

PCYI'OHAC ELECTRIC FGJER COMPANY 270,144 302,102 358,776 17,513,247 19,933,577 24,668,671 
~ 

VIBGINIA ELECTRIC POWER COMPANY OJ 

(EXCLUDING FACILITIES CHARGE) 
~ 

65,000 73,000 85,000 2,793,589 2,932,512 3,652,000 
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3. LOAD MANAGEMENT 

3.1. INTRODUCTION 

Load management is a term which refers to the control of the power demand 

component of the electric bill. Control can be accomplished in two ways. The first 

method is to provide an operational response to predicted values of high demand. 

The second method is to assure that high demand does not occur. 

The first method involves monitoring, predicting and controlling peak power 

demand. It requires a monitoring system which can observe power demand in real 

time. The results of the observation are then used to pre-dieted peak demand in the 

given demand interval. An appropriate operational response such as performance 

modification affecting traction power or reduction of support power is then initiated. 

The second approach is assurance that demand will not exceed a given value. 

Various energy conservation strategies, which have already been discussed, do reduce 

peak demand. Since on most rail transit systems, peak demand will occur during 

peak transit operation (AM and PM rush hours), any strategy which reduces energy 

consumption during this period will reduce peak demand. 

Another strategy which can be considered in the assurance category (rather than 

monitoring, prediction and control) is load leveling through energy storage. The basic 

strategy uses energy storage devices to absorb power during off-peak times and 

re lease power to the rail system during peak periods. 

The cost effectiveness of load management strategies is particularly sensitive 

to the demand charge and method of computing billing demand. With no demand 

charge (just an energy charge), load management is not cost effective. A system 

which levels load through energy storage can hinge its cost-effectiveness on the 

energy rate of the power rate structure as well, since losses in the storage system 

use extra energy. 
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The reduction of peak power demand through load management may be negated 

by an increase in the demand rate as a response of the electric utilities, in order to 

maintain their rate of return on the investment allocated to the transit agency. In 

order to avoid this situation, the transit authority must maintain a knowledgable 

representation at rate case hearings. 

3.2. POWER DEMAND MONITORING 

Three forms of power demand monitoring are possible: real time, batch 

process and electric bill. Real time monitoring is most appropriate when a load 

managment system is installed to provide an operational response to predicted 

values of high demand. Batch process and electric bill monitoring are more 

appropriate in energy audits, where causes for high demand are investigated after the 

fact. 

3.2. 1. Real Time Monitoring 

Power demand monitoring in real time means a system whose objective is to 

observe the demand trend over the early portions of the demand interval and predict 

the demand level for the interval. If it appears that the demand will exceed some 

set limit, a warning is issued so that precautions may be taken to reduce the 

demand. The precautions may be part of an automatic or manual response scenario. 

A generic demand monitoring system is shown in Figure 3-1. · The power 

consumption and supply voltage are monitored near each metering point. It may be 

possible, upon agreement with the electric utility, to use the potential and current 

transformers associated with their meters, to monitor demand. In the event that this 

is not possible, one or two potential and current transformers will be required per 

metering point. It is important that the monitoring point be as electrically close to 

the utility metering point as practical, since the monitoring system can also be used 

to determine billing components to verify electric bills and disagreements are more 

I ikely to be real if the condition of closeness is met. The ideal monitoring point is 
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on the same feed point as the utility meter, with zero inpedance between the 

monitoring point and the electric meter. An even better situation is joint monitoring 

by both the utility and the transit authority. 

The outputs of the potential and current transformers are fed to the inputs of a 

multi-element power transducer which produces output proportional to input. The 

output of one of the potential transformers is fed through a voltage transducer to 

produce a signal proportional to the supply voltage. 

The outputs of the transducers are connected to the inputs of the remote 

transmitting units (RTU) (Figure 3-1) which convert them into frequency domain, 

multiplexed FM signals suitable for transmission over voice grade telephone lines. 

Each RTU transmits data along a single dedicated telephone line to the Central Office 

Equipment (COE) located at the data collection facility. 

The COE separates and demodulates the two channels coming from the RTU. 

Each signal is processed and filtered to give the time average of its value (power or 

voltage) over some short, past time interval (typically 30-60 seconds). The COE 

contains a microprocessor that is programmed to sample power and voltage at each 

short time interval and pass the digitized results to the main Data Collection 

Computer (DCC), on command. via a serial link. 

In the main DCC. the data from each meter are processed separately. The 

appropriate meter consolidation is made by summing the individual meter powers into 

appropriately consolidated meter curves. The slope and area under the power curve, 

together with other appropriate information. are evaluated over the early portion of 

the demand interval to predict the demand for the interval. The other appropriate 

information may be data from a train control computer. which allows a computation 

of car-miles to be made and ambient temperature. 

temperature can be used as peak demand predictors. 

Both car-miles and ambient 
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If a critical value of final demand is predicted, an alarm will sound, and those 

meters which are contributing the most to peak demand are displayed. In the case 

of an Automatic Train Control (ATC) system, a capability would exist for passing the 

warning to that unit for further processing. If the response would be initiated by a 

Support Power Control Unit, the warning would be passed to that unit. Since some 

experience will be required to develop some of the control algorithms, it is expected 

that initially the load would be shaved manually. 

All of the data for a given demand interval is stored in a non-volatile memory 

to prevent loss in the event of a power fluctuation at the data collection facility. 

At the end of each day, data from memory are archived, so that historical 

information can be summoned for electric bill audits, rate case developments and 

investigation of unusual events. 

A real time demand monitoring system will require proper maintenance. Many 

of the newer transit authorities now have parts of such systems which are not 

working because of lack of maintenance as well as poor reliability. 

calibration of the transducers is a necessity. 

Regular 

The load monitoring system should be able to function under most common 

failure circumstances. Failure to predict demand levels can result in two problems: 

1. Prediction of demand levels higher than actual, resulting in unnecessary 
reduction of transit system performance. 

2. Prediction of demand levels lower than actual, meaning higher electric 
bills, which reduces the return on the investment in the load management 
system. 

3.2.2. Batch Process Monitoring 

Some Electric utilities record metering information on magnetic tape for 

subsequent processing into electric bills. In the case where real time monitoring is 

not economically viable and where metering information is recorded, batch process 

monitoring may be desirable. This type of monitoring consists of certain types of 
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analyses of these metering records designed to understand the nature of peak 

demand. 

The detailed analyses which are possible using batch monitoring of metering 

records are described in Sections 5.2 and 5.3 under the energy audit material. Batch 

process monitoring is actually a partial energy audit. 

3.2.3. Electric Bill Monitoring 

For those transit agencies which cannot use batch process monitoring because 

they do not have access to detailed metering records, monitoring of electric bills is 

possible. Because the value of peak demand, but not necessarily the time of peak 

demand, is usually presented on the electric bill, it is necessary only to keep records 

of car-miles/hour and any abnormal traction or support operation to determine how 

this peak demand was achieved. 

Regression analysis using ambient temperature can be conducted, but only on 

the basis of average monthly temperature. Likewise, regression analysis to determine 

monthly energy consumption as it relates to car-miles/month can be carried out to 

determine the average monthly background power and the energy per car-mile. 

3.3. POWER DEMAND REDUCTION OPPORTUNITIES 

There are two classes of strategies which can be used to reduce power demand 

in response to a real time prediction of high power demand in a given demand 

interval. These strategy classes are traction performance modification and support 

power reduction. Both classes of strategies fall into the category of energy 

conservation as wel I. 

Load leveling through energy storage can also be considered a power reduction 

strategy. It would not be used as part of a real time load management system (as a 

response to a real time prediction of high power demand), but on an everyday basis 

to keep the power demand component of the electric bill low. 



3.3. 1. Traction Performance Modification 

Since peak traction power demand will occur at most of the traction power 

meters during peak transit operating times, traction performance modification would 

be a particularly useful response, especially when the train operating performance is 

critical to maintaining system capacity. Thus, under most conditions, when 

predictions of peak demand do not exceed the specified limit, traction performance 

would remain high in order to maintain system capacity. However, during the unusual 

circumstances of a prediction of demand exceeding the limit, transit capacity would 

be allowed to deteriorate to maintain the demand below some prescribed limit. 

It is important to recognize that performance modification would only be 

initiated in response to high demand prediction, only when capacity reduction would 

be traded off for reduced peak demand. If capacity would not suffer under 

conditions of performance modification, then the strategy should always be used 

during the peak period, saving both demand and energy, without the need for 

monitoring. 

Speed reduction, coasting and optimum performance modification could be used 

as the response strategy. If on of these strategies is being used during the off-peak 

transit operating periods, and not used during the peak periods because of the 

problem of transit capacity reduction, this strategy would be a good candidate. In 

some cases, selective application of the strategy would be adequate to limit power 

demand. For example, a small reduction of traction performance across the board as 

opposed to a larger reduction in certain regions of the system may be appropriate. 

In all cases, the criteria is always the minimum response to limit demand with the 

minimum effect on system capacity. 
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3.3.2. Support Power Reduction 

Just as traction performance modification could mean reducing the traction 

power, support performance modification can result in support power reduction. If 

support power reduction is the choice of response to limit peak power demand, then 

the same logic applies as in the case of traction performance modification, namely. 

application of the strategy must be traded off for support function deterioration. 

Again, if no support function deterioration occurs as a result of the response, then 

the application of the strategy should be made a permanent part of normal operation. 

saving energy dollars without the need for real time load monitoring. 

Since the reduction of the support function must occur during the peak tr ans ,t 

operating time, very few support function responses can be accomodated. Ger,e, a I I y, 

reduction of heating, air conditioning and ventilation make the best response 

candidates. One definite requirement is that operating the support functic•n 

contributes enough to peak demand so that its reduction will bring peak dernano 

under the required limit. The support functions of signalling. communications. t'a ,, 

control, lighting. escalators and elevators are generally necessary during peak tra,," , 

operating time. 

As in the case of traction performance modification, the minimum suppor: 

power reduction response to limit peak demand is all that is required. 

3.3.3. Load Leveling Using Energy Storage 

A power demand reduction opportunity, which does not require a real time. or 

any other kind of monitoring system is load leveling using energy storage devices. 

Recently, much attention has been given to such systems where the energy stor :e ~-:: 

device is a large complex of batteries. 

The energy storage devices are charged during off-peak periods, when poy,, c-

demand is low. They are used as power sources during the peak periods when 



power demand is high, to supplement power being provided by the electric utility. 

The concept is shown with the help of Figure 3-2. In the figure, a typical double­

peaked daily load curve is shown. Charging of the energy storage devices occur 

during the off-peak periods. The utility power supply is supplemented from the 

storage devices during the peak period, "shaving" the load required to be served by 

the utility. Since energy storage devices are not 100% efficient, some energy is lost 

in the charge, discharge and natural decay of the energy storage device. 

No deterioration of transit operating performance occurs because of peak I oad 

shaving using energy storage. Equipment is needed to store energy and to control 

·charging and discharging. Additional energy use will be required because of the less 

than 100% efficiency of the energy storage devices and control apparatus. 

3.4. COST AND BENEFIT 

3.4.1. Load Management with Demand Monitoring 

As used in this context, load management will involve power derT'~ri:; 

monitoring and the ability to respond to a projected high peak demand by chang nr; 

operating procedures. The power demand monitoring may be on a real time basic, 

batch processing of metering information, and/or analysis of electric bi I ls. whi: e 

changing operating procedures could mean exercising performance modification o• 

support power reduction strategies during the peak transit operating period. In each 

case there is a cost and benefit involved. The benefit is measured as the savings ir 

the demand component of the electric bill. The costs will involve both an init J 

investment (capital) and recurring costs (operating). 

3.4.1.1. Cost Information 

Budgetary estimates were made for the three classes of monitoring methods. 

These estimates are presented in Table 3-1. The high voltage equipment mentior,eJ 

in the Table are the current transformers (CT) and potential transformers (PT) needed 

to monitor the high voltage lines. If the electric utility allows the use of their C, 

and PT's, then the cost is much less as shown in Table 3-1. 
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Batch process and electric bill monitoring are much less expensive than real 

time monitoring. 

3.4. 1.2. Benefit 

The main benefit achieved from load management is the reduction of the 

demand component of the electric bill. In a real time demand monitoring situation, 

the savings (and thus the payback period and return on investment) depends on how 

much time into the demand interval is al lowed to pass before the response is 

initiated. 

The load management concept of real time demand monitoring, prediction and 

control was investigated on both WMATA and MARTA rail systems. The same 

method of monitoring and prediction was utilized; namely, that illustrated 

conceptually in Figure 3-1. The demand control method used on each system is 

different. 

Because the demand interval at WMAT A is 30 minutes, peak demand reduction 

was estimated for reactions at 10, 15 and 20 minutes into the demand interval. The 

control reaction in this case was to initiate coasting. 

Table 3-2 shows the basic cost components of the monitoring equipment. 

Table 3-3 lists the details of the energy cost savings affected by the load 

management system. Table 3-4 summarizes the cost/effectiveness . of demand 

control, using coasting as the control option. 

On the MARTA rail system. the control approach used for load management 

was different. In this case, shutting down the chiller load (support power reduction) 

would be the control reaction. 

Because the demand interval at MARTA is one hour, operation of the control 

strategy was assumed to begin at 20, 30 and 40 minutes into the demand interval. 

The range over which load was shed was varied from 1000-S000kW. 
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Table 3-4 shows the basic cost components of the load monitoring and 

prediction portion of the system. Table 3-5 presents the cost/effectiveness of the 

load management system. Although payback periods are within acceptable limits at 

MARTA, it was difficult to find even 1000kW of load to shed under present operating 

conditions. 

The biggest payback at MART A occurs because of the summer ratchet, which 

means paying 95% of the summer demand charge all year round. Removal of the 

ratchet by the the Georgia Power Company could negate the effectiveness of the 

load management system. 

3.4.2. Load Leveling Through Energy Storage 

Load leveling systems which use energy storage are based on batteries as the 

storage device. Bechtal Inc. has 'done several studies in this area for transit as well 

as other applications. The concept is to charge a large battery system during off 

peak hours and use that energy during peak hours to reduce peak demand. 

3.4.2.1. Cost Information 

Load leveling system costs include both capital and operating costs. The 

capital costs represent the investment which includes procurement and installation of 

batteries and power control devices and installation of the plant. The initial 

investment is broken down into three categories: the cost of the batteries. the 

power converter and the balance of the plant. The initial investment is made in the 

initial year. 

Since batteries have limited life, usually based on charge-discharge cycles and 

depth of discharge, it is necessary to replace them periodically. Batteries are usually 

accredited with an eight year lifetime in this type of service. 

Investments for each of the three parts are usually determined by the formula 

C=C +C +C 
B C P 



192 

where C is the total cost, 

C
8 

= C
80 

+ C
81 

• (KWH) 

is the battery cost. The converter cost is 

cc = Ceo + cc, (KW) 

The fixed plant cost is 

Table 3-7 provides a listing· of these cost coefficients 2 for Lead-Acid and Zinc­

Chloride Batteries. These costs were obtained by Bechtel through discussions with 

manufacturers. 

The $400K fixed cost in the converter unit covers anticipated development and 

engineering costs. The $100K in fixed plant costs purchases a computerized control 

unit which automatically puts the system on line at appropriate times. 

The operating savings of a load leveling system based on battery energy 

storage is the reduction of the demand component of the electric bill less the 

operating and maintenance expenses of the system. 

The reduction in peak demand related to peak load shaving may not be directly 

translatable to reduction in the demand component of the electric bill. Existence of 

ratchets will generally complicate the estimate. 

3.4.2.2. Benefit 

The benefit of peak load shaving is reduction of the demand charge which is 

offset by additional energy cost incurred because of load leveling system 

inefficiency and auxiliary power required to operate the system. 

Table 3-8 presents the energy cost savings. payback period and annual cas flow 

achievable for different battery system sizes. 

2
•Economic Analysis of Storage Battery Systems for Demand-Peak Shaving" 
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No ratchet effects have been included. Ratchets tend to make payback periods 

longer. Payback periods of less than three years are difficult to achieve unless 

demand charges are very high. 

3.5. LOAD MANAGEMENT AND THE POWER RATE STRUCTURE 

The cost-effectiveness of load management systems depends upon the demand 

charge of the electric utilities. If the load management system contains an energy 

storage device such as in a peak load shaving operation, then the energy charge will 

also play a part in the cost-effectiveness. 

The demand charge depends upon the billing demand and the demand rate. As 

was mentioned previously, the billing demand is usually a formula which is based on 

several basic elements including the demand interval, the method of demand 

consolidation, the monthly demand and the ratchet. A change in any of the elements 

of billing demand or the demand rate will change the payback period of the load 

management system. 

The uncertainty in the future of the demand charges by the electric utility 

presents a long term risk in the investment of a load management system. Since 

the basic objective for the investment into such a system is to save money on the 

electric bill, a short payback period is appropriate. A payback period no longer than 

three years would mean that electric bill savings would be realized in the fourth year 

after the system began operation. 

Reduction of peak demand will shift the burden of rate increase toward other 

customer classes serviced by the utility. The degree to which this shift occurs 

depends on many factors, in addition to the degree of peak demand reduction 

attainable. 

1. The fraction of peak demand attributable to the transit system as a 
member of his customer class. 

2. The fraction of peak demand attributable to the customer class of which 
the transit system is a member. 
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3. The relation of the time of peak demand of the agency to utility peak 
demand. 

4. Facilities set aside for exclusive use of transit. 

5. The ratio of peak demand to energy plus customer components in cost 
categories. 

One strong argument for initiating load management is that other customer 

classes of the utility will manage their loads, shifting the cost burden to the transit 

system. Under these circumstances, load management would become a purely 

defensive measure. 

Load management is particularly useful, without any repercussions from the 

utility in the form of a rate increase, whenever service (car-miles/hour) is increased. 

If demand can be held at the preexpanded service level, the utility has no basis for 

initiating a rate increase. 

The cost effectiveness of load management is dependent on the ratio of the 

demand/energy use component of the electric bill. As the electric bill becomes more 

demand determined, load management is more desirable. 
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TABLE j-1 P0jj£R ~E~AND ~ONl 10RIN6 COST CO~PO~ENTS I1qso DOLLARS! 

REAL rr~E ~CN[f0P.!N6 

'.NIT!~L INVEST~ENT 
128~2~0/ietering ~i:u:'?t 
!Sl3.450/tet!rlng point ~~s; ~1;~ 
10! tage e:;u1 ;aenti 

RECURRING COST 
Telephone Lines S4011onth/1eter:ng po:~t 
~on1tor1ng Technician $0~ 1 000/ ■an-year 

, Independent of nu■ber of aeters 1on1 tared! 

The 1n1tial invest ■ent is based on a sixteen utering point syste1: 

Hardware Cost <Less High Voltage Equip■entl 
High Voltage Equ1p1ent 
Engineering Labor 11 1an yeul 
Total 

BATCH PROCESS t!ONITORIN6 

l~IT!AL lNVESTftENT 
Co111uter Progra1s 

RECURRING COST 
Co1puter Tiu 
En_gineering Tiae (1/4 ftY/YJ 

ELECTRIC BILL IIONITORIN6 

NO INITIAL INYESTIIENT 
RECURRIN& COST 

Engineering Ti11 (1/10 ftY/Y) 

Sl23,000 
S237 ,000 
$42,000 
$452,000 

S30,000 

S700/1onth 
Sl'120/1onth 

$170/10nth 



BASE 
DEMAND 

DEMAND SAVINGS 
RATE (KW) 

PEPCO DC I 1. 70 2300 
PEPCO MD 9.85 670 
PEPCO VA 7.85 150 

10 f AL 3120 

TABLE 3-2 COST OF DEMAND MONITORING EQUIPMENT 
FOR WMATA (1983 DOLLARS) 

INITIAL INVESTMENT (72 METERING POINTS) (SM) 

With high voltage equipment • 
Without high voltage equipment• 
Coasting Modificatton to fleet •• 

1. 77 
0.84 
0.04 

RECURRING COST (SK/month) 

• 

•• 

••• 

Telephone 11nes ••• 
Monitoring Technician 

2.3 
4.2 

Based on initial investment of $24,560/metering point 
($11,690 tor monitor plus high voltage potential and 
current transformers) 

Initial coasting investment of S32,000 In 1981 escalated to 
1983 dollars. 

Estimated at S32/month/meterlng point. 

TABLE 3-3 
ENERGY COST SAVINGS OF LDAO MANAGEMENT ON WMATA USING COASTING ( 1983 DOLLARS) 

MONTHLY DEMAND SAVINGS(KW) ENERGY COST SAVINGS 
COASTING INITIATED AFTER: SK/MONTH 
10 MIN 15 MIN 20 MIN 10 MIN 15 MIN 20 MIN 

1533 1150 767 17.9 13.5 9.0 
447 335 223 4.4 3.3 2.2 
100 75 50 0.8 0.6 0.4 

2080 1560 1040 23. 1 17. 3 11.6 

>-" w 
c;, 



TABLE 3-4 
COST/EFFECTIVENESS OF LOAO MANAGEMENT AT WMATA ( 1983 COLLARS) 

WITH• WITHOUT• 
INITIAL INVESTMENT(SM) 1. 8 1 0.84 

RECURRING MONTHLY COST(SK) 6.5 6.5 

MONTHLY SAVINGS($K) 

10 MIN•• 23. 1 23. 1 
15 MIN 17.3 17.3 
20 MIN 11. 6 11. 6 

PAYBACK PERIOD(YRS) + 

10 MIN•• 6.2 3.4 
15 MIN 8.2 4.8 
20 MIN 12.7 8.2 

• High Voltage Equipment 
•• Time of demand interval when coasting 1s Initialized 

+ Based on 12"/year cost of mo,,ey 

TABLE 3-5 COST DETAILS OF REAL TIME POWER DEMAND MONITORING 
SYSTEM ON MARTA (1985 DOLLARS) 

A. Initial Cost 

Hardware Cost 
High Voltage Equipment 
Engineering Labor (1 MY $901<) 

Total w/o high voltage equipment 
w high voltage equipment 

B. Recurring Cost 

Telephone Lines $38/Month/Mtrg Pnt) 
Technician ($SOK/yr) 

TOTAL 

$191K 
$368K 
$90K 

$281K 
$649K 

$11.9K 
$60.0K 

$71 . 9K 

lS7 
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TABLE 3-6 
COST/EFFECTIVENESS OF LOAD MANAGEMENT ON MARTA (1985 DOLLARS) 

WITH• WITHOUT• 

INITIAL COST($K) 281 .o 649.0 
RECURRING COST($K/MONTH) 6.0 6.0 

DEMAND RATE($/KW) 

BASE DEMAND LEVEL(KW) 1000 :2000 
DEMAND SAVINGS(KW) 

20 MIN•• 667 1333 
30 MIN 500 1000 
40 MIN 333 667 

DEMAND SAVINGS($K/MONTH) 
20 MIN•• 7. 7 15.5 
30 MIN 5.8 11. 6 
40 MIN 3.9 7.7 

PAYBACK PERIOD(VRS)(WITHOUT HV EQUIPENT)+ 
20 MIN•• NP 2.2 
30 MIN NP 3.4 
40 MIN NP NP 

PAYBACK PERIOD(YRS)(WITH HV EQUIPMENT)+ 
20 MIN .. NP 4.4 
30 MIN NP NP 
40 MIN NP NP 

• H1gh Voltage Equ1pment 
•• T1me 1nto Demand Interval for Load Shedding 
+ Cost of money at 12%/year 
NP No Payback 

TABLE 3-7 COST COEFFICIENTS FOR 
BATTERY STORAGE SYSTEM (1985 DOLLARS) 

SIZE (MWh) 

, l)(, 

U',l 
,1 1,:) 

t) I),) 

H UU 

6.00 

BATTERY COST 

FIXED UNIT 
C C 

BO 8 1 
(";K) 1$/KWHI 

t) \l 1 ')() :l( J 

" ' 
1 d 1, ,,, 

" l•l .' ',1J 

1_) • !J I 1·1 1,.1 

(} l_)IJ I I' '.14 

0 OU ~ti I . 4ti 

11. 62 

3000 4000 5000 

2000 2667 3333 
1500 2000 2500 
1000 1333 1667 

23.2 31.0 38.7 
17. 4 23.2 29. 1 
11. 6 15.5 19.4 

1 . 3 0.9 0.7 
1. 8 1. 3 1.0 
3.4 2.2 1. 6 

2.7 2.0 1 . 5 
3.8 2.7 2. 1 

NP 4.4 3.3 

CONVERTER COST PLANT COST 

FIXED UNIT FIXED UNIT 
C C C C 
co C 1 p PO 

( $K) ($/KW) ($K) ($/KWH) 

4()() 00 370.00 100 00 295.20 
,1()1>.00 2SO 45 100.00 1B7 85 
,t1JU.OO 19A 30 100 00 155.83 
•11)() uo 1'..lti. 4H 100.00 146.98 
400 00 1fl8 6~ 100.00 135 B4 
400 00 196.41! 100.00 262. 70 

f--' 

'° co 



Table 3-8 Summary of Peak Load Shaving Effect tveness 

Total 
System size lni t ial Capital Demand Payout Avg. annual Avg. annual 

Invsmnt Invsmnt Charge Time Net Savings Cash Flow 
MW KS KS $/KW YRS KS KS 

--------·-- ------- ------- ------- ------- --------- ----------
2. 1,703 2,285 5.00 >25 -69. 

i0.00 >25 -7. 
( i MW shaved 15.00 13.21 146. 55. 

20.00 9.25 209. 117. 
----------- ------- ------- ------- ------- --------- ----------

4. 2.502 3,628 5.00 >25 -78. 
10.00 15.68 191. 46. 

( 2 MW shaved 15.00 7.85 315. 170. 
20.00 5.64 439. 294. 

----------- ------- ------- ..................... ----·-- --------- ----------
6. 3,300 4,970 5.00 >25 -87. 

10.00 13.52 298. 99. 
( 3 MW shaved 15.00 6.77 484. 285. 

20.00 4.89 670. 471. 
----------- ------- ------· ------- ------- --------- ----------

10. 4,896 7,655 5.00 >25 -105. 
10.00 11. 92 511 . 205. 

( 5 MW shaved 15.00 5.93 821. 515. 
20.00 4.31 113 t. 825. 

----------- ------- ------- ------- ------- .................... ----------
14. 6,492 10,340 5.00 >25 -124. 

7.50 19.73 507. 94. 
10.00 11.26 724 311. 

( 7 MW shaved ) 15.00 5.58 1159. 745. 
20.00 4.07 1593. 1179. 

----------- ------· ------- ------· ------- --------- ----------
Notes: Assumed 2 cycles per day 

each cycle 2 hours long. 
Therefore, for example, if the demand ts shaved by 1 MW, 
then the battery delivers 2 MWH per cycle, and this has to 
be the size of the battery/system. 

Have taken 2 cycles per day, 20 days per month every month 
of the year, for a total of 480 cycles per year. 
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4. RAIL TRACTION ENERGY MANAGEMENT 
MODEL 

4.1. INTRODUCTION 

The rail transit energy management model (EMM) is a group of computer 

programs which can be used to study the traction power costs on rail transit 

systems and electrified commuter railroads.The EMM consists of two major 

simulators and several computer programs which service these simulators both on the 

input and output side. The two major simulators are the Train Performance Simulator 

(TPS) and the Electric Network Simulator (ENS). Both work together to simulate 

schedule performance and energy consumption under normal and abnormal operation 

and under the application of energy conservation strategies to the transit system. 

Although originally designed for application to electric powered transportation 

systems, a fuel consumption routine has been added to the TPS and allows 

simulation of energy consumption on non-electrified systems. 

The next section presents a brief description of the EMM and its capabilities. 

The next two sections describe the TPS and ENS, respectively, their input 

requirements and output capabilities, and the methodologies used in simulation. 

4.2. BRIEF DESCRIPTION OF THE ENERGY MANAGEMENT MODEL 

4.2.1. Objectives 

The package of computer programs which constitute the EMM has been 

designed to meet certain functional and architectural objectives. 

4.2.1.1. Functional Objectives 

The functional objectives define what the package is expected to accomplish. 

They are: 

1. To realistically simulate power and energy use of existing and future 
electric powered transportation systems. 
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2. To separate the system's energy consumption into its important end uses 
and to provide the means to identify cause-effect relationships between 
the end uses and equipment design and operating practices. 

3. To provide the means to develop, refine and test energy conservation 
strategies before they are tested and implemented on the real system. 

4.2.1.2. Architectural Objectives 

The architectural objectives define how the package is built. They are: 

1. To be modular at all levels so that any module can be developed, tested 
and verified, independently and can be inserted or replaced in the package 
without a major retrofit, which affects the package integrity. 

2. To have a maximum of hardware independence and to be written in a 
widely used language. (In practice, no large package can come close to 
being machine independent, but steps can be taken to minimize the effort 
required to move the package from one computer to another.) 

3. To have enough flexibility in structure to accommodate new models, new 
energy conserving strategies and new technology. 

4.2.2. Approach 

The approach to simulating an electric powered transportation system; i.e., to 

determine its schedule performance, power flows and energy consumption, and other 

pertinent information, involves the following steps: 

1. For each train in the system, assemble raw data on its physical and 
performance characteristics, the route and schedule it is to follow, and the 
physical characteristics of the route it is to follow. 

2. Assemble raw data on the electrical configuration and component 
characteristics of the network supplying power to the trains. 

3. The raw data assembled in steps 1 and 2 are processed and put into a 
form which is acceptable to the simulators. 

4. Treating each train separately, calculate tables of its speed, position and 
power draw against time (hereafter called a power profile); and. from 
these tables, assemble a master table, which for selected time instants 
which span the period under investigation, contains information on the 
locations and electric power draw of every train on the system. 

5. 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. 

6. Integrate the power flows over all of the time instants in the simulation 
period to give energies and wattless flow. 
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In steps 1-6, the transportation system's energy consumption is synthesized 

from its end uses (examples of these end uses are energy consumed by on-board 

auxiliaries, losses in propulsion equipment, third rail losses, etc.). Thus, the 

simulation provides a means to identify the end uses, calculate the overall 

consumption and test sensitivities of both end uses and consumption to changes in 

design and operation of the system. 

The EMM is designed to be run by competent engineers who have electrical, 

computer and transportation system experience. Recognizing this, allowances are 

made for knowledgeable professionals to interact with the package at two levels: 

1. Through identification and creation of strategies that are systematic 
enough to be automated and consequently can become permanent package 
features; and, 

2. Through direct interaction with the package in a time shared mode so that 
knowledgeable trial-and-error can be used to find solutions. 

The overall package is assembled from the principal modules shown in Figure 1. 

Each of the programs within the modules is an independent entity developed, tested, 

verified and used, separately. All programs are written exclusively in FORTRAN 77. 

Each principal program is modular in structure to facilitate continued development, 

maintenance and upgrading. At every level, each module is defined with respect to 

its function, input and output. 

4.2.3. Principal Modules 

The EMM consists of five principal components: a Train Performance Simulator, 

an Electric Network Simulator, an Energy Cost Module, an input File Construction 

Module, and a File Manipulation Module. The deployment of the principal and 

support components of the package is shown in the figure. 
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4.2.3.1. Train Performance Simulator (TPS) 

The TPS accepts as input, vehicle parameters such as weight, propulsion system 

characteristics (tractive effort and efficiencies vs. speed and tractive effort), 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 vehicle (batteries or flywheels), dissipative devices aboard the 

vehicle (resistors). or other trains external to the train (regeneration) using the power 

distribution system. 

Various forms of coasting (running trains with a power off condition) can be 

accommodated. 

There are many other programs that can perform some or all of these 

functions. This program is unusual, not in terms of its functions, but its structure. 

First, it is modular and therefore can continue to easily grow. For instance, if new 

propulsion system models, or more accurate train resistance formulae are needed, the 

existing modules in which these are contained can easily be augmented or replaced. 

4.2.3.2. Electric Network Simulator (ENS) 

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 rai I, catenary or trolley impedances, running rail impedances, substation 

locations and characteristics, operating voltage both nominal, maximum and minimum, 
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characteristics of the distribution network, the substations. and metering point 

locations. This progr.am simulates the movement of the trains by taking snapshots of 

the entire system at fixed intervals of time. The calculated output of this program is 

a complete electrical picture of the system including power flows, voltages, currents 

and losses at all salient points. In particular, power through metering points (forward 

and reverse), power distribution system and substation losses are computed. 

Capability for regeneration to other trains and/or through regenerative substations 

(even though metering points) is also included. 

4.2.3.3. Energy Cost Module (ECM) 

The Energy Cost Module (ECM) consists of two computer programs which use 

the output of the ENS to compute such things as power demand at meters, 

coincident power demand and energy consumption. It does not compute energy costs 

directly, but rather provides the basis for a simple manual computation of these 

costs. This approach was taken since power rate structures vary greatly among 

transportation authorities. 

The two programs which constitute the ECM are the Appended and Consolidated 

Load Curve (APL) program and the Energy-Demand Consolidation (EDC) program. 

The APL uses as input, meter load curves which have been generated by the 

ENS. It appends these load curves and consolidates them by only selecting those 

meters which are designated for consolidation (i.e., they belong to the same power 

company or some other reason for consolidation). The time span of the resulting 

appended coincident load curve is the union of the set of time spans from the 

individual load curves. 

The EDC uses as input a set of coincident meter load curves and summarizes 

the meter readings over the stated demand intervals. 



207 

4.2.3.4. File Construction Module (FILCMDI 

The FILCMD is a series of computer programs, which interact with the user to 

transform raw transit system and vehicle data to files which are acceptable input to 

the ENS and TPS. A brief description of each of these programs is given here. 

AMF - Current Position File Construction I The positions along the track where 

instantaneous and RMS third rail or trolley current(amps) is to be calculated and 

displayed as output from ENS are specified using this program. The resulting file is 

used as input to the ENS. It requires a successive entry input file created by the 

user, either manually, or by using the program SUC, to be described later. 

CLF - Control Fi le Construction : Control and system type parameters, such as 

displays desired, train movement direction, maximum speed, acceleration and 

deceleration, and coasting parameters are developed using this process. The resulting 

file is used as input to the TPS. 

NFC - Network File Construction : The electric network, in which the transit 

system operates and from which it obtains power, is specified using this program. 

The resulting file is used as input to the ENS. 

OPF - Operating File Construction I This program constructs the operating file, 

which is used as input to the ENS. The file contains the time range over which the 

simulation is to run, and the time interval between snapshots of the power flows in 

the electric network. 

STF - Station File Construction I This program constructs the station file, from 

an input file which was created by the user, either manually or using the program 

sue, described next. The station file contains the position and names of the 

passenger stations and stops as well as dwell times and expected passenger 

loadings. 
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SUC - General File Construction : This program is a general file construction 

process which uses an input format file to prompt the user to create a file 

consisting of records whose lengths are one entry. The successive records in the file 

fol low the format and may be repeated indefinitely. The resulting output is an 

intermediate file which is used as input to other FILCMD programs, which create the 

final ENS and TPS acceptable files. Intermediate files created in this manner are 

station, grade, curve, speed restrictions, route and current position. 

TLF - Train Location File Construction The specification of the method 

(headway, position, timetable) for locating trains on the electric network and the 

subsequent construction of the train location file is achieved using this program. Tne 

resulting file is used as input to ENS. 

TNF - Train File Construction : This process is used to create the train fii2, 

which is input to the TPS. The TNF uses a propulsion model which calls on act•Ja, 

manufacturer's data to determine propulsion system efficiencies in power and o~ a~,, 

modes. It can accommodate cam or chopper control with series or separately exc,:e ~ 

motors. 

TRF - Profile Construction : This program is used to create a file in a format 

acceptable as input to TPS, given an intermediate file of successive entry records, 

containing the data. The intermediate file is either generated manually or by using the 

program sue. 

4.2.3.5. File Manipulation Module 

There are several utility programs which manipulate the output files from the 

ENS and TPS. These programs are described below. 

CMB - Power Profile Appender : This process appends several power profiles, 

which are output from the TPS and combines them into one power profile. This 

utility is exercised when it is convenient to run train performance on several 



connected track segments separately, and later combine the results for input into the 

ENS or other programs. 

EXP - Load Curve Projector : This process is useful to expand meter load 

curve cycles over time, when it is known that the original load curve is cyclic in 

nature. Such would be the case for a transit system operating with constant headway 

between identical trains. 

PAV - Power Profile Averager This program develops an average power 

profile given two or more power profiles(TPS Output) from different trains. For 

example, a train made up of mixed chopper and cam control cars with ident;cai 

performance characteristics could be simulated by running two trains, one of them 

with all chopper cars and the other with all cam control cars. Using PAV, the mixec 

train power profile is developed from the other two power profiles. 

4.3. TRAIN PERFORMANCE SIMULATOR 

The TPS is a program which accepts input data describing the characteristics c' 

a train and information about stations, grade, curvature and speed restriction prof,! es 

of a corridor. These data are used to simulate the motion of the '-ain along the 

corridor in order to obtain the trajectory of the train (speed and time vs. distance 

along the corridor) as well as its power profile in a format acceptable to the ENS. 

4.3. 1. Input 

Input data for the TPS are divided into four major categories: file definitior, 

simulation or control parameters, train data and right of way data. The first categor. 

includes the names of files to be used as input data to the TPS and the names cl 

files for output data. The second category includes selections for output display, 

input/output controls and general transportation system parameters such as 

acceleration, deceleration. top speed and starting position. The third category includes 

train makeup, on-board energy storage capability, propulsion and braking 
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characteristics. The fourth category includes station mileposts, dwell times and load 

factors, speed restrictions, grade and alignment profiles and routing information. 

4.3.1.1. File Definition 

The File of Filenames contains the names of the input and output files which 

will be used in the TPS run. 

The first seven records are input filenames: The first record contains the name 

of the control file which contains the system and control parameters. The second 

record is the name of the train file, which contains information on the makeup of the 

train, including the propulsion and braking system. The next five records contain the 

names of the station, grade, curve, speed restriction and route files, all of which 

comprise the corridor data. 

The last three records of the File of Filenames contain the output filenames: 

The first record contains the name of the power profiles; the second, the name of 

the detailed output file and; the third, the name of the summary output file. 

The user has the option of entering the names of these ten files, manually, in 

which case the File of Filenames would not be required as input. 

4.3.1.2. Simulation and Control Parameters 

The simulation and train control parameters are set in the Control File. Five 

graph choices and ten tabular displays for detailed output can be chosen from thirty 

nine parameters. Train control parameters are also set in this file. These include 

acceleration and deceleration rates, maximum speed, coasting and direction of train 

movement. 
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4.3. 1.3. Train Data 

Most of the data relative to the characteristics reside in the Train File. The 

variables are grouped in four sections: 

• Section provides weight and dimensional type information, train 
resistance data and control information which key other inputs for the 
Train File. 

• Section 2 provides data on any on board storage devices. These data 
include maximum input and output power, maximum and minimum energy 
storage, decay rates, and input and output efficiencies. 

• Section 3 contains the information on converting mechanical power at the 
rail to electric power at the third rail, catenary or trolley or to fuel 
consumption. One of four choices can be made: 

■ Use of an internal electric propulsion model 

■ Use of efficiency arrays in both power and electrical braking, in 
which the efficiencies are a function of tractive or electrical braking 
effort and speed. 

■ Use of direct conversion of rail horsepower to fuel rate. 

■ Use of fuel consumption curves. 

• Section 4 contains the maximum tractive, electrical braking and mechanical 
braking curves as a function of speed. The nominal tractive and braking 
efforts are set in the Control File. 

4.3. 1.4. Right of Way Data 

The description of the corridor is shared among the Station, Grade, Curve, 

Speed Restriction, and Route Files, which are read by the TPS in that order. In each 

file, an integer variable indicates the number of records in the file. The principal 

purpose of routing is to distinguish between tracks on different routes that a train 

may take through a complex network. 

4.3.2. The Main Program Description 

The TPS uses discreet, adjustable time steps to integrate the equations of 

motion to obtain speed and position as a function of time. Electric power 

consumption is determined using propulsion system models which outputs electric 

power as a funct1 :-n of tractive and dynamic braking effort and speed. The models 
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do not reside within the TPS, but the results of the models are part of the train file, 

which is input data. Using this method is efficient, since the TPS is not burdened 

with the recalculations necessary with a sophisticated propulsion model for every 

tractive effort-speed point in the trajectory. 

A simplified flow diagram for the TPS is shown in Figure 2. In addition to the 

usual bookkeeping in such programs. the core of the program is contained in the 

forward and backward trajectory calculations. In the forward calculations, the 

equations of motion are integrated in the direction of positive time flow, while in 

the backward calculations, they are integrated in the direction of negative time flow. 

An example of the trajectory calculations is illustrated with the help of Figure 3. 

To move from point A to B in the figure, the following steps would be taken 

if a minimum time trajectory were taken: 

1. A forward trajectory would be developed from A to C by using maximum 
acceleration followed by maintaining the speed determined by the speed 
limit until the lower speed limit at C was encountered. 

2. A backward trajectory calculation would then follow 
deceleration from C to F using negative time steps. 
determined by the intersection of the backward trajectory 
trajectory. 

using maximum 
The point F is 

with the forward 

3. A forward trajectory is continued from to C to D, the point at which a 
higher speed I imit is encountered. 

4. A forward trajectory is developed from D to B by using maximum 
acceleration until the lower speed limit at B was encountered. 

5. A backward trajectory using maximum deceleration from B to E using 
negative time steps. The point E is determined by the intersection of the 
backward trajectory with the forward trajectory. 

6. Adjustments are made in the time increments to bring the forward and 
backward trajectories into synchronization. 

Train length is accounted for in obeying speed restrictions; namely, the speed 

of the train is less than or equal to the speed limit when the head of the train 

enters the restricted zone and the same condition is true when the tail leaves the 

zone. 



213 

Train resistance is computed from data in the train file. The algorithms used in 

these calculations allow measured values to be closely approximated. 

4.3.3. Output 

There are three separately selectable outputs from the TPS. These are the 

Detailed, Summary, and Power Profile outputs. 

4.3.3.1. Detailed Output 

The Detailed Output has six parts. The first part summarizes the input data 

concerning the train. Information concerning the number of vehicles. (powered and 

unpowered). vehicle empty and full weights as well as passenger load factor to start 

and train weight; number of motors, vehicle lengths and cross sectional areas; wheel 

diameter, and operating voltage are printed out when selected. Four character plots 

are also supplied. These graphs show acceleration versus speed and braking force 

(both electrical and mechanical) versus speed. 

The second part lists the track profile and station information. All grades, 

curves, speed restrictions, and route segments are displayed versus distance. Station 

names, mileposts, dwell times and passenger load factors are all displayed. 

The third part allows the user to select up to ten variables to be printed out at 

selected time increments during the calculation. There are thirty-nine variables from 

which to choose including speed, distance, acceleration, all of the various power 

variables, and all of the associated energy variables. Time is always displayed. 

The fourth part allows the user to specify up to five variables to be plotted 

against distance in a character plot. These five variables can be selected from the 

thirty-nine mentioned above. The plot is completely self-scaling; however, the user 

may specify the horizontal scale. 

The fifth part summarizes the on-board energy storage information. 
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The program summarizes the energy usage and power demand of the train for 

the entire run in the Detailed Output. Some information concerning the train make-up 

is repeated for clarity. Overall figures on kilowatt hours per car mile and watt hours 

per trailing ton mile are computed and displayed. Total distance, run time, average 

speed, and other summary information is also displayed. The actual energy 

consumption is also displayed as are all of its constituent parts such as energy 

going to rolling friction losses, etc. An energy flow diagram can be developed from 

this section of the output which graphically shows how much energy is lost to the 

environment and where these losses occur. 

4.3.3.2. Summary Output 

The Summary Output provides a station-by-station summary of the run. The 

station-to-station names, distances, time(including dwell), average speeds, energies 

and energies per car mile are displayed as well as a summary of these same 

quantities for the entire run. 

4.3.3.3. Power Profile Output 

The program creates a Power Profile containing information for the ENS. This 

file I ists the train position, speed, routing real and reactive power demand, 

acceleration and tractive effort as a function of time. The user specifies the time 

increment between successive points in this output. 

4.4. METHODOLOGY 

The TPS generates a speed, distance, routing, real and reactive power table as 

a function of time. It uses discrete time steps to integrate the equations of motion. 

Speed and distance are determined by integrating the equation of motion. Real and 

reactive power are determined by either using a propulsion system model to 

determine them as a function of tractive effort and speed of the propulsion unit or 

by converting mechanical power at the rail to real and reactive electrical power at 

the line using conversion efficiencies which are also functions of tractive effort and 

speed. 
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4.4. 1. Equations of Motion 

The equation of motions are shown in Figure 4. The grade and curve resistance 

are also shown in the same figure. 

The train resistance used in the computation follows the Davis type formulae. 

The actual formulae used are shown in Figure 4. Selection of the coefficients allow a 

close approximation to measured values. 

The acceleration term in Figure 4 is written in the form: 

ME * dv/dt = 100. " W * a 

a is the acceleration(mphps) 

W is the weight(tons). 

where: 

This method of expressing the acceleration term includes an effect of 

approximately 10% for equivalent rotational weight. Changes in equivalent rotational 

weight can easily be made with a text editor in the program itself. 

4.4.1.1. Integration Formulae 

Acceleration is integrated using Euler's Method to find speed 

V = V + dt * A n+ 1 n n 

at each step in time, in the forward calculation. In the backward calculation a 

reverse Euler's Method is employed as the index is being decremented (for negative 

time step). 

V = V - dt * A 
n n+ 1 n+ 1 

The trapezoidal rule is employed to integrate speed and determine distance. 

This method yields identical results for the forward and backward calculations though 

the form is slightly different. 

S = S + dt * (V + V )/2 
n+ 1 n n n+ 1 

S = S - dt " (V + V )/2 
n n+ 1 n n+ 1 

Forward 

Backward 
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When calculating energy from the instantaneous values of power, Euler's Method 

is again used. 

E = E + dt * P 
n+ 1 n n 

There is no need to have a forward and a backward calculation at this point 

since the entire integration is in the forward direction using Euler's Method. 

4.4.2. Real and Reactive Power Estimates 

It has been found by experience that a better way to input the propulsion 

system is to use propulsion efficiency and power factor curves for traction and 

electrical braking. Both efficiency and power factor are functions of both tractive 

effort and speed. This method is advantageous in that it allows the model 

calculations to be done before running the TPS, which is efficient in terms of running 

time. A simple linear interpolation scheme is used to obtain the actual efficiency 

and power factor (for AC distribution systems) in the power mode and the efficiency 

in the electrical braking mode. 

4.5. ELECTRIC NETWORK SIMULATOR 

The Electric Network Simulator {ENS) is a computer program which determines 

the overall power flow in an electrified transportation system under the dynamic 

conditions of train movement. 

4.5. 1. Input 

Input data for the ENS are divided into six basic areas: file definition, electric 

network description, operating parameters, train location, current calculation 

designation, and train performance power profiles. 

The first area includes the names of files to be used as input data to the ENS 

and the names of files to capture the generated output. The second area provides a 

description of the electric network which is feeding the moving trains. The third 

category provides the operating parameters for simulation. The fourth area deals with 



the specification of the location of trains and their movement in time. The fifth 

defines positions along the corridor where instantaneous and RMS values of third rail 

or trolley current will be computed. And finally, the sixth category includes a 

sequence of power profiles which have been generated by the TPS for each type 

train running on the system. 

4.5.1. 1. File of Filenames 

The first four records are the input filenames. The first record contains the 

name of the network description file, the second record contains the name of the 

operating time file, the third record has the name of the train locator file, and the 

fourth record shows the name of the current position file. 

The next three records in the file are output files which the user may or may 

not specify. These files include the detailed output file, the meter load curve file, 

and the current measurement output file. This latter file can only be requested when 

a current position input file is named. 

The remaining records in the file specify the names of the power profiles for 

each of the trains which will be running on the system. 

4.5.1.2. Electric Network Description File 

The electric network description consists of a general portion, definition of the 

AC part of the network, definition of the DC part of the network, and definition of 

the converter portion, which is the interface between AC and DC sections. 

There are several points worth noting on the input format to the network 

description file. 

1. Two titles of eighty characters each can be used to describe the electric 
network. These titles will appear on both the summary and detailed output. 

2. In general the electric rail transit in North America have both an AC and 
DC part to the network. In many cases the AC portion consists of just a 
meter node and an AC converter node for each substation. There are 
cases, however, where more extensive AC distribution and transmission 
does occur. 
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3. The meter node is considered an infinite bus, and as such the voltage will 
remain fixed. for all other nodes in the system the voltage will vary 
according to the solution of the network equations. 

4.5. 1.3. Operating Time File 

The Operating Time File controls both the time interval over which the 

simulation takes place plus the snapshot interval, or the time between snapshots. 

4.5. 1.4. Train Locator File 

The method for locating trains on the electric network and the parameters for 

execution of that method are determined using the train locator file. The user may 

specify both AC or DC trains, that is, trains which obtain their power from a line 

which carries AC or DC, and the method for locating the trains which may be bv 

POSITION, TIMETABLE, or HEADWAY AND OFFSET. 

Locating trains by specifying their POSITION means that the trains are plac2::: 

on the network at particular locations. As the simulation advances in time, the tra>--'° 

will move according to their power profiles, and eventually will move frorT: :-e 

network as they reach their terminating points. No new trains are added to :ne 

system after the beginning of the simulation. This method for locating the trains ,~ 

useful when only a few snapshots of the system are taken at special positions t,:, 

determine instantaneous currents and voltage drop. 

The TIMETABLE method for train location is the usual way to effect the 

process. A schedule is specified, and the ENS places the trains on the network 

following that schedule. Departure times are considered the beginning point of tre 

power profile. as the simulation proceeds trains are added and removed from the 

network as specified by the schedule. 

The HEADWAY AND OFFSET method for locating trains is used in lirn,te::! 

circumstances. The condition for specifying the method is a double track system 

between two terminus points with a regular schedule. The headway, which is t>-,e 



separation between trains running on the same track, is given as a time interval 

(seconds). The offset, which is the difference in the time when the trains leave one 

terminal relative to the second terminal, is also input as a time interval (seconds). 

The offset can vary between zero, in which the trains leave each of the 

terminals simultaneously, to one second less than one headway. 

4.5.1.5. Current Position FIie 

This file specifies the position at which line current will be computed and 

displayed, for each snapshot and in summary form as an RMS current. The position 

is specified as both a milepost and track number. The actual current calculated at 

that position will be flowing through the third rail, or alternatively, the trolley or 

catenary. 

4.5.1.6. Train Power Profiles 

The train power profile is a direct output from the TPS. It is the specificatio" 

of how a particular train will run through the network as the simulation advances i'l 

time. The actual power used or regenerated by the train is also contained in :·ie 

records of this file. 

4.5.1.7. Main Program Description 

This program accepts as input, single train power and time profiles as functions 

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 voltages-nominal, maximum and minimurT,, 

characteristics of the distribution network, the substation feeders, and metering po rt 

locations and simulates the movement of the trains by taking snapshots of the entire 

system at fixed intervals in time. The output gives 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), third rai i 

propulsion system and substation losses and energy given to the environment (train 
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resistance, auxiliary loads, friction or dissipative braking) are computed. Capability for 

regeneration to other trains and/or through regenerative substations (even through 

metering points), is also included. 

The flow diagram for the ENS is shown in Figure 5. 

The electric network in which the trains run is first set up without the trains. 

This means that all of the nodes are identified and all of the impedances of the 

connecting lines are computed. 

In each snapshot (calculational time), the trains are placed in their proper 

positions as determined from the timetable and the power profiles of the trains 

which were computed by the TPS. The new electric network is set up which includes 

new lines between trains and all line impedances are calculated. Both the DC and AC 

parts of the network are converted to an interconnected AC network with the DC 

substation lines and train nodes treated specially. The admittance matrix is calculated 

and the network is solved. 

In the case of trains which are taking DC power and are capable of 

regenerating, if power tries to flow in the reverse direction through the substation 

lines, the substation impedance is increased substantially and the network is resolved. 

Likewise, if maximum voltage at any train is exceeded because of regeneration, the 

regenerated power is reduced and the network is resolved. 

4.5.2. Output 

The output, all of which is user selectable, consists of three files: detailed 

output, meter load curves, and current measurement. 
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4.5.2. 1. Detailed Output 

The detailed output consists of a title page, a description of the input 

parameters and a detailed output of the voltages at each node and other data 

concerning the run at each snapshot. 

4.5.2.2. Meter Load Curves 

Meter load curves for each meter are output one point per snapshot. The file 

contains this information as well as the number of snapshots, time interval between 

snapshots, and beginning and end time. This file is used as an input to the energy 

- demand consolidation program which is used to predict demand and energy. 

4.5.2.3. Current Measurement Output 

This file contains a detailed output of all voltages at all of the nodes, currents 

flowing through the converters and currents at selected points along the right of way 

(third rail, catenary or trolley). These points are selected by specifying a current 

position file as input. The information just described is output every snapshot and is 

summarized at the end for the whole simulation period. 

4.5.3. Methodology 

4.5.3. 1. Load Flow 

The load flow calculation uses the Gauss-Seidel iterative method. This module 

differs from conventional load flow calculations. 

either AC, DC or composite networks. 

The basic steps are: 

It has the capability to handle 

1. Convert the system to an all AC network keeping a record of the DC part 
and the converters. 

2. Perform the load flow calculation on the AC network. 

3. Check the current flows through all the converters. If the converter is an 
inverter, the current can flow both ways. If the converter is a rectifier and 
current tries to flow in the blocked direction, increase the impedance of 
the rectifier in a sizable step. If the current is flowing in the unblocked 
direction set the rectifier impedance in accordance with the rectifier 
model. 
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4. Repeat procedure 2 and 3 unti I convergence is obtained. 

5. After convergence is obtained, the voltage for each vehicle is checked in 
the system. If there is any vehicle with its voltage exceeding maximum 
allowable then its regeneration power is reduced by 25%. 

6. Repeat procedure 4 and 5 until convergence is obtained. 

7. Continue with the next snapshot, go to procedure 1. 

8. When snapshots are finished formalize output. 
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EQUATION OF MOTION 

FA - TRR - TRA - G - C = ME•dV/dT 

DEFINITION OF QUANITITJES: 

FA Tractive effort (positive) or Braking effort (negative) 

T RR Ro111ng portion or train resistance 

TRA Aerodynamic portion or train resistance. 

C Curve resistance (0.8 LBS/TON °CURVATUREI 

G Grade rest stance (20 LBS/TON/~GRADEJ 

ME Equivalent mass to Include rotational inertia effects 

dV/dT Acceleration or deceleration 

•- driver wheel 
0- non-driver wheel 

Figure 4 Equations of Motion 
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5. ENERGY AUDIT 

5. 1. INTRODUCTION 

The purpose of the energy audit is to determine the energy use pattern and its 

relation to the operating rail system. This can be done by studying the metered 

power and its end uses as a function of time and relating this study to variations in 

the pattern of operation. 

Since the energy use pattern should be related to energy cost, it is important 

that the metering information required for the audit be obtained from electric utility 

metering records. This information is sometimes available on magnetic tape. The 

smallest time interval available for the audit is the smallest interval for which 

metering data are avai I able. 

For those transit agencies which are served by electric utilities which do not 

keep detailed metering records, analysis of electric bills may be possible. In this 

case, just the value of peak demand is known and total monthly energy use. Under 

these circumstances, only very gross characteristics of the energy use pattern can be 

determined. 

There are two principal analyses which can be carried out using metering 

records. The first analysis relates the metering data to the operating characteristics 

which are driving energy use, and these are car-miles per unit time and ambient 

temperature (heating and cooling). The second analysis provides statistical summaries 

of the data. These summaries, which include such things as average values, standard 

deviations, maxima and minima, can sometimes be related to abnormal operating 

conditions, the usual cause of high peak demand. 
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5.2. ENERGY AUDIT OF THE MART A RAIL SYSTEM 

The energy audit of the MART A rail system was conducted by analyzing power 

metering data supplied by Georgia Power Co. (GP), for the period beginning December 

1, 1982 through August 31, 1984, a time interval of twenty-one months. This period 

was selected because the rail system operational timetable remained relatively 

constant during this time. 

5.2. 1. Description of the Power Metering Data 

During the time period selected for the audit, GP metered the rail system 

through twenty to twenty-six feed points. The names of the metering points, their 

circuit numbers and identification codes are listed in Table 5-1. Observation of this 

table shows that each of the metered feeds to the rail system supplies both traction 

and support power. Traction power is supplied through the traction substations, and 

its primary end uses are the running of the trains and auxiliary functions aboard the 

cars. Support power is used for support operations along the wayside. Its end uses 

include heating, air conditioning and ventilation, lighting, escalators and elevators, and 

train control. The meters do not distinguish between the energy delivered to· traction 

and support functions. 

The demand interval for electric power service to the rail system is one hour. 

Demand is measured on a coincident basis, which means that in any one hour clock 

interval (beginning on the hour), the average power is the sum of the power recorded 

at each of the meters. The resulting sum of the average powers is the demand for 

the one hour time interval. The monthly demand is the highest of the demands 

recorded during a monthly billing period, which typically runs from the twentieth of 

the month to the twentieth of the next month. 

GP provided a magnetic tape, which contained the hourly demands for each of 

the twenty-six meters for the twenty-one months. These data provided the basis for 

the energy audit. 
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During the time period selected for the energy audit (12182 - 8/84), there were 

three minor changes in the rail operations, which affected energy consumption. On 

December 18, 1982. service was extended on the NS line. On October 12, 1983, 

auxiliary load was added to Peachtree Center station. In January, 1984, the headway 

on the EW line was shortened from ten to six minutes and the number of cars per 

train during the weekday AM and PM peak periods was decreased tom six to tour. 

5.2.2. Regression Analyses 

Data readily available at MARTA allowed regression analyses using daily energy 

as the dependent variable and daily car-miles (CM) and ambient temperature effects 

as the independent variables. A list of daily car-miles was obtained from the 

Authority and a list of daily average ambient temperatures was obtained from the 

U.S. Weather Bureau for the audit time period (12/82 - 8/84). 

Three models were used to test the existing energy data dependence on car­

miles and daily average temperature effects. All of the models used the concept of 

heating and cooling degree-days, but in each of the models heating and cooling 

degree-days were defined differently to reflect the behavior of the heating and 

cooling facilities in the rail system with the help of Figure 5-1. 

In model #1, the heating (HDD) and cooling (COD) degree days are defined in the 

standard manner. The number of heating degree days in a particular day is just the 

difference between 65°F and the average temperature of the day. If the average 

temperature of the day is 65° or higher, then HOO = 0. Likewise, the number of 

cooling degree days in a particular day is just the difference between the average 

temperature of the day and 65°F. If the average temperature of the day is 65°F or 

less. then COO = O. 

In model #2, a base temperature is defined for both the definirion of the 

heating and cooling degree day. Thus the number of heating degree days in a 
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particular day is just the difference between the heating degree day base temperature 

(TH) and the average temperature of the day. If the average temperature of the day 

is higher than TH' then HOD = 0. This model reflects the fact that heating facilities 

begin to operate when the temperature falls below TH" Likewise, the number of 

cooling degree days in a particular day is just the difference between the cooling 

degree day base temperature (Tc) and the average temperature of the day. If the 

average temperature of the day is lower than TC' then COD = 0. Again, this model 

reflects the fact that cooling facilities begin to operate once the temperature rises 

above Tc· The temperatures TH and Tc are selected by the optimum fit of the data 

to the regression equation. 

Finally, model #3 is an extension of model #2, where the effect of saturation 

of heating and cooling facilities is added. The temperatures TH and Tc have the 

same meaning as in model #2, however the following modifications are made to the 

meaning of heating and cooling degree days. When the average daily temperature is 

below the heating degree day saturation temperature (T HS), the number of heating 

degree days remains constant, at a value (TH - T HS). When the average daily 

temperature is higher than the cooling degree day saturation temperature (T cs). the 

number of cooling degree days remains constant, at a value of (T cs - Tc). In 

addition to including the "turning on" effect at different base temperatures of the 

heating and cooling facilities of model #2, model #3 also includes the effects of 

these facilities operating all of the time once saturation temperatures are reached. 

The regression equation was a simple linear relation between the independent 

variables car miles, heating degree days and cooling degree days and the dependent 

variable, daily energy consumption. The equation had the form: 

E = Eo + EcM•CM + EHDD•HDD + Ecoo•CDD 

with the following definition of symbols: 
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E - Daily energy use (kWh) 

E
0 

- Background energy use (not dependent on 

car miles or degree days.) (kWh) 

ECM - Coefficient of car-mile dependent term (kWh/CM) 

CM - Daily car-miles (CM) 

EHDD - Coefficient of heating degree day dependent term (kWh/HOD) 

HDD - Number of heating degree days (HDD) 

ECDD - Coefficient of cooling degree day dependent term (kWh/COD) 

CDD - Number of cooling degree days (CDD) 

The results of the regression analysis are summarized in Table 5-2. For all of 

the three models. The following remarks refer to the results shown in Table 5-2. 

1. Model #3 best explains the variation of daily energy with car-miles and 

ambient temperature. The best fit shows that the heating facilities begin operation at 

54°F and operate continuously when the daily average temperature reaches 33°F. 

Likewise the same model shows that cooling operations begin at 70°F and are 

saturated at 83°F. 

2. The model #3 R2 term, which represents the goodness of the fit (0% = no 

fit, 100% = ideal fit), is 87%. This is considered an excel lent fit. 

3. The T-ratio, which is also a measure of the goodness of the fit to each 

coefficient separately, is large for each of the coefficients. A value of a T-ratio 

greater than 2 is considered good. 

The largest change in daily energy consumption took place on January 9, 1984 

when the timetable on the EW line changed. The metering data were divided into 

several parts: 

1. NS line (Jan 9, 1984 - Aug 31, 1984) [N-S (1984)] 



2. EW line (Jan 9, 1984 - Aug 31, 1984) [E-W (1984)] 

3. Both Lines (Jan 9, 1984 - Aug 31, 1984) [BOTH (1984)] 

4. Both Lines (Jan 1, 1983 - Jan 8, 1984) [BOTH (1983)] 

Because car-miles were available from the NS and EW line, separately from Jan 

- Aug, 1984, it was possible to conduct regression analyses on the four cases which 

were just outlined, The results are presented in Table 5-3 using model #3. 

Observation of Table 5-3 shows that the best fits occur on the EW lines during 

1984 and both lines combined during 1984. 

the NS line during 1984. 

2. 
The worst R occurs for the analyses of 

It is interesting to compare the contribution of each of the terms of the 

regression equation on a typical summer, spring and winter day at several levels oi 

daily car-miles. The results of this comparison are shown in Table 5-4. The 23.000 

car-mi/day was typical of weekday operation during the audit period, while the 1 o. COO 

car-mi/day was typical of weekend operation. Three average daily temperatures Ne· 2 

selected, the heating 

Finally, Figure 5-2 shows the observed versus predicted values of daily energy 

use. The prediction uses the regression equation of model #3. 

5.2.3. Power Demand Statistics 

Summary statistics for hourly energy use for the MARTA rail system during the 

energy audit are shown in Figure 5-3. This graph shows the minimum, average. 

average plus one standard deviation and the maximum hourly energy use. Since the 

energy use time interval is one hour, the power demand is equivalent to the energ, 

use per hour. The dates, on which the minimum and maximum demand at each hoJ, 

of the day occurred, are shown to the right of the bar chart in the figure. The 

absolute minimum and maximum demands are indicated with an asterisk. 
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The data, from which these summary statistics were generated, spanned a time 

interval which included two summer and two winter seasons. Both the peaks of 

average power and average power plus one standard deviation occur in the transit 

operating peak periods in the morning (7:00 - 8:00 AM) and the afternoon (5:00 - 6:00 

PM). This is typical of rail transit power demand. The ratio of the average power 

demand during midday (10:00 AM - 4:00 PM) to the peak power is not typical of 

transit operations. At MARTA this ratio is 90%. At most other rail transit systems, 

it is 60 - 70%. 

One reason that this ratio was so high at MART A during the energy audit is 

that the same consist sizes and same headways were run throughout the day, with 

only minor reductions in car-mi/hr from peak to midday. A second reason is that 

the ratio of support power to total power (support plus traction) is large. 

Figures 5-4 through 5-10 show summary statistics of hourly energy use for the 

months January 1983, April 1983, July 1983, Ocotber 1983, January 1984, April '92C: 

and July 1984, respectively. These summary statistics illustrate power der,7Jno 

behavior during two winter months, two summer months, two spring months and one 

fall month. The study of these statistics leads to the following observations: 

1. Peaks during the winter months tend to occur during the AM peak period, 
when heating facilities are operating at their maximum, together with more 
lighting because of the shorter day. 

2. Peak during the summer months generally occur during the PM peak, when 
cooling facilities are operating at their maximum. 

3. In the fall and spring months, peaks can occur during either the AM or PM 
peak operating time. 
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5.3. ENERGY AUDIT OF WMATA RAIL SYSTEM 

5.3.1. Traction Energy 

In Metrorail operation, traction energy is the time integrated power registered 

by the electric meters in the traction substations. It includes energy to operate the 

trains during revenue service, testing and yard movement. It also includes energy for 

other functions which are powered through these substations, such as auxiliaries 

aboard the cars during layup, heating and ventilation, some air conditioning, tunnel 

lighting and switchpoint heating. In order to determine what fraction of the energy 

was used for traction, it was necessary to undertake an audit of the energy end 

uses. 

The traction energy audit was conducted by analyzing metering information 

supplied by the Potomac Electric Power Company (PEPCO) for nine months of the 

year 1980. This method was chosen because PEPCO supplied 86% of the energy for 

Metrorail operations during this time period. The Virginia Electric Power Company 

(VEPCO) supplied the remaining 14%. Table 5-5 provides a summary of energy used in 

1980 by utility and jurisdiction. A second reason for this course of action was that 

PEPCO had detailed metering information available while VEPCO did not. 

5.3.1.1. Description of PEPCO Metering Data 

The interval selected for the traction energy audit was a compromise based on 

the time span of the metering information provided by PEPCO and the period during 

which the 1980 Metrorail operating timetable remained relatively constant. 

The PEPCO provided a magnetic tape which contained energy usage (pulses) for 

each fifteen minute interval for the twenty-six traction energy meters which were in 

operation during 1980. The time span was January 20. 1980, to January 19, 1981. The 

data from each meter were analyzed. 

Of the twenty-six traction meters considered in the analysis, eighteen, five and 
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three were in the DC. MD and VA jurisdictions, respectively. During the analysis, it 

was found that pulses were not provided by PEPCO for the meters at Cheverly, 

Landover, Beaver Dam Creek, New Carrollton Yard and Silver Spring substations, all 

of which were in the MD jurisdiction. Thus, precautions were taken during the audit 

to discount the effect of these meters. 

The 1980 Metrorail operating timetable showed the same weekly pattern of train 

operation from February I, 1980, to November I, 1980, at which time service on the 

Blue Line was extended from the Stadium Armory station to the Addison Road 

station. 

Because of more missing metering information from October 15, 1980, to 

November I, 1980, the time span for the audit was selected from February 1, 1980, to 

October 15, 1980, a total of 257 days. 

5.3.1.2. Regression Analyses: Daily Car-Miles and Temperature 

In order to determine the dependence of traction energy usage on car-miles and 

daily temperature, regression analyses were conducted using the traction meter data. 

Each day was divided into two periods: revenue service time and non-revenue 

service time. Revenue service time was that part of the weekday, Saturday or 

Sunday, during which trains were scheduled to run according to the operating 

timetable. Non-revenue service time was all other time. 

5.3. 1.2. 1 Revenue Service Time Regression Description 

The regression formula was assumed to have the form: 

P = P
O 

+ E ,(CM/H) + P 2(ADD) 

where P is the average power over the revenue operating time as obtained from 

the meter data, P
O 

is the background power in units of KW, CM/H is the average car­

miles per hour over revenue service time on a daily basis, ADD is the average 

d d d f . d h t I 70°F. The egree- ay e ine as t e average emperature ess coefficient E 
1 
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represents the energy per car-mile (KWHPCM) and P 
2 

represents the average power 

per average degree day (KWPADD). 

In order to conduct the regressions, the actual car-miles accumulated each day 

were obtained from Metrorail over the interval of the audit. A statistical summary 

of the actual car-miles on the Red, Blue and Orange Lines are shown in Figures 5-11 

to 5-13. The three peaks visible in the figures are attributed to weekday, Saturday, 

and Sunday operation. Table 5-6 presents a summary of the average, actual, and 

scheduled car-miles per day for the Red Line, and Blue/Orange Line combination. 

An increase in actual car-miles on the Red Line was observed to occur on May 

1, 1980. Table 5-6 shows the average car-miles broken down into two periods: 

February 1-April 30, 1980, and May 1-October 15, 1980. The weekday and Saturday 

averages were significantly different for the two cases. Metro reports that four-, 

together with six-car trains were used during weekday evenings, Saturdays, and 

Sundays during the spring of 1980. 

The second independent variable of the revenue service time regression was the 

average degree day (ADD), defined as the average daily temperature less 70°F. A 

statistical summary of ADD over the audit period is shown in Figure 5-14. The 

average value is -3.7°, which represents an average daily temperature of 66.3°F. 

5.3. 1.2.2 Non-Revenue Service Time Regression 

During non-revenue service time, the regression formula was assumed to have 

the form: 

where all of the variables are the same as in the revenue service time 

regression, and MDD is the minimum degree day, the minimum temperature less 70°F. 

The average value of the minimum degree day is -13°, which represents a temperature 

of 57°F. The minimum temperature was selected as the independent variable because 

non-revenue service time generally had the minimum temperature. 
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5.3. 1.2.3 Regression Analyses Results 

The results of the regression analyses for the traction energy meters are shown 

in Table 5-7. In addition to those completed on the individual meters, regressions 

were also conducted on Red Line coincident p9wer, and Blue/Orange Line coincident 

power with the exception of the power metered at Cheverly, Landover, Beaver Dam 

Creek, and New Carrollton. 

During revenue service time, a strong dependence on car-miles is obvious. The 

confidence limits of this dependence exceeded 99%, even for the smallest value of 

the coefficient (E 
1

) of 0.24 at the New Carrollton Yard substation meter. 

Table 5-8, which is based on the results of Table 5-7, shows the degree-day 

coefficients (P 
2

) for five meter consolidations separated by heating and cooling 

effects. Load differences between winter (20-30°F) and summer (80-90°F) are also 

tabulated. For example, for non-revenue -service time the summer-winter power 

differential is (235 KW-67 KW) 168 KW. 

Car storage during revenue service time at midday and evenings on weekdays, 

and on Saturdays and Sundays, has its predominant effect on the meters at New 

York Avenue (Brentwood Yard), Silver Spring and New Carrollton Yard. The meter at 

New Carrollton Yard exhibits only a 30% dependence on car-miles with the 

background accounting nearly for the remaining amount. The background is attributed 

to yard car movement and car storage. 

During revenue service time, the degree-day component of the traction power is 

small. With the exception of the power at the Shirley Highway meter, which exhibits 

an 8% temperature component on the average day. the remaining degree-day 

components are 1% or less of the total power during revenue service time. 

During non-revenue service time, the temperature component is much higher 

because there is no car-mile component. 
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Several of the meters exhibit increased power with rising temperature (cooling 

effects dominate P 
2 

positive), while others exhibit increased power with falling 

temperature (heating effects dominate P 
2 

negative). The large cooling effects occur 

at New Hampshire Avenue. Shirley Highway, Rosslyn, Potomac Avenue, and New 

Carrollton Yard. The effects at Shirley Highway and Rosslyn are the result of chiller 

plant power being metered through the traction substation, and the effect at New 

Carrollton is due to air conditioning of the yard office building and tower. At the 

present time, there is no explanation for the effects at New Hampshire Avenue on 

the Red Line, and Potomac Avenue on the Blue/Orange Line. 

Table 5-9 lists the average powers for the traction meters at different operating 

times from May 1, 1980, to October 15, 1980. This time interval was selected for the 

averages because six car trains were generally used on Saturdays, Sundays and 

weekday evenings rather than mixtures of four and six car trains as were used in the 

Spring of 1980. Ratios of average power of AM peak to midday, AM peak to PM 

peak, midday to evening. and midday to Sunday are listed. 

If there were no background, the ratio of AM peak to midday peak would be 

2.3 on the Red Line, and 2.0 on the Blue/Orange Line. 

The ratio of AM to PM peak power is 0.93 on the Red Line, and 0.95 on the 

Blue/Orange Line. 

The ratio of midday to evening power is 1.03 on the Red Line, and 0.97 on the 

Blue/Orange Line. The ratio of midday to Sunday is 1.09 on all lines, so that 9% more 

power is used during midday operation than on Sunday. 
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5.3.1.3. Selection of Metered Background Power 

It is clear from the regression analyses carried out on the traction energy 

meter that a background of power is registered even when no trains are operated. 

This background exists because of: 

1. no-load losses of the transformer-rectifier units in the substation, 

2. operation of car auxiliaries during layup, 

3. support services, such as heating and ventilation of substations and other 
structures, chiller plants metered through the traction meters, tunnel 
ventilation, lighting and switchpoint heating, and testing of trains. 

This background is not simply the background of the regression analysis carried 

out during revenue service time, because of the intercept error. It is more 

appropriate to consider the non-revenue service time as the basis for the background 

estimate (Table 5-7). 

Table 5-10 contains a summary of the background values for all the traction 

meters used in all of the subsequent analyses using the EMM. These backgrounds 

were derived using the following rules: 

1. The minimum power through any traction meter is the no-load losses of 
the transformer-rectifier units in the substation.These are estimated at 8 
KW per unit. These no-load losses are also shown in the table. 

2. The average layup power used by a car is 5 KW. This number is based on 
a measured value. 

The background power for peak and non-peak operation differ because of the 

layup power of the auxiliaries on board the cars which are stored during non-peak 

operation. 

Since it was not possible to obtain a detailed analysis of the background 

associated with the VEPCO meter, this estimate was made by taking each VEPCO 

substation background the same as the average of all of PEPCO substations. Thus, 

the background value for the VEPCO meter was 686 KW. 



5.3.1.4. Consolidation Histogram Analysis 

Figures 5-15, through 5-19 show statistical summaries of traction power metered 

by PEPCO for the AM peak for the Red Line, Blue/Orange Line, DC, MD and VA 

jurisdictions of PEPCO, respectively. Figures 5-20 through 5-24 show statistical 

summaries for the PM peak for the same PEPCO traction meter consolidations. The 

time interval selected for these summaries was May 1-0ctober 15, 1980, for which 

the timetable was relativeiy stable. 

The statistical summaries show the average, standard deviation, and the 

maximum of the traction power over one-half hour intervals beginning each quarter 

hour. These values are the measured power demands. 

Table 5-11 presents a comparison of the maximum power demand to the 

average power demand for the AM and PM peak operating periods, for four meter 

consolidations: Red Line, Blue/Orange Lines, DC and VA jurisdiction of PEPCO. 

Because of missing meter data on the MD jurisdiction meters, this consolidation was 

not considered. In the case of the Red and Blue/Orange Line traction meter 

consolidation, the percent increase of the maximum demand over the average demand 

is 25-31%. In the case of the DC jurisdiction, the percent increase of the maximum 

over the average demand was 18-19%. However, in the case of the PEPCO VA 

jurisdiction, the percent increase is 67-86%. 

The large difference in the case of the VA jurisdiction can be attributed to the 

small number of meters in the consolidation (3 meters), and as a result, any variation 

in operating conditions over the portion of the rail network serviced through these 

three meters tend to be coincidental, whereas, in the case of the DC jurisdiction 

serviced by a large number of meters serving different portions of different I ines, 

the operating difference effects tend to be non-coincidental. 



242 

5.3.2. Support Energy 

In Metrorail operation, the support energy is the time integrated power 

registered by the electric meters in the passenger stations, the office building, and 

the repair shops. It includes energy for heating, air conditioning, ventilation, lighting, 

elevators, escalators, signals and communications, and power to run special 

equipment and machinery. As in the case of traction energy, an audit was undertaken 

by analyzing metering information from PEPCO for part of the year 1980. 

5.3.2.1. Description of Audit 

The time interval selected for the audit was the same as that for the traction 

energy audit. 

Of the thirty-seven support meters analyzed as part of the 1980 operation, 

thirty were in the DC jurisdiction, four were in the MD jurisdiction, and three were in 

the VA jurisdiction. During the analysis, it was found that pulse data were missing 

fr.om the meters at Silver Spring, Landover, Cheverly, and Minnesota Avenue. Thus, 

precautions were taken during the audit to discount the effects of these meters. 

5.3.2.2. Regression Analyses: Temperature 

In order to determine the dependence of support energy usage on daily 

temperature, regression analyses were conducted using the support meter data. Each 

day was divided into two periods: revenue service time and non-revenue service 

time. Revenue service time was that part of the weekday, Saturday or Sunday, during 

which trains were scheduled to run according to the operating timetable. Non-revenue 

service was all other times. 

The regression formula was assumed to have the form: 

P = P
O 

+ P 
2 
(ADD) 

during revenue service time, and: 



during non-revenue service time, where P is the average power as obtained from the 

meter data, P
O 

is the background power in units of KW, ADD is the average degree­

day defined as the average temperature less 70°F, and MOD is the minimum degree­

day defined as the minimum temperature less 70°F. 

The results of the regression analyses are shown in Table 5-12. All stations 

which are above ground show a power increase with decreasing degree-days {heating), 

and those below grade show a power increase with increasing degree-days. For the 

below ground stations, this is attributed to tunnel ventilation, and for above ground 

stations it is attributed to heating and lighting. The lighting correlation is probably a 

secondary effect due to a relation between longer night hours and colder days. 

The office building shows a large cooling effect because chiller plants at 

Gallery Place and Judiciary Square are metered here. The Garden City Shop shows a 

large heating effect. 

Table 5-13 shows the temperature dependent coefficient of the regress, c ~ 

analyses and load dependence on temperature for several consolidations of the 

support meters. The load differences can be interpreted as between winter {30°FI and 

summer (90°F). and the spring and fall seasons (60°-70°F). 

5.3.2.3. Average PEPCO Support Power 

Table 5-14 lists the average support power for the passenger stations, the 

office building. and repair shops for PEPCO jurisdictions during the principal oper ding 

periods. Table 5-15 lists the average support power for five PEPCO support meter 

consolidations which are the Red Line passenger stations, the Blue/Orange L.ine 

passenger stations, and the DC, MD and VA jurisdictions. The MD and DC 

jurisdictions are shown with and without office building and repair shop power. 
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5.3.2.4. PEPCO Support Power Model 

The PEPCO support power model was developed for the passenger stations 

serviced by PEPCO. 

loads. 

It includes a background power, lighting loads, and escalator 

5.3.2.4. 1 PEPCO Passenger Station Lighting Loads 

Table 5-16 shows a summary of the power used for lighting of the passenger 

stations serviced by PEPCO. This table was constructed using the following 

information from Metro: 

1. Underground stat ions with center (side) platforms have 70 ( 120) KW of 
lighting load. 

2. Stations above ground with center (side) platforms have 30 (40) KW of 
lighting load. 

3. The Pentagon and Rosslyn stations have two levels underground, and the 
lighting load is 130KW. 

4. Parking lot lighting loads associated with passenger stations are estimated 
at 30 watts/space. 

Based on this information in Table 5-16, a summary of the lighting loads for 

Red Line, Blue/Orange line, and DC, MD and VA jurisdiction passenger stations ,s 

presented in Table 5-17. 

5.3.2.4.2 PEPCO Passenger Station Escalator Loads 

It has been shown that if as many people ascend escalators as descend them 

in a given time period at the loading which would be experienced at Metro, tr,e 

average power consumed in the time period is proportional to the sum of the heig!ets 

of rise of all of the escalators. This conclusion is valid for the modular escalators 

supplied by Westinghouse to Metro under medium load conditions. The convers,on 

coefficient from the height of rise to KW is 0.11 KW/ft. of rise. 

In order to use this relation between height of rise and escalator power, time 
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periods must be selected where ascending and descending load averages over the 

periods are relatively equal. These periods are: the AM and PM peak taken together, 

midday, evening, Saturday and Sunday operation. It is even more valid when 

considering several passenger stations, such as on the separate lines or the DC 

jurisdiction where all people must enter and leave the system within 30 minutes. 

Using the relationship between escalator power and height of rise, a summary 

of average power consumed by the escalators is listed in Table 5-18. The heights of 

rise were calculated based on the Metro information. 

The average power for all underground stations was determined for the peak 

revenue service periods and the non-revenue service periods on weekdays in order to 

verify the validity of the simple power formula for the escalators. The difference 

between the powers during these two weekday periods should equal the escalator 

power if the assumptions that all escalators are running during the peak revenue 

service periods and that of the passenger station loads only the escalators are turned 

off during the non-revenue service periods. This comparison is shown in Table 5-19. 

Agreement is within 2%. 

5.3.2.4.3 PEPCO Support Power Model 

In this study, support background power is defined as all support power less 

the lighting and escalator load on the average degree-day. This definition was 

selected in order to test lighting and escalator energy conservation strategies. 

The PEPCO support background power was estimated by subtracting the 

escalator average power, as calculated using the simple 'escalator formula described 

in the previous section, and the full underground station lighting loads from the 

average support power used in the AM and PM peak revenue service periods taken 

together. A summary of the resulting support power background for the passenger 

stations of the Red Line, Blue/Orange Line, and the DC, MD and VA jurisdictions is 

tabulated together with the lighting and escalator loads in Table 5-20. 



246 

In the construction of Table 5-20, it was assumed that station lighting was 

operational for all periods, and lighting in stations above ground was used only in 

the evening.The latter assumption is not critical. Escalators were assumed off during 

non-revenue service time. 

With reference to Table 5-20, the actual power and estimated power have been 

forced to agree during the peak periods because of the estimation method. However, 

the agreement during the other periods is good with the exception of that of the MD 

jurisdiction where the metering information was not complete. 

Table 5-21 lists the metered power demand and energy use for the office 

building and repair shops. Since no conservation strategies will be applied to these 

installations in this study, this power will be considered background in the DC and 

MD jurisdictions. 

5.3.2.5. The VEPCO Support Power Model 

Since no detailed information is available on VEPCO support power, the model 

was patterned after that of PEPCO. The background support power was estimated 

using the average background of similar type passenger stations serviced by PEPCO. 

The types of stations considered were underground side platform, underground center 

platform, and above ground. 

Table 5-22 presents a comprehensive listing of lighting and escalator loads 

(using the simple escalator power formula) in VEPCO passenger stations. 

Table 5-23 presents a listing of background, lighting and escalator power for 

VEPCO service at passenger stations. The background support power was estimated in 

the same way as in PEPCO serviced passenger stations. 
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5.3.2.6. Algorithms for Estimating Support Power Demand and Energy Use 

The models developed in Sections 5.3.2.4 and 5.3.2.5 can be applied directly to 
' 

energy conservation strategies involving escalator and lighting power reduction. The 

following procedure is used. 

Estimate of Peak Power Demand 

Peak power demand is estimated by summing up the background power. the 

lighting power, and the escalator power during the peak demand period. 

Estimate of Energy Use 

Energy use is estimated by summing the background energy (background power 

x 24 hours/day). the lighting energy (integration of the lighting vpower over the day), 

and the escalator energy (integration of the escalator power over the day). 

Table 5-24 shows an estimate of the support energy use and average peak 

power demand for normal operation on a weekly basis. The assumptions for this 

estimate are: 

1. Lighting load of underground stations is continuous. 

2. Lighting load of stations above ground is on during evening revenue 
service operation only (6:00PM-12:00AM). 

3. Escalators operate only during revenue service. 
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TABLE 5-1 

METERING POINTS AND POWER FEED INFORMATION 

METER NAME 
& CIRCUIT# 

CODE ENC USE OF FEEDS 

TRACTION AUXILIARY CHILLER OTHER 

NORTH-SOUTH LINE 

West End A0708 100E 1 1 
West End A0709 100F 3 2 
Wabash A 1382 ,ooc 3 2 
Wabash A 1392 1000 3 3 1 
Spring Street S7582 100A 3 2 1 
Spring Street S7592 100B 3 3 
Lindmont L 1762 100H 2 2 
Lindmont L 1752 100G 3 1 
Buckhead S1588 lO0J 3 1 
Buckhead S1598 100K 2 2 

EAST-WEST LINE . 
Hightower H0142 101L , , 
Hightower HO 152 101M 1 1 
Northwest 808 101K 2 2 
Northwest 468 101J 2 1 
Davis Street 188 101E 2 2 1 
Davis Street 198 101F 1 1 
Davis Street 488 101H 2 2 
Davis Street 498 101G 1 1 1• 
Hill Street 1612 101C 3 3 
Hill Street Hl22 1010 3 4 1 
Moreland 1362 101B 3 3 1• 
Moreland 1312 101A 3 4 
Decatur 592 028M 2 , 211 
Decatur 582 028L , 1 2• 
Scottdale 352 278A , 1 2• 
Scottdale 362 278B 2 1 311 

• Fan 
II Car Shop & Maintenance of Way 
+ Central Train Control, Yard Control 



TABLE 5-2 

REGRESSION ANALYSES RESULTS 

Coefficient Model #1 Model #2 

E (kWH) 144,269 150,328 
EO (kWHICM) 4.721 4.714 
E~~

0
(kWHIHDO) 2253 2554 

EkWH/COO 1018 1161 

Model #3 

151,123 
4.685 
2939 
1548 

Base and Saturation Temperatures (°F) [Best Fit] 

COD Base 65 
HOD Base 65 
COO Saturation -
HOD Saturation 

69 
57 

Statistical Quantities [Best Fit] 

R2(Adjusted for Degrees of Freedom} 

85.5% 85.9% 

T-Ratio (Coefficient/Std Deviation) 
of E

0 
,erm 85.52 97. 13 

of ECM term 56.01 56.57 
of EMOO term 23.81 23.33 
of Ecoo term 18. 13 17.43 

70 
54 
83 
33 

86.6% 

101.62 
57.78 
24. 15 
18.73 

249 
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TABLE 5-3 

RESLA.TS OF REGRESSION ANALYSES ON NORTH-SOUTH AND EAST-WEST LINES 
DURING DIFFERENT TIME PERIODS 

Analyses HOO coo R2 
Eo El Ecoo El-tOO 

10 BASE SAT BASE SAT ('!El) (KWH) (KWHPCMI (KWHPCOOI (KWHPCDDI 
(•F) ( •F) (•F) ( •F) 

1. N·S( 1984) 55 34 68 76 79.2 41467 5.00 1802 405 
2. E-Wl19841 56 37 69 81 94.2 120820 3.76 1123 1182 
J. BOTH(1984) 54 26 68 78 93.0 162036 4.17 2918 1777 
4. BOTH(1983) 55 36 73 84 82.8 145155 5.01 3935 1404 



TABLE 5-4 

COMPARISON OF TERMS OF REGRESSION EQUATION TO TOTAL DAILY ENERGY 

Daily 
Car-Miles 

23,000 

10,000 

Ambient 
Temp 

33° 
65° 
83° 

33° 
65° 
83° 

Background 

151123(52] 
151123[58] 
151123(51] 

151123[66] 
151123[76] 
151123[64] 

Energy (kWH)[%] 
Car-Mi Amb Temp Total 

107756(37] 32516(11] 291395(100] 
107756(42] 0,(0] 258879[100] 
107756(36) 38207[13] 297086[100] 

46851[20] 32516[14] 230490[100] 
46851(24] O[O] 197974[100] 
46851[20] 38207[ 16] 236181[ 100] 
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TABLE 6-6 
ENERGY CONSUMED BY METRO OPERATIONS DURING 1980 

(XlOOO KWH)(% of TOTAL) 

PEPCO 

ENERGY CONSUMED BY DC MD & VA 

All Passenger Stations 47,721 {66%) 12,541 { 17%) 

All Rail Traction Operations 107,635 {62%) 43,371 { 25%) 

TOTAL 155,356 {63%) 55,912 {23%) 

Source: Testimony of Richard T. Labonski of Washington Metro before the DC 
Public Service Co1T111ission, Fonnal Case #748, April 1981. 

VEPCO 

1 2 , 1 84 ( 1 i ·; ) 

21 ,819 (13";) 

34,453 ( 14 ~) 



TABLE 5-6 
SUMMARY OF AVERAGE ACTUAL VS. SCHEDULED CAR-MILES 

FOR METRO (FEBRUARY 1, 1980-0CTOSER 15, 1980) 

Average Actual Scheduled 
RED LINE Car-Miles Car-Miles 

Weekdays 16,470 18,018 

Saturdays 10,489 11 ,571 

Sundays 5,487 5,964 

BLUE/ORANGE LINE 

Weekdays 41,338 41,855 

Saturdays 25,186 26,779 

Sundays 13,977 14,053 

Average Actual Car-Miles 

RED LINE 
Februarx 1-Aeril JOI 1980 Mal 1-0ctober 15 1 1980 

Weekdays 14,876 17,372 

Saturday 8,712 11 ,419 

Sunday 5,203 5,618 
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TABLE 5-7 
RESULTS OF REGRESSION ANALYSES FOR 

POWER VS. CAR-MILES AND DEGREE-DAYS 

RED LINE MEiER NAME (SYMBOL) 

Farragut North (MAI) 

Gallery Place (HBl) 
Union Station (HB2) 
New_York Avenue (1183) 

Rhode Island Avenue (11114) 

Brookland Avenue (HBS) 
New Hampshire Avenue (H86) 
Takoma Park (H87) 

SI lver Spring (HBS) 

Co1 ncident Red 

ORANGE/BLUE LINE METER NAME (SY1180l) 

Shirley H1g-y (MC8) 

Washington Boulevard (HC6) 
Rosslyn (MCS) 

PotDNC (MC4) 

Farragut West (l«:3) 

Metro Center (Mel) 
Smithsonian (HDZ) 
Federal Centar (141)11) 

Seward Sq.are (H06) 

Potomac Avenue (H07) 
Stadilll Annory (H08) 

Minnesota Avenue (1409) 
Dean,,ood (HOlO) 
Cheverly (H011) 

Landover (HOlZ) 
Beaver Dall C...a (H013) 
New Carrollton Yard (HOY) 

Co1ncidant 81ue/0ra119a 
(ucept H011, MD12, M013, MOY) 

Coincident Blua/0range 

•Revenue Operating Ti• 
Red Line 

Weekdays 00:00-00:45; 05:15-24:00 
Saturdays 00:00-00:45; 07:30-24:00 
Sundays 09:30-18:45 

~n-Revenue Operating Tl• 
~eekdays 00:45-05 15 
Saturdays 00:45-07 30 
Sundays 00:00-09 30; 18:4~-24:00 

REVENUE SERVICE TIME• 
Po(KW) E1(KllHPCN) P2(1(l,PQO) 

NO'.l-REVE1;u£ SE'<VICE TiME•• 

Po(l(l,) P2(KWPDO) 

222 
134 

95 

217 
44 

261 
170 

71 
449 

1844 

197 
106 

60 

43 
-11 
52 
51 

-57 
64 

-az 
197 
123 
111 

96 
254 

176 
639 

895 

1526 

0.90 

0.88 

0.69 
0.75 
0. 73 

1.00 

0.63 
.0.82 
0.62 

6.87 

.JO 

.60 

.so 

.so 

.58 

.55 

.51 

.40 

.62 

.36 
.55 
.53 
.49 
.54 
.31 
.39 
.24 

5.52 

5.73 

-1.1 

N 

N 

N 

-1. 6 

-3.3 

N 

-2.9 
N 

-11. 6 

7. 8 

0.7 
3.7 

N 

1.3 

2.2 
0.9 
0.6 
1.2 
N 

N 

N 

I. 7 

N 

2.8 
2.2 
7.8 

18.7 

37 .1 

Blue/Orange Line 
00:00-00:45; 05:30-24:00 
00:00-00:45; 07:30-24:00 
09:30-18:45 

00:45-05:30 
00:45-07:30 
00:00-09:30; 18:45-24:00 

93 
98 

133 

321 
75 

274 
313 

107 
388 

1853 

256 

81 
220 

91 

54 
31 

36 

22 
41 

75 
73 

79 

79 

132 
222 
266 

981 

1156 

1796 

0.4 
N 

N 

N 

-0. 7 

-2.6 
6.3 

-1. 4 

N 

N 

6.6 

-0.7 
2.6 

-0.7 
N 

N 

N 

N 

N 

1. 7 

-0.3 
0.6 

-10.7 
-1.0 

-8.4 
N 

6.5 

N 

8.2 

Regression Eauatians 
P •PO+ E1(0I/H) + P2(00) 
P: Average Power (IOI) 
P : Background Power (Kll) 
~: ICWHPCM (Car-Mile Component 

Coeffjcient) 
CH/H: Aver•~• C..r-Miles/Hour 
P2: 1(1,HPOO (Degree-Day Comoor.eot 

Coefficient) 
00: lle9ree-llly 

N • Not significant witll 951 Confidenc1 Lf■its. 



TABLE 5-8 
TEMPERATURE DEPENDENT COEFFICIENT OF REGRESSION ANALYSES 

AND LOAD DIFFERENCES FOR TRACTION METER CONSOLIDATION 

P2(KWPADD) P2(KWPMDD) 
Revenue Service Time Non-Revenue Service Time 
Negative Positive Negative Positive 

Red Line 8.9 0 4.7 6.7 
Blue/Orange Line 0 32.9 21.8 16.3 
D.C. Jurisdiction 8.9 7.9 16.4 9.0 
MD Jurisdiction 0 12.8 9.4 6.5 
VA Jurisdiction 0 12.2 0.7 9.2 

LOAD DIFFERENCES (KW) 

P(30°)-P(70°) _P(90°)-Pj70~) P(?0°)-P(70°) P(80°)-P(70°) 

Red Line 356 0 235 67 

Blue/Orange Line 0 658 1090 163 
O.C. Jurisdiction 356 158 820 90 
MD Jurisdiction 0 256 470 65 
VA Jurisdiction 0 244 35 92 

l,J 
l,7 

Ul 
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TABLE 5-9 
Ul 
a, 

AVERAGE POWERS (KWI FOR TRACTION METERS AT DIFFERENT 
OPERATING TIMES (MAY 1, 1980-OCTOBER 15, 19801 

WEEKDAY 
RED LINE HETER MAH( (SYMBOl) AA PEAK MIDDAY PM PEAK EVENING SATUIHlAY SUNDAY All PEAK All PEAK MIOOAY MIOOAY 

8:00-9:00 12:00-IJ:OO 11:00-18:00 20:00-21:00 12:00-IJ:OO 12:00-1]:00 lffOOiff PlfJm mRTJi6 ffiilin 

farr•gut North (MAI) 1159 8]2 18]6 819 81] 796 2. II .96 1.02 I.OS 
G.lllery Place (MIil) 1585 757 1663 713 111 611 2.09 .95 1.06 l.ll 
Union Station (1112) 1116 590 128] 557 526 484 1.89 .87 1.06 1.Zt' 
New York Avenue (MBll 1149 7]5 1]]8 784 655 622 1.56 .86 .94 1.18 
Rhode Island Avenue (1114) 1160 514 1259 505 500 07 2 .11 .92 1.06 I. 22 
Brookland Avenue (11151 1764 922 1827 926 889 846 1.91 .97 1.00 1.09 
Ne• ~shire Avenue (1116) 970 639 1086 568 619 611 1.52 .89 1.13 1.05 
Tit,- Part (14117) 1267 614 1211 591 626 606 2.06 .99 I.IM 1.01 
Silver Spring (1118) 1241 854 1278 854 794 860 1.45 .97 1.00 .99 

Coincident Red 12011 6476 12847 6]18 6140 59ll 1.85 .91 I.Ol 1.09 

BLUE/ORANGE LINE HETER IIAHE (SYIIIOL) 

Shirley Hlg~y (IICII) 56] 379 615 461 500 496 1.49 .92 .12 .76 
Washington 8oulev1rd (IIC6) 1009 565 1055 512 523 499 1.79 .96 .99 1.13 
Rosslyn (MC5 l 1739 912 1841 887 132 853 I. 91 .94 I.Ol 1.07 
Pot,-c (HC4) 1705 918 1741 949 866 8ll 1.86 .98 .91 1.13 
flrr1gut West (MCJ) 1986 1017 2123 967 929 90Z 1.95 .94 1.05 l.ll 
Hetro Center (MCI) 1962 10]0 2016 992 986 963 1.90 .97 1.04 1.07 
S.lthsontan (HOZ) 1800 972 1832 946 875 900 1.85 .98 I.Ol 1.08 
federal Center (MIMI 1248 640 1449 657 593 547 1.95 .86 .91 1.11 
Se,..rd Square (1116) 210 1117 2119 1144 1074 110] 1.82 .98 I.OJ I. 07 
Pot,-c Avenue (1117) 1006 537 lll8 537 501 503 1.87 .88 1.00 I.D7 

Stadt• Anoory (lllBJ 20ll 1141 2079 1142 1100 1110 1. 77 .98 1.00 I.DJ 

Hlnnesot1 Avenue (1119) 10]6 615 1162 609 571 558 1.68 .89 1.01 I. 10 
De11,""°d ( llll o l 102] 591 1076 609 567 562 1.11 .95 .17 1.05 

Cheverly (HOii) 978 625 1044 610 551 5]7 1.48 .94 1.02 1.16 

Landover (llll2) 114 569 869 592 484 46] 1.29 .es .96 1. 23 

Beaver o .. Creek (HOil) 737 5J7 145 559 461 419 1.l7 .99 .96 1.12 

New Carrollton Y•rd (lllY) 6)5 747 638 1084 564 605 .85 1.00 .69 l.ll 

Coincident Blue/Or•n~e 22)12 12919 2]600 llll5 11975 1189] 1.72 .95 .97 I. 09 

I ulnl IJrol Blu~/Or41111.1e 19248 10501 20104 10470 9915 9809 1.8] .95 I. 00 1.07 



TABLE 5-10 
DERIVED BACKGROUND OF PEPCO TRACTION METERS ON 

RED, ORANGE AND BLUE LINES 

JUIBCA Of NON-REVENUE MINI- MIOOAY 
2000 ~ NO LOAO SE RV IC£ ·CAR LAYUP BACKGROUND l EVENING 

LOCATION AUUUARY TRAIISFOAMER- LOSSES TIME PIIIER POWER (KW) BACKGAOUNO 
METER NAME UN[ (Hl~POST) ~YltlOL RATED !!f RECTIFIER UNITS -100__ (KW) _l!_Wl ___ l~~~ PEAK) jKWl_ __ . 
Farngut North Med 0.434 MAI 3 24 88 88 88 

Gallery Place Red 1.504 "81 3 24 98 98 98 

Union Station Red 2.508 "82 2 16 133 1B 133 
New York Avenue Red l.610 "83 150 2 16 321 200 121 241 

Rhode Island Avenue Red 4.468 "84 3 24 84 84 84 

Brookland Avenue Red 6.029 "85 150 3 24 306 306 306 

- Ha11pshlre Avenue Red 7. 199 "86 150 2 16 250 250 250 
Tak<Na Park Red 8.730 "81 l 16 124 124 124 
Sliver Spring Red 9.984 "88 ] 24 38H 180 208 ]28 

1412 1652 

Shirley Htgi..y Blue 1.676 11:8 1500 2 16 163 163 163 

Washington Boulevard Blue 2.795 11:6 500 2 16 90 90 90 

Rosslyn Blue/Orange 4.004 l«:5 750 l 24 184 184 184 

PotONC Blue/Orange 5.225 l«:4 600 2 16 100 100 100 

hrragut West 81 ue/Orange 6. 171 Kl - l 24 54 54 54 

Metro Center 8lue/Or1nge 1.036 Kl l 24 JI ]1 31 

S.lthsonlan 81 ue/Orange 1.110 1112 2 16 36 36 36 
federal Center Blue/Orange 8.545 lt'.l4 2 16 22 n 22 
Sew rd Squ1 re Blue/Orange 9.313 M06 2 16 41 41 41 

Potcaac Avenue Blue/Orange 10.148 1117 500 l 24 52 ~2 52 
Stad 1 .. Amory Blue/Orange 11. 387 1118 225 2 16 11 77 77 

N1nnesot.A Avenue Or·ange 12.878 lll9 2 16 71 71 71 

llHnwood 0.-onge ll.891 11110 2 16 213 213 213 
Cheverly O•·•nge 15.042 MDII 2 16 140 140 140 

Landover Orange 16.447 11112 112 .5 2 16 287 287 287 
Bet1ver fla111 Crettk Orange 17.395 lllll 75 2 16 266 266 266 
Mew Carrollton Yard Or•nge 18.314 IIDY 1500 2 16 929 600 )29 599 

1ll4(w/olllll, 12, 
13, I) 

CA!J,AYUP INFOIIMATION IUIBER Of CARS 
NlliHT Ml ODAY 

Si lv~r Spring -36- "24° 
Brentwood Yard 40 16 
New Ca,rollton Yar~ 120 54 
B•I 15ton 24 6 
National Airr<>rl J6 18 l'J 

ln 
-.J 



TABLE 5-11 
COMPARISON OF MAXIMUM POWER DEMAND TO AVERAGE 
FOR SEVERAL TRACTION ENERGY METER CONSOLIDATIONS 

AM PEAK PM PEAK 

METER CONSOLIDATION MAXIMUM DEMAND INTERVAL MAX-AVG(%) 
l'\VG MAXIMUM DEMAND INTERVAL MAX-AVG(%) 

AVG 

Red Line 7:30-8:00 29 17:15-17:45 

Blue/Orange Line 7:00-7:30 31 16:45-17:15 

DC Jurisdiction 7:45-8:15 19 17:45-18:15 

VA Jurisdiction 8:15-8:45 67 18:15-18:45 

Note: The MD consolidation was not considered because of missing data from several 
of the MD meters. 

31 

25 

18 

86 

tv 
Ll1 
0) 
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TABLE 5-12 

RESULTS OF TEMPERATURE REGRESSION ANALYSES 
FOR SUPPORT METERS 

REVENUE SERVICE TIME• NON-REVENUE SERVICE TIME .. 
RED LINE PASSENGER STA7IOllS LOCATION JUR!SOICTION P0, kwl P2,~P~DDI P0( kw) P

2
(KWP~DD) 

Cl/pont Circli!· (MSAJI u DC 350 0.85 298 1.05 
Farragut North (MSA2) u DC 327 1. 75 )19 2.25 
Metro Center (MSA1) u oc 373 2.95 384 3.57 
Gallery Place (MSB1) u DC 214 0.55 195 0.44 
Judiciary Square (MSB2) u oc 246 0.39 228 0.59 
Union Station (MSB3) u DC 261 1. 39 243 1. 47 
RhQde Island Ave. (MS84) A DC 103 -4. 81 69 -5. 11 
6,ookland (MSB5) A oc 112 -1. 55 96 -1.47 
Fort Totten (MSB6) A DC 100 · 1. 16 89 -1. 18 
71koma ?ark. (MSB7) A DC 77 -0.97 62 -0.99 
S11 ver Spring (MS88) A MD 115 N 104 -0.25 

BLUE/ORANGE LINE PASSENGER STATIONS 

?enugon (MSC7) u VA 398 1.23 364 1.17 
Arlington Cemetery(MSC6) A VA 106 -0.36 77 -0.42 
~sslyn (MSC5) u VA 370 1.20 346 1.21 
Foggy Bottom (MSC4) u oc 189 0.57 165 0.63 
Farragut West (MSC3) u DC 305 1.411 296 1. 75 
McPherson Squa.-. (MSC2) u DC 265 0.99 260 1 .21 
Metre Center (MSCl) u DC 290 1.59 276 1.65 
,edera 1 Triangle (MSDl) u DC 183 0.98 167 0. 72 
Smithsonian (MSDZ) u DC 255 0.24 223 0.19 
L' Enfant Plan (MSOJ) u DC 305 1.05 279 1.15 
Federa 1 Center (MSD4) C DC 196 0. 73 184 0.65 
Coital South (MSDS) u DC 247 1.86 242 1. 91 
Eastarn Market (MS06) u DC 102 N 95 N 

PotOffllc Ave. (MS07) u DC 147 0.37 142 o. 39 
Stad1UIII .•nncry (MSOS) u DC 226 0.77 197 0.84 
Minnesota Ave. (MS09) A cc 110 . 1. 3( 100 -1 .30 
Oean"°od (MSlO) A cc 95 -0.70 76 -0.65 
Cheverly (MSll) A MO 86 -0.36 94 0.35 
Landover (MS12) A MO 54 N 48 -0.69 
New Car,ollton (MS13) A MO 111 N 151 N 

Ga 11 ery Place (MS£3) u oc 141 0.36 146 0.35 
Archives (MS£2) u DC 60 1.26 72 1.29 
L' Enfant Pl an (MS£1) u DC 198 0.51 182 0.52 

OFFICE BUILOING ANO REPAIR SHOPS 

Office Building (~Bl DC 1972 12. 16 1594 9.3 

T-St. Re11<1ir Shop (MRS) oc 579 0.63 522 N 

Garden City Snop (MGCS) MO 273 -11.14 181 -14.9 

. 
Revenue Cp•ratTng T;• Regresston Equattons 

Re~ line Blue/Orange Line p • Po ♦ Pz(DD) 
Wee<days 00:00-00:45; 05:15-24:00 00:00-00:45; 05:30-24:00 P : A•erage Powr (IOI) 
Saturdays 00:00-00:45; 07:30-24:00 00:00-00:45; 07:30-24:00 P0: Background PDWr (IOI) 

Sandays 09:30-lS:45 Pz: Kli~P,D ( Oegree-Oay Componen: .. Coeffki ent) 
Non-R@~e~ue Ooe~at~n9 Tirw, DO: Degree-Day 

~eekoays oo: 45-o;, 1 s OC:45-05 30 
Saturd!yS 00:45-07:30 00:45-07 30 
S:.rndays 00,00-09:30: 1a,,,.,,,oo OQ:00-09 3C; 18:45-24:00 
I\ - Not signil'i:ant witli 95·~ ~onfiaence Limits. 
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TABLE 5-13 
TEMPERATURE DEPENDENT COEFFICIENTS OF REGRESSION 

ANALYSES LOAD DIFFERENCES FOR SUPPORT 
METER CONSOLIDATION 

P2(KWPADD) P2( KWPMDD) 
REVENUE SERVICE TIME NON-REVENUE SERVICE TIME 

SUPPORT METER CONSOLIDATION NEGATIVE POSITIVE NEGATIVE POSITIVE 

Red Line 8.49 7.88 9.00 9.37 
Blue/Orange Line 2.76 15. 19 3.06 15.98 
DC Jurisdiction 10.53 33.43 l 0. 7 29.76 
MD Jurisdiction 11.50 0 15.84 0.35 
VA Jurisdiction 0.36 2.43 0.42 2.73 

LOAD DIFFERENCES (KW) 

P(30°)-P(70°) P{90°)-P(70°) P(20°}-P{70°) P(80°)-P(70°) 

Red Line 340 158 450 94 
Blue/Orange Line 110 304 153 160 
DC Jurisdiction 421 669 535 298 
MD Jurisdiction 460 0 794 4 
VA Jurisdiction 14 49 21 27 



TABLE 5-14 
AVERAGE SUPPORT POWER (KW) FOR PASSENGER STATIONS, 

OFFICE BUILDINGS AND REPAIR SHOPS DURING 
PRINCIPAL DAILY OPERATIONAL PERIODS 

JURIS- '.IEEKOAY SA-,_,RDAY SUNDAY 
METER ~ AA PEAK ~tcOAv PM PEAK dMNG ~IGf;T o~tm t~~ ~IGHT OPEAAT!ON EVM f1G 

REJ UNE PASSENGER STA r:011s 

Dupont Circle (MSAJ) JC 369 368 380 376 311 361 314 354 ]09 
•arragut ~rth i~SA2 I JC 360 357 359 354 318 336 312 341 3 ~ 3 
~etro Center (~SA1) Ci~ 411 405 410 408 389 !03 370 398 375 
Gallery .0 i.ce (MSBl) DC 216 217 220 218 136 220 297 205 187 
Judiciary Square (MSB2) DC 257 255 256 251 229 240 225 236 223 
~nion Station (MSB3) cc 278 293 2B0 273 244 270 242 267 242 
Rhode Island Avenue (MSB4) DC 70 63 63 94 89 76 84 61 83 
Brookland (MSB5) DC l 02 92 104 109 100 104 l 01 97 98 
eort TPtten ( MS86) DC 86 83 83 104 93 88 90 83 88 
hkoma Park ( MS87) DC 77 72 70 86 70 76 69 70 77 
Silver Spring (MSB8) MO 117 109 108 125 106 110 107 105 113 

BLUE/ORANGE LlNE PASSENGER STATIONS 

Pentagon (MSC7) VA 417 401 411 415 368 397 364 392 378 
Arlington Cenetery iMSC6) VA 106 9S 107 104 79 100 82 98 93 
Rosslyn (MSCS) VA 388 385 391 384 352 376 343 358 332 
Foggy 9ottCIII (MSC4) oc 195 188 189 186 168 185 165 185 170 
Farragut West (MSC3) oc 330 324 325 327 300 309 285 316 296 
McPherson Squire (MSC2) cc 288 291 293 285 254 269 254 270 254 
Metro Center (MSCl) oc 309 309 309 306 277 309 279 308 280 
Federal Triangle (MSDl) oc 194 192 198 135 180 190 167 187 175 
Smithsonian (MSC2) oc 268 261 257 249 22S 257 224 258 221 
L'Enfant Plaza (MS03) DC 332 324 327 324 283 304 286 303 283 
,ederal Center (MSD4) DC 208 203 209 203 182 200 180 201 183 
capitol South (MSOS) DC 264 261 266 262 239 259 241 263 246 
E,stern Mark1t (MS06) oc 88 88 88 88 85 101 97 90 88 
Potomac Avenue ("'507) oc 147 147 152 1~ l JS 145 129 148 136 
Stadi1111 Arniory (MS08) DC 229 231 236 233 202 230 200 227 203 
Minnesota Avenue ("'509) oc 96 94 96 114 100 106 103 100 107 
DeanlOOOd ("'510) oc 88 82 82 100 80 87 78 80 83 
Chev1rly (MS11) MO 88 78 77 108 94 92 97 79 96 

Landover (MS12) NO 54 49 S3 61 51 54 SJ 43 47 
~ ~rrollton (MS13) MO 1~ 125 124 215 216 155 zoo 121 191 
Gallery Place ("'5£3) cc 148 145 144 145 1~ 144 148 143 144 
Archives (MSE2) oc 72 72 73 73 72 73 73 71 71 
L' Enflnt PT aza (MSEl) DC 208 209 209 204 183 201 184 201 185 

OFFICE BUILOING ANO REPAIR SHOPS 

Total Office and Shop 3197 3382 3202 2806 2377 2427 2260 2085 2130 
Offfct Building (MOB) DC 2382 2516 2380 1969 16S1 1689 1459 1471 1419 
T-St. Repair Shop (MRS) oc 557 640 606 603 510 533 533 411 507 
Garden Cfty Shop (MGCS) MO 258 226 216 234 216 205 268 203 204 

26 l 

¼!GHt 

31J7 

31 l 
3 ;--

135 
22 3 

:!2 
"6 

96 

37 

67 
I 05 

365 
81 

330 
168 
283 
256 
279 

'ol 
219 

282 
181 
243 

92 

132 
196 
101 

75 
87 
48 

179 
145 

71 
183 

2085 
1311 
S' 5 
2S~ 



TABLE 5-16 
AVERAGE SUPPORT POWER FOR METER 

CONSOLIDATIONS AT VARIOUS OPERATING PERIODS 

PASSENGER STATION (KW) 
W E E K D A Y SATURDAY SUNDAY 

AH PEAK MIDDAY PM PEAK EVENING NIGHT OPERATION NIGHT OPERATION EVENING 

Red line 2343 2304 2333 2398 2151 2284 2111 2217 2114 

Blue/Orange Line 4663 4554 4616 4728 4271 4543 4232 4442 4263 

DC Jurisdiction 5690 5616 5678 5714 5156 5543 5097 5463 5127 

MD Jurisdiction 405 361 362 509 467 411 457 348 447 

VA Jurisdiction 911 881 909 903 799 873 789 848 803 

ALL SUPPORT METERS INCLUDING OFFICE BUILDING AND REPAIR FACILITIES (KW) 

DC Jurisdiction 8629 8772 8664 8286 73171 7765 10s•1 ·,m 7053 

MD Jurisdiction 663 587 578 743 683 616 725 551 651 

NIGHT 

2078 
4157 

5040 

419 

776 

6866 
678 

N 
CT' 
N 



TABLE 5-16 
SUMMARY OF LIGHTING LOADS BY PASSENGER STATION 

JUQ!S· STAT!ON STATION ~l/MSER OF STATION PARKIIIG LOT TOTAL 
s>AT,ON !~ETER sv~BOL) Dl:7[CN LOCATION ~ PARKING SPACi:S L!GHTING p:,) ~!GHTING (KW)-• LIGHTING ! '(it) 

~ED LI~E STAT:ONS 

Jupont Circle (HSAJI JC u s 120 120 
0 arraguc '4orth (HSA, I DC u C 70 70 

•etro :enter (MSA1) JC u s 120 : 2Q 

aallery Place (MSBl) :c u s 120 120 

Judiciary Square (HSB2) ::c u C 120 120 

Jnion Station (MSB3) )C u C 70 70 

<hode Island Avenue (MS84) JC A C 300 30 9 33 

3rook 1 and ( HSBS I DC A C 30 JO 

;ort Totten (MSB6) )C A C 300 30 9 39 

,,koma Park (MSB7) JC A C 1000 30 JO 60 

Silver Spr;ng (HS88) MO A C 30 30 

BLUE/ORANGE LINE STATIONS 

Pentagon (HSC7) VA u s•• 130 130 

Arlin~ton Cemetery (~SC6l YA A s 41) 40 

Rosslyn (MSCS) 'IA u s- 130 130 

Foggy Bottom (HSC4) DC u C 70 70 

Farragut West {MSC3l oc u s 120 120 

McPherson Square {HSC2l DC u s 120 120 

Metro Center (MSC!) DC u C 70 70 

Federal Te1anglt (MSOl) DC u C 70 70 

Sm1thson1an {MSOZ) DC u s 120 120 

L' Enfant Plaza (HS03l DC u C 70 70 

Federal Center (MS04l DC u C 70 70 

Capitol South (MS05 l oc u C 70 70 

Eastern Market ("IS06l oc u C 70 70 

Potomac Avenue (MS07) oc u C 70 70 

Stad1um Annory {MS08) DC u C 70 70 

~1nnesota Avenue (MS09) oc A C 250 30 7 37 

Oean"°°d (MS10) DC A C 220 30 7 37 

Cheverly {MSlll MO A s 500 40 15 55 

Landov•r {MS12) MO A C 1000 30 30 60 

New Carrollton (HS13) MO· A C 1900 30 56 86 

Gallery Place {MSE3)• DC u C 70 70 

Archives {MSE2)* DC u C 70 70 

L'Enfant Plaza (HSEl)* DC u s 120 120 

Note: U - underground S - s1dt platfo"" *Grtet1/Yellow Ltne 
A - above ground C - center platfon1 .. hlo ltYll 

-ii&sed on JO 101tts per space 
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TABLE 5-17 
SUMMARY OF LIGHTING LOADS BY 

METER CONSOLIDATIONS 

(KW) 
PARKING STATION TOTAL 

SUPPORT METER CONSOLIDATIONS LIGHTING LIGHTING LIGHTING 

Red Line Passenger Stations 48 770 818 
Blue/Orange Passenger Stations* 115 1830 1945 
DC Passenger Stations 62 2050 2112 
MD Passenger Stations 101 130 231 
VA Passenger Stations 0 300 300 

*Includes three Green/Yellow Line stations which were on 
during 1980: L'Enfant Plaza, Gallery Place and Archives. 



TABLE 5-18 
PASSENGER STATION AVERAGE DAILY POWER 

OF ESCALATORS 

'O~AL 
0 ,ssE:IGER STATION '.METER) 

,E: LZNE ?ASSE~GER STATION 

~upont Circle (MSA3) 
0arragut North (MSA2) 
~etro Center (MSAl) 
Gallery Place (MSBl) 
Judiciary Square (MS82) 
Union Station (MSBJ) 

J~RISD[CTJON ESC.:.LA70R RISE ;c-) ~~JLV ~w 0
• 

Rhode [sland Avenue (MS84) 
Brook 1 and (MS85) 
Fort Totten (MS86) 
Takoma Park (MS87) 
Silver Spring (MS88) 

DC 

DC 
DC 
~c 
DC 
~c 
JC 

DC 
DC 
DC 
MO 

BLUE/ORANGE LINE PASSENGER STATIONS 

Pentagon (MSC7) 
Arlington Cemetery (MSC6) 
Rosslyn (MSCS) 
Foggy Bot~Offl (MSC4) 
Farragut \lest (MSCJ) 
McPherson Square (MSC2) 
Metro Center (MSCl) 
Federal Triangle-(MSOl) 
Smithsonian (MS02) 
L'Enfant Plaza (MSD3) 
Federal Center (MS04) 
Capitol South (MSOS) 
Eastern Market (MSD6) 
Potomac Avenue (MSD7) 
Stadi1.1111 Armory (MSD8) 

Minnesota Avenue (MS09) 
Deanwood (MSlO) 
Cheverly (MS11) 
Landover (MSl 2) 

+ 
New Carrollton (MS13) 
Gallery Place (MSEJ) 
Archives (MSE2) 
L' Enfant Plaza (MSEl )+ 

DC 
VA 
VA 
cc 
DC 
DC 
DC 
DC 
DC 
DC 
DC 
DC 
DC 
DC 
DC 

DC 

DC 

MD 
MO 
MD 

DC 

DC 

DC 
•Included with MSAl Metro Center. 

••€scalators not on in 1980. 
•-calculated on basis of 0.11 kw/ft. 

540 
307 

576 
99 

187 
159 

64 
89 
85 
76 

116 

481 

219 
483 
134 
229 
266 

106 

237 
72D 
152 
166 
139 
156 
279 
86 

67 
117 

43 
71 

+rhese escalators to lower levels were not in 
service in 1980. 

59 

34 

63 
11 

21 

17 
7 

10 

9 

8 

l 3 

53 
24 
53 
15 

25 
29 

12 
26 
79 
17 

18 
15 
17 

31 
9 

7 

13 
5 

8 

-



266 

TABLE 5-19 
COMPARISON OF PREDICTED DAILY AVERAGE ESCALATOR POWER 
WITH OBSERVATION USING SIMPLE ESCALATOR POWER FORMULA 

"' * SUPPORT METER CONSOLIDATION KW{PEAK) KW(NIGHT) KW(PEAK)- KW(NIGHT) KW(ESC.) 

Underground Stations 5552 4943 609 595 

*Based on the assumption that all escalators operate during the peak periods 
and that only the escalators in underground stations are turned off at non­
revenue service time, the value 595KW computed using the simple escalator 
formula compares well with the actual measured power of 609KW. 



TABLE 5-20 267 
SUMMARY OF BACKGROUND, LIGHTING AND ESCALATOR POWER (KW) 

FOR SUPPORT METERS AT PASSENGER STATIONS 

PEAK** MIDDAY** EVENING NON-REVENUE 

RED LINE 

Background* 1470 1470 1470 1470 
Lighting 620 620 820 620 
Escalators 250 250 250 0 

Total 2340 2340 2540 2090 
Actual Total 2340 2300 2400 2130 

BLUE£0RANGE LINE 

Background* 2555 2555 2555 2555 
Lighting 1630 1630 1945 1630 
Escalators 455 455 455 0 

Total 4640 4640 4955 4185 
Actua 1 Total 4640 4550 4730 4270 

DC JURISDICTION 
Background* 3275 3275 3275 3275 
Lighting 1870 1870 1945 1870 
Escalators 540 540 540 0 

Total 5685 5685 5760 5145 
Actual Total 5685 5615 5715 5160 

MD JURISDICTION 

Background* 340 340 340 340 
Lighting 0 0 230 0 
Escalators 40 40 40 0 

Total 380 380 510 340 
Actua 1 Tota 1 380 360 510 465 

VA JURISDICTION 

Background* 520 520 520 520 
Lighting 260 260 300 260 
Escalators 130 130 130 0 

Total 910 910 950 780 
Actual Total 910 880 900 800 

*The background is detennined by subtracting the underground station lighting load 
and escalator load from the average support power during peak periods. 

**Only underground station lighting is on during these periods. 



TABLE 5-21 
AVERAGE POWER DEMAND DURING PEAK PERIODS AND DAILY 

ENERGY CONSUMPTION OF OFFICE BUILDINGS AND REPAIR SHOP 

OFFICE BUILDING {DC) T-ST. REPAIR SHOP {DC) 
(MOB) (MRS) 

POWER DEMAND (KW) 

AM Peak (8:00-9:00AM) 2280 610 
PM Peak (16:00-17:00PM) 2205 590 

ENERGY CONSUMPTION (KWH) 

Weekday 47510 13835 
Saturday 37375 12525 
Sunday 32025 11795 

ANNUAL ENERGY USE (MWH) 16000 4900 

GARDEN CITY SHOP {MD) 
(MGCS) 

290 
235 

6865 
6570 
5410 

2400 . 

N 
Ci' 
(D 



TABLE 5-22 
PASSENGER STATION LIGHTING AND ESCALATOR LOADS 

PROVIDED BY VEPCO 

LIGHTING ESCALATOR RISE 
PASSENGER STATION LOCATION TYPE LOAD (KW) {ft) 

National Airport A C&S 70* 84 
Crysta 1 City u s 120 191 
Pentagon City u s 120 169 
Courthouse u C 70 219 
Clarendon u s 120 114 
Virginia Square u s 120 144 
Ballston u s 120 168 

TOTAL 740 

A - above ground 
U - underground 
C - center platform 
S - side platform 

AVERAGE ESCALATOR 
POWER {KW){0.11/ft_ rise) 

9 
21 
19 
24 
13 

16 
18 

120 

N 
CT\ 
V) 
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Background 
Lighting 
Escalator 

TOTAL 

TABLE 5-23 
SUMMARY OF BACKGROUND, LIGHTING AND ESCALATOR 

SUPPORT POWER (KW) FURNISHED BY VEPCO 

PEAK 

1065 
670 
120 

1855 

MIDDAY 

1065 
670 
120 

1855 

EVENING 

1065 
740 
120 

1925 

NON-REVENUE 

1065 
670 

0 

1735 

AVERAGE DATA ON THE PEPCO SERVICED PASSENGER STATIONS 
USED IN DETERMINING BACKGROUND 

AVERAGE 
LOCATION TYPE BACKGROUND (KW) 

u C 147 

u s 167 

A C 84 } Average 81 
A s 77 



TABLE 6-24 
ESTIMATE OF SUPPORT ENERGY USE AND AVERAGE PEAK POWER DEMAND 

BY UTILITY/JURISDICTION 

P E P C 0 
ANNUAL SUPPORT ENERGY (MWH) HRS/WEEK DC MD VA 

Background 168 49400(72) 5400(90) 4500(58) 
Lighting 

Underground 168 16300 0 2300 
Above Ground 36 100 400 100 

Total 16400(24) 400(7) 2400(32) 
Escalators 114 3200(4) 200(3) 800(10) 

TOTAL 69000(100) 6000(100) 7700( 100) 
( ) indicates% of total support energy. 

SUPPORT PEAK POWER DEMAND (KW} 
Station Background 3275 340 520 

Office and Repair Shop Background 2890 290 0 
Station Lighting 1870 0 260 

Station Escalators 540 40 130 

TOTAL 8575 670 910 

AVERAGE POWER (KW) USED FOR ENERGY COMPUTATION 
Station Lighting 

Underground 1870 0 260 

Above Ground 75 230 40 

Station Escalators 540 40 130 

VEPCO 

9300(58) 

5900 
100 

6000(38) 
700(4) 

16000(100) 

1065 
0 

670 
120 

1855 

670 
70 

120 
j..j 

~J 
~ 
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DEGREE­
DAYS 

DEGREE­
DAYS 

DEGREE­
DAYS 

65°F 
Temperature 

COD 

TH TC 
Temperature 

FIGURE 5-1 

MODEL #1 

MODEL #2 

MODEL #3 
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E 
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D 

320000.+ 

280000.+ 

240000.+ 

200000.+ 

OBSERVED VS PREDICTED DAILY ENERGY USE 
(KWH) 

* ** 
2 54 

* *+*2 *2* 
* *4476*2 * * 
2* 3757**3 

*492647423* 
22 24675967343 

* **48+96676 * 
* 223*767944*3* 

* *2343+855432 * 
* *2 3 36++876322 

* 3333438295*5*32 * 
* 43*433* ** 3 * * 

** *4228*2** 2 * 
232 432223 * 

**3*3*442*2** * 
233433322 ** * * 
* ** 2 2 * 

- * * 2*3 
160000.+ ** 2 

* 

120000.+ 
+---------+---------+---------+---------+---------+C6 

170000. 205000. 240000. 275000. 310000. 345000. 
PREDICTED 

FIGURE 5-2 
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MARTA METER SUMMARY STATISrfICS 
ALL COINCIDENT ALL DAYS 
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111. 

DATE-MIN 
S-30 fn 

11-28-83 
12-22-83)( 
12-21 83 
11-24-83 
5-30-83 
5-30-8] 
5-30-83 

11-24-83 
11-24-83 
11-24-83 
11-24-83 
11-24-83 
11-24-R:3 
11-24--83 
11-24-83 
11-24-83 
11-24-83 
S-28-84 
4-25-fl:) 
5- 4-A3 
5- 4 03 
S 9 En 

1 ;1 .J. 2 A.) 

DflT[--MAX 

3 1 fH 
3- 1-f34 
;:i 7-fl'l 
J-JR-S:~ 
S 9 84 
2 e fH 
2- 7-84 
1 20 f1,1 
2- 7 84 
?,- I -84 
\ 20 84 
7<U 8·1 
217 83 
7-?,:i-84 
I - 21.:i 84 
/-2~1 84 
7-24-84 
6-29-84 
6-29-84 
6 :!9 -fH 
6-2CJA4 
6- 2'.-l - 8 ·1 >< 

(i ~)CJ fl4 
G- ;:( ➔ H·l 

"iill'ilil illl. 11111'. 111< llill 
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10. 

POWER IN MW 
15. 

FIGURE 5-4 

JAN 1983 

20. 

DATE-MI~~ 
1- 3-83 
1-11-83 
1-20-83 
1-20-03 .. 
1-21-83 
1-21-83 
1-21-83 
1-21-83 
1-14-83 
1-14-83 
j- 7-83 
]- 7-83 
1- 7-83 
1- 6-83 
J- 6-83 
1- 6-83 
1-21-83 
1-21-83 
1- 7-83 
1- 6-83 
1- 6-83 
1-J0-83 
1- 5-83 
1-10-83 

DATE-MAX 
I -- 18--83 
\-20-83 
\-18-83 
I I B-83 
1-12-83 
1-17-83 
1-18 83 
}-2Q-83M 
1-20-83 
1-20-83 
1 -20-83 
J-20-83 
1-20-83 
)-20-83 
J-20-83 
1-20-83 
1-18-83 
1-24-83 
)-)2-83 
1-18-83 
J-20-83 
1-20-83 
1-17-83 
J-20-83 

,. ABSOLUTE MAX OR MIN 
Iv 
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FIGURE 5-5 

DATE-MIN 
4-25-83 
4-29-8"3 
4- 8-8:'i~ 
4- 8-83 
4- 8-8'_1 
4- a-fn 
4- I 3 83 
4 28-83 
4-29-8:s 
4-14-83 
4- 8-83 
4- B-83 
4- 8-83 
4- B-83 
4- 7-83 
4- 8-83 
4-22-8:) 
4-25-83 
4-25-8~'i 
4-2~:;-83 
4-29-83 
4-29-fn 
4-29·-B'S 
4-29-·83 

[J f-1 T [ -- M f 1 X 

4-21-83 
4-21 83 
4-22 83 
4-26-83 
426-83 
4 2S A:\ 
4-25-83 
4-20 83~ 
4-20-83 
4-27-83 
4-27 83 
4 27-83 
4-27-83 
4-2/-83 
4-27-83 
4-27 83 
4- 19-8'.3 
4- I 8-83 
4- lfl-83 
4 -;20 8'3 
4-20 8"\ 
4 -20 81 
4-21 -A'\ 
4--21-8'\ 

~ Fm:irn .UTE MAX r)R 11 Ir~ 
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POWER IN MW 
FIGURE 5-6 

20. 

DATE-MIN □RTE MAX 
7 - 2s tn 
7- 1-rn 
7 - '1 s:s 
7- 4-s:sx 
7- 4 83 
7 - 4 -H'.S 
7 ·· 4 fr3 
7- 4-8] 
7- 4-83 
7- 4-B"J 
7- 4-83 
7- 1 83 
7- 4-53 
7 - 4-83 
7- 4--8] 
7- 4-83 
7- 4- 83 
7- 4-83 
7 - 4 - 83 
7-25-8] 
7-25-83 
7- 7-83 
7- 7-83 
7- 7-83 

.7 -20- fn 
7-22-83 
7-22-83 
7-15 83 
7-29 83 
7 1 S-tLS 
7 - 1 5 S:I 
1-11 8:s 
7-13·83 
7- 13 83 
/-13 8:1 
7-22-83 
7-20-83 
7-20-83 
7-22-83 
7-22-83 
7·22-83 
7-27-83x 
7-27-83 
7-21-8'3 
7-22-83 
7-21-83 
7-22-83 
1-22-s:s 

)( ABSOl.UTE MAX OR MIN 
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POWER IN MW 
FIGURE 5-7 

OCT 1983 

20. 

UflT[- [1 I ~J 

10-- 17 83 
10 17 B3 . 
10-J9-cl3i-: 
10--31-83 
10-31-83 
10-31 83 
10-31-83 
10 31-83 
10 31-fl3 
10 28-83 
l 0-28-El3 
10 28-En 
l ll 27 H:5 
10 27 -tl3 
10 21-e3 
10 27 -U:3 
10-31 -e3 
10-31-83 
10-26 f33 
10-26--83 
10-26-83 
10-27-83 
10-31-83 
10-31-83 

□ r-lTf~ rv1HX 

10 7 83 
10- 4-B] 
I CJ- ~~S 83 
10 21 83 
10-14-B:3 
1 CJ- 26 8'.3 
10-26 83 
10-26 83i-: 
JCJ2~1 83 
10 31 8-) 
JO- 4 W3 
10 4 83 
l(J- 4 ffJ 
10- 3 83 
JU 4 83 
10 ·1 8] 
10- 4-83 
1 o- '3-83 
10- 4-83 
10 21 83 
10-31-83 
10-21 --83 
10-21-83 
1 Cl :J. I R~S 

i-: ABSOLUTE MAX OF: 111 fJ 
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MARTA METER SUMMARY STATIS1'ICS 
ALL COINCIDENT JAN 1984 

MIN, AVE, AVE+STD, MAX 
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POWER IN MW 
FIGURE 5-8 

20. 

DATE- [1 IN DATE~Mnx 
J- 9 Fl4 
]- 9-84 
1-10-84~ 
1-10-84 
I 10-84 
1-- 2-81 
]- 2-81 
1- 2-81 
]- 2-81 
1- 2-84 
]- 2-84 
]- 2-84 
1- 2-84 
1- 2-84 
1- 2-84 
1- 2-84 
1- 2-84 
]- 2-84 
]- 2-84 
I- 2-84 
1- 5-84 
1- 5-84 
1- 9-84 
1- 9-84 

1-31-84 
1- 20 84 
I 20- 84 
)-20-84 
1-20-84 
1-20-84 
1-20-84 
)-20-84.w 
J-20-84 
J-20-84 
1-20-84 
1-20-84 
1-13-84 
1-13-84 
1-13-84 
)-13-84 
1-13--54 
)-)9-81 
I - I 9 81 
1-13-84 
J-13-84 
]-13-81 
1-13-84 
I -30--A·l 

~ ABSOLUTE MAX OR MIN 
'--' 
---.J 

'° 
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MARTA METER SUMMARY STATISTICS 
ALL COINCIDENT APR 1984 

MIN, AVE, AVE+STD, MAX 
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10. 

POWER IN MW 
FIGURE 5-9 

I 5. 20. 

DATE-MIN 
4--30-84 
4-30-84 
4-26-R4 
4-26-84)( 
4-27-04 
4-20-84 
4-13 84 
4-16-84 
4-23-84 
4-23-84 
4-23-84 
4-23-84 
4- 4-84 
4- 3-84 
4-13-f34 
4 - 3 fl 4 
4-18-84 
4-13-84 
4-30-04 
4-30 84 
4-23-tH 
4-23-84 
4-12-84 
4-12-84 

[)ATF~-MAX 
4- 5 84 
4- S-84 
4 I 9 81 
4- 1 1 84 
4-30-84 
4 30 84 
4-30 84 
4- 2-84)( 
4-10-84 
4-10 84 
4- 2-84 
4 - 2· 84 
4-20-84 
4-25-84 
4-25 84 
4-25-81 
4-25-84 
4-·25--84 
4-26-84 
4-27-84 
4-1~)84 
4-]3-84 
4-J]-84 
4-13-84 

)( ABSOLUTE MAX OR MIN 
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MARTA METER SUMMARY STATISTICS 
ALL COINCIDENT 
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POWEF\ IN MW 
FIGURE 5-10 

JUL 1984 

20. 

DAT[~MIN 
7-23-84 
7-23-8'1 
7-23-8'1~ 
7-23-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 1-8'1 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
7- 4-84 
/- 4-84 
7-17-84 
7-18-84 
7-16-84 
7-16-84 

DATE-Mnx 
7-13-8'1 
7-13-8'1 
7-25-84 
7-13-84 
7-31 -84 
7-27-84 
7-25-84 
7-25-84 
7 25-8'1 
7-25-84 
7-12-84 
7-27-84 
7-27-84 
7-25-84 
7-25-84 
7-25-84~ 
7-24-84 
/-25-84 
7-24-84 
7-13-84 
7-10-84 
7-10-84 
7-13-84 
7-12-84 

~ ABSOl lJTE MAX OR MIN 
Iv 

~ 
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HISTOGRAM 
RED LINE-CAR MILES (FEB 1 - OCT 15, 1980) 
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10.0 1>>>>>>>>>>>>7>>>>>>>71 

5.0 
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RELATIVE FREQUENCY 

FIGUR[ 5-11 
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HISTOGRAM 
BLUE LINE-CAR MILES (FEB 1 - OCT 15, 1980) 

20.0 

15. 0 I:; :; ; ; :; ; ; ; ; ; ; ; ; ; ; :; :; ; < < < < , c c c c c , < < < , , < < , , , , , , 

10. 0 t;:;.....;:,' < < C < < < C C < C C < C C < < 

5. 0 1;; ; ; ; :; ; :; ; ; : C C C < < Cl 

0.0 

0.00 0.02 0.01 0.06 0.08 0.10 0.12 0. 11 0.16 0. 18 0.20 0.22 
RELATIVE FREQUENCY 
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HISTOGRAM 
ORANGE LINE-CAR MILES (FEB 1 - OCT 15, 19801 

30.0 

25.0 

20. 0 I, , , , , ; , , • · 
, , , > , , 

15. 0 Fr, > > > > > > > > > , 71 

1 0. 0 I, , , , , , 

5.0 ~7771 

0.00 0.05 0. IO O. 15 0. 20 0. 25 0.30 0.35 
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HISTOGRAM 
AVERAGE DEGREE DAY ( FEB 1 - OCT 15, 1980 l 

90.0 

I'<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< F < ✓ <<<££<<<I 
80. 0 7 > / 7 7 , 7 , 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 , 7 > , 7 , 7 > 

70. a r ; ; ; ; : ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ;, ✓ , , ✓ ✓ , ✓ ✓ ✓ ,, 

60 0 , , , , , , , , , , , , , , , , ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' · I,,,,,,,,,,,,,,,,,,,,,,,,,, 71 

50. 0 1: ', : : '; <, : '; : : : : '; '; '; <, : : : : : : : <, '; ', : : ; : '. , , , , ◄ 

40. o I; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ·, , , , , , , , 1 ,, 

30.0 J:;:t=========:;:;--~-~ 

20. O I ', ',: 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

RELATIVE FREQUENCY 

FIGURE 5-14 
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9:30 -

9: 15 -
9: 0 -
8:45 -
8:30 -
8: 15 -

8: 0 -
7:45 -

7:30 -
7: 15 -
7: 0 -

6:45 -
6:30 -

6: 15 -
6: 0 -

10: 0 
9:45 
9:30 
9: 15 
9: 0 
8:45 
8:30 
8: 15 
8: 0 
7:45 
7:30 
7: 15 
7: 0 
6:45 
6:30 

0.0 

SUMMARY STATISTICS 
WMATA RED LINE-AM PEAK 

~ MAXIMUM 
~ ONE STD DEV 
~ MEAN 

5.0 10. 0 15. 0 20. 0 25.0 

POWER IN MW 

FIGUP-E 5-15 

30.0 

t-,._;. 
co 
O', 



9:30 - l O: 0 
9: 15 - 9:45 
9: 0 - 9:30 
8:45 - 9: 15 
8:30 - 9: 0 
8: 15 - 8:45 
8: 0 - 8:30 
7: 45 - 8: 15 
7:30 - 8: 0 
7: 15 - 7:45 
7· 0 - 7·30 
6: 45 - 7 · 15 
6·30 - 7· 0 
6 · l S - 6 ~ 45 
6~ 0 - 6'.30 

S LJ rv1 fv1 A f\ Y Sr]. AT I ST I c: S 
WM AT n BL-U [ / 0 RA~~ GE L I ~~ [ - AM PE AK 

221/R~~ 
~~~ 
77$ ~~­/..t:.L 

•(_ . , 

~ MAXIMUM 
!x:zl ONE STD DEV 
~ MEAN 

0.0 S.0 10.0 15.0 20.0 25.0 30.0 3rj,0 40.0 45.0 

POWER IN MW 

FIGURE 5-16 
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9:30 -

9: 15 -

9: 0 -

8:45 -

8:30 -

8: 15 -

8: 0 -

7:45 -

7:30 -

7: 15 -

7: 0 -

6:45 -

6:30 -

6: 15 -

6: 0 -

10: 0 
9: 45 
9:30 
9: 15 
9: 0 
8:45 
8:30 
8: 15 
8: 0 
7~45 
7:30 
7: l 5 
7'. 0 
6:45 

. 6: 30 

SUMMARY STATISTICS 
DC JURISDICTION-AM PEAK 

''~ ~ MAXIMUM m ONE STD DEV 
r2Z3 MEAN 

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 

POWER IN MW 

FIGURE 5-17 
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10: 0 
9:45 -
9:30 -
9: 15 
9: 0 -
8:45 -
8:30 
8: 15 -
8: 0 -
7:45 
7:30 -
7: 15 -
7: 0 -
6:45 -
6:30 -
6: 15 
6: 0 -

SUMMARY STATISTICS 
MO JURISDICTION - AM PEAK 

10:30 ~~;=;:;:~~~~~~ 
10: 15 --t;:;~;::;:;~~-~A&-,~~,T~~,......,.....,. 10: 0 _, 

~~~~~~~~~~~...-----, 9:45 
-{:;=*~*~~~~~~~~ 9:30 
-{:::;::~~~~~~~~~~ 

9: 15 
-t=;:~~~~~~~~ 9: 0 
-{;=;:~~:;::!;=~~~~~ 8:45 
~~~~~~~~~ 

8:30 ~~;=;:;:~~~~~~::!...... 
8: 15 

~~~~~!:;!::~~~~ 8: 0 
~~~*~~~~~~ 7:45 -J=;::;=;:;:~~~~~~~~ 

7:30 -{:::;::~=;:=;::;=;::;~~;:;:;::~~~ 
7: 15 
~~~~~~~~~~~ 

7: 0 
~~~~~~~~~~~ .......... 

6:45 

~ MAXIMUM 
~ ONE STD DEV 
l2Z3 MEAN 

~~~~~~~~~~~~ 6:30 
....... """""""-'""'""'-+--""""""" ....... ....,_~ ..... ~~-------------___J 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 11.0 

POWER IN MW 

FIGURE 5-18 
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9:30 - 10: 0 
9: 15 - 9:45 
9: 0 - 9:30 
8:45 - 9; 15 
8:30 - 9: 0 
8 ~ 15 - 8: 45 
8: 0 - 8:30 
7:45 - 8: 15 
7~30 - 8: 0 
7: 15 - 7~45 
7: 0 - 7:30 
6:45 - 7: 15 
6:30 - 7· 0 
6: 15 - 6'.45 
6: 0 - 6·30 

0.0 I. 0 

SUMMARY STATISTICS 
VA JURISDICTION-AM PEAK 

~ MAXIMUM 
m ONE STD DEV 
~ MEAN 

2.0 3.0 4.0 5.0 6.0 7.0' 8.0 9.0 10.0 

POWER IN MW 

FIGURE 5-19 
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18:30 - 19: 0 
18: 1 S - 18:45 
18: 0 - ]8:30 
17~45 - 18: 15 -F 
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