
CONTRACTOR REPORT 
SAND82-7126/1 
Unlimited Release 
UC-63a 

Reliability-Economics Analysis Models 
for Photovoltaic Power Systems 

Volume 1 

Lawrence H. Stember, William R. Huss, Michael S. Bridgman 
Battelle Columbus Laboratories 
505 King Avenue 
Columbus, OH 43201 

Prepared by Sandia National Laboratories Albuquerque, New Mexico 87185 
and Livermore, California 94550 for the United States Department of Energy 
under Contract DE-AC04-76DP00789 

Printed November 1982 

When printing a copy of any digitized SAND 
Report, you are required to update the  

markings to current standards. 
 



Issued by Sandia National Laboratories, operated for the United States 
Department of Energy by Sandia Corporation. 
NOTICE: This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States Govern­
ment nor any agency thereof, nor any of their employees, nor Rny of their 
contractors, subcontractors, or their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy. 
completeness, or usefulness of any information, apparatus, product, or pro­
cess disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring 
by the United States Government, any agency thereof or any of their 
contractors or subcontractors. The views and opinions expressed herein do 
not necessarily state or reflect those of the United States Government, any 
agency thereof or any of their contractors or subcontractors. 

Printed in the United States of America 
Available from 
National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

NTIS price codeB 
Printed copy: A08 
Microfiche copy: AOI 



, 

SAND82 -7126/1 
Unlimited Release 

Printed November 1982 
Distribution 

Category UC-63a 

Reliability-Economics AnalYSis Models 
for Photovoltaic Power Systems 

Volume 1 

Lawrence H. Stember 
William R. Huss 

Michael S. Bridgman 
Battelle Columbus Laboratories 

505 King Avenue 
Columbus, OH 43201 

Abstract 
This report describes the development of modeling techniques to character­
ize the reliability, availability, and maintenance costs of photovoltaic power 
systems. The developed models can be used by designers of PV systems in 
making design decisions and trade-offs to minimize life-cycle energy costs. 
Three actual intermediate PV system designs were modeled as examples. 
The input data estimates used and the results of the analyses are presented. 

Prepared for Sandia National Laboratories Under Subcontract No. 62-8278. 



VOLUME I 

TABLE OF CONTENTS 

INTRODUCTION • . • . . • . • • • • . . . . . 
SUMMARY. . . • . . • . . • • • . . . • . . . 
PHOTOVOLTAIC SYSTEM CATEGORIZATION AND DATA. 

Flat-Panel Photovoltaic System .•.. 
Photovoltaic Concentrator Systems .•. 
PV System Reliability and Maintenance Data. 

Data Needed for Reliability Models 
Reliability Data .•••.. 

Reliability Versus Cost. 
Maintenance Data ..••••• 

SYSTEM RELIABILITY ANALYSIS DEVELOPMENT. 
Considerations in Selecting the Methodology 
Discussion of Reliability/Availability Methodologies. 
Fault Tree Model ••••.•...••.•..•..• 
Array Field Design Analysis Methodology--Output Power 
Degradation Due to Solar Cell Failures. 

General •.••.. 
Analysis Procedure 

State Space Methodology 
State Space Model. 
Combining Subsystem Results. 
System Degradation Effects . 
Energy Production Computations 
Maintenance Costs ...... . 

Corrective Maintenance Costs. 
Preventive Maintenance Costs. 

Example System for Analysis--PV Concentrator 
(Passively Cooled}--Generic Design ...•. 
Example Application of the State Space Approach. 

Failure Rates and Repair Rates. 
State Space Model . . . • . . . 
Energy Production Computations. 
Maintenance Costs. 

i 

1 

5 

9 

9 

12 

17 

17 

20 
22 
28 

31 

31 

31 

35 

38 

38 

40 

41 

44 
56 

58 

59 

60 

60 

62 

63 

67 

67 

69 

77 
80 



VOLUME I 

TABLE OF CONTENTS 
(Continued) 

The Simulation Methodology - The SOLREL Model. 
Genera 1 . . . • • • . . • • . 
The Simulation Model .•..• 

The Initial Event File: Scheduling Failures 
Component Failure ...•.•.••••• 

Power Output Calculation Including the Effect 
of Degradation. . . . . 
Maintenance •••••. 

Scheduling Repair. 
Maintenance Costs. 
Preventive Maintenance and Array Cleaning. 
Tables and Plots ..•••. 
Changes to Mode 1 • • • • • • 

SOLREL Analysis of Example System 
Variability in Results •.. 

The Computer Program for SOLREL • 
Comparison of Results from the State Space Approach and 
the SOLREL Simulation Model of the Generic PV System 

LIFE-CYCLE COST ANALYSIS ••••. 
Defining the Procedure . • . •.• 

L i fe-Cyc 1 e Costs (LCC). • • • 
Life-Cycle Energy Cost (LEC). 

Applying the Procedure to a Specific System. 
SENSITIVITY ANALYSIS ••.•..... 

SOLREL • • . . . • • • . . . . . . . . 
Summary of SOLREL Analysis .•.• 
Reduction of Variation in Results 
Flat-Panel--Test for More Reliable Inverter 
Flat-Panel--Test for Cleaning Intervals 
Passively Cooled Concentrator--Test for 
Cleaning Intervals ......•..•. 

Sensitivity Analysis Using the State Space Methodology 
General Discussion--Sensitivity Analyses 

CONCLUSIONS AND RECOMMENDATIONS 
REFERENCES . . . . . . . . . . . . 

ii 

Page 

84 
84 
84 
85 
86 

86 
87 
87 
88 
88 
89 
90 
90 
96 
96 

96 
105 
105 
105 
108 
111 
115 
115 
115 
117 
122 

133 

". 133 
133 
142 
145 

147 



.. 

VOLur~E I I 

TABLE OF CONTENTS 

SYSTEM RELIABILITY ANAL YSIS APPLICATION. 
General ••••••••••••••• 

Array Field Power Degradation Due to Solar Cell Failures. 
General • • • • • • • 
Analysis Procedure •• 

LEA COUNTY ELECTRIC FLAT-PANEL PV SYSTEM 
Description of System ••• 
Input Data • • • • • • • • 
State Space Analysis of Lea County System. 

Modeling Method ••••••••••• 

. . . . 

. . . . . 
. . 

SOLREL Analysis of LEA County System. • • • • • • • • . . . 
ARIZONA PUBLIC SERVICE, PV CONCENTRATOR SYSTEM (PASSIVELY COOLED). 

De sc ri pt i on of Systems • • • • • • • 
Input Data." •••••••••••••.•• 

Output Duration Curves •••••••••• 
Data From Array Field Analysis Results. •• 

Mode 1 i ng t1et hod • • • • • • • • • • • • 
State Space Analysis of APS System 

Array Fi el d • • • • • • • • 
Modeling Method ••••• 

Expected System Capaci ty. • •• 
SOLREL Analysis of APS System. 

BDM PV CONCENTRATOR SYSTEM (ACTIVELY COOLED) 
Description of System ••••••• 
Input Data ••••• 
State Space Analysis of 80M System. 

Mode 1 i ng Met hod • • • • • • • • • 
SOLREL Analysis of BDM System ••••• 

. . . . . 

Comparison Between SOLREL and the System State Model 

iii 

. . . . 

. . 

1 

2 

2 

3 

1-1 

1-1 

1-1 

1-8 

1-8 

1-19 

2-1 
2-1 
2-1 
2-1 
2-1 

2-1 
2-3 
2-7 
2-7 

2-12 

2-19 
3-1 
3-1 
3-1 
3-3 

3-8 

3-19 

3-31 



VOLUME II 

TABLE OF CONTENTS 
(Continued) 

APPENDIX A 
NETWORK REDUCTION FORMULAS - STATE SPACE ... 

APPENDIX B 
PROGRAMS FOR HAND-HELD CALCULATOR SOLUTIONS OF STATE 

SPACE EQUATIONS . . . .. ........... . 
APPENDIX C 

DETAILS OF COMPUTER PROGRAM - SOLREL 
APPENDIX D 

SOLREL SOURCE LISTING - FLAT-PANEL SYSTEM .. 

Table 1-1. 

Table 1-2. 

Table 1-3. 

LIST OF TABLES 

Hot Spot Heating - Lovington, New Mexico. 
Estimated Reliability and Maintenance Data 
Inputs for Task 3 Analysis of Flat Panel by 
Power System . . 
Probability Table for Subsystem 2. 

Table 1-4. Probabil ity Table for Subsystem 3. 
Table 1-5. System Capacity for Various Combinations of 

Subsystem States.. . .. 
Table 1-6. Lea County System Annual Power Production. 
Table 1-7. Results of Corrective Maintenance Calculations 

for Lea County System. . . 
Table 1-8. Results of Preventive Maintenance Calculations 

Table 1-9. 
Table 1-10. 

Table 1-11. 

Table 1-12. 

Table 1-13. 

Table 1-14. 

for Lea County System. . 
Input Parameters for Flat-Panel System . 
Monthly Output Duration Curves for Flat-Panel SYstem 

Flat-Panel System Availability. . . 
Annual Failures Flat-Panel System. 
Flat-Panel System, Annual Maintenance Cost and 
Energy Produced. . 
Flat-Panel System Annual Maintenance Cost and 
Energy Produced. 

iv 

A-l 

B-1 

C-l 

D-1 

1-5 

1-6 

1-11 

1-12 

1-13 

1-16 

1-18 

1-18 

1-22 

1-23 

1-24 

1-25 

1-26 

1-27 

. . 



... 

• . 

Table 2-1. 

Table 2-2. 
Table 2-3. 
Table 2-4. 

Table 2-5. 

Table 2-6. 

Table 2-7. 

Table 2-8. 

Table 2-9. 

Table 2-10. 
Table 2-11. 
Table 2-12. 

Table 2-13. 

Table 3-1. 

Table 3-2. 
Table 3-3. 
Table 3-4 . 
Table 3-5. 

Table 3-6. 
Table 3-7. 

VOLUME I I 

LIST OF TABLES 
(Continued) 

Estimated Reliability and Maintenance Data 
Inputs for Analysis of PV Concentrator, 
Passively Cooled Power System .. . 
Probability Table for Subsystem A ... . 
Probability Table for Subsystem B ... . 
System Capacity for Various Combinations of 
Subsystem States . . . . . . . . . . . . 
APS System Annual Power Production ... 

Results of Corrective Maintenance Calculations 
for APS System . . . . . . . . . . . . . . . . 
Results of Preventive Maintenance Calculations 
for APS System . . . . . . . . . . . . . . . . 
Monthly Output Duration Curves for APS/Martin­
Marietta Passively Cooled Concentrator System. 
Input Parameters for APS/Martin-Marietta 
Passively Cooled Concentrator System ..... 
APS/Martin-Marietta Concentrator System Availability 
System Component Fa i1 ures Table. . . . . . . . . . 
APS/Martin-Marietta Passively Cooled Concentrator 
System - 13 Percent Discount Rate ........ . 
APS/Martin-Marietta Passively Cooled Concentrator 
System - 20 Percent Di scount Rate. . . . . . . . . 
Estimated Reliability and Maintenance Data Inputs 
for Task 3 Analysis of Single-Axis Actively­
Cooled Concentrator PV Power System .. 
Probability Table for Subsystem A ... 
Results of Computations for Subsystems Band C 
Probability Table for Subsystem C ... 
System Capacity for Various Combinations of 
Subsystem Status . . . . . . . . . . . . 
Annual Power Production for BDM System. 
Results of Corrective Maintenance Calculations 
for Actively Cooled System ......... . 

v 

2-5 
2-10 

2-10 

2-13 
2-16 

2-17 

2-18 

2-21 

2-22 
2-23 

2-24 

2-25 

2-26 

3-5 
3-10 
3-11 

3-12 

3-14 
3-16 

3-17 



Table 3-8. 

VOLUME II 

LIST OF TABLES 
(Continued) 

Results of Preventive Maintenance Calculations 
for Actively Cooled System ..... 

Table 3-9. Input Parameters for Actively Cooled 
Concentrator System ........ . 

Table 3-10. Monthly Output Duration Curves for Actively 
Cooled Concentrator System ........ . 

Table 3-11. Actively Cooled Concentrator System Availability. 
Table 3-12. Actively Cooled Concentrator System, Component 

Table 3-13. 

Table 3-14. 

Failure Table ................ . 
Actively Cooled Concentrator System Annual 
Maintenance Cost and Energy Produced, Discount 
Rate of 13 Percent (Optimistic Case) ..... . 
Actively Cooled Concentrator System Annual 
Maintenance Cost and Energy Produced, Discount 
Rate of 20 Percent (Pessimistic Case) ..... 

Table 3-15. Comparison of PV System Maintenance Costs and Electricity 

3-18 

3-20 

3-22 
3-23 

3-24 

3-25 

3-26 

Production for SOLREL Versus State Space Model. 3-31 
Table 3-16. Comparison of Cost Components From Passively 

Cooled PV Concentrator System Analyses. . . . . 3-32 

LIST OF FIGURES 

Figure 1-1. Simplified Funcational Block Diagram -- Lea County 
Flat-Panel PV Power System, Interactive With 
Utility, no Storage. . . . . . . . . . . . . . . . 1-2 

Figure 1-2. 

Figure 1-3. 
Figure 1-4. 
Figure 1-5. 
Figure 1-6. 
Figure 1-7. 
Figure 1-8. 

Figure 1-9. 

Percent of Peak Output Capability Versus Period 
of Continuous Operation With No Module Replacement -­
Lovington, New Mexico, Configuration. 
Lea County System Representation. 
Subsystems 1 and 2 ....... . 

Subsystem 3 . . . . . 

State Space Model for Subsystem 2 
Subsystem 3 Diagram . 

Flat-Panel Results, Current Value, Annual Maintenance 
Costs and Energy Produced (One-Half System) .... 
Flat-Panel System Simualtion Results, Discount Rate 
of 13 Percent . . . .. .......... .. 

vi 

1-4 
1-9 
1-9 
1-9 

1-10 
1-11 

1-28 

1-29 

• . 

. • 



. • 

.. 

• . 

Figure 1-10. 

Figure 2-1 . 

Figure 2-2. 
Figure 2-3. 
Figure 2-4. 
Figure 2-5. 
Figure 2-6. 

Figure 2-7. 
Figure 2-8. 
Figure 2-9. 

Figure 2-10. 

VOLUME II 

LIST OF FIGURES 
(Continued) 

Flat-Panel System Simulation Results, Discount 
Rate of 20 Percent . . . . . . . . . . . . . . 
Simplified Functional Block Diagram - APS Concentrator 
PV Power System, Passively Cooled, Interactive With 
Util ity, no Storage. . . 
Results of Array Field Analysis. 
APS System Representation. 
Simplified Diagram of a Branch Circuit 
Subsystem A: 16 Identical Branch Circuits in Parallel 
System B: Serial System Comprising All System 
Elements Logically Connected in Series 
State Space Model for Subsystem A. . 
State Space Model for Subsystem B. .. 
Reliability Flow Diagram for a Group of Five Modules, 
Passively Cooled Concentrator System .. 
Results of APS Analysis, Current Value, Annual 
Maintenance Cost and Energy Produced . 

Figure 2-11. Results of APS System Simulation, Assuming a 

Figure 3-1. 

Figure 3-2. 
Figure 3-3. 
Figure 3-4. 
Figure 3-5. 
Figure 3-6. 

20 Percent Discount Rate. .. . 
Simplified Functional Block Diagram, Generic 
Concentrator PV Power System, Actively Cooled, 
Interactive With Utility, no Storage ..... 
Results of Array Field Analysis for BDM System 
BDM System as a Collection of Four Subsystems. 
Subsystem A: Nine Identical Arrays in Parallel. 
Subsystem B. 
Subsystem D. 

Figure 3-7. Subsystem C: All System Elements Logically Connected 
in Series Except the Inverter and the Utility Interface. 

Figure 3-8. State Space Model for Subsystem A. 

Figure 3-9. State Space Model for Subsystems Band 0 . 

Figure 3-10. 
Figure 3-11. 

Figure 3-12. 

State Space Model for Subsystem C .. 
Actively Cooled Concentrator System Results, Current 
Value, Annual Maintenance Costs and Energy Produced. 
Actively Cooled Concentrator System Simulation 
Results - Maintenance Costs (Optimistic Case, 
13 Percent Discount Rate). .. 

vii 

1-30 

2-2 
2-4 
2-3 
2-8 
2-8 

2-7 
2-9 

2-11 

2-19 

2-27 

2-28 

3-2 
3-4 
3-3 
3-7 
3-7 
3-7 

3-7 

3-8 
3-10 
3-11 

3-27 

3-28 



Figure 3-l3. 

Figure 3-14. 

Figure 3-15. 

VOLUME II 

LI 5T OF FIGURES 
(Continued) 

Actively Cooled Concentrator System Simulqtion 
Results - Maintenance Costs (Pessimistic Case, 
20 Percent Discount Rate) . . 
Actively Cooled Concentrator - Output (kWh) 
"Runs Test". ... . . . . 
Passively Cooled Concentrator - Output (kWh) 
"Runs Tes til . . . . . 

vi i i 

Page 

. • 
3-29 

3-34 
.. 

3-36 

# . 



I 

.. 

• . 

1 

FINAL REPORT 

on 

RELIABILITY-ECONOMICS ANALYSIS 
MODELS FOR PHOTOVOLTAIC 

POWER SYSTEMS 

VOLUME II 

Apri 1 30, 1982 

LAWRENCE H. STEMBER, WILLIAM R. HUSS, AND 
MICHAEL S. BRIDGMAN 

SYSTEM RELIABILITY ANALYSIS APPLICATION 

General 

Volume I of this report discussed photovoltaic (PV) systems, data, 
and the development of the Reliability-Economics Assessment Models. This 
volume, Volume II, provides the details of the analyses of three actual PV 
systems. The three DOE/Sandia PRDA systems chosen to represent a cross 

section of PV system designs are: Lea County Electric Company installation in 
Lovington, New Mexico (flat panel), the Arizona Public Service (APS) Phoenix 

Airport System with the Martin-Marietta array field (passively cooled concen­
trator), and BDM's Albuquerque System (actively cooled concentrator), Each 

system is analyzed using the two developed methodologies in separate sections 
of this volume. A comparison of the results using the two different tech­
niques is given at the end of Section 3. 

Appendixes A and B contain details of the mathematics and hand-held 
calculator programs for the state space methodology. Appendixes C and D include 
programming details of the SOLREL methodology. 
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Array Field Output Power Degradation Due to Solar Cell Failures 

General 

Analyses of array field power loss over time periods up to 30 years 

were conducted for the three PRDA-based* photovo1taic systems--the Lea County 
Electric Systems, the 8DM installation in Albuquerque, New Mexico; and the APS 

Phoenix Airport installation. The JPL Array Design Methodo10gy(3) will be 
emp10yed.** It assumes a maintenance philosophy in which modules with failed 
cells are not replaced, but allowed to remain in the field. The analyses are 
based on a knowledge of the cell series-parallel interconnection scheme of 
eClch of the arrays, the bypass diode density (actually, the number of series 
cells per bypass diode), and assumed cell failure rates. 

Normal cell failure rates ( A cell) for specific cell and modu1 e 
designs, and particularly for current designs, have not been established. 

Estimates of Ace" based on limited field experience with a number of 
disparate array field and module designs have been published by the Jet 

Propulsion Laboratory, MIT Lincoln Laboratories, and others(7). 
Cell "allocations" have also been developed based on speculative pro­

jections of module technology. A cOOlmon1y used Acell allocation for flat 
plate technology is 0.0001 failures per year. This failure rate includes both 
open and short-circuit cell failure modes. In order to produce a conservative 
prediction, the JPL methodology makes the assumption that any cell failure 
causes a substring failure, even though this is only assured for the 
open-circuit mode. 

In the analysis of the Lea County Electric Company System Array, 
failure rate values of 0.001, 0.0001, and 0.00001 failures per year were used, 
and three separate array power degradat ion curves were generat ed. The 1 a rges t 
(0.001) represents the high end of the data actually experienced. 

* PRDA - an acrynom used for a series of DOE-sponsored intermediate-size PV 
power system experimental designs. 

** Superscripts refer to the References at the end of Volume I. 

• 
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No meaningful data on cell failure rates for concentrator-type 
photovoltaic arrays exist, primarily because of the limited field experience 
with these arrays. In developing a number for use in the present analyses, it 
was projected that cells operating in concentrator arrays are subjected to 
higher stresses than those in flat panel modules due to potentially higher 

temperatures and/or thermal gradients. On this basis, a Acell of 0.0005 
failures per year was assigned to the concentrator cells. 

The key factors in determining the ability of a given array to 
maintain power output levels near its rated value despite individual cell 

failures, are the density of parallel interconnections of cells and the 
density of bypass diodes. Therefore, the first step in the analysis of array 
power loss behavior is an assessment of the electrical design of the array. 
Detailed data about the series block, branch circuit and bypass diode 
connections are required for each system to be analyzed. These will be 
presented with each system description. 

Analysis Procedure 

The first step in the JPL methodology's calculation of the array 
power loss as a function of time is the determination of the substring* 
failure density. The methodology uses the binomial equation 

n! 

k! (n-k)! 

where n is the number of cells per substrinq, p is the cumulative cell failure 
density at time t, and k is the expected number of failed cells per substring. 
Additional assumptions relevant to the analyses are: 

• One failed cell results in a failed substring. 

• More than one failed cell in a given substring has no additional 
effect. 

* The terms substring and series block are synonymous in the case of the two 
concentrator systems. In the case of the flat panel system, a series block 
contained 5 (parallel) substrings. 
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With these assumptions, it can be seen that the substring failure density (0) 
is gi ven by 

D = 1 - Po 

where Po is calculated from the binomial equation. 
Once the substring failure density as a function of time has been 

determined, the array power loss as a function of time can be determined using 

computer-generated data developed by the Jet Propulsion Laboratory (JPL) group 
as part of their Flat Panel Photovo1taic Module and Array Circuit Design Opti­
mization methodology (2,3). The computer program uses the failure density 
data and, providing for random distribution of the failures, and the I-V 

characteristics of the individual devices to assess the net impact on the 
array performance. The computer analyses include the effects of series­
parallel interconnections and diodes. JPL has published the computer­
generated data in the form of plots for a range of cases (e.g., 1, 4, 8, and 
16 parallel substrings per series block; 0, 1, 4, 8, and 12 series blocks per 
bypass diode; etc.) which permit interpolation to a wide range of existing 
designs. An e~ensive set of these curves appears in the handbook from the 
JPL Workshop on Flat Panel Photovoltaic Module and Array Circuit Design 

Optimization(3). While the computer analyses were performed with flat panel 
systems in mind, the methodology is clearly applicable to cell failures in 

concentrator systems as well. Appropriate interpolations from the JPL 
generated plots of substring failure density versus array power loss fraction 

were used in the present analyses to arrive at an array power loss versus time 
curve for each of the three systems. These are shown as figures later in this 
report volume as appli ed to each of the three example systems. The curves are 
used as input data to each analysis methodology as shown later in Figure 1-2. 

" 



{ 

.. 

• • 

SECTION 1. ANALYSIS OF FLAT·PANEL PV SYSTEM 
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LEA COUNTY ELECTRIC FLAT PANEL PV SYSTEM 

Description of System 

The block diagram of this system is shown in Figure 1-1. As can be 
seen from the figure, the array field consists of two independent solar arrays 
with their wiring and power conditioning subsystems feeding independently into 

the power distribution system(19). Each of these photovoltaic power 
subsystems is capable of producing 51 kilowatts. The individual arrays are 
made up of groups, branch circuits, and subfields. A group is a parallel 
connection of five modules with one bypass diode connected across it. The 

branch circuit is a series-connection of 16 groups. These are joined in 
parallel at the inverter inputs. The subfield is an assemblage of 21 branch 
circuits which feeds a single inverter. The array field consists of 2 
subfields, for a total peak power of 102 kWp. The field voltage is 
approximately 250 volts dc. This design is two-thirds the size of the final 
Phase 1, PRDA system design. 

The power conditioners convert the dc voltage to three-phase ac, 
synchronized with the utility grid frequency. Since the array is a fixed, 
flat panel system, no control functions of the physical positioning of the 
array are required by the power conditioning subsystem. The degradation in 
field output due to changes in insolation and to cell failures is described in 
the following section. 

Input Data 

Output Ourati on Curves. In order to represent the month-to-month 
variations in solar insolation, a set of 12 power output duration curves was 
provided for the availability simulation. This represented the time during 
any given month that the power would be at certain levels, assuming no system 
failures or degradation. These curves are generated by the SOLCEL design 
simulation and are shown in Figure C-l and Table 1-10. 
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nata from Array Field Analysis Results. The salient features of the 
design of this installation for the analyses are: 

• A series block consisting of 36 series cells by 5 parallel strings 
with one bypass diode per block. 

• A branch circuit consisting of 16 series blocks connected in 
series. 

• An array field consisting of 42 parallel branch circuits divided 
into 2 subfields of 21 branch circuits each. Using this 
information and a Acell assumption of 0.0001 failures per year, 
the JPL analysis (described in an earlier section of this volume) 
was conducted. 

The results of the analysis are summarized in Figure 1-2. The plot 
fur the Lovington, New Mexico, installation illustrates the sensitivity to the 

assumed Acell value. It can be seen that if the often used value of 0.0001 
failures per year is achieved, then a drop in output of less than 20 percent 
over a 20-year period can be expected without module replacement. Thi s may be 
an acceptable figure for some installations/applications. This curve is used 

as input to the availability models. However, if Acell were an order of 
magnitude higher (0.001), as Figure 1-2 shows, the 20-year decrease in power 
output woul d be an unacceptabl e 70 percent. 

The JPL procedure also has sets of curves for evaluating the hot 
spot vulnerability of specified array field designs. An assessment of the 
Lovington, New Mexico, flat-panel installation by this technique indicates 
that the temperature ri se of the degraded cell due to cracked cell heati ng 
will be substantially into the unacceptable range according to JPL's 
standards. Open circuit cell heating, however, is in the acceptable range for 
this array configuration. The results of these assessments are summarized in 
Tab 1 e 1-1 • 

Reliability/Maintenance Data. The parameters and costs estimated for 
the reliability/maintenance parameters of this system are given in Table 1-2. 
These data are strictly estimates to be representative of a system in the 
mature stage of production and operation. 
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TABLE 1-1. HOT SPOT HEATING - LOVINGTON, NEW MEXICO 

(1 ) Cell shunt resistance = 100 

Power dissipation (cracked cell) PjP*max = 48 
Power dissipation (open ci rcui t) P/Pmax = 0 

Temperature above ambient (cracked) T > 120C 
Temperature above ambient (open) T;- 24C 

Cracked cell heating = Bad 
Open circuit heating = OK 

(2) Cell shunt resistance = 10 

Power dissipation (c racked cell) P/P*max = 75 
Power dissipation (open ci rcuit) P/Pmax = 0 

Temperature above ambient (cracked) T > 120C 
Temperature above ambient (open) T;- 24C 

Cracked cell heating = Bad 
Open circuit heating = OK 

* P/Pma~ is the ratio of the overheated cell power dissipation to its 
normal maximum rating in this design • 



Subsystem/Component 

Field Wiring/Switching 
(all of field) 

Inverter (2) 

Solar Array Field 

String Oisconnect 
Switch (1 per string. 
Total ~ 21) 

Uti! i ty 

Distribution Subsystem 

Power Switchgear 

General System-wide PM 

TABLE 1-2. ESTIMATED RELIABILITY AND MAINTENANCE DATA INPUTS FOR TASK 3 
ANALYSIS OF FLAT PANEL PV POWER SYSTEM 

Ma i ntenance 
Corrective Maintenance Preventive Maintenance ----_ .. 

Maintenance Time(a), hr Maintenance Time(c), hr 
lognorma 1 Travel & lognormal (a) 

50 90 Per hr Mat'ls 50 90 Fixed Costs/ 
Percentile Percentile Charge, $ (Fixed), $ Source Percentil e Percentile Frequency 

2 20 0 Class IV NBNM(b) 

24 48 40 200+100 II NBNM 6 12 $IOO/every 
Replace main contactors 30 K hr 

(per modul e) 4 20 0 IV NBNM 32 76 Every 12 mo 
cleaning 

2 20 0 IV NBNM 

(e) 
2 3.6 0 0 Same as ReI. 0 

28 60 0 0 Same as ReI. 8 18 Every 12 me 

3.6 6 120 100 Same as ReI. 0 
4 men x 30 

40 70 $50/hr + $300 
every 12 me 

Footnotes appear on following page. 

' .. ~ .f 
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TABLE 1-2. (Continued) 

Subs~tem/Component 

Field Wiring/Switching 
(all of field) 

Inverter (2) 

Solar Array F,ield (2 arrays) 

String Disconnect 
Switch (1 per string. 
Total = 21) 

Util i ty 

Distr. Subsystem 

Power Switchgear 

Weather 

MTBF 
Clock hr 

0.1 x ]06 

8760 each 

87.b x lOb 
(per cell) 

]07 each 

6257 

8.76 x ]06 

1.4 x 106 

ReI iahi] i tv 

Parameters Distribution 

Exponential 

expo 

(,cell = O.OOOI/yr) expo 

expo 

expo 

expo 

expo 

Source Degradation 

BCl est. 

Ditto 

IEEE Std 493-1980 
P 214. Table II 

IEEE Std 493-1980 
o 123, Table I 

IEEE Std 493-f980 
p 123, Table 2 
(switches) 

Dirt - 3% output/year (f) (removed by cleaning) 
Glass abrasion and yellowing of adhesi ve - 0.1% output/yr 
Power loss due to cell fail ures - JPl technique-
Results ~25% in 30 yr. Input as power degradation curve. 

I 

" 

No shutdown/losses due to lOVington, NM, weather except for 
infrequent dust storm which is included in SOlMET tape data. 

(a) Incluges [active repair time + travel time + logistics time + administrative time] (is therefore time to restore). 
(b) NBNM = Natural Bridges National Monument Initial Experience in Maintenance (Solman 15th Annual PV Spec. Conf.) 
(c) Each Unit or System is down for time being maintained - follow functional diagram. 
(d) Same per hour charge as Corrective Maintenance. 
(e) Refers to same source as ~eliability section of this table. 
(f) NBS Tech. NotLllR.. 12/80. 
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State Space Analysis of Lea County System 

For the purpose of the reliability analysis, the Lea County Flat­
Panel PV System has been divided into three major subsystems: 

• Subsystem 1 represents the two array subfields 

• Subsystem 2 represents the two inverters 

• Subsystem 3 represents all the other elements physically 
connected in a series configuration. 

A diagrammatic representation of the system is shown in Figures 1-3 - 1-5. 

Modeling Method 

Subsystem 1 is made up of two subarray fields in parallel. A 
subarray field is a parallel arrangement of module groups (arrangement of 
cells into modules). The effect of Subsystem 1 on the system output is 
expressed in terms of the array degradation which is used in the output 

equation. Therefore, Subsystem 1 will no longer be addressed in the remaining 
discussion of the state space analysis. 

Each of Subsystems 2 and 3 is represented by a number of states where 
each state is defined in terms of the status of the different elements of the 

subsystem. Markov model techniques are used to compute the steady-state 
occupancy probabilities of each subsystem state. These state probabilities 

are combined with their associated system capacity to obtain the expected 
system capacity. 

The modeling method for Subsystems 2 and 3 follows. The expected 
capacity fraction S for the entire system is computed. 
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t 

Array Inverters Serial 
Field

l 2 Subsystem
3 

" 
FIGURE 1-3. LEA COUNTY SYSTEM REPRESENTATION 

Subsystem 1 Subsystem 2 

1------- - - - - - - - - ~ 

1 1 

Sub array 1 1 

Field 1 1 Inverter 1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

I I f--

I I 

I I 

I I 

I I 

Subarray I I 

Field 2 I Inverter 2 I 

I I 

FIGURE 1-4. SUBSYSTEMS 1 AND 2 

Utility Distribution Power 
System Switch

3 
r--

J 2 

FIGURE 1-5. SUBSYSTEM 3 
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Subsystem 2 represents the two inverters in parallel and is 
characterized by three states (0, 1, 2) as shown in Figure 1-6. Each state 

corresponds to the number of the failed subsystem elements. For instance, 
state 2 corresponds to total subsystem failure (i.e., both inverters are 
failed). The steady-state probability for each state is obtained by the 
standard Markov technique (i.e., rate in equal rate out at steady state). 

)J )J 

FIGURE 1-6. STATE SPACE MODEL FOR SUBSYSTEM 2 

Hence, 

)JP = 
1 and ~P 

)J 0 

P2 = )J + A P _ ~ P 
)J 1 )J 0 

Substituting Pl by its expressed equation, 

P
2 

= )J + A x 21. P _ 21. P 
)J )JO)JO 

21. ()J + A _ 1) P = (~x~) P 
)J)J 0 )J)J 0 

Since the sum of the state probabilities is unity, we can write 

= 

1 

-4 1.14 x 10 

.0120 . 

• . 

" 



1-11 

TABLE 1-3. PROBABILITY TABLE FOR SUBSYSTEM 2 

Steady-State 
I State Probability 

0 .981164 
" 

1 .018658 

2 .000177 

.. 

1 

FIGURE 1-7. SUBSYSTn1 3 DIAGRAM 
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Subsystem 3 is characterized by two states (0,1). State 1 
corresponds to "no element failure", and state 0 corresponds to "subsystem 

failed". Each 0i indicates that the subsystem failure is a result of the 
failure of element i. By the same Markov model techniques used in Sub­
system 2, the state probabilities can be computed. 

Since the sum of all state probabilities is unity, we have: 

P1 + Po + Po + Po - 1 
123 

A A A 
p +-!.P +~P +2p 
1 ~l 1 ~2 1 ~3 1 

P = 1 
1 

). Ai 
1 + 2.. 

i=l ~i 

- 1 

Substitutin9 the values of the different A's and ~'s yields the 
results in Table 1-4. 

TABLE 1-4. PROBABILITY TABLE FOR SUBSYSTEM 3 

Steady-Stat e 
State Probability 

1 .998916 

.001064 

.000011 

.000009 

.001084 = Po 

" 

.' 
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Expected System Capacity Computation. For Subsystem 2, states 0, I, 

and 2, respectively, are associated with 100 percent, 50 percent, and a percent 
system capacity. For Subsystem 3, state 1 is associated with 100 percent 
system capacity and state a with a percent system capacity. Table 1-5 depicts 
all subsystem states and their associated system capacity • 

TABLE 1-5 • SYSTEM CAPACITY FOR VARIOUS COMBINATIONS OF SUBSYSTEM STATES 

Subsystem System Capacity Probabil ity Pi 

Combination i 2 3 (Fraction) F(i) of Combination 

1 X a 0% Po(3) 

2 2 1 0% P2(2)'P1(3) 

3 1 1 50% P1(2)'P1(3) 

4 0 1 100% PO(2)'P1(3) 

The 'X' in a column indicates that the subsystem can be in any of its 
states. 

The 0, 1, 2 under the subsystem column indicate the status of each 
subsystem for each combination. 

and 

The system expected capacity S can then be computed as 

4 
6 = L 

i=l 
F(i)·P. 

l. 

6 = {po (3) x 0 + P2(2).P,(3) x a + P1 (2)'P1 (3) x .5 + Po(2).P1 (3) x 1} 

= {o + 0 + .998916 (.018658 x 0.5 + .981164 x 11 

= .989419. 
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Power Production. The system annual power production, A(y), for any 
given year y is computed by the following equation.* 

12 
A(y) = W'!3'DP(y) 'De(y)' L I(n)D(n) 

n=l 

The new factor nC(Y) (which was not used in the Volume I example) 

represents the degradation in the system capacity resulting from cell failures 
as shown in Figure 1-2. 

To be consistent with the SOLREL approach, the annual power 
pr'oduction for one-half (i.e., 51 kW) of the flat panel system is cOfTlputed. 

Since the two halves of the system are identical, the total system output may 
be obtained by multiplyi ng the result by two. 

12 
2: I(n).D(n) = 2409.26 hr 
n=l 

6 = .989419 

W = 51 kW, 

The permanent degradation, DP, of the system capacity is assumed to 

be linear between consecutive years. The permanent degradation factor DP(y), 
for any year y is taken as the midpoint between the degradation factors at the 
beginning and end of year y. The system capacity degradation due to cell 
failure, DC (y), is computed in a similar manner. 

* See 'State Space Approach' in Volume I of this report for further 
explanation. 

: 

. . 
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For y = 10, 

DP(lO) = .991 + (.991 - [.991 - .988]/3 
2 = .9905 

.890 + .880 DC(10) = 2 = .885 

and 

A(10) - 51 x .989419 x .9905 x .885 x 2409.26 = 106,569.27 kW 

The system power production for one-half of the system for years 1-30 

is given in Table 1-6. 

where 

System Malntenance Cost. 

m 
ACCM - 2: (~itini)(UiCi + FCi ) 

1"1 

ACCM = Annual corrective maintenance costs 

m = Total number of system components 

i = Failure rate of component i 
ti = Total operati ng or clock hours 

ni Number of identical units of component 
Ui = Mean repair time of component 

Ci Repair cost/hr 
FCi = Fixed cost/repair. 



Year 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
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TABLE 1-6. LEA COUNTY SYSTEM ANNUAL POWER PRODUCTION 
(One-half System Model) 

kWh Year kWh 

120,293.94 16 100,116.91 

117,745.83 17 99,238.05 

115,808.93 18 98,360.77 
114,481.38 19 97,544.74 

113,156.27 20 96,849.35 

111,833.60 21 96,155.19 

11 0 ,513. 34 22 95,478.51 
109,195.53 23 94,818.99 

107,880.14 24 94,160.28 

106,567.18 25 93,486.43 

105,256.67 26 92,797.74 
103,948.58 27 92,110.26 

103,041.98 28 91,424.00 

101,942.31 29 90,738.95 

100,937.14 30 90,055.12 

Total 3,065,938.09 
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The results of these calculations are presented in Table 1-7 • 

ACPM = Annual preventive maintenance costs 

fi = Frequency of preventive maintenance action on component 
per year. 

Other symbols are as defined under corrective maintenance. 

The results of these calculations are presented in Table 1-8. 
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TABLE 1-7. RESULTS OF CORRECTIVE MAINTENANCE CALCULATIONS 
FOR LEA COUNTY SYSTEM (One-half System Model) 

Correct ive 
Expected Failures Maintenance Costs, 

Per Per Average, Per 
Subsystem/Component Year 30 Yrs Per Year 30 Yrs 

Field Wiring/Switching 8.72x10-2 2.628 2.02 60.60 

Inverter 1.0 30 1,411.6 42,348 

String Disconnect (21 ) 1.84x10-2 0.55 .426 12.78 

Ut ility 1.4 42 0 0 

Distribution Subsystem 1. 4x10-2 .34 0 0 

Power Switchgear 6.26x10-3 .188 3.56 106.80 

Total Corrective Maintenance Costs $1,417.61 $42,528.18 

TABLE 1-8. RESULTS OF PREVENTIVE MAINTENANCE CALCllLATIONS 
FOR LEA COUNTY SYSTEM (One-half System Model) 

Preventive Maintenance Costs, $ 
Average, per Year Per 30 Yrs 

Inverter 

Distribution Subsystem 

Cleaning 

General System-wide PM 

69.8 

97.8 

402.1 

1,325 

Total Preventive Maintenance Costs $1,894.70 

Total Maintenance Cost (30 years) = $99,368 

2,093.6 

2,934 

12,062.4 

39,750 

$56,840.00 

$ . 

. . 

. 
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SOLREL Analysis of Lea County System 

As mentioned previously, a flat-panel system is characterized by a 
much larger number of cells than in a similarly sized concentrator system. 
These cells are connected in a series-parallel arrangement with bypass diodes 
which minimize the effect of individual cell failures. It is impractical to 
model each cell individually using SOLREL. Therefore, in modeling the flat 
panel system, Battelle made use of the JPL Flat Panel Module and Array Circuit 
Design Optimization Methodology to develop a degradation curve of output due 

to cell failures.* The resulting degradation curve (see Figure 1-2) shows how 
array output decreases over time as individual cells fail without replacement. 
In general, with a flat-panel system, the JPL technique has shown that nonre­
placement of failed cells can be the optimal repair strategy. If desired, 
SOLREL wi 11 i ni ti ate repa i r when a user selected percentage of output has been 
lost due to cell failure. 

Once a methodology has been developed for modeling cell failures, the 
remainder of the flat panel components are relatively easy to model. Since 

the Lea County PRDA consists of two identical subystems, it was not necessary 
to model both. Instead, SOLREL models only one 51 kW subsystem. Most subsys­
tems such as an array subfield or an inverter are entirely contained within 

one of the two 51 kW subsystems. Others, such as the distribution subsystem 
interact simultaneously with both subsystems. In this application of SOLREL, 
the failure rates of those components interacting with both 51 kW subsystems 
have been cut in half to compensate for this functional relationship. Thus, 
to estimate the total costs and energy output of the entire 102 kW system, the 
analyst need only double all costs and electrical outputs from the 51 kW run 

of SOLREL. This saves substantially on both computer time and programming 
time. 

* Described earlier in the report. 
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Logic was designed into SOLREL so that the failure of any of the 
following subsystems would result in complete system shutdown: 

• A disconnect switch 

• An i nve rter 
• The switchgear 
• The wi r,i ng!switchi ng 
• The distribution system. 

The input parameters associated with these components appear in Table 1-9 
along with a list of other inputs. 

In addition to general preventive maintenance and periodic cleaning 
of the cell surface, preventive maintenance activities were also modeled for 
the inverter and the distribution system. Maximum output for the flat-panel 
subsystem simulated was assumed to be 51 kW. The array cells surfaces were 
assumed to suffer permanent optical degradation of 0.1 percent per year. 
Dirt, however, is estimated to cause the output to be reduced at 3 percent per 
year without cleaning. 

General inflation was set at 8 percent, the escalation of electricity 
cost was set at 2.5 percent above inflation; and discount rates were set at 13 
percent (optimistic case) and 20 percent (pessimistic case), respectively. 

The Battelle solar design simulation model, SOLCEL, was used to 
simulate a fl at-panel system of this design. Phoenix, Arizon~', weather tapes 
were used to approximate Lovington, New Mexico, conditions, as the -two are 
within 1 degree in latitude and in a similar climate. The SOLCEL simulation 
does not consider reliability, but produces an output duration curve showing 
the amount of time various levels of output are achieved strictly as a result 
of changing insolation levels. This output duration curve appears in Table 
1-10. 

Using these data estimates the SDLREL outputs shown in Table 1-11 to 

1-14 were produced for the flat-panel system. These outputs represent the 
one-half system model; therefore, annual energy produced and maintenance costs 
must be multiplied by a factor of two to get total system output or mainte­
nance cost. The costs per kWh are unchanged, however. 

General computer program details are given in Appendix C. The 
program source listing is reproduced in Appendix D. Computer tapes of this 

-. 
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and other SOLREL listings will be available through Sandia. These listings do 
not include the GASP IV listing which is available elsewhere. 

The SOLREL outputs are also shown in Figure 1-8 through 1-10. These 

curves also present the results in the form of annual energy output and 
maintenance costs for one-half of the system, since this modeling approach 
permitted a simplier calculation of the levelized costs of maintenance per 
kWh. These calculations were also made for two sets of financial assumptions • 



COHPONENT NAKE 

PANEL CLEANING 

A DISCONNECT SWITCH 

HT8F 
(HONTHS) 

1HOO.O 

TABLE 1-9. INPUT PARAr4ETERS FOR FLAT-PANEL SYSTEM 

KAINT TIKE IHRS) REPAIR COST (S) ~UH PH TIKE (HOURS) PH COST (S) PH INTERVAL NUH 
__ 5o!CT _______ '!Q~_~L __ FI.!~~_~AR_I~~!:~ __ '!..~'!_~OPCT 90PCT FIXED VARIABLE IHONTHSI HEN 

_lb .0 36.0 0.00 20.00 12.0 1 

1.0 2.0 0.00 ZO.OO 1 

AN INVERTER ______________ ! ~ !Q __ .1.!.! 0 ~8.0 300.00 'UeVU & 'l.O 6.0 100.00 ltO.OO n.o 1 

THE Sw nCHGE AR 1918.0 3.b b.O 100.00 1Z0.00 ~ 

WIRING/SWITCHES 100000.0 1.0 Z.O 0.00 ZO.OO 1 

!'!!~.JlJH!J.!I!Hl()~ __ ~1S_.!200~_ 28.0 bO.O 0.00 0.00 1 1t.0 9.0 0.00 ZO.OO H.O 1 

THE UTIUn 8.b 2.0 3.b 0.00 0.00 1 

GENERAL PRE V HAINT 100.0 17~_. 0 300.00 50.00 12.0 5 
.~.- .-._---_._---- -~ --- , .. "-- _. -... - "." --- -- - ----------.----~ 

I 
r'» 

FLAGf~--O-i1HNS--RES\ilts-FiH)H All PREVious RUHSARe 8EING IGNOR-""""e=O----------------------------lr'» 
FlAGZ' 0 HEANS RESULTS FROH THIS RUN wILL NOT BE SAVED ON PERHANENT FILES 
FLAG3' 0 KEANS NO EVENT OR 1EARl1 SUHHARY HESS AGES WIll BE PRINTED - -­
FLAG4- 1 HEANS TAOLES FOR EACH INDIVIDUAL RUN WIll BE PRINTED " 
FLAG5- 1 KEANS PLOTS FOR INDIVIDUAL RUNS ONLY WILL BE PRODUCED 

PERHANENT DEGRADATION -- 3 YEAR INTERVALS 
1.000 .997 .99~ .991 .9B8 .905 .982 

DEGRADATION DUE TO DIRT -- 3 YEAR INTERVALS 
_.1.!!!Qil __ .910 __ .820 .130 .b~O .550 ."bO 

DEGRADATION DUE TD CELL fAILURES -- 1 YEAR INTERVALS 

.979 .977 

.370 .200 

.97\ 

.190 

1.000 .980 .960 .950 .9"0 .930 .920 .910 .900 .090 

.971 

.880 .870 .8bO .055 .650 .0ltO .833 .827 .8Z0 .815 .810 
__ ._8.1_0 .805 .800 .7'15 .790 .785 .780 .775 .770 .7b5 .7bO 

ARRAY CAPACITY IN KW................ '1. 
INVERTER DESIGN CAPACITY IN KW...... 51. 
OVERALL INFLATION RATe.............. .080 
DISCOUNT RATE....................... .200 
ELECTRICITY PRICE ESCA:~L~A~T~I~O~N~.~~.~.~.~.~.~.~.--~.~1~0~5~--------------------________________________________________________________________ __ 
LENGTH OF Ruirnrf1oNrHS............. 3bO. 

. , • " 
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TABLE 1-10. MONTHLY OUTPUT DURATION CURVES FOR FLAT-PANEL SYSTEM 

---------------------
MONTHLY OUTPUT DURATION CURVES I~ INTERVALS OF 6.50 HOURS PER KJNTH 

HOtHH I 1.013 
,569 
.054 

.g44 .gZ6 .g07 .8g0 .813 .856 .836 .814 .7g1 .165 .13g .715 .6g0 .664 .631 
• 5b3 ____ • 53L_.~.5Q2._ .• ~6!l._ •. Bl __ .378 __ .2BB_.171 __ .H2_.122_~ 104 ___ .•. 09"__~08't ___ •. O.l"__~.IlD!t __ 
.042 .031 .Olg .008 0.000 0.000 0.000 0.000 ~.OOO 0.000 0.000 0.000 0.000 0.000 

______ ~ .. __ ._. ". ____ .. __ ._w.~ ___________ .. _. __ _ 
MOIHH 2 1.120 1.051 1.024 1.004 .g88 .g72 .g56 .g37 .glB .8g5 .868 .843 .821 .797 .752 .713 

______ ,.w6Lo7'-'3L...~.<>1L.........b00 .5~9 .514 .474 .439 .405 .377 .UO .~?A ,)01 .272 .2M .105 .072 
.048 .034 .020 .006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MONTH 

MONTH 

---
MONTH 

3 1.173 1.112 1.09g 1.085 1.071 1.057 1.042 1.021 1.012 .991 .970 .g49 .928 .g08 .867 .8bb 
.840 .806. __ .• 765-._.131 __ .10_3 ____ 668 ____ .. 1>.3.0_ ...• 5'15 __ .• 5b4 _ _ .535._. "66_ .. _. HL_~!tl.0 __ •. 389 ___ .35_B~_3z.."---
.290 .260 .237 .215 .175 .141 .112 .083 .053 .a3b .019 .002 0.000 0.000 0.000 

4 1.173 1.120 1.109 1.098 1.086 1.015 1.064 1.050 1.037 1.024 1.010 .988 .9bb .940 .912 .891 
.672 .853 _ ....• 817 .. _ .•. H2 ___ .• 155 ___ •. I.2L... b'1L __ .•. 663_ .• 617_. _.568 __ .• H 3 __ .•. 50 5 _ •. !tbL .. _. Hl. __ .398_._373 __ 
.314 .291 .267 .241 .210 .160 .142 .124 .107 .056 .037 .019 .002 0.000 0.000 

-- - -----------.------.-.--.----~-,.-,---.---

5 1.120 1.070 1.058 1.048 1.039 1.029 1.020 1.00g .996 .~83 .970 .957 .942 .928 .913 .89g 
.863 .8h8 .851 .820 .193 .173 .753 .722 .689 .bb7 .645 .584 .5bl .549 .529 .4~R 
.433 .406 .381 .312 .296 .280 .240 .199 .182 .165 .10b .090 .073 .057 0.000 

/I[)NTH 6 1.067 1.046 1.018 1.005 .995 .985 .'175 .965 .952 .Hb .919 .902 .884 .Bbb .848 .B28 
• aoa • 77v . __ • 746 .. _ .729 _ .• 712.~1>95_. __ .• bl> L._. 63 6. _ .• 616_ • 5 ~8. __ • 570 __ ..• 532 .. _ .•. 511 __ .4~O ____ .HIl ___ ._HL __ 
.392 .367 .310 .292 .275 .219 .199 .183 .167 .102 .067 .073 .058 0.000 0.000 

MONTH 7 1.013 1.003 .g88 .973 .g59 .946 .934 .g22 .910 .894 .878 .861 .845 .829 .814 .797 
.774 .751 .732 .. _ .714 .• 69 6_.~. b 70._. b4 2 ___ • b2 0 _. __ • 598 ...... _ .566 .• 529 _ .510 _ .• 491 .. __ .4bL_.42L __ .4az ___ .~ ... 
• 383 .353 .314 .266 .248 .230 .210 .158 .140 .122 .105 .091 .071 .Ob2 0.000 

... ,._----- --.... ,., ... ,,--, .. 
--'-"'~-' --,-.-----,---

MONTH 8 1.067 1.044 1.006 .998 .988 .978 .9b8 .958 .944 .g30 .916 .901 .886 .871 .855 .837 
.Ill'i .800 .159~13t, ~1l6 .&98 .640 .1>2'" .605 .588 .532 .51l1 __ .4S!L...4bO_ .• 430 .402 
.373 .350 .327 .2b3 .247 .231 .215 .15b .141 .125 .109 .089 .068 .043 .006 

... , -.. ,~-- ... _.- -- ~- -----" 
HONTH 9 1.0b7 1.045 1.022 1.007 .99b .985 .974 .963 .g49 .g34 .919 .904 .887 .671 .654 .837 

.819 .801 .768 .736._. __ .1H._ •. oD7 ._.654 _ ..• 623 __ ..• 595 .564 _ .530 ..• 41b ___ .45a. __ . __ .• 4Z2 .. _ •. 3~2_ .. • 333_~ 

.303 .270 .212 .192 0172 .123 .OB9 .068 • 04 8 .HZ .016 0.000 0.000 0.000 0.000 

MONTH 10 1.067 1.019 1.003 .992 .981 .970 .958 .945 .931 .n7 .902 .683 .864 .842 .819 .79& 
.771 .747 _.101 _.610 __ ._.642_ .• 599 __ .565 __ .B5 .. _ ..• 505 .472 ..• 429 _._.4Q5 .• 363 __ ...• 351. _.315 _ .26'1 ___ 
.261 .227 .192 .14g .072 .044 .032 .019 .007 0.000 0.000 0.000 0.000 0.000 0.000 

MONTH 11 1.120 1.005 .979 .956 .942 .928 .914 .900 .884 .869 .854 .829 .803 .778 .153 .724 
.093 .654 .622 .593 .561 .527 .489 .445 .]69 .?90 .160 .!PZ .P91 .081 .0lP .opO 
.04~ .038 .027 .016 .005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MOIITH 12 .960 
.• 536 

.032 

.915 .894 .878 .863 .846 .628 .810 .781 .742 .713 .687 .b6b .645 .bl1 .573 

.507 .• 478 __ .44Q _ ..• 35Q __ .257_ .193 0153 .• 123 .102 _.093 .084 .07'0 _ .Ob5 .05& _.OH 

.019 .007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 o.Oou 

I 
N 
W 



TABLE 1-11. FLAT-PANEL SYSTEM AVAILABILITY 

-- --- .. - .. ~. ---_.,------

---------------------------------~A~Rrn~nUTArL·S~ynS'T7E~H-AnV~lnI~[ .. ABTQnvY~ijUmR~Ir.R~d~DrAY~[nl~G~H~T---------------------------------­
AS A PERCENT Of SYSTE~ CAPACITY 

___ ._~ ___ •• ••• •• R ._ • ••• • ..... _ _'" 

SYSTE~ CAPACITY' 51.0 KW NU"BER OF DAYLIGHT HaU~S PER YEAR' 4205.0 

--yEAP-----rolF9Ot 9(j-OOt BO-tOt 70-60t 60-5lt 50-40~ 40-30' 30-20~ 20-10~ 10-0' TOU-L-

- -.. -.-.--.~-----~-- ---_ .......... -.... --- .,-

'':O~E TICAL 22. 5~ 12017 8.65 7.85 7.~6 6.79 6.Z0 6.30 1.18 H.81 100.00 -----_._-----_.---.- -----_.-. -... -- -------,,--"-- ._-_ .. _. __ ._. 

1 22.62 12.53 8.ll 1.89 1.59 6.00 6.23 6.55 1.11 13.91 100.00 
---2 11. n 13.69 lj,6i 8.60 7.ffo 1.12 6.09 6.61 1.63 14.81 100;·00-

3 16.11 14.16 9.11 8.10 7.99 1.39 6.08 7.11 7.34 13.96 100.00 
4 15.0'1 -1 ... 63 -······-lIf;tr-- 8.96 8.15 1.46 6.85 1.04------- i'~'{, -'·-·_·-14.16 lOO.aO 
5 13.12 14.78 10.75 9.17 8.H 7.39 6.50 6.78 1.61 15.16 100.00 
6 12.27 15.13 ·---11;22-·--- 9.27 8.2Q 1.M· -1.i4· 7.12 1.44 14.49· 100.00 
7 10.l4 15.07 11.91 9.49 B.32 1.67 7.04 6.98 1.59 15.61 100.00 

··----11 !f;-12 15.53 12.,4 9.n 8,46 7.99 7.54 1.26 
9 6.~3 15.53 13.11 9.11 8.76 8.04 7.46 1.13 

f;(j, U.Z5 100;00- 7' 
7.H 15.79 1'10.00 N 

10 6.e2 14.'12 13.11" 9.60 -0.60 8.13 1.58 1.21 1.&7- 15.64 100.00-"" 
11 5.20 H.91 14.51 10.04 8.95 6.35 1.13 7.11 7.12 15.21 100.00 
12 3.66 14035 15.3:1- -10.56 9.15 8.H 7.82 1034 7.91 15.Z3 100.00 
13 2.1>6 14.?5 15.H 10.53 9.37 8.58 7.'12 7.37 7.71 1!>012 100.00 

----p; Z.7i'l [3.64 15.61 10.'lL 9.49 6.72 8.11 1.51 1.97 15034 100;00-
15 1.~7 13.23 16.19 10.95 9.66 8.94 8.16 7.58 1.'11 15.49 100.00 
H 1.5'1 12.21 16.9811.17 9.18 8.70 8.03 7.48 7.55 17.11 100.00 
17 1032 11.15 16.31 11.27 9.55 8.12 8.0'1 7.48 1.85 18.25 100.00 
18 .94 '1.25 -·····16; 36-·--- 11.91 ·-··10ol3 '1.17 d. 49 7.31 8.30 -18.ili 100.00 
1'1 .40 9.30 17.64 12.34 '1.H '1.15 8.56 7.'1) 80lZ 16.58 100.0Q 

----2I'i .29 6.29 17.91 n.n lO.ZI> '1.I4 a.7f1I 7.69 O. [6 16.48 100:00-
21 .21 7.21> 17.76 13.53 10.5Q 9.55 e.64 1.88 8.40 15.94 100.00 
22 .10 5.32 17.i4 14.10 ·10.5~ 9.5'; '1.02 1.79 9.21 la.H 100.110 
23 .17 6.33 16.65 14.01 10.57 9.47 8.1~ 7.96 6.46 17.34 100.aO 
~4 .10 5.43 17.21 14.11· 10.91 9.76 9.06 6.06 8.5' 16.13 100.00 
25 .O~ 4.'1'1 16.'11 15.10 10.69 '1.83 8.76 8.04 8.39 17.05 100.00 

~6 0.00 4.23 11.07 15.55 10.93 9.76 '1.07 8.29 jj • H 11 .. 13 foo;oa-
27 0.00 3.32 16.46 16.16 11.16 9.87 9.19 8.]1> 8.79 16.!>7 100.00 
26 0.110 3.21 15.1'. 11>.29 11.01 ·9.75 - 9.37 8.32 8.83 18.03 100.00 
Z'I 0.00 2.09 15.5'1 17.14 11.44 10.28 9.39 6.61 8.76 16.72 100.00 
30 ·0.00 Z.03--- --H~9S- ---11;4311.70· 10.31 9.46 8.18 8. H 16; 56 . 100. ilO 

-lVERAr,e 5.04 10.16 IJt;1iJ 11.'13 '1.60 ".n 6.06 7.57 8.0) h.09 100.00 

~ " 
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TABLE 1-12. ANNUAL FAILURES FLAT-PANEL SYSTEf1 (ONE-HALF SYSTEM r'IODEL) 

-_._---_ .. _------_. __ ._---
CO"PONENr FAILURE TABLE 

NU"8ER OF FAILURES PER CO"PONENT BY YE4Q 
_ .. _------_ .... _. --_._, ---,.-----

CO"P[)NEtH YEAR a 1 Z 3._" .. 5_6_ ... 1.8 .91011 1Z 13 lit 15.1611.18 19Z0 Zl_ZZ_11.ZLZ5.U_l..l1B-.Z_L11L...-----l_CLl.lL-

" ... -_ ... , .----
A DISCONNECT S~ITCH o 0 0 0 0 0 000 000 0 0 0 0 0 0 0 0 0 0 000 0 000 0 o 

._._--_ .. - . __ ._-_ .. _------_. __ ._---
A BIPASS DIODE o 0 000 0 0 0 0 000 0 0 0 0 0 0 0 0 000 0 0 0 0 0 0 0 o 

" - - - ....... _. " ________ . ____ , __ . ________ ,,___ I 

A SHU'lT RESISTOR 000000000000000000000000000000 0 ~ 

-.'N--·-ftivE"R-ie'-:RC---------O::----=Oo---::0C--::0-.,.1-.,.0-:-1-1o--...,Z=---=1c--::1--=0-:-I-:-0-0=---Z=---::2,---:3--:-"-:-I-:-0-3:---:1,---:0,-----:2:---=2--::Z-::-2-0:---:0:------:3-=2--

THE SWITCHGEAR o 0 000 000 0 0 0 0 0 0 000 0 0 0 0 0 0 000 0 0 0 0 o 

W IR HIGI SIIITCHE S o 0 0 0 0 0 000 000 0 0 0 0 0 0 0 0 0 0 000 0 000 a o 
THE -'O'j"S·TR-I"-BU-r-i"(iN·c-S:c-y.,.,S=------::O--:cO-:-O-O::----O--:O=---:Oc--O--=O-:-O-O:---O=---U:---::O--=O--O-.,.-O-O:---O,---:O:-----:O:-----:O--=O--::O-O:--O:---O:---:0,-----:0--=0----0:---

---, .. _._._.- -
THE 1 PHASE X-FOR~ER o 0 0 0 0 0 0 0 000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o 
THE I~VERTER CONTROL o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [) 0 0 0 0 0 0 0 o 
THE UTILITY Z 1 1 110 312 301 1 0 Z 0 1 " 1 5 1 3 0 001 " 1 2 2 "6 

frHALS Z 1 2 " " 1 2 2 3 5 .1 . 1 _ Z ... __ 6. . ... _L_ .. 
1 302 " 1 0 2 1 to to 0 3 3 Z 18 



TABLE 1-13. FLAT-PANEL SYSTEr4 MNUAL MAINTENANCE COST AND ENERGY PRODUCED 
(ONE-HALF SYSTEM MODEL), DISCOUNT RATE OF 13 PERCENT 

-------" ANNUAL MAINTENA~CE C~ST AN~UTPUT 

CURRENT VUUE PRESENT VUUE 

YEAR COST C~! ____ ~WH CENTS(KIIH COST CSI K~H CEUS/I(WH 

1 0.00 119150. 0.00 0.00 118't08. 0.00 
2 20'1".86 115275. 1.82 2002.17 111",,6. 1.80 
3 2101.22 11505'1. 1.83 1'11'1.38 108789. 1.76 

" 256't.64 1l't21tZ • 2.2" 2233.76 105628. 2.11 
5 28""".H 11 0563. 2.51 2355.76 9'1'157. 2.36 
6 H'I6.101 110986. 2.25 1'190.87 981H. 2.03 
1 "642.81 108251. 't.29 350".'18 '13601. 3.74 
8 3100.8'1 1015H. 2.88 2221.05 '10'132. 2."" 
9 "'064.01 105356. 3.86 2189.60 87112. 3.20 I 

10 2731.91 10H62. 2.61 1805.6It BHOO. 2.13 N 

11 2527.'1" 10"29'1. 2.lt2 1596.26 8zt.57. 1.9" 
m 

12 H90.74 103638. 1."''' '106.15 80119. 1.13 
13 3965.79 100778. 3.9" 2295.18 761Bl. 3.01 
lit 1113.25 101517. 1.69 947.21t 150H. 1.26 
15 1319.16 100166. 1.38 731.89 72409. 1.01 
16 5932.62 9'1ll6. 5.91 2953.23 70H2. It.l1 
11 61'12.56 95359. 6.49 2'166.7Z 65916. it.50 
16 6742.92 93'103. 7.18 3074.02 6H85. 4.8" 
19 59'12.b2 96Ul. 6.22 2606.38 63735. ".09 
20 2197.16 96500. 2.28 919.32 62382. 1.H 
21 28'19.24 95"'Il. 3.0lt 1171.39 60357. 1.'I't 
22 5U5.94 91288. 5.93 2062.88 561tZ8. 3.6b 
23 3183.65 92111. 3.lt6 1165.99 55669. 2.09 
2ft 1550.96 91496. 1.b6 5't4.83 55259. .99 
25 3903.07 '12158. ".2" 129".29 53267. 2."3 
26 3263.20 9249". 3.53 1025.'17 52271>. 1.91> 
Z7 HO".59 92146. 3.59 997.90 50921. 1.96 
28 4558.27 888H. 5.13 13 2". bit 48045. 2.76 
2'1 2092.80 896H. 2.33 589.38 H3eO. 1.24 
30 3390.16 89"10. 3.79 912.50 46238. 1.'11 

TOT US 98H1.9" 3020886. 50909.31 2231>H5. 2.28 IlEVEllZEOI 

.. ~ 
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TABLE 1-14. FLAT -PANEL SYSTEi~, ANNUAL r4AINTENANCE COST AND ENERGY PRODUCED 
(ONE-HALF SYSTEM MODEL), DISCOUNT RATE OF 20 PERCENT 

ANNUAL KAtNTE~A~CE CoiT AND OUTPUT 

CURRENT VALUE PREHNT VAlUE 

__ YE_AR COST I $I KIIH CEIHS/KWH COST I $I (WH CENTS/KWH 

1 0.00 li9750. 0.00 0.00 114897. 0.00 2 2094.811 115275. 1.82 1885.37 1017911. 1.85 3 2101.22 115059. 1.83 1701.99 931101. 1~82 4 2564.6" 1142H. Z.24 1859.48 85581. 2.17 5 28H.H 110563. 2.57 18n.22 76249. 2.41 II 24911.41 110986. 2.25 1474.11 70"92. 2.09 7 46H.87 108251. 4.29 2413."3 113H2. 3.U 8 3100.89 107551. 2.88 1426.40 57936. 2.46 9 4064.01 1053511. 3.811 11192.92 52276. 3.H 10 2731.97 104762. 2.61 1041.91 47857. 2.18 11 2527 .94 104299. 2.42 866.97 U866. 1.98 12 lIt90.74 103638. 1.4,. 467.81 401H. 1.17 13 3965.79 100178. 3.94 1110.18 35930. 3.09 lit 1713.25 101517. 1.119 Ul.26 33331. 1.29 15 1379.16 100166. 1.38 315.51 30287. 1.04 16 5932.62 99326. 5.97 1169.98 27655. ,..23 17 6192.56 95359. 6.49 1116.56 2HH. 4.57 18 6742.92 93903. 7.18 1083.33 22183. 4.88 19 5992.62 96411. 11.22 8112.99 20968. 4.12 20 2197.16 96500. 2.28 289.13 19325. 1.50 21 2899.2" 95491. 3.0" 351.57 17602. 2.00 2Z 5H5.9" 91Z88. 5.93 572.61 15499. 3.69 23 3183.65 92111. 3.411 307.17 1H93. 2.13 ZIt 1550.96 9310911. 1.66 135.83 13",6. 1.01 25 3903.07 92158. ".24 298.90 12216. 2.45 26 3263.20 9210910. 3.53 220.80 11288. 1.96 21 33010.59 92l't6. 3.59 203.5'0 10351. 1.97 28 H58.27 88891. 5.13 256.69 9201. 2.79 29 2092.80 891>H. 2.33 109.53 85"4. 1.28 3D 3390.11> 89470. 3.79 IH.68 7851. Z.03 

TOTALS 98337.9" 3020896. 25659.87 1182553. 2.17 ILEiElIZEDl, 

I 
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COST BY YEAR 

SYSTEM OUTPUT BY YEAR 
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FIGURE 1-8. FLAT-PANEL SYSTEM RESULTS, CURRENT VALUE, ANNUAL i~AINTENANCE COSTS AND ENERGY PRODUCED (ONE-HALF SYSTEr4) 
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FIGURE 1-9. FLAT-PANEL SYSTEM SIMULATION RESULTS. DISCOUNT RATE OF 13 PERCENT 
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SECTION 2. ANALYSIS OF PASSIVELY COOLED 
PV CONCENTRATOR SYSTEM 



.. 
• 

~. 

2-1 

ARIZONA PUBLIC SERVICE, PV CONCENTRATOR SYSTEM (PASSIVELY COOLED) 

Description of System 

This is a 225 kW peak photovoltaic power system consisting of 80 

passively cooled photovoltaic concentrator arrays.(20) These arrays are 
arranged into 4 subfie1ds each having eight branch circuits connected in 
parallel. Each branch consists of 2-1/2 array assemblies in series to achieve 
an operating voltage of approximately 300 volts dc. Each array assembly 
contains 68 concentrator modules, each made up of 4 cells behind 4 Fresnel 
lenses. A drive assembly, an electronic control unit for sun tracking, and 
supporting structure complete the array. This design is considerably 
different from the initial Phase 2, PRDA design which used 24 larger arrays 
with reflector-type concentrators. 

The PV power system is shown in simplified block diagram form in 
Figure 2-1. It contains one 250 kW power conditioner. The array is designed 
to stow to protect itself in the event of high winds. It will also shut down 

upon loss of ut i1 i ty power. 

Input Data 

Output Duration Curves 

In order to represent the month-to-month variations in solar 
insolation, a set of 12 power output duration curves was provided for the 
availability simulation. This represents the time during any given month that 
the power would be at certain levels (assuming no system failures or degrada­
tion). These curves are generated by the SOLeEL design simulation and are 
shown in Figure C-l and Table 2-8. 

Data From Array Field Analysis Results 

The salient features of this design for input to the JPL analyses are: 

• A series block consisting of 4 series cells with no parallel 
strings and one bypass diode per block. There are 68 series 
blocks in each array. 
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• A branch circuit consisting of 170 series blocks connected in 
series. Two and one-half arrays make up one branch circuit • 

• An array field consisting of 32 branch circuits grouped in 4 
subfields of 8 branch circuits each (20 arrays per subfield). A 
cell failure rate of 0.0005 per year was used for the concentrator 
ce 11 s. 

The results of the JPL Array Design analysis are summarized in Figure 
2-2. This information is used as input data for these analyses to represent 
degradation in solar array field output caused by cell failures. 

Reliability/Maintenance Data. The parameters and costs estimated for 
the reliability and maintenance inputs to the mOdels are given in Table 2-1. 
These data are strictly estimates representative of a system in the mature 
stage of production and operation. 

State Space Analysis of APS System 

The APS system has been divided into two major subsystems for the 
reliability analysis, as shown in Figure 2-3. 

• Subsystem A represents the array field • 

• Subsystem B represents all the system elements logically connected 
in series. 

The system and its subsystems are represented by the diagrams in the following 
sections. 

Solar Power Solar Array· Serial 
Input Output Field p. Subsyste~ 

FIGURE 2-3. APS SYSTHl REPRESENTATION 
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TABLE 2-1. ESTIMATED RELIABILITY AND MAINTENANCE DATA INPUTS FOR 
ANALYSIS OF PV CONCENTRATOR, PASSIVELY COOLED POWER SYSTEM 

.~_~ intenanc~ 

Corrective Maintenance Preventive Maintenance 
Maintenance lime/aj , hr 

lognormal Travel & 
50 90 Per hr Mat'ls. 

Subsystem/Component Percentile Percentile Charge, $ (Fixed), $ 

Cells (21,760) (replace at module 
level only) 

Power Oistr./Array Field 5.6 12 20 0 
Subsystems 

Inverter 24 48 40 1000 

Control & Display 24 48 40 1100 
Tracking (Electrical)(80) 4 20 
Tracking Drive (80) 6 12 20 

Array (Support tube & module/ 4 
heat exchanger assemblies)(80) 

8 30 320 

lens (80 subassemblies) 2 4 20 75 

Util ity 2 '" 3.6 0 0 
Distr. Subsystem 28 '" 60 0 0 
Power Swi tch 3.6 '" 6 120 '" 100 
Genera 1 Systemwide 
P.M. 
Cl eani nq ~ See lenscPreventi ve Ma i ntenance 

Weather 10 35 o 

Footnotes appear on following page. 

Source 

Class 

IV NBNM(b) 

II NBNM 

NBNM 
IV NBNM 
IV NBNM 

III NBNM 

IV NBNM 

As in Rel.(e) 

As in ReI. 
As in ReI. 

Bel 
Est. 

Maintenance Ti~~Tc 1~ -h~ 
lognormal (al 

50 90 Fixed Costs/ 
Percentile Percentil e Frequency 

6 12 
(replace main contactors) $1 DO/every 

30 K hr 

2 4 Adjust, al ign & 
check every 36 
mo - $50 + labor 

0.5 SO/Cleaning 
every 12 rna 

0 $0 
8 18 '" Every 12 rna 
0 

50 1 06 $lOO/hr + $300 
every 12 mo 

N 
I 

<J1 



TABLE 2-1. (Continued) 

Reliability 
MTBF Other 

Subsystem/Component Clock hr Parameters Distribution Source Degradation 

Cells (21,760) 

Power Distr./Array Field 
Subsystem 
InverterC ) 

Control & Display( 

Tracking, Electrical (80) 
Tracking Drive (80) 

250,000 

8,760 
10,000 

200,000 
60,000 

Array (Support Tube & Module/ 
Heat Exchanger Assemblies (80) 

108 

lens (80 subassemblies of 106 
68 each) 

Uti] ity(a) 6,257 

Distr. Subsystem(a) 8.76 x 106 

Power Switch(a) 1.4 x 106 

Weather 2,190 

(>cell = 0.0005/yr) 

a = 2.5 
o = 67,623 

A = 160/106 hr 

A = 0.1/106 hr 

A = 0.7/106 hr 

Exponential 

expo 

expo 
expo 

Wei bull (f) 

exp 

expo 

expo 

expo 

expo 

expo 

BCl, est. 

Ditto 

BCl, est. 

IEEE Std 493-1980 
p 214, Table II 

IEEE Std 493-1980 
P 219, Table I 

IEEE Std 493-1980 
P 123, Table 2 
(swi tches) 

BCL, ext. 

(Determined by JPL method. See result­
ing system output degradation curves.) 

Complete shutdown 

Camp 1 ete -shutdown 
Complete shutdown 

1/32 power reduction(g) 
System maintenance policy - Repair 
after 1 to "0" tracking unit assembly 
failures. 1/32 power reduction(g) 

1/32 power reduction 

Dirt - 3% output/year (removed by 
cleaning) 

Abrasion - 3% output/year for 3 yr; 
- O.l%/yr Bal. (Permanent) 

Complete 6hutdown 

CampI ete Shutdown 

Complete ~hutdown 

Complete shutdown due to wind, if 26 
to 30 mph. 

(a) Includes (active repair time + travel time + logistics time + administrative time] and is therefore time to restore. 
(b) NBNM = Natural Bridges National Monument Initial Experience in Maintenance (Solman 15th Annual PV Spec. Conf.) (10) 
(c) 

(d) 

( e) 

(f) 

(g) 

Each unit or system is down for time being maintained--follow functional diagram. 
Same per hour charge as Corrective Maintenance. 
Refers to same source as in Reliability section of this table. 
Weibull density function: f(t) =.§. (1) a-I exp [_ (1) a], a = shape, n = scale, t = time. 

~ n 0 / 
Since the first tracker failure eliminates power from an entire 2-1/2 array string, at least 2-1/2 80 or 1/32 of the array field power is lost. 
One out of five of these failures would cause a loss of 1/16 of the array field power . 

.., j 

N 
I 

0'1 
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Array Field 

The array field is made up of 16 branch circuits logically connected 
in a parallel configuration. A simplified diagram of a branch circuit is 
given in Figure 2-4. The array field is shown in Figure 2-5. 

Subsystem B: Serial Subsystem. Subsystem B represents all the 
system elements logically connected in series as shown in Figure 2-6 • 

Power Control & Utility Distrib. Power 
'-'eather Distrib. I- Inverter I- Display r- I- System I- Switch l-

FIGURE 2-6. SUBSYSTEM B: SERIAL SUBSYSTEM COMPRISI NG ALL SYSTH1 ELEMENTS 
LOGICALLY CONNECTED IN SERIES 

Modeling Method 

Each subsystem is represented by a number of states where each state 
is defi ned in te rms of the status of each of the different elements of the 
subsystem. Markov model techniques are then used to compute the steady-state 
occupancy probabilities of each subsystem state. These state probabilities 
are combined with their associated system capacity to obtain the expected 
syst em capaci ty, 13. 

The following sections will illustrate this method for each of the 
two subsystems. 

Subsystem A. Subsystem A is made up of 16 parallel branch circuits. 
Each branch as shown in Figure 2-4 comprises two circuits (modules 1 and 2 and 
3 and 4) connected in parallel to module 5. When a failure occurs in either 
circuit, the branch loses half of its capacity, resulting in 1/32 reduction in 
the system capacity. When IOOdule 5 fails, the branch circuit is incapacitat­
ed, resulting in 1/16 reduction in the system capacity. Therefore, Subsystem 

I--
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/ 
.j 

1- - - - - - - - - ---- -- --------1 
Tracking r---t Tracking 1---+ Array Heat 
Electrical Drive Exchanger 

FIGURE 2-4. SIMPLIFIED DIAGRAM OF A BRANCH CIRCUIT 

Branch Circuit, t--------

IBranch Circuit2 

[ Branch Circuit 
'6 

DC Power , 

FIGURE 2-5. SUBSYSTEM A: 16 IDENTICAL 
BRANCH CIRCUITS IN PARALLEL 
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A is characterized by 33 states (i = O. 1. 2 • •••• 32) where each state i 
represents a fraction. i/32. reduction in the system capacity. However. due 

to the low failure rates of the array component and the repair policy (repair 
upon first failure). the subsystem never occupies any states beyond state 4. 
Subsystem A will therefore be modeled by its first five states as shown in 
Figure 2-7. 

: 64A 

FIGURE 2-7. STATE SPACE MODEL FOR SUBSYSTEM A 

The steady-state probabil i ty for each state can be obta i ned by Ma rkov 
model techniques--that is. rate-in equals rate-out. The Markov model approach 

yields a set of simultaneous equations. F>i(t) = 0 and (i = 0.1 • .... 5). 
The solutions. Pi(t) and (i = O. 1 • •••• 5). to this set of equations 
represent the steady-state probabil it i es of the corres pondi nq states. Fo r 
expediency. this set of equations was solved by a Battelle-developed Markov 
chain computer model. The results are shown in Table 2-2. 

Subsystem B. Subsystem B which comprises all the system components 
logically connected in series is characterized by two states (0.1) which 
represent respectively the subsystem failure and functional status. State 1 
corresponds to the functional state and state a the failure state. Subsystem 
B is model ed as shown in Figure 2-8. The results of the cal culat ions are 
shown in Table 2-3. 
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TABLE 2-2. PROBABILITY TABLE FOR SUBSYSTEM A 

Steady-State 
State Probability 

0 .978612 

1 .019018 

2 .002304 

3 .000060 

4 .000005 

TABLE 2-3. PROBABILITY TABLE FOR SUBSYSTEM B 

State 

o 

1 

Steady-State 
Probability 

.960451 

.039549 

. , 
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State 1 

i 
State 0 

FIGURE 2-8. STATE SPACE MODEL FOR SUBSYSTEM B 
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Using the standard Markov techniques, the steady-state probability 

for each states is determined as follows: 

Since Po + PI = I 

7 

Po + PI = L 
i=1 

I 

and 
I + 

Expected System Capacity 

po. + PI = 
l. 

7 A. 

A. 
= 2. P 

lli I 

I 2. PI + PI = 
i=1 lli 

I 

States 0 and 1 of Subsystem B are associated with a percent and 100 

percent system capacity respectively. Each state i in Subsystem A is 

associated with a fraction, (32 - i)/32 of system capacity. Table 2-4 shows 

all subsystem states and their associated system capacity. 

The 'X' in a column indicates that the subsystem can be in any of its 

states. 
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TABLE 2-4. SYSTEM CAPACITY FOR VARIOUS COMBINATIONS 
OF SUBSYSTEM STATES 

Subsystem System Capacity 
Combination, i A B Fraction F(i) Probabil ity, Pi 

1 X 0 0 PO(B) 

2 4 I 7/8 P4(A)'Pl(B) 

3 3 1 29/32 P3(A),Pl(B) 

4 2 1 15/16 P2(A)'PI(B) 

5 1 1 31/32 Pr(A)' PI (B) 

6 0 I 32/32 PO(A),PI(B) 

The system expected capaci ty is computed as 

6 
e - L F(i);Pi i=l 

-6 7 -5 29 15 e = 0 + .960451(5 x 10 x 8 + 6 x 10 x 32 + .002304 x 16 

31 + .019018 x 32 + .978612 x 1) 

. e = .959736. 
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System Power Production. The system power production in any year y, 

A(Y), is computed by the equation:* 

12 
A(y) = W'S'DP(y) 'DC(y)' L l(n)D(n). 

n=1 

The factor OC(y) represents the degradation in the system capacity 

resulting from the cell failures. See Figure 2-2. 

12 
L len) 'D(n) = 2660.1 hours 

n=1 

B = .959736 

W = 250 kW. 

The permanent degradation of the system capacity, DP, is assumed to 

be linear between consecutive years. Therefore, the permanent degradation 

factor, DP(y), for any year y is taken as the midpoint between the degradation 

factors at the beginning and end of year y. The degradation of system 

capacity due to cell failure, OC(y), is computed in a similar manner. 

Fo r y = 1, ** 

DP(1) 1.00 + .97 .985 = = 2 

De(1) os 1.00 + .998 .999 2 

* See "State Space Approach", Volume 1, for derivation of equation and 
explanation of terms. 

** The values for the degradation due to cell failures are the results of the 
JPL analysis as presented in Figure 2-2. 

. . 
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and A(I) = 250 x .959736 x .985 x .999 x 2660.1 = 628053.9 kW. 

The system power production for years 1-30 is given in Table 2-5. 

System Maintenance Cost. 

m 

ACCM - ~l . (Aitiui ) (UiCi + Fei ) 

where 
ACCM = Annual corrective maintenance costs 
m = Total number of system components 

Ai = Failure rate of component i 

ti = Total ope rat i ng or clock hours 

ni = Number of identical units of component i 

Ui - ~1ean repair time of component 

Ci = Repair cost/hr 
FCi = Fi xed C ost/repa i r. 

The results of these calculations are presented in Table 2-6. 

where 

ACPM"1: (n. f
i

) (C. Ui + Fe.) 
ial ~ ~ ~ 

ACPM = Annual preventive maintenance costs 

fi = Frequency of preventive maintenance action on component per 
year • 

Other symbols are as defined under corrective maintenance. 
The results of these calculations are given in Table 2-7. 



Year 

1 

2 

3 

4 

5 

6 
7 
8 

9 

10 

11 

12 

13 

14 

15 
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TABLE 2-5. APS SYSTEM ANNUAL POWER PRODUCTION 

An nua 1 Powe r 

Production, kWh 

628,053.97 

607,706.35 

587,435.33 

576,140.59 
574,057.47 

571,977.55 
569,900.83 

567,827.29 

565,468.29 

563,401. 47 
561,625.83 

559,565.06 

557,220.11 

555,166.04 

552,828.42 

Year 

16 

17 
18 

19 

20 

21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

Total 

An nua 1 Powe r 

Production, kWh 

550,208.22 

547,878.59 
545,552.77 

542,945.33 

540,342.37 

538,028.69 
535,434.34 

532,560.26 

529,975.17 

527,394.54 
524,818.38 

522,529.58 

520,244.63 

517,963.50 

515,968.16 

16,590,219.12 ... 
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TABLE 2-6. RESULTS OF CORRECTIVE MAINTENANCE CALCULATIONS 
FOR APS SYSTEM 

Power Distribution 

Inverter 

Control & Display 

Tracking, Electrical 

Tracking Drive (80) 

Heat Exchanger (Array) 

Lens 

Ut i1 ity 

Distribution Subsystem 

Power Switch 

Expected Failures 
Per 30 

Per Year Yrs 

0.35 

1.0 

.876 

3.52 

11.68 

7.0x10- 3 

.70 

1.40 

998.6x10-6 

6.25x10-3 

1.05 

30 

26.28 

105.5 

350.4 

210x10-3 

21.0 

42.0 

29.96x10-3 

187.6x10-3 

Total Corrective Maintenance Costs 

Corrective 
Maintenance Costs, $ 
Average, Per 30 
Per Yr Yrs 

4.68 

2,111.6 

1,937.4 

126.7 

1,623.5 

3.21 

84.98 

3.55 

140.49 

63,348 

58,120.1 

3,801. 6 

48,705.6 

96.4 

2,549.4 

106.5 

$5,895.60 $176,869.10 
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TABLE 2-7. RESULTS OF PREVENTIVE MAINTENANCE CALCULATIONS 
FOR APS SYSTEM 

Preventive Maintenance Costs, 
Per Yr 

Subsystem Component (Average) Per 30 Yrs 

Inverter 29.20 876 

Track; ng Dri ve 1,254 37,620 

Distribution Subsystem 195.6 5,868 

General Maintenance 6,240.2 187,206.9 

Lens (Cleani ng) 928 27,840 

Total Preventive Maintenance Cost $8,647.03 $259,410.90 

Total Maintenance Cost (30 years) = $436,280 

Note: All failure rate A's, repair rate ~'s, and cost information are 
computed from the data provided in Table 2-1. 

$ 
. . 

'. 
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SOLREL Analysis of APS System 

The APS/Martin-Marietta passively cooled concentrator system is rated 
at 225 kW. As described earlier, the array field consists of 80 arrays each 
having an electrical tracking system, a tracking drive, solar cells, lens 
subassemblies, and an array substructure associated with it. 

Failure of the tracking drive has the following effect on system 
output: The 80 arrays are electrically connected in 16 branch circuits 
consisting of 5 arrays each (see Figure 2-9). 

~---~r----------I 

FIGURE 2-9. RELIABILITY FLOW DIAGRAM FOR A GROUP OF FIVE 
MODULES, PASSIVELY COOLED CONCENTRATOR SYSTEM 

A failure of either tracking drive 1 or 2 will cause output to he lost from 
arrays 1-2 and half of array 5. A failure of either tracking drive 3 or 4 

will cause output to he lost from arrays 3-4 and half of array 5. A failure 
of tracking drive 5, however, will cause output to be lost from all five 
arrays. This behavior is modeled in the same logical arrangement by SOLREL, 
i.e., array 5 causes all 5 to be lost, while failure of the other 4 only 
causes 2-1/2 arrays to be lost • 

Cell failures were modeled using the JPL Array Circuit Design 
Optimization Methodology to develop the degradation curve described earlier • 
The resulting degradation curve is given in Figure 2-2. The user of SOLREL 
may opt to replace all damaged cells when cell output due to failures has 
degraded to a certain percentage of design output. This simulation used a "no 
cell replacement" policy. 
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The entire system will fail upon failure of either the utility, the 

distribution subsystem, the control/display, the inverter, or the power 

distributer/array field subsystem. In the event of high winds, all arrays will 

be stowed. 
Array output was assumed to degrade at 3 percent per year due to dirt 

on the lenses, which can be removed by periodic cleaning. Permanent degrada­

tion was set at 3 percent per year for the first 3 years and 0.1 percent per 
year thereafter. A complete listing of the components and the associated data 

used for this system analysis appears in Table 2-1. 
The Battelle solar design simulation model, SOLCH was used to 

simulate a concentrator system of this design located in Phoenix. The SOLCEL 

simulation does not consider reliability, but assumes a fully functioning 

system to produce power output duration curves showing the amount of time 

various levels of output are achieved strictly as a result of changing 

insolation levels. This set of power output duration curves appears in Table 

2-8. 

Preventive maintenance was assumed to take place for the inverter, 
the tracking drives, and the distribution subsystem as well as for cleaning 

and systemwide preventive maintenance as described in Table 2-1. 
All times between failures are selected from negative exponential 

distributions except for the tracking drives whose failure distributions were 
assumed to be Weibull. All repair times were selected randomly from lognormal 

distributions. All input parameters are repeated in Table 2-9 in computer 

output format. 
The system simulation was run using an optimistic and a peSSimistic 

set of financial parameters. For both cases, the general inflation rate was 

set at 8 percent with the electricity cost escalation rate being 2.5 percent 
above inflation. The discount rate was set at 20 percent for the pessimistic 

case and at 13 percent for the optimistic case. The results of these SOLREL 

runs appear in Tables 2-10 to 2-13. The program source listing is avaifable 

on tape from Sandia. 
The simulation output is also presented in Figures 2-10 through 2-12. 

These plots present the results in the form of annual energy output and 
maintenance costs as well as the levelized costs of maintenance per kWh for 

the two sets of financial assumptions. 
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TABLE 2-8. MONTHLY OUTPUT DURATION CURVES FOR APS/MARTIN-MARIETTA 
PASSIVELY COOLED COflCEHTRATOR SYSTEM 

MONTHLY OUTPUT DUR4Tla~ CURVES IN INTE~VAlS Of 8.33 HOURS PER "ONTH 

"ONTH 1 .960 .941 .9Z3 .'10; .89j--;·ii8Z··-.870-·.-ff58····-;·if45--~iiTz·-·-;818-··;80r··;·n·6.767 .747 .723 
.6'1'1 .675 .6~9 .6ZZ .59Z .551 .516 .444 .3Z9 .Z23 .114 .089 .010 .053 o.oao 0.000 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

"ONTH 2 1.013 .959 .953 .94b .940 .934 .928 .921 .915 .909 .900 .668 .671 .866 .655 .83B 
.819 .800 .771 .154 .120 .684 .653 .b12 .554 .443 .293 .112 .095 .Ob5 0.000 0.000 
0.0006:ooo·o;006·0-;06oo:oo-o-~OOOO~OOOO.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MONTH 3 1.013 .959 
.907 .900 
.36" .255 

.955 

.892 

.141 

.952 

.885 

.05B 

riciN T H· .';. ;966;~h· -:951· .946 
.890 .881 .883 .880 
.701 .631 .592 .501 

.948 

.871 

.032 

.945 .941 .938 .935 .931 .928 .924 .921 .911 .914 

.870 .862 .855 .833 .809 .180 .150 .112 .663 .516 

.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

;-9~T··;·im;- ·;93z--:9z7-:9ZZ~iT.Q13-··~QO-8--:-~04 .901 .897 
.816 .B73 .869 .366 .863 .B5~ .656 .644 .618 .790 .157 
.391 .160 .050 .020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MONTH 5 .960 
• B8 3 
;846 

.945 

.881 

.828 

.'131 

.619 

.sio 

.916 .906 .904 .902 .900 .698 .890 .895 .693 .691 .B69 .661 

.611 .615 .Bl~ .812 .810 .666 .6bo .60' .662 .6bO .65B .856 
;-787 ---;-7"5"6-···;'{3"5"- -:7Tf··-:696--;-"6i)-5-. 022--·-;503-·. i4 0 .067 .053 O. 0)0 

MONTH 6 .960 .905 .~03 .900 
.9b9 .66b .864 .601 
.121 .101 .614 .6,4 

.69B .695 .693 

.8,9 .656 .65~ 

.b18 .594 .5bl 

.690 .686 .660 

.6~1 .836 .3Z9 

.524 .482 .4H 

.663 .6Bl 

.620 .Bll 

.335 .113 

.BIB .810 .673 

.802 .78, .163 

.Jlb 0.000 0.000 

.910 

.H3 

• 89~ 
.H8 

.665 

.95't 

.8n 

.742 

tlONifi· 7 .901 .903 ".699 ·~·ij"'B·"· :t!:i2--.ii88--:8ii;;·-:880·~877 -:813-····.-61>9-·-.-67)5 .862 .858 .854 .648 
.841 .834 .827 .820 .813 .B07 .199 .119 .159 .739 .111 .695 .662 .630 .603 .515 
.541 .509 .464 .413 .331 .210 .20B .160 .135 .111 .083 .053 .032 .010 0.000 

/'IONTH 6 

MONTH 9 

.907 

.658 

.562 

.~04 

.655 

.5io 

.960 .906 

.8bO .851 

.551 .510 

HONTi-rlo .9bO;95i 
.6b2 .659 
.216 .152 

.901 .i98 .695 .B92 .669 .866 .682 .879 .616 .613 .610 .861 .604 .8bl 

.950 .640 .830 .621 .Bll .801 .165 .1bB .152 .121 .096 .068 .630 .b04 
• 44b·;ra6--;-33-6"-;Z·ci"a ·-;nT~r-:T20--.010" o--;ifao -6-.000 O.OJ() !) .000 0.000 

.903 

.65~ 

.453 

.900 

.944 

.256 

.891 .893 .890 .881 .884 .881 .B76 .B75 .B72 .669 .Bb6 

.B34 .825 .B15 .B05 .190 .161 .746 .121 .707 .b79 .640 

.053 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

.921"~'i66--;Q·ij"3 .6'1'1 .69b .692 .869 .89b .662 .819 .B76 .612 .869 

.955 .B45 .621 .809 .169 .168 .1~8 .111 .bB6 .655 .606 .552 .504 

.019 .001 0.000 0.000 0.000 0.000 0.000 0.000 ).000 ).000 0.000 0.000 0.000 

.603 

.b)4 

.B65 

.H3 

tlONTH 11 .960 .954 .946 .9~1 .935 .929 .'123 .911 .911 .903 .694 .684 .674 .B65 .B55 .639 
.821 .803 .lB3 .lb2 .139 .106 .b12 .628 .574 .502 .421 .320 .lb6 .045 0.000 0.000 

0.000 0.000 0~000 0.000" 0.600" o;coo·o~oo--·(r;·ooo o-;·oob-0-;ooo-if.oo"o-6:ooo··o.000-o.ooo 0.000 

MONTH 12 .'160 ,932 .905 .B94 .B63 .811 .6bO .641 .632 .617 .803 .163 .7b2 .740 .709 .680 
.653 .625 .595 .556 .514 .45B .341 .213 .101 .052 .034 .015 o.uOO 0.000 0.000 0.0») 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 J.OOO 0.000 0.000 0.000 0.000 0.000 

N 
I 

N 



TABLE 2-9. INPUT PARAMETERS FOR APS-MARTIN MARIETTA 
PASSIVELY COOLED CONCENTRATOR SYSTEM 

COMPONENT NAIIE PlTBF PlAINT TI~E IHRSI REPAIR COST lSI ~Ul1 PPI TIllE (H[)URSI 
OIONTHS I 50PCT 90PCT FIXED VARlA8LE liE ~ ~oPCT _._-,.- ,- _ .. _- _ .. • ••• M ._,, __ ._ -,,-,- ....... _ ... _-,._ ... _---_._-_. 

THE CELLS ••••••••• 36.0 108.0 0.00 20.00 1 

THE TRACKING SYSTEM 27't.O 1.0 ".0 0.00 20.00 1 

THE TRACKING DRIVE 82.2 6.0 12.0 0.00 20.00 1 11>0.0 _. . 

THE ARRAY 137000.0 ".0 8.0 330.00 ?O.OO 1 

THE LENS 1370.0 2.0 4.0 15·00 20.00 1 'to·O 

THE UTILITY 8.b 2.1) 3.b 0.00 0.00 1 ----_.'",-----

THE DIST. SYSTEM 12000.0 28.0 1>0.0 0.00 0.00 1 8.0 

THE POWER SWITCH 2000.0 3.6 6.0 100.00 120.00 " .. , . 

IHE ARRAY FIELD 3U.5 5.6 12.0 0.00 20.00 1 

THE INVERTER 12.0 2".0 "8.0 1000.()0 't(l.00 1 6'(l 

THE CONTROL-DISPLAY 13.7 210.0 108.0 1100.00 100.00 1 

THE WE ATHER 3.0 10.0 :U.O 0.00 0.00 1 

GENERAL PREV IIAINT 250.0 

FLAGl· 0 MEANS RESULTS FRail ALL PREVIOUS RUNS ARE BEING IGNORED 
FLAG2' 0 MEANS RESULTS FROM THIS RU~ WILL NOT BE SAVED ON PERMANENT FILES 
FLAG]' 0 MEANS NO EVENT OR YEARLY SUMMARY MESSAGES WILL BE PRINTED 
FLAG'" 1 MEANS TA8LES FOR EACH INDIVIDUAL RUN WILL BE PRINTED 
FLAG5' 1 MEANS PLOTS FOR INDIVIDUAL RUNS ONLY WILL BE .PRODUCED 

PERMANENT DEGRADATION -- 3 YEAR INTERVALS 
1.000 .910 .907 .90" .901 .898 

DEGRADATION DUE TO DIRT -- 3 YEAR INTERVALS 

.8~5 

1.000 .910 .820 .730 .6"0 .550 ."60 

DEGRADUIDNDUE TO CEll FULURE - 1 YEAR INTERVAlS 
1.000 .998 .991> .99" .991 .989 .986 

.976 .97't .971 .91>8 .966 .91>2 .959 

.9"6 .9"3 .939 .935 .932 .928 .925 
ARRAY CAPACITY IN KW •••• ~........... 250. 

.892 

.370 

.98" 

.951> 

.922 

.889 

.2BO 

.981 

.953 

.919 

.1S8b 

.190 

.978 

.9109 

.911> 

.883 

.9H 

90PCT 

HO.O 

BO.Q 

18.0 

12.1) 

5~0.Q 

P~ COST lSI PII UHERUL NJPI 
FIXED VARU8LE IIIONTHSI liEN 

50.00 20.00 36.0 1 

---,------

O.QO ~!!.I!O .... H.Q_~ ___ ._ 

0.00 20.00 J2.1) .L ... 

. .. - -_ ... _ .. 

.~O(l!()() 0.00 _ ... ___ ... H.! o. _. ______ . L __ 

30!hoQ 100 •. 00 ~2.0 ___ .. L ___ .. 

-- ., .. _--_ ... _. 

"_'_"M ••• ". __ ~ ___ 

.. _ ... __ .... _- ...... --._._._-------_._--

INVERTER DESIGN CAPACI~T~Y~IN~K~W~.~.~.~.~.~.-~2~5~0~.----------------__________________ ___ 
OVEjUn~INFLATION RATE.............. .080 
OISCOUNT RATE....................... .130 
ELECTRICITY PRICE ESCALATION........ .105 
LENGTH OF RUN IN ~ONTHS............. 360. 
CELLS REPAIRED AT FRACTION LOSS OF.. .30 
MOTORS REPAIRED O~ FAIlU~E NUM8ER... 1. 

, 

N 
I 

N 
N 



" " 
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TABLE 2-10. APS/MARTIN-MARIETTA CONCENTRATOR SYSTEM AVAILABILITY 

ANNUAL SYSTEM AVAILABILITY OURI~OAYlIGHT 
AS A .~fJ!!:ENT.oF S rs.TE 11 .... (:.A~~C:UY .. _ .. _ .. _ .. _._. - ~,-- ---~'--- .. -.. -.-~---.-----.--.------~-'---

--' --,-"."" _.,-_.- _ _ ._ ...... HSTE/1CAPACHY ... !3_~.9.0 KIL .. _._ .11U1BER_.oF ... OAY.!'j~'H. HOUR$._.f!1R.JEAR_!..H~9 •. ~ ... ______________ .... _. __ .. ___ 

YEAR 100-90% '10-80% 80-70% 70-60% bO-50" 50-',0% "'0-3D% 3D-20% 20-10" 10-D% TOUl 
.------"'_.--

HiE ORE TIC AI, 18.31 40.26 11.84 7.'10 5,30 3.28 2.36 2.45 ----,--3.1D 7.10 ____ JDO.OO 

. ____ .1 '1 .• (>_~_~!.~.5 14·17 8 .Z'!. __ h'1J .. 3.77 2.2 9 ~.79 3,\1 8.37 100.0Q, 
2 ".20 36.39 18.13 8.6'1 b.28 4.03 2.41 2.b3 2.97 14.19 100.00 
3 .27 21.04 30.43 10.66 1.H 4.52 2.59 2.47 2.b5 12.05 ____ .. 10il.00 
4 .15 11.77 39.85 11.49 7.21 ".1/. 2.71 3.01 2.9S 9.95 100.00 
5 .06 15.10 41012 11.51 1.59 4.81 2.90 2.11 2.19_ ..... __ ._11.33 100.00 
6 .07 14.42 itl.8S 1l.71 1.31 10.50 2.1>6 2.55 2.51 12.3ft 100.00 

___ .1 ,03 U_ •. !l..9 __ H ... E __ t:?:.! 75 7 •. ~3 4.98 2 .• 1> 7 2.57 2.72 10.91 Ij:lQ.!.~O_ N 
I 

S .00 9.96 H.aZ 12.34 7.56 4.60 2.43 2.53 2.b3 11.93 100.00 N 

9 0.00 .10.57 45.18 13.54 6.02 5.00 2.95 2.95. 2. SO . 9.00 100.00 w 
10 0.00 10.55 40.71 13.104 7.97 5.03 2.87 2.71 2.B 8.16 100.00 
11 0.00 a.54 103.4i! 13.74 6.59 5.5b 2.86 2.43 2.77 12.08 . 100.00 
12 0.00 1.49 44.22 13. Bo 6.21 5.15 2.68 2.90 2.62 12.41 100.00 

_. ___ .. u. o.QQ. __ !t •. Ql 4.2. .• J~_.u .•. ~7 _h86 5.U ;:.34 2.b5 2.11 1h}5 1pg.00_ 
14 0.00 1).79 44.10 14.43 iI.50 5.51 3.1b 2.80 3.11 11."8 lOO.OO 
15 0.00 ;.37 46.21 15.51 6.9) 5.68 3.10 2.70 2. ·7e. 9.H 100.00 .. 
Ib 0.00 ".43 "'b.,,2 15.50 6.44 5.45 3.00 3.00 3.15 S.B 100.00 
17 0.00 4.76. 4".78 11 .. 43 9.22 5.90 .3.30. 3.04 3.34 9.11 100.00 .-'---'---_. 
18 0.00 2.97 43.,,3 15.95 8.43 5.23 2.98 3011 3.16 14.55 100.00 

___ .1 .. 9 9.~90 2.4.4 It 1).5 7 U.!.i9 9.44 5 •. 52 3.21 3.41 L_10 /i!_b4 1PJhil.L 
20 0.00 2.60 43.44 17.98 9.12 b.l0 3.55 2.89 3.37 10.'H 100.00 
21 . 0.00 .1.07 .. 45.07 16.15 9.h b.13 3.67 3.06 2.94 10.07 .'-" .,---~ .. --- 100.00 
22 0.00 .77 44.17 18.73 9.39 5.b4 3.17 3.18 3.01 11.33 100.00 
23 0.00 .2b 41.b9 19.95 10.36 b.35 3032 .. 2.79 2.55 b.14 . -"----.""._.' 10il.00 
24 0.00 .19 42.04 22.29 10.49 6.56 3.50 2.H 2.42 9.17 100.00 
.~.5 Q.,Jlj:t .,U 41_.J.L __ Z 3 .. -'1'.'" 19...25 b.bb 3.b5 2.'10 2.'1'1 8.20 100.00 
26 0.00 .35 38.41 22.7'1 9.62 5.55 3.2'1 3.11> 2.1>5 13.99 100.00 
27 0.00 .39 35.11 . __ . 26.01 . 10."9 b.6'1 3.87 

--,,~.,,-.-
2.89 _______ .3.01._ ... ____ 8.48 .. _ .. _ .. _ .... _._101>.00 

20 0.00 .3" 34.bB 28.17 10.21 5.'11> 3.36 3.13 2.97 11.14 100.00 
29 0.00 .24. 33.06. _. ___ ... 29. b& _10.52 .. 6.33 ..3.49. l.71 2.53 .11.38._. ____ 100 .• 90._ 
30 0.00 .15 30.01 32.11 10.88 b.56 3.78 3.30 2.98 10.09 100.00 

AVERAGE .49 8.bl 40.29 17.08 8.75 5.41 3.0\1 2.83 2.81 10.H 100.00 
,--_.- .. -... -"'-~.--- .. --_._-_ ... _----- ----- .. -------------.------.--.--,----.~---------.------,----~---.. 



TABLE 2-11. SYSTEM COMPONENT FAILURE TABLE 

----c 0 ~ p 0 ~t Nlf'"AHIfIfETAilIT 

~ NU~aER OF FAILURES PE~CJMPONENT ay YEAR 

CUM"ONENT YEA~ 2 ~ 4 5 b 7 B 9 10 11 12 13 14 15 Ib 17 IS 19 20 21 22 23 24 25 lb 27 2d 29 30 TOTAL 

fHEhrHcKINGTI> rE ~ 2 4 3 3 2 3 4 4 ., 4 4 5 2 b 0 3 1 7 3 3 2 4 5 2 3 2 5 7 4 5----101-

THE TRACKING DRIVE o 0 2 9 10 10 18 8 11 15 15 17 Q 14 12 ~ b 11 14 8 17 10 19 4 13 10 10 14 9 10 9 314 

PiE A~RAY o 0 0 ~O Q 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 o 

THEI[E~S 2 0 0 0 1 0 1 0 2 2 2 0 3 1 1 1 0 2 1 1 0 2 1 0 3 1 0 1 2 Z 32 

THE UTILITY 2 0 1 2 2 1 I O~ 3 ~ 3 0 4 1 1 024 022 liZ 300 3 I 44 

THE OIST. SYSTEM o 0 0 J 0 0 0 0 ~O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o 

T'ltp:jIlTR S~ nCH 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 J ---1-

THE ARRH FIElO o 0 - 0 0 0 0 0 d 0 0 1 0 0 J 0 000 0 0 J 0 0 ~ 0 0 0 0 0 0 0 1 

THE I~VE~TER o ~5 2 O~~~~2 Z 4 1 0" 11 3 1 0 0"1 0 GO 13 0 -1 0 0 1 2 5 3 40 

THE co~rROL-O!SpLAY 0 0 0 1 1 2 0 1 0 1 2 1 1 1 0 1 0 0 2 1 0 1 0 2 1 3 1 0 25 

THE WEATHER 5" 4" b 2 "6 b 4 5 4 "5 4 3 2 0 b 4 4 8 3 1 b j 3 3 4 3 1 4 0 4 121 

TIlTALS 11 14 24 30 27 28 21 21 19 15 23 14 22 22 25 
n 17 23 22 30 32 3~------U---3!1 2l ]/,--,1---21 26 -2~ 011"5--

" .. 

N 
I 

N 
.f». 



~ ... 

TABLE 2-12. 

• . . 

APSlt1ARTIN-MARIETTA PASSIVELY COOLED COIlCENTRATOR SYSTHl 
13 PERCENT DISCOUNT RATE 

----""-----' 

YEAR 

1 
2 
3 
~ 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
1b 
17 
18 
19 
20 
21 
22 
23 
H 
Z5 
Z6 
Z7 
28 
29 
30 

'tOTAU-"' 

4~~UAl "AI"ITE~A~CE CJST A"ID OUTPUT 

CU~I!~N.r VgUE 

COST I $I KW~ CEN!S/KI/~ 

5i~.'8 63~~62. 
15801.7~ 566573. 
i2552:53 ---55599i~ 
1~~09.06 571279. 
17812.99 5~995~. 

8805.~5 5~~980. 
21641.52 5Hi,oz~ 
21528.0~ 5~5862. 
i90~~;~0 558890. 
18~62.02 570603. 
15771.92 523320. 
14009.35 528411. 
21146;03 549212. 
11961.35 53135~. 
1 ~ 72 ij; 40-53 ~365 ~ 
12842.55 557039. 

b028.53 538110. 
11097.41 513562. 

" f674i;3"-----55,;ciii~-
1577b.56 530b75. 
i5779;Z2 -51840:3. 
23782.15 521551>. 
11858.36 547629. 
115gS.49 521231. 

, ii722;0"--"5Z7559. 
21126.05 ~789bO. 

9499;"85 -52:i799; 
23179.9b 50b573. 
18967.65 50'''242. 

, _U93,O. 78", ---2Q..~.!I.!~~ 

. "Ht,I,ZZ~7r' 11>15"Ot;b~- -"----

.09 
2.79 
2.26 
2.52 
3.2~ 

1.62 
~.oij 
3.9~ 
5.20 
3.Z~ 

3.01 
2.1>5 
3;8" 
2.25 
2~77 
2.31 
1.12 
2.11> 
1.9/,' 
2.97 
3; 04' 
4.56 
Z.17 
2.23 
z.zl-
4.41 i;sz--- , 
4.58 
3-;76 
z!.rL 

COST lSI 

, 557.06 
14916.70 
1i3Z6~65 " 
1Z493.9~ 
14690.00 
69U.81 

1 b4 8"; (,9 
15508.39 
Z0115.02 
1224Z.75 

9907.4ft 
8434.51 

12159;/;0 
6499.1b 
77'17;88 
1>488.10 
2904.06 
5091>.~0 
-473i~98" 
1>6~5.05 
b 3-g;")" 
9095.53 
't375.06 
4033.50 

'-""leg,,; 16 
6787.55 
2878;99' 
671>9.00 
5263.79 

,,_,_",_" ___ H~2_·n _ 

PRESE"IT VALUE 

KI4H CE~TS/KiI~ 

627312. .09 
5~7906. 2.72 
iZ5735;' ~"~lj' 
528325. 2.36 
~97220. 2.95 
~81a~3. 1.4~ 
i,"'ri i5b; 3; i, 9 
461387. 3.36 
4b~li9; ';35 
461403. 2.65 
~13720. 2.39 
~0851b. Z.OI> 
i,iizii: 2;i3" 
39288~. 1.b5 
lii"i,ii6; 2-:0Z 
39381>1>. 1.65 
31'1949. .78 
34721>9. 1.47 
31>6197., 'i;Z9 
3~3172. 1.94 

'"""32"7593:-- i~93-------

322508. 2.82 
331009. 1.32 
308154. 1.31 
304936: i;29 
270672. 2.51 
iile4b4; 1; 00 
273812. 2.47 
266527.1.97 

__ ~~~.E_. __ '" ,_,_..l! ~,! __ "___ ___ " __ " 

-2ii65"5ij"~i, '1 "liS5b j80~ '-Z-; [!i--n. EveTizEDT 

N 
I 

N 
U"1 



-----

YEAR 

1 
2 
3 
ft 
5 
6 
7 
8 
9 

10 
11 
12 
13 
lit 
15 
16 
17 
16 
19 
20 
21 
22 
23 
2" 
25 
2b 
Z7 
28 
29 
30 

TOTALS 

• 

TABLE 2-13. APS/MARTIN-MARIETTA PASSIVELY COOLEL CONCENTRATOR SYSTEM, 
20 PERCENT DISCOUNT RATE 

4NNUU IUINTENANCE COST AND OUTPUT 

CURRENT VAlUE PRESEIU VUUE 

C.QST IS I KWH CENTS/KWH COST UI KWH CENTS/KWH 

5n.58 1)3ltft6l. .09 53 .... 70 &081)01). .09 
15801. n :;1)1)573. 2.79 13820.52 500836. l.71) 
12552.53 555991. Z.Z6 9885.l1 1t52't31. 2.18 
1""09.06 571279. 2.52 103100.06 H8329. 2.ft1 
17812.99 549954 • 3.24 11375.05 379331. 3.00 

8805.45 5't4980. 1.62 50blo.53 3ltb196. 1.4b 
2181tl.52 51t51o()Z. It.OO 113ft8.33 31955". 3.55 
21528.04 54586l. 3.9" 10035.H 2937't9. 3.102 
29085.80 558890. 5.20 12329.95 277373. lo.lt5 
18ltb2.02 570603. 3.210 7096.06 260803. 2.7Z 
15771.92 523320. 3.01 5HIt.41 220087. 2.lt3 
lIt009.35 5281011. 2.65 HOO.05 2041)58. 2.10 
211lt6.03 549212. 3.85 5833.12 191)008~ 2.98 
1191)1.35 531354. 2.25 2892.60 174 6l't. 1.1)6 
lit 72~. ItO 532305. 2.77 3331.30 11)0827. 2.07 
128lt2.55 557019. 2.31 2620.28 155238. 1.69 

6028.53 53811 O. 1.12 1101.02 137935. .80 
11097.U 5135b2. 2.16 1813.1)0 12H01. 1.109 
1071tl.3ft 554072. 1.94 1599.52 12039b. 1.33 
15776.51) 530b75. 2.97 2108.05 106"08. 1.98 
15779.22 518403. 3.0" 1879.10 95476. 1.97 
23782.15 5215S6. 4.56 2538.63 88bb8. 2.8b 
11858.36 547629. 2.17 1163.85 85607. 1.l6 
11598.lt9 521231. 2.23 99Z.Zl 75094. 1.32 
117Z2.04 52n59. 2.22 928.43 b9934. 1.l3 
21126.05 4789bO. 4.41 1502.75 58U2. 2.57 

9499.85 5ZlH9. 1.82 590.00 58b97. 1.01 
23179.96 506573 • It. 58 1320.22 52't4b. 2.52 
18967.65 50"242. 3.76 959.H 't8075. 2.00 
11930.78 50't039. 2.37 539.61) "424b. 1.22 

"54422.7Z 161"'0106. 135188.08 6Hl't61. 2.20 ILEVElIlEOI 

, ~ . 

N 
I 

N 
0'1 
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SECTION 3. ANALYSIS OF ACTIVELY COOLED PV 
CONCENTRATOR SYSTEM 



• 

3-1 

BDM PV CONCENTRATOR SYSTEM (ACTIVELY COOLED) 

Description of System 

This 48 kW peak electrical system is comprised of 9 rows of parabolic 

troughs mounted on a roof top(21). Each row has six collectors mounted 
end-to-end. The solar cells are mounted at the focal pOint of these troughs 
and are cooled by liquid flowing through their heat sinks. A block diagram of 

the system is presented in Figure 3-1. Each row of collectors has two 
parallel electrical channels. Each channel in each row consists of 498 solar 
cells. One 50 kW power conditioner is used to convert the dc output voltage 
of the array (approximately 300 volts dc) to ac, synchronize it with the 
utility, and feed it to the load in parallel with the utility. This design is 
modified in detail and of a lower power level than the final Phase I, PRDA 
design. 

There is a central control unit and a separate drive mechanism for 
each row of six collectors. The drive mechanism is hydraulic and consists of 
a ram, a motor, and an accumulator. Winds over 25 miles per hour or low 
insolation cause the system to stow automatically. 

Input Data 

Output Duration Curves. In order to represent the month-to-month 

variations in solar insolation, a set of 12 power output duration curves was 
provided for the availability simulation. This represented the time during 
any given month that the power would be at certain levels, assuming no system 
failures or degradation. These curves are generated by the SOLCEL design 
simulation and are shown in Figure C-l and Table 3-10. 

Data From Array Field Analysis Results. The salient features of this 

design for input to the analyses are: 

• Series blocks consisting of either 5 or 6 series cells with no 
parallel strings (on the series block level) and one bypass diode 
per series block • 

• A branch circuit consisting of 90 series blocks connected in 
series. 
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• An array fiel d consi sting of 18 parallel branch ci rcuits. Using 
this information and a cell failure rate of 0.0005 failures per 
year, the JPL analysis (described earlier in this volu~e) was 
conducted. The results are presented in Figure 3-2. 

Reliability/Maintenance Data. The parameters and costs estimated for 
the reliability and maintenance inputs to the model are given in Table 3-1. 
These data are estimates of such a system as it might be expected to be in the 
mature production stage. 

State Space Analysis of BDM System 

For the purpose of the reliability analysis, the BOM system has been 
divided into four major subsystems as follows: 

• Subsystem A represents the array field. 

• Subsystem B represents the inverter. 

• Subsystem C represents the seri al subsystem (all system component 
logically connected in series). 

• Subsystem 0 represents the utility interface. 

The logical functional representation of the system is depicted in Figures 3-3 
through 3-7. Subsystems Band D could have been included in Subsystem C. 

These subsystems are distinguished to highlight effects of their relatively 
large failure rates. 

Subsystem Subsystem Subsystem Subsystem 
-Solar 

Input 
r-- I-- I-- D r--Power 

Output A B C 

FIGURE 3-3. BDM SYSTEM AS A COLLECTION OF FOUR SUBSYSTEMS 
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TABLE 3-1. ESTIMATED RELIABILITY AND MAINTENANCE DATA INPUTS FOR TASK 3 
ANALYSIS OF SINGLE-AXIS ACTIVELY-COOLED CONCENTRATOR PV POWER SYSTEM 

Preventive Maintenance 

Faotoo-tes appear on following page. 

Maintenance Time(c), hr 
Lognormal (d) 

50 90 Fixed Costs/ 
Percentile Percentile 

2 4 
Clean Surface 

1 2 
Adjust, Check 

6 12 
Replace Main Contactors 

8 10 

16 18 

Frequency 

$20/hrjt2 months; 
Shu tdown Row 

$30jhr; 12 months; 
Shutdown row 

$100; 30,000 hr; 
Shutdown 

$20/hr; monthly; 
No Shutdown 

$20/hr; 6 months; 
Shutdown 

W 
I 

<.n 



Subsystem/Component 

Cell String (2 per row) 

Receiver Tube 

Collector Structure, One Row 

Tracking System, Electrical 

Tracking System, Other 

Inverter 

Swi tehing/Hi ri,ng 

Ins t rumentation/Contro1s 

Main Fluid Pump 

Heat Rejection/Heating 

Fluid Piping, Global 

fluid Piping, Local 

Utility Interface 

Power Switchgear 

MTBF 
Clock hr 

17.5 x lOb 
per cell 

100,000 

200,000 

200,000 

60,000 

8,760 

500,000 

10,000 

50,000 

25,000 

200,000 

500,000 

6,257 

1.4 x 106 

TABLE 3-1. (Continued) 

Reliability 
Other 

Parameters 

(1-cell .~ 0.0005/yr) 

~ 
n 

~ 
n 

s 

2.5 
67,623 

2.5 
56,353 

2.5 
n 28,177 

1- 160/106 hr 

A 0.7/106 hr 

Distribution 

Exponential 

expo 

e~p. 

expo 

Wei bull (f) 

expo 

expo 

expo 

Wei bull 

Weibull 

expo 

expo 

expo 

expo 

Source 

BCL est. 

BCL est. 

BCL est 0 

BCL est 0 

BCL est 0 

BeL est. 

BCL est. 

BeL est. 

BCL est. 

BCL est. 

BCL est. 

BeL est. 

IEEE Std. ~93-1980 
P 214, Table II 

IEEE Std. ~93-1980 
p 123, Table 2 

Degradation 

Determined by results of JPL method. 
Output degrades over time. See curves 
from JPL method. 

1/9 output lost 

1/9 output lost 

1/9 output lost 

1/9 output lost 

Complete shutdown 

Complete shutdown 

Complete shutdown 

Complete shutdown 

Complete shutdown 

Complete shutdown 

1/9 output lost 

Complete shutdown 

Complete shutdown 

W 
I 

0'1 

(a) Includes (active repair time + travel time + logistics time + administrati.ve time] and 1.s therefore time to restore. 

(b) NBNM;=; Natural Bridges National Nonument Initial Experience in Maintenance (Solman 15th Annual PV Spec. Conf.) 

(c) Each unit or system is down for time being maintained--follow functional diagram. 

(d) Same per hour charge as Corrective Maintenance. 

(e) Refers to same sOllrce as in Reliability section of this table. 

(f) Weibull density function: f(t) ~ n n exp - n ' ~ 6 (t) ~-1 l (t) 6] shape, n neale, t time. 

,J 
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Tracking 
Motor 

Fluid 
Piping 
Local 9 

FIGURE 3-4. SUBSYSTEM A: NINE IDENTICAL ARRAYS IN PARALLEL 

----1 Inverter ~ 

FIGURE 3-5. SUBSYSTEM B FIGURE 3-6. SUBSYSTEM 0 

Switching! I-
Instrumen- Main 

Heat RejJ I-
Fluid Power 

- tation t- Fluid I- Piping, f- Switch- I- Weather 
Wiring Controls Pump 

Heating Global gear 
f-

FIGURE 3-7. SUBSYSTEM C: ALL SYSTEM ELEMENTS LOGICALLY CONNECTED IN 
SERIES EXCEPT THE INVERTER AND THE UTILITY INTERFACE 
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Modeling Method 

Each subsystem is represented by a number of states where each state 
is defined in terms of the status of each of the different elements of the 
subsystem. Markov model techniques are then used to compute the steady-state 
occupancy probabilities of each subsystem state. These state probabilities 
are combined with their associated system capacity to obtain the expected 
syst em capacity. 

The following sections illustrate this method for each of the four 
subsystems. 

Subsystem A. As shown in Figure 3-8. Subsystem A is characterized by 
ten different states (0 ••••• 9). Each state corresponds to the number of 
fa il ed s uba rray fi el ds. The steady-state probabi 1 ity for ea ch state can be 

obtained by the standard Markov technique; that is. at steady state the rate 
of change in any state is zero (see "State Space Approach" Volume 1). For , 
example: 

61- 2A 1A 

.. ~ 
/ ..... - ~./ ~ 

----- ].J].J 

FIGURE 3-8. STATE SPACE MODEL FOR SUBSYSTEM A 

PaCt) = -9APO + ~P1 = a 

.. 9>" P 
~P1 ~ 0 

. 
PiCt) = C9 - i - 1)APi _1 + ].JP i +1 - (9 - i)1-Pi - ].JPi = o 

[(9 - i)A + ].Jlp. _ (9 - i - l)1-p 
].J ~ ].J i-1 

" 



• 

• 

3-9 

Recursively, each Pi can be expressed in terms of Po by 

P = 1T ~ P 
[ 

9 (. ")] 
i j=10-i J.l 0 

Since ~ Pi = 1, 
b6 

Each Pi can then be computed. 

, i " 0 i = state number 
j ,. 10 - i 

" "REC + "COLL + "SENSOR + "MOTOR + "PIPING = l:"i 
= (1.0 + 0.5 + 0.5 + 1.67 + 0.2) x 10-5 

~ " = 3.87 x 10-5 

(1 x .064 + .5 x .185 + .5 x .040 + 1.67 x .048 + .2 x .144)/3.87 

= 0.074· 

The final results of these calculations are presented in Table 3-2 . 
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TABLE 3-2. PROBABILITY TABLE FOR SUBSYSTEM A 

Steady-State 
State Probability 

0 .995297 

1 .004696 

2 .000007 

3 - 9 0 

Subsystems Band D. Subsystems Band D are characterized by two 
states (state 0 corresponding to subsystem failure and state 1 corresponding 
to subsystem operating), as diagrammed in Figure 3-9. 

FIGURE 3-9. STATE SPACE MODEL FOR SUBSYSTEMS Band D 

The steady-state probability for each state can be obtained in a 

manner similar to Subsystem A. 

p = 1 
1 l+~ 

II 

These results are shown in Table 3-3. 

Subsystem C. Subsystem C is characterized by two states (0, 1). 

State 1 corresponds to no element failure, state 0 corresponds to subsystem 
failure (Oi = subsystem failed resulting from element i failure). See 
Figure 3-10. 
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TABLE 3-3.RESUL TS OF COMPUTATIONS FOR SUBSYSTEMS BAND D 

Probabi1 ities 
Subsystem B 

.990577 

.009423 

Subsystem D 

.998937 

.001063 

-FIGURE 3-10. STATE SPACE MODEL FOR SUBSYSTEM C 
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The same standard Markov technique is followed here to obtain the 
state probabilities • 

. 
Pi(t) = 0 

therefore 

Ai 
= - P 

lJ
i 

1 

and the results shown in Table 3-4 are obtained. 

TABLE 3-4. PROBABILITY TABLE FOR SUBSYSTEM C 

and 

State Probabil it.z: 
1 .974986 
01 .000008 
02 .000827 
03 .000551 
04 .001653 L = .025014 = Po 
05 .000004 
06 .000005 
07 .021930 

Since the sum of all state probabilities is unity, 

7 

Pl + L PO. = 1 
i=1 ~ 

P = 1 
1 

= 1 
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and 

Expected System Capacity Computation. For Subsystems B, C and D, 100 
percent system capacity and a percent are respectively associated with states 
1 and O. For Subsystem A, each state i is associated with [(9 - i)/9J of 
system capacity. Table 3-5 shows all subsystem states and their associated 
system capacity. 

The "X" in a column indicates that the subsystem can be in anyone of 
its states. 

since 

The system expected capacity S can be then computed as follows: 

S = f P. F(i) 
i=l 

~ 

P 3 (A), •••••• , P 9 (A) = 0 

S = { 0 + P2(A) Pl(B) Pl(e) PleD) x 7/9 + PleA) Pl(E) Pl(e) PleD) x 8/9 

+ PO(A) Pl(B) Pl(e) PleD) Xl} 

= a + (.990577 x .974986 x .998937) [.000007 x 7/9 + .004696 x 8/9 

+ .995297] 

= .964267. 



3-14 

TABLE 3-5. SYSTEi4 CAPACITY FOR VARIOUS COMBINATIONS OF SUBSYSTEi~ STATES 

Combinations i A B C D 

1 X X X 0 

2 X X 0 1 

3 X 0 1 1 

4 9 1 1 1 

5 8 1 1 1 

6 7 1 1 1 

11 211 1 

12 1 111 

13 o 1 1 1 

System Capacity 
(Fraction) F(i) 

0 

0 

0 

0 

1/9 

2/9 

7/9 

8/9 

1 

Probability of 
Combination i Pi 

PO(D) 

P
O

(C)'P1 (D) 

PO(B)'P1(C).P1(D) 

P
9

(A)'P1 (B)'P1 (C)'P1 (D) 

P8(A)'P1 (B)'P1 (C)'P1 (D) 

P7(A)'P1 (B)'P1 (C)'P1 (D) 

P2(A)'P1 (B)'P
1 

(C)'P1 (D) 

P1 (A)'P1 (B)'P1 (C)'P1 (D) 

PO(A)'P1 (B)'P1 (C)'P1 (D) 

Annual Power Production. The power production in any year y is 

computed by the following basic approach desribed in the section "State Space 
Ap proach", Vo 1 ume 1. 

The annual power production in any year y, A(y), is obtained by:* 

12 
A(y) = W·S·DP(Y) 'DC(y)' 2: I(n)D(n). 

n=l 

* See "State Space Approach" in Volume 1, for explanation of terms. 
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The new factor DC(y) represents the degradation in the system power production 
resulting from the cell failures.* See Figure 3-2. 

12 

L 
n=l 

I(n) D(n) = 2299.13 hours 

8 .964267 

W = 48 kW. 

Assuming that the permanent degradation is linear between two 
consecutive years, the permanent degradation, DP(Y), for any year y is the 

midpoint value between the beginning and the end of year y. The degradation 

due to cell failure ~C(y) is computed in a similar manner. 
For y = 1,** 

DP(l) = 
1.0+ p.o - [1.0 - .910J/3) .985 2 = 

OC (1) 1. 0 - .997 .9985. = 2 = 

A(l) = 48 x .96463 x .985 x .9985 x 2299.13 = 104,700 kW 

The system power production for years 1-30 is given in Table 3-6. 

* The values for the degradation due to cell failures are the results of 
the JPL analysis technique. 

** Permanent degradation values are the result of a PV cell simulation. 
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TABLE 3-6. ANNUAL POWER PRODUCTION FOR BDM SYSTEM 

Year Production Year Production 

1 105,474 16 90,570 
2 101,954 17 90,084 
3 98,503 18 89,600 
4 96,609 19 89,068 
5 96,162 20 88,537 
6 95,715 21 88,055 
7 95,270 22 87,574 
8 94,776 23 87,046 
9 94,283 24 86,519 

10 93,792 25 86,041 
11 93,252 26 85,563 
12 92,714 27 85,039 
13 92,176 28 84,516 
14 91,640 29 84,041 
15 91,104 30 83,567 

Total 2,739,262 

System Maintenance Cost 

Annual Corrective Maintenance Costs (ACCM). 

where 
m = Total number of system components ., 

Ai = Failure rate of component i 

ti = Total operating or clock hours 

ni = Number of identical units of component 

Ui = Mean repair time of component 
Ci = Repair cost/hr 

FCi = Fixed costs/repai r. 
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The results of these computations are given in Table 3-7. 

TABLE 3-7. RESlILTS OF CORRECTIVE MAINTENANCE CALClILATIONS 
FOR ACTIVELY COOLED SYSTEM 

Receiver Tube (9) 
Collector Structure (9) 

Tracki ng Syst., Elect. (9) 
Tracking Motor (9) 

I nve rte r 
Switching/Wiring 

Instr./Controls 
Fluid Pump 

Heat Reject/Heat 
Fluid Piping, Global 

Fluid Piping, Local (9) 
Ut i 1 ity 

Power Switchgear 
Weather 

Expected Failures 

Per Yr 

0.0876 
0.0438 

0.0438 
0.146 

1 

0.0175 

8.760 
0.175 

0.35 

0.0438 

0.0175 
1.4 

.0063 
4 

Per 30 Yrs 

2.628 
1.314 

1. 314 
4.389 

30 
0.53 

26.28 
5.23 

10.51 

1.314 

0.526 
42 

• 2 

120 

Total Corrective Maintenance Costs 

Annual Preventive Maintenance Costs (ACPM). 

where 

Correct i ve 
Maintenace Costs, $ 

Average, 
Per Yr Per 30 Yrs 

279.96 
186.18 

18.13 
208.93 

1,411.6 
2.34 

1,937.40 
117.32 

205.34 

12.216 
7,308 
o 
3.578 
o 

8,398.82 
5,585.42 

543.996 
6,267.78 

42,348 
70.24 

58,122.0 
3,519.6 

6,160.20 

366.47 

219.24 
o 

107.35 
o 

$4,390.30 $131,709 

fi = Frequency of preventive maintenance action on component per 
yea r. 
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For other symbols, refer to those defined under corrective 
maintenance. 

The results of these calculations are listed in Table 3-8. 

TABLE 3-8. RESULTS OF PREVENTIVE MAINTENANCE CALCULATIONS 
FOR ACTIVELY COOLED SYSTEMS 

Collector Structure 

Tracki ng Sensor 
and 

Tracking Motor 

Inverter 

General Maintenance 

Preventive Maintenance Costs, $ 
Average, Per Year Per 30 Years 

$ 417.6 

313.2 

29.2 

Monthly 1,948.8 

Annual 642.8 

$ 12,528 

9,396 

876 

5A,464 

19,284 

Total Preventive Maintenance Costs $3,351.60 $100,548 

Total Maintenance Cost (30 years) = $131,709 + 100,548 = $232,257 

Note: All failure rate A's, repair rate ~'s, and cost information are 
computed from the data provided in Table 3-1. 

" 
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SOLREL Analysis of BOM System 

An actively cooled concentrator system not only produces electrical 
energy but thermal energy as well. At this time, the reliability of therMal 
system components has been considered only when their failure would affect 
electrical output. Consideration of thermal output is discussed at the end of 
this Section. 

Table 3-9 gives a description of the subsystems and components 
modeled by SOLREL. The array field was modeled using the JPL Methodology which 

produced the output degradation curve shown in Figure 3-2. For this analysis, 
no module replacement was assumed. SOLREL has the capability, however, of 
initiating module replacement when a fixed amount of capacity has been lost. 
For example, the user can specify that when the output has been reduced by 10 

percent due to cell failure, the system should be shut down and module 
replacement initiated. 

The system is characterized by nine rows connected in parallel. 
"Three outcomes were assumed to be possible due to component failures. The 

first is the steady degradation in output due to cell failures described 
above. The second is a 1/9 incremental reduction in output due to the failure 
of a component which causes the shutdown of one row. r.omponents causing a 
partial shutdown are one of: 

• The nine receiver tubes 
• The nine tracking motors 
• The nine tracking system sensors 
• The nine local fluid piping systems. 

A failure of any of the remaining components (see Table 3-9) causes a shut­
down of the entire system. Note that a failure caused by an outage of the 
interconnected utility is treated as a failure having zero repair cost. 

The system has a large number of electromechanical and mechanical 
components. Therefore, instead of assuming exponential time between failures, 
as was appropriate for electrical components, Weibul1 distributions were 
substituted. The components whose failure times were approximated using 
Weibul1 distributions are: 



TABLE 3-9. INPUT PARAt4ETERS FOR ACTIVELY COOLED CONCENTRATOR SYSTEr4 

COMPONENT NANE I'HBf .AINI TINE IHRSI REPA" COST lSI "UN PN TlHE IHOURSI 
-_.- .~--

,"D~I.H __ 1I1PS1 __ ~II!SL~XED U.UIL~ N,N 50PCT 

TH, FIELD ARUY ••••••••• )6.0 108.0 - 0.00 ZO.OO 

A RfCElVER TUBE 137,,0 ~.O 10.0 ZOO.OO 30.00 1 

~ACKlNG __ • .!!~_ U.Z 6.0 12.0 20.00 ZO.OO 9.0 

A fRA~K!NG SENSOR Z7'.O 1.0 ~.O 10.00 ZO.OD 9·9 

AN INVUTER 12.0 H.O U.O )00.00 ItO.OO 6.0 

IHE SWllCHGEA. 1911.8 ).6 6.0 100.00 120.00 

THE INSTR. AND COMT. Ji.? ,U.O 4e~O 1100.00 ~O.OO 

SWITCHING/WIRING 61\.9 '.6 l~·q 0.00 ZO.OO 1 

THE fLUID PUN' &8.' 8.0 Ib.O 300.00 ~O.OO 1 

THE HEAT REJECT fAN 3".2 12.0 24 •0 110.00 )0.00 1 

GLOBAL fLUID 'I'ING Z7~.O 4.0 8.0 1"0.00 10.00 

THE UTILITY 8.6 Z.O ).6 0.00 0.00 

LOCAL fLUID 'IPING '84. 9 Z.O ,"0 0.00 20.00 

COLLEC TOR STRUCTURE ZH·O 1.0 12.0 220.00 liO.OO 1 18.0 

WEATHER J.O 10.0 ~,.O 0.00 0.00 

GENERAL 'REV "AINT 16.0 
GENERAL '"EV "AINT 8.0 

FLAGl- 0 NEANS RESULIS FRO. ALL 'REVIOUS RUNS AR, BEING IGNORED 
fLAGZ- 0 MEANS RESULTS fRO. THIS aUN WILL NOT aE SAVED ON 'ERMANENT fiLES 
FLAG)- 0 MEANS NO EVENT DR YEARLY SUMMARY "ESSAGES WILL 8E PRINTED 
Fl""· 1 "e4NS 'A8LES FOR EACH INDIVIDUAL RUN WILL BE PRINTED 
F~AG'- 1 NEANS 'LOTS FOR INDIVIDUAL RUNS ONLY wiLL IE ,aDDUCED 

'EANANENf-O-E-l;uDAfION -- ) YUR INTERVALS 
1.000 .9lD .901 .90~ .901 .898 .n, .892 .889 .88t. 

DEGRADATION DUE TO DIRT -- 3 YEAR INTERVALS 
. ·"1.000 .~10· .8Z0 .130 .~~o ."0 .460 

DEGRADATION DUE TO CELL fAILURE - 1 YEAa INleRVALS 
"1.000 - .991- • If".. .992 .989 .985 .982 

.966 .961 .,9'7 .9i2 .9". .9") .9n 

.922 .918 .'1~ .909 .90' .901 .897 

.HO 

.911 

.9H 

.81f2 

.UD 

.97~ 

.931 

.888 
ARaAY CAPACITY 1M KW................ ..8~. __________________ _ 
liiviRTER-oHi'iin:-A'ic ihliC~,,; ;:-;-;-. --~iI. 
OVERAll lNfLATIOM R.TE.............. .000 
DISCOUNT .ATE....................... .110 
ELECTRICIT' ,aICE ESCALATION........ .105 
lE"GTH OF RUN IN I'tONTH'SoO ••••• oO...... 160 • 

. ' 

.190 

.910 

.926 

.88\ 

.88) 

.880 

OOPCI 

18.0 

18.0 

12..0 

~~·9 

18.Q 
10.0 

," COST III 
FU,O VUIULt 

0.00 15.00 

0. 00 15.09 

.\00.00 0.00 

0.09 ~o~o_~ . 

0.00 20.00 
0.00 20.00 

'H INTERVAL MUN 
I NONIHS! M,N 

12.0 1 

~z.9 L ____ 

4"0 _____ 1_ 

W 
I 

N 
l~,9 1 0 

6.0 1 
1.0 1 

. ' 
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• The tracking system motors 

• The fluid pump 
• The heat rejection fan 

• The local fluid piping 
• The global fluid piping. 

In addition, preventive maintenance strategies were designed into the model 
for the tracking motors, the tracking sensors, the inverter, and the 

collector structure. General preventive maintenance and cleaning were also 
included. 

The reflector surface was assumed to degrade permanently at a rate of 
3 percent per year for the first 3 years and at a rate of 0.1 percent per year 

thereafter. The accumulation of dirt was assumed to cause a reduction in 
output of 3 percent per year. The design capacity of the inverter and array 

field is 48 kW. The monthly power output duration curves resulting from the 
SOLCEL design simulation of the system for Albuquerque are given in Table 

3-10. 
The inflation rate was set at 8 percent per year; the annual discount 

rate was set at 13 percent in the optimistic case and 20 percent in the 
pessimistic case; and the electricity price escalation rate was set at 10.5 

percent (or 2.5 percent above inflation). 
The values for points along each monthly output duration curve appear 

in Table 3-10. Using these estimates and engineering judgment for initial 
data input, the SOLREL model produces the outputs shown in Tables 3-11 -3-14. 

A source listing of the computer program is available through Sandia. 
The simulation output is also shown in Figures 3-11 through 3-13. 

These curves present the results in the form of annual energy output and 
maintenance costs as well as the levelized cost of maintenance per kWh for the 
two sets of financial assumptions. 

Thermal Output of BDM Systems. A special version of SOLREL which 
models both the thermal and electrical output of the actively cooled 

concentrated system was written. No runs have been made, however, since an 
input representing the monthly thermal system output was not available. Such 

a monthly thermal output would be void of any reliability/availability 



TABLE 3-10, MONTHLY OUTPUT DURATION CURVES FOR ACTIVELY COOLED CONCENTRATOR SYSTEM 

MaNTHLY OUTPUT DU"4TION CURVES IN INTERV4lS OF 8.33 HOURS PER MONTH 

MONTH 

110NTH 

1.000 .982 .963 .945 .930 .914 .8~8 .871 .842 .816 .790 .769 .748 .724 .b96 .b47 
.607 .573 .533 .486 .438 _,391 .349 .306 .239 .191 .150 .096 .050 .033 .015 0.000 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 1.000 .991 .981 .912 .962 .953 .940 .122 .905 .88b .864 .842 .819· .797 .760 .721 
- .!>ff7 .619 __ .~OQ_.5~(L_.?lL_,,--447. ___ .• H3 ._ ..• 332 ___ .27Q_ .209 '}77 .136 _,095 __ ..• 068 ___ .028.!).POO __ 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

M~NT~ 3 1.000 .992 .9S5 .977 
.799 .714 .716 .697 
• 154 .125 .089 .048 

.969 .962 .954 .946 .931 .~lb .900 .885 .868 .852 .835 .817 

.675 .648 .612 .563 .516 .475 .423 .374 .326 .288 .249 .200 - . 

.031 .013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
---------_. 
MONTH 4 1.000 .993 

.8G8 .191 

.287 .241 

--.-- ._-_._---- ---"-,-----
.986 .980 .973 .966 
,769 .747 .• 715 __ .681 
.192 .148 .112 .080 

.959 .952 

.6'>3 .• 6H 

.050 .029 

.943 .926 .908 .891 .875 .859 .843 .82b 

.594 .561 .541 .500 .453 .424 .380 ,331 

.OO~ 0.000 0.000 0.000 0.000 0.000 0.000 

110~TH 5 1.000 .q~4 .~87 .981 .975 .969 .962 .956 .950 .941 .930 .919 .908 .898 .879 .858 
__ . _______ .639 

.518 

MONTH b 1.0,)0 
.~5B 

.4~2 

MONTH 7 1.000 
.783 
.355 

MONTH 8 1.000 
•. 813 
.299 

110NTH 9 1.01)0 
.817 
.210 

.824 __ •. BQ9. __ ._ ..• .1n __ .n~_.7!1~ ___ .750 _.H5 _.113 .6qQ ,,_,656 _ ..• 621?._ .. _.609 .• 592 _ .572 ___ .545._ 

.493 .467 .438 .406 .371 .315 .287 .255 .206 .175 .138 .086 0.000 0.000 

.996 dB9 

.:334 .782 

.4~4 .444 

.Q6Z 

.165 

.423 

.975 

.748 

.H3 

.968 

.731 

.345 
······.'·· ... _M_ ..... __ .". _. _____ _ 

.9n 

.7bB 

.320 

.983 .974 .966 .957 

.752 .73& .720 .703 

.?~9 .256 .205 .159 

.992 

.797 

.257 

.985 

.7aQ 

.235 

.977 

.7~1 

.213 

.993.986.978 

.~02 .18t .715 

.2~3 .146 .105 

.969 .962 
_. 74l. __ • 688 
.171 .130 

.971 

.715 
.OBO 

.904 

.696 

.056 

.961 

.115 

.311 

.949 

.687 

.1 ~ 5 

.954 

.698 

.293 

.946 

.690 

.237 
. ___ ",., '._.0 .... ,. 

.938 

.659 

.112 

.'B8 .927 .915 

.~51 .620 .596 

.096 .075 .053 

.Q29 .920 .912 

.637 .611 .584 

.165 .134 .093 

.904 

.571 

.043 

.891 

.545 

.033 

.870 

.519 

.023 

.903 .894 .876 

.563 .544 .524 

.025 0.000 

.849 

.491 

.014 

.626 

.460 

.004 

.803 

.422 

.954 .946 

.666" ,Q46 

.098 .018 

• 'Ill 
.614 
.059 

.917 .902 .SR7 .873 .858 .844 

.551 _ .519 .493 .45,._ .411 .360 

.)38 .017 0.000 0.000 0.000 0.000 

.828 

.343 

.957 .950 .938 .924 .909 .89; .880 .864 .648 .833 

.666 .626 .604 .562 .525 .467 .444 .420 .350 .301 

.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MONTH 10 1.000 .99] .996 
.H12 .794 .710 
.130 .099 .065 

.979 .973 .966 .959 .952 .942 .927 .911 .895 .679 .863 .847 .829 

.708 .695 .b37 .593 .5~1 .536 .448 .398 .354 .321 .235 .191 .160 

.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MONTH 11 1.000 .992 .984 .977 .969 .961 .953 .943 .927 .911 .895 .872 .848 .826 .805 .782 
.749 .716 .b62_ .b44 .~QO .• 549 _ .495 .412_ ,363, .295 .246 .198 .163 .070 .022 0.000 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MONrH 12 1.000 .9QO .959 .940 .922 .905 .886 .866 .845 .805 .171 .742 .113 .685 .648 .595 
.550 .,13 .476 .393 .333 .298 .269 .205 .123 .063 .039 .023 .006 0.000 0.000 0.000 

O.O~O 0.000 o.ooe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

" . . 
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TABLE 3-11. ACTIVELY COOLED CONCENTRATOR SYSTEM AVAILABILITY 

A~~UAL SYSTE~ AVAILA~ILITY DURING DAYLIGHT 
AS A PERCENT OF )YSTE~ CAPACITY 

SYSTE~ CAPACITY. 48.0 KW NUMa~R GF DAYLIGHT HOURS PER YEAR. 3757.5 

YE A", 100-90t 90-1i0t. 60-70," 70-601.. 60-50~ 50-40'- 40-301. 30-20t 20-101. 10-01, TOTU 

THE ORE TI C H 25.60 13.6B 10.48 B. 2 Cj 7.40 b.08 5.79 5.90 6.38 10.19 100.00 

1 3.45 9.48 14.85 15.30 12.01 9017 7.74 6.98 Ii.06 12.96 100.00 
2 1.B~ , 8.66 12.'l7 16.35 13.25 10.90 8.bO 7.57 8.03 9.58 100.00 
J .34 ft.~7 12.51 11>.81 15.49 11.32 8.78 7.64 7.93 12.61 100.00 
4 0.00 It.85 14.01 17.3Z 16.07 11.41 8.99 7.83 8.34 1l.19 100.00 
5 0.00 4.71 13.59 16019 16.27 12.24 9.36 7.72 8.31 11.59 100.00 
6 0.00 3.61 17..87 17.6~ 15.86 12.32 9.53 8.30 9.13 10.69 100.00 
7 0.00 4.26 10.88 18.77 17.22 11.24 9.20 8.06 8.84 1l.H 100.00 

"'ij"--~-- -- -- 0;00"" 3.94 12.16 15.30 l'.0s 12.82 9.86 7.83 8.33 12.02 100.00 
q 0.00 3.32 12.23 19. if> 17. L1 11.81 9.49 8.23 8.52 10.12 100.00 

10 0.00 2.07 9.17 H.7Z 18.28 12.70 10.10 8.24 8.00 10.47 100.00 w 
11 0.00 2.44 12.03 18.~7 17.70 11.75 9.47 8.10 8.61 10.95 100.00" 
12 0.00 2.45 8.56 18.27 19.24 12.B2 10.15 8.29 8.85 11.18 100.00 ~ 
13 0.00 Z .12 11.47 15.74 1B.98 13.00 rO.04 8.21 ~.86 11.60 100.00 
14 0.00 1.26 

.. 
1.99 20.2() 19.46 12.60 10.11 8.H S.96 10. 'l2 100.00 

15 0.00 .83 10.35 15.52 19.52 12.43 9.83 8.40 8.77 14. H 100.00 
I'> 0.00 1. 26 10.19 16.72 19.80 13.71 10.B4 9.03 9.21 9.24 100.00 
11 0.00 .98 6.71 16.65 19.65 14.71 10.93 8.18 8.69 10.b3 100.00 
18 0.01) .31 9.04 l7.11 19.31 12.83 10.24 8.46 8.55 H.07 100.00 
19 0.00 .bO 1.67 18.'14 1'1.77 1301 7 10.72 S.58 8.83 11.74 100.00 

----~ 20 0.00 ;44 7.~0 16.30 19.42 12.46 9.87 8.15 8.78 15.06 100.00 
21 0.00 .32 8.14 111.71 1'1.01' 14.33 11.31 8.77 9.13 11.65 100.00 
22 0.00 .10 7.94 17.89 20.67 13.51 10.79 8.79 6.97 1l.34 100.00 
23 0.00 .O~ 7.22 14.53 20.16 13.46 10.25 8.52 8.86 111.93 100.00 
24 0.00 0.00 5.46 15.92 20.16 16.99 1l.98 8.95 9.50 11.03 100.03 
25 0.00 O.O() 1).36 16.~5 19.4'1 1;.~3 11.65 9.10 9.56 11.46 100.00 

- 26 0.00 0.00 6.41> 15.94 19.71 15.32 1l.87 9.22 9.62 11.65 100.C)0 
27 O.GO 0.00 5.0b 14.73 21.01 16.41 11.82 9.17 9.31 12.41 100.00 
2~ 0.00 0.00 3.30 14.77 20.71 11.68 12.02 9.48 9.42 12.61 100.00 
29 0.00 0.00 4.63 14.09 23.41 15.90 11.77 9.64 ~. 74 10.75 100.00 
30 0.00 0.00 3.62 14.ao 21.96 15.65 11.40 8.89 9.18 14.28 100.00 

----. ~1i<R~GE .19 2.16 9.30 1!>.9i) 16.60 13.35 10.29 S.H 8.66 11.90 100.00 



TABLE 3-12, ACTIVELY COOLED CONCENTRATOR SYSTEM, co;·lPONENT FAILURE TABLE 
. -. __ .. - .. - _.,." -.. ----. ---.-----~----.---

COHPONENT FA[L~RE TABLE 
--_ .... _----------- --_ .. _. -------.,.,.'. .----HuifIiER'Or-"i Il UR E S "'"pe Reo H" Ii NENi'ii Y'-YE4fi'-'-----

,-,---_.,. -

-----._-. __ .. 

,,_,cgHPONEN1 ____ HA~,! __ 1_l.,_L_~_, 5 6 7 !I .. LlOJl .t~ l.Ll't, .l~ .H>...11,.1';' .. J,'.I .. 2Q,~LZZZLzl 2_LzJl.,n __ Z.~ __ .z~L30 ______ IJUAL 

, RECEIVER TUBE 

, TR,ACKING HOTOR 

, TRACKING SENSOR 

,N INVERTER 

'HE SW ITCHGEAR' 

'HE INSTR. AND CONT~ 

;W[TCHING'W[RI~G 

2 0 1 000 0 1 101 1 0 1 1 2 1 3 0 1 0 1 3 Z 2 1 1 1 1 1 29 

o 0 0 1 0 1 ~ 1 1 0 1 3 1 2 122 1 0 0 Z 1 , 111 1 2 2 1 38 
._- ... " -- .' " ........ _ ..... ,_., ... _- ...... --

1 1 0 1 010 1 o 1 o 2 1 1 100 0 0 1 o 1 1 o o 0 1 0 0 0 15 

o 1 201 0 1 1 2 1 0 1 1 0 0 1 2 0 1 2 lao 1 1 0 1 0 1 0 
-_. -...... -". - _ .. -., .. ,--, ' .. 

o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 000 0 0 0 0 0 

2 0 1 o 0 2'-f-T--o' "i 0 2 2 0 3 022 1 1 2 ~ 0 0 1 1 " 1 o 0 

o 0 0 0 0 0 0 0 000 000 0 0 0 0 0 0 0 0 000 1 0 0 0 0 

22 

1 

35 

1 
,.,., _. __ ... _-, ... - - -.' _._., ., ..• ' ' .. , ---_ ...... ,.- ..... - ...... - ....... --- "---,,. 

'HE flUID PUMP o 0 1 0 000 1 000 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 005 
----______________ ----- __ .-.1- .... _ .. __ .. ---

'HE HEAT REJECT fAN 0 D 0 0 0 1 0 0 1 0 o 0 o 1 1 -'0 "0-' -i 0 0 "'0----1'-- 0 -i-1'-o-' 0--0---'1-'0' ---- 9--

jlOBAl FLUID PIPING 

rHE u'TiLin . 

,OCAl FLUID PIPING 

:OLLECTOR STRUCTURE 

lEATHER 

TOTALS 

o 0 0 0 l' 0 1 0 '0 0 00 0 0 0- 0 0 0 0 0 0 0 0 0-0 :> 0 0 0 0 2 

3 1 0 1 110 o o " 502 

o 0 o 0 o 0 000 o 0 0 1 

2 1 

0' 0 

1 o 
o 0 

o 

o 

o 0 0 Z Z 1 3 

o 0 o 0 01 1 

1 

o 

1 

o 

3 3 2 ~O 

000 .3 

o 0 1 0 0 1 0 0 000 2 1 0 0 0 0 0 0 1 0 0 3 0 1 001 1 0 1Z 

1 5 6 " 2 6 1 3 2 1 5 5 " () 7 2 " 3 2 " 5 " 3 5 3 " 7 Z Z 3 111 
,-,. _ ... __ ....... . 

9 12 , 9 7 12 13 15 11 " 10 17 15 16 11' 
8 7 13 9 8 16 13 9 10 10 15 lZ 'J 11 7 323 

----- ._----_.- -'-----.. -------.----~-- --------------------", ._ .. ,----- .----------. ---------. -~-----
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TABLE 3-13. ACTIVELY COOLED CONCENTRATOR SYSTEM ANNUAL MAINTENANCE COST AND 
ENERGY PRODUCED, DISCOUNT RATE OF 13 PERCENT (OPTIMISTIC CASE) 

ANNUAL "AINTEMA~CE COST AND O~TP~T 

CURRENT VALUE PRESENT VALUE 

YEAR COST IS) K~H CEliTS/KWH COST U) KWH CEHTS/~II" 

1 7292.97 10n()2. ().19 108().10 10()11tl. ().()8 2 1019'.39 1023"0. ".10 39"9.18 989"(). 3.99 3 9526.57 9b1l1ll. 9.810 8"b1.13 915H. 11.25 

" 3155.19 910170. 3.lIb 3228.35 HU1. 3.b8 5 50lS.15 97501. 5.H H21.ib 8813Z. Io.()8 b 7bOO.97 9b571. 7.87 '950."b 8l13()9. ().97 
- -_.-_ .. _--- -_ .... 1 ll1tll.28 1129H. 12.Z8 85107.1111 80133. 10.()4 8 720Z.18 9b30Z. 1."8 5HO.711 8HO'. ().12 9 8179.32 9"'103. 8.b5 H71.Io() 781101. 7.U w 10 7621.13 939 ..... 8.11 "953.bO 759310. b.5Z I 

N 11 38211.010 92HO. 10 • lit 2395.20 73121. 3.28 (J1 12 11853.33 87"97. 11.55 70bO.ltZ 67bH. 1O.H 13 9bZ5.bO 8b2b7. 11.lb "'83.7" 65192. 8.H 1'0 5658.36 89335. 6.31 10111.23 b601ll. ".()8 15 10738. Z3 8"6" (). 12.69 5598.52 61171. 9.15 1b 6188.()8 90003. ().88 1086.01 b3618. 4.85 17 12701.20 8M9b. H.b8 5973.89 59185. 9.1111 18 10183.98 88183. 11.5Z "()65.03 5'H12. 7.81 III 11111".100 9187(). 6.73 268".98 bOlll. ..... 2 20 8019.68 88970. 9.01 HI1.7b 5H08. 5.17 ... ,._ .. ,_.- . 21 7792."8 83886. 9.211 3088.25 53002. 5.83 22 1"653.95 85095. 11.22 5587.00 52575. 10.()3 Zl 61167.09 89H7. 7.67 H88.11 510073. ".60 ZIt Io'lZb.H 871ob5. 5.b] 1709.112 51b88. 3.31 25 8"H.H 821062. 10.22 2783.32 't7611. 5.11 .. 26 HU.10 83906. 8.92 Zlblt.83 "h08. 4.99 Z7 16036.11 80070. 20.01 lt843.5b ltltZ5b. 10."" 28 b798.61 8"872. 8.01 19b1.12 "50b". ".28 29 bOOZ.()9 85026. 7.06 I()M.27 "" 9 3Z. 3.70 30 3791.32 810"(). ".57 1005.54 H930. 2.H 

TOTALS Zl95bl.38 270"391. 1278 7(). 8l 1H2loZ9. b."Z IlEVElIZEO) 



YEAR 

1 
2 
3 , 
5 
6 
7 
8 
9 

10 
11 
12 
13 
lit 
15 
16 
17 
18 
19 
20 
21 
22 
23 
H 
25 
26 
27 
28 
29 
30 

TOTALS 

TABLE 3-14. ACTIVELY COOLED CONCENTRATOR SYSTEM ANNUAL MAINTENANCE COST AND ENERGY 
PRODUCED, DISCOUNT RATE OF 20 PERCENT (PESSIMISTIC CASE) 

ANNUAL ItAINTENA-'CE COST AND OUTPIJT 

CURRENT VAl U~ PR~HNT VAl-liE 

COST I" KIIH CENTS/KWH CDST 1$) KIIH CEIHS/KIIH -

7292.97 107362. 6.79 6822.77 102953. 6.63 
H95.39 1.023100. ~.10 360\6.51 90391. It.03 
9526.57 96818. 9.81t 7243.lt6 78167. 9.20 
3H5.19 9't770. 3.96 26H.86 10954. 3.12 
5015.15 97501. 5. 1ft 3187 .09 67185. It. " 
7600.91 96571. 7.87 ftZ99.83 61308. 7~01 

I1ft13.28 929105. 12.28 582ft.96 5U02. 10.13 
7Z02.18 96302. 7.ft8 '3285.95 518ll. 6.3ft 
8179.32 9lt5ftl. 8.65 3H6.69 "6856. 1.lIt' 
7621.13 939"4. 8.11 2796."6 "2872. 6.52 
3829.0" 92510. ft. 1ft 128ft.95 38877. 3.31 

11853.33 87497. 13.55 3H8.67 33867. 1.0·"11 
9625.60 86267. 11.16 2598.06 10723. 8.HI 
5658.36 89115. 6.33 1385.10 29298. ".7L 

10738.23 810646. 12.69 2357.72 25567. 9.22 
6188.68 90003. 6.88 1225.08 25053. ".89 

12101.20 8b't96. lit. 68 21910 .1oZ 22168. 9.90 
10181.98 88381. 11.52 1654."" 20826. 1.9'0 

6184.'00 91816. 6.73 886.91 19950. ft.45 
8019.68 88970. 9.01 1027.73 17810. 5.77 
7792.108 83886. 9.29 901.62 15I0I01. 5.85 

H653.95 85095. 17.22 1552.72 1,.,,23. 10.77 
6867.09 89471. 7.67 6"6.32 13978. 4.62 
Io926.'t3 871065. 5.63 419.53 12582. 3.33 
84ZIo.34 82"62. 10.22 639.58 10938. 5.85 
7485.10 83906. 8.92 512.11 10229. 5.01 

16036.71 80070. 20.03 987.81 9000. 10.98 
6798.61 810812. 8.01 376.36 8119. Io.Z9 
6002.69 85026. 7.06 302.99 8100. 3.110 
3791.32 830ft6. It.57 172.60 7~,91o. Z.ll 

239563.38 2701t3U. 67772.61t 10ftZ329. 6.50 ILEVElIZEO) 
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considerations. SOLREL would degrade this output in a manner similar to the 

procedure for degrading electrical output described earlier. In other words, 
the ideal thermal output would be degraded due to dirt on the array and 
permanent array deterioration. As with the electrical output, the thermal 
output would also be reduced or terminated upon failure of anyone of the 
following: 

• A receiver tube 
• A tracking motor 
• A tracking sensor 

• The fluid pump 
• The heat rejection fan 

• The fluid piping 
• The collector structure 
• System shut down due to weather. 

Unlike the electrical output, thermal output would continue even after failure 
of the inverter, switchgear, and instruments. The results of this portion of 
the SOLREL analysis would be a table of the monthly and annual thermal output 
of the system over its lifetime. 
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Comparison Between SOLREL and the State Space Models 

Comparing the results of the two modeling approaches serves the 
purpose of (1) assuring that a consistent set of assumptions and parameters 
were used in both and (2) testing the bottom line effect of the modeling 
approach on the maintenance cost estimate. The system lifetime costs and 
electricity production results for each of the three generic systems for each 
modeling approach appear in Table 3-15. The slight differences which do occur 
can be explained as resulting from (1) the random treatment of failure/repair 
times in SOLREL, (2) differing methods of calculating preventive maintenance, 
and (3) SOLREL's ability to better incorporate complex component/system 
relationships such as with the tracking drives of the passively cooled 
concentrator system. 

TABLE 3-15. COfWARISON OF PV SYSTEM MAINTENANCE COSTS AND ELECTRICITY 
PRODUCTION FOR SOLREL VERSUS STATE SPACE MOnEL 

STATE SPACE % 
MOnEL SOLREL D IFF. 

Flat Panel Maint. Cost $ 99,368 $ 98,338 -1.0 
(1/2 system) Output (kWh) 3,065,939 3,020,886 -1.5 

Passively Cooled Maint. Cost $ 436,280 $ 454,423 +4.0 
Concentrator Output (kWh) 16,590,219 16,154,046 -2.7 

Actively Cooled Maint. Cost $ 232,257 $ 239,563 +3.0 
Concentrator Output (kWh) 2,739,262 2,704,391 - 1.3 

Random Effects. One of the primary differences between the modeling 
approaches is that SOLREL uses distributions for the time between failures and 
for repair times instead of using strictly the mean of the distribution as 
does the system state (Markov) model. This allows SOLREL to produce a 
distribution around its cost and output estimates by repeated runs of the 
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simulation. Since output is defined primarily by fixed (no variance) power 
output duration and degradation curves, it is not affected significantly by 
the fact that failures and the resulting repairs occur randomly •. Both 
corrective and preventive maintenance costs, however, are calculated directly 
as a result of random repair times which occur at a frequency directly related 
to the occurence of random failures. Although running SOLREL over a system 
life of 30 years tends to dampen random fluctuations, a range of approximately 
+ 5 percent can be expected in the cost estimates. 

Table 3-16 shows four cost components which differ strictly due to 
the random nature of the SOLREL model for the passively cooled concentrator 
system. These results are presented to provide a sense of the ma9nitude of 
the random effects which occur within SOLREL. 

TABLE 3-16. COMPARISON OF COST COMPONENTS FROM PASSIVELY 
COOLED PV CONCENTRATOR SYSTEM ANALYSES 

State Space 

Tracking Drive Preventive Maintenance $ 37,620 
General Preventive Maintenance 187,207 

Inverter Corrective Maintenance 63,348 
Control & Display Corrective Maintenance 58,120 

$325,295 

SOLREL 

$ 44,245 
193,130 

79,719 
54,071 

$343,165 

These cost components, which account for approximately 80 percent of total 
system maintenance cost, show a random difference of $17,870 ($343,165 minus 
325,295). Note that the difference in total maintenance cost is only $11,143 

($426,423 - 415,280). Therefore, those maintenance costs not shown must be 
higher for the Markov model. 

Calculating Preventive Maintenance. The difference in how each model 

calculates preventive maintenance can best be discussed through use of an 
example. General preventive maintenance is performed once a year for the 
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passively cooled concentrator system. SOLREL, however, schedules the 
preventive maintenance for the fi rst of every year except for the initial 

year. Therefore only 29 preventive maintenance events occur during the 30 
year system life. The Markov model assumes 30 events in 30 years. The result 
would he a 1 or 2 percent lower maintenance cost in SOLREL. 

Complex Component Relationships. For the passively cooled 
concentrator system, the Markov model assumes an output reduction of 1/32 for 
a failure of the tracking drive. SOLREL models each tracking drive indivi­
dually, since approximately 20 percent of all tracking drive failures cause a 
1/16 reduction in output instead of a 1/32 reduction. In other cases, the 
failure of two tracking drives within one module unit may cause only a 1/32 
reduction in output. The effect of modeling each tracking drive individually 
would be a slightly lower output for SOLREL for the passively cooled concen­
trator system only. 

Statistical Tests. Statistical tests can be used to determine 
whether or not the annual outputs of the Markov model are consistently higher 
or lower than the SOLREL model. For example, suppose that over 30 years' 
worth of output, the SOLREL model produced higher output in 25 of the 30 
years. This result would seem unlikely to be caused by chance, but a test 
using the binomial distribution could estimate the probability of this rela­
tionship occurring at random. It may be that the SOLREL model is higher in 
only 15 of the 30 years but that those 15 are the first 15 years of operation. 
Again this seems unlikely to have occurred at random, but a "runs test" can be 
used to assign a probability to the random occurrence of this event. 

Figure 3-14 shows a runs test comparing the outputs from the two 
models for the actively cooled concentrator. Fi rst, note that the SOLREL 
model produced higher output in 14 of the 30 years. Since it is intuitively 
obvious that this relationship could occur at random, no binomial test was 
run. The runs test counts the number of "runs" of +'s or -'s under the 
"comparison" column. In this case, 14 runs occurred where an average 15.93 
would be expected. Using the standardized normal distribution. the 



Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

State Model 

104701 
101207 
97781 
95901 
95457 
95014 
94571 
94081 
93592 
93104 
92568 
92034 
91501 
90968 
90437 
89906 
89424 
88943 
88415 
87888 
87410 
86932 
86408 
85885 
85410 
84936 
84416 
83896 
83425 
82955 
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SOLREL 

107362 
102340 
96818 
94770 
97507 
96571 
92945 
96302 
94543 
93944 
92510 
87497 
86267 
89335 
84646 
90003 
86496 
88383 
91876 
88970 
83886 
85095 
89477 
87465 
82462 
83906 
80070 
84872 
85026 
83046 

Summary 

Compari son 

+ 

+ 
+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

16 (-) 
14 (+) 

Expec ted No. 
of Runs 

(2)(14)(16) 
14 + 16 + 1 15.93 

Actual No. of Runs (R) = 14 

2 = (448){448-30) = 7.175 
R (30)~ (30-1) 

R = 2.68 

Z = 14 - 15.93 = -.72 (standardized normal distribution) 
2.68 

Probability of getting more than 14 runs = .74 

Probability of getting less than 14 runs = .26 

# 
Runs 

1 
2 
3 

4 

5 
6 

7 

6 

8 
9 

10 

11 

12 

13 

14 

CONCLUSION: no reason to believe outputs from 2 models are different 

FIGURE 3-14. ACTIVELY COOLED CONCENTRATOR - OUTPUT (kWh) "RUNS TEST" 
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probability of randomly observing 14 or fewer runs in this case is 
approximately.26. Since .26 is not unusually small, there is no evidence 

that the output from the two models is different. 

Figure 3-15 shows both the binomial and runs tests for the passively 

cooled concentrator. The runS test proves inconclusive but the binomial test 

shows there is less than a 1 percent chance of the SOLREL model being higher 

in 6 or fewer years out of 30. Therefore, the conclusion is that the Markov 

model yields consistently higher outputs probably due to a different treatment 

of the tracking drive failure. The magnitude, of these cost differences (see 

Table 3-15) is on the order of 2 to 3 percent. For the flat panel system, 

output was slightly lower in SOLREL for every year of the run, indicating that 

the difference is not due to random error. The magnitude of the difference is 

on the order of 1 percent • 
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6(-) : nl 24(+) = n2 

Expected No. of Runs = (2)(6)(24) + 1 = 10.6 
30 

Actual No. of Runs = 12 

R2 = (288)(288-30) = 285 
(30)2 (29) • 

R = 1.69 

Z = 12 - 10.6 
1.69 

.828 

Probability of getting more than 12 runs· .204 
Probability of less than 12 runs = .796 
Probability of getting 6 or less "negative" in 30 tries given 50-50 
chance of "negat i ve" = .0075 < 1~ 
CONCLUSION: State model yields higher output than SOLREL probably due to 

different treatment of tracki n~ dri ve fa 11 ures. 

FIGURE 3-15. PASSIVELY COOLED CONCENTRATOR - OUTPUT (kWh) 
"RUNS TEST" 

" 
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APPENDIX A 

NETWORK REDUCTION FORMULAS - STATE SPACE 

Network reduction is a technique to reduce a system of series and 
parallel components to a single component with equivalent success and failure 
probabiilties. Network reduction requries the time between failures and the 
repair times to have constant rates; that is, they must follow negative 
exponential distributions. In addition, the components must be mutually 
independent. Each component is assumed to have two possible states: success 
and failure. 

This appendix develops network reduction formulas for the following 
cases: 

• Series system with no dormant failures 

• Series system with dormant failures 
• Standby parallel system 

• Active parallel system. 
For each case, formulas are derived for the system failure rate (A), repair 

rate (~), success probabiity (PS)' and failure probability (PF) such that 
the reduced system will have the same performance (i.e., steady-state 

probabilities) as the original series or parallel system. A system involving 
both series and parallel components can be reduced in steps using these 
fonnul as. 

Notation 

Subscript to identify components, = 1 , 2, •••• , n 

A i Failure rate of component i 
i-! • 

1 = Repair rate of component i 
A Failure rate of the system 
)l = Repair rate of the system 

Ps = Probabiity of system success 

PF = Probability of system failure 
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Series System with No Dormant Failures 

Figure A-I shows the structure of the series system. Failure of any 

single component results in system failure. "No dormant failures" means that 
no additional component failures can occur while the system is in the failed 

state. 
Figure A-2 shows the Markov model for this system. Applying the 

steady-state concept of "rate in = rate out" to each state, we have the 
followi ng: 

= 0 

for i = 1, 2, ••• , n 

n 
Using the fact that L Pi (t) = 

1=0 
1 and solving the equations simultaneously, 

we obtain: 

p - P ... S 0 
1 

Of course, PF = 1 - PS' The system failure rate is the total rate of 
transitions out of state 0: 

The mean system repair rate is found by equating system availability with the 

success state probability PO: 

, . 
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1 2 ... -8-

FIGURE A-l. SERIES SYSTEM 

FIGURE A-2. MARKOV MODEL FOR SERIES SYSTEM WITH NO DORMANT FAILURES 
State 0 Represents "System Success" and State i 
(i = 1,2, ... , n) Represents Failure of Component i. 
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Solving for )J, 

Hence, for a serial subsystem with no dormant failures, we compute PS' PF' 
A, and )J using the above formulas in the order of presentation. 

Series System With Dormant Failures 

The structure of this system is shown in Figure A-I. In this case, 
we assume each component has a fixed failure rate regardless of whether the 
system is failed or operating. This assumption implies the components are 
mutually independent. Hence, the probability of system success is the product 

of the individual component availabilities: 

p -S 
fr __ \.I-=i~ 
1"1 \.Ii + \ 

Of course, PF = 1 - PS' The system failure rate is the sum of all 
transition rates out of the system operational state: 

n 

.. f;1 Ai 

As shown in the preceding case, the system repair rate is: 

1J .. 

• 
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Standby Parallel System 

Figure A-3 presents the structure of a standby parallel system. In 
this case, only component 1 is operating initially. When component 1 fails, 
component 2 is automatically (and instantaneously) switched on. Component 2 
is not subject to failure prior to being switched on. This substitution 
process continues until all of the standby spares have been used. System 

failure corresponds to failure of the nth component. Repair of all 
components is initiated upon system failure. 

Figure A-4 depicts the Markov model for this case. The mean system 

repair time is assummed to be the sum of the individual component repair time: 

1 - -
The system repair rate is therefore: 

1 
~ -

Applying the steady-state concept of "rate in - rate out" to each state, we 

have: 

Using the fact that 

obtain: 

, i .. 1, 2. • ••• n-1 

1 and solving the equations simultaneously, we 

p _ 1 
o n-l 

" A 

p -n 

1+2:_1_+--1. 
i-I "i+l )J 

n-l 
~ Al 
L..J--+A 
i=1 "HI 1 

)J + )J 
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FIGURE"A-3. STANDBY PARALLEL SYSTEM 

• • • 

FIGURE A-4. MARKOV MODEL DIAGRAM FOR THE 
STANDBY PARALLEL SYSTI~! 

• . 
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Since system failure corresponds to failure of the nth component, PF = 

Pn• The system success probability is Ps = I - PF' The system failure 
rate is found by equating system availability to the system success 
probabi 1 i ty: 

11 + A 
.. P 

5 

If all of the components are identical, the standby parallel system 
equations can be simplified to the following forms: 

Ps • 1 - PF 

PF 
• \1'- . 

Ps 

Active Parallel System 

Figure A-5 presents the structure of an active parallel system. All 
components are subject to failure at all times. System failure corresponds to 
failure of all n components. Repair is initiated upon system failure. All 
components are assumed to be identical and to have failure rate Al and 

repai r rate lll' 
Figure A-6 presents the Markov model diagram for this case. The 

system repair rate is assumed to be lIn of the repair rate of a single 
component. App lyi ng t he steady-state concept of II rate in = rate out II to each 
state, we have: 
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FIGURE A-5. ACTIVE PARALLEL SYSTEM 

1.1 

FIGURE A-6. }~RKOV MODEL FOR AN ACTIVE PARALLEL SYSTEM 
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, i = 1, 2, ___ , n-1 

AlP 1 - ~p n- n 

n 
Using the fact 

obtai n: 
L Pi = 

i=O 
1 and solving the equations simultaneously, we 

1 
nA1 n-1 1 

l+-+nA L-. 
~ 1 i=l n-~ 

nA1 P
n 

.. --p 
).I 0 

Since system failure corresponds to state n, PF = Pn- Of course, Ps = 1 
- PF- The system failure rate is found by equating system availability to 
system success: 

which can be solved for A: 

~ + ). .. P 
S 

). .. 

------~--- ---~-
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Summary 

The preceding sections describe the network reduction formulas for 

four types of systems. Formulas for variations on these systems (e.g., 
different repair policies) can be derived uSing the procedures described 

above. 

, . 
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APPENDIX B 

PROGRAMS FOR HAND-HELD CALCULATOR 
SOLUTIONS OF STATE SPACE EQUATIONS 

CALCULATOR TI-59 PROGRAMS 

Two programs were written on a hand-held TI-59 calculator to expedite 
the computations involved in the state space approach. The first program-­
Insolation Hours--computes the equivalent monthly peak insolation hours, Ii, 
which is the total amount of insolation received in terms of peak intensity. 

The subscript i (i = 1, 2, ••• , 12) indicates the month, where i = 1 
corresponds to January. These computation results, Ii' are then used 
together with the dirt accumulation and cleaning data to compute the annual 
equivalent peak insolation hours, I. 

The second program--Power Production--takes the annual peak 
insolation hours, I, from the first program, combines it with the system 
expected capacity factor, S; the system rating, W; the sytem permanent 
degradation; and degradation due to cell failures data to determine the 
system's annual power production, P. 

Input Data 

(1) Insolation Hours Program 

• Monthly degradation (degradation due to dirt) rate, dr' 

dr = (System capacity in year 1) - (System capacity in year 2) 
12 

If there is no system degradation due to dirt, dr = 0 

• The annual cleaning frequency, f (i.e., number of cleaning 
events per year) 

• The interval, t, between consecutive monthly output (see monthly 
output duration). 
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(2) Power Production Program 

• System's equivalent annual peak insolation hours, I 
• System's expected capacity factor, S 

• System rating, W 
• System permanent degradation, dP 
• System degradation due to cell failures, de 

• Year of interest, K. 

Output 

(I) Insolation Hours Program 

• Equivalent monthly peak insolation hours, Ii 
(i = 1, 2, •••• 12) 

• Equivalent annual peak insolation hours, I. 

(2) Power Production Program 

• Annual power production, P. 
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TITLE Insolation Hours 

PROGRAMMER JP Ehounou 

B-3 
PAGE __ OF __ 

DATE 12/17/81 

TI Progrommoble ~ 
Program Record ~ 

Partitioning (Op 1'7) I 4, 7, 9 6, 91 Ubrary Module _Ma=s""t:.,:e::,:r:....-______ Printer_-'VO--__ Cards v 
PROGRAM DESCRIPTION 

._. __ ._ .. ____ ... ___ ._ .. _._ .... __ . ________ CS~E_/l.'l'TlI,(::~N'l:') ... __ . _____ ._ ... ~ __ . ___ . _______ ._ 

-.-.----.---.. -----.--- .. ~---------. - .-.-------.-- _._-_ ... _ .. _ .. -._----_._--------

---_._---------_._----_ .. - --.-.. -... ----~-.--.---.--.--.--. ·····-------·--·-~~-----I 

-.--------- .. -------------.---.--... -.-.-.--~-.---- .. ---_ .. __ .. _---------------{ 

._-------_._. __ ._-----_ .. _-----_ ... __ ... --- --.---.-- ... __ ....... __ . 

USER INSTRUCTIONS 
STEP PROCEDURE ENTER PRESS DISPLAY 

.. __ _ t... ____ 4.Q ___ _ t ___________ • ---_ •• - __ 0"-___ *--

2 Enter first value in month1~ 1nsol,l!;~ClI!. ___ .. _ . _____ .. _ . ___ .. _. __ . ___ ... ___ . _______ _ 

curve, Xl X, _._.1---_._---_ ... _._.- .. - .... - .... -. '--" ~ ... -- .. -. 

3 ~E:t~r_2Ild _ vaJu~j,Il __ 1!!.~m:h.l.:Y._.1.P:.~Q1a.t.ion 

I __ '_' __ CU!",,:~ '. X2. ______ . . ... __ ..... 

1_._. ....~.r~gE.~m _c_~mJ'':.l~esJ..~~2) /~--.­
I 4 Enter. subsequent .. va1ues.1n. monthly 

f-; p~:::a::::;:n~'i~:!i~,~~' 0 

I 
Ii = .. t x 1:. (X1 +Xi+l)}2-

1.=1 

6 Repeat steps 2-5 for. all 12 months ... 

7 Enter dr (degradation. rate ..... '.' __ . 

I 8 .Ent~l:.i ( cleaning.£: t:~q1J~_~C:Y . __ .. . 

_program~c(Jmput:e.s _tCl~_~_ll.!1nu_a:l._. insQ1a~ion 

.' . I ..... (I. x .. driL--.-- .. .. .. . 
1= 

....... 

! USER DEFINED KEYS 

r0 
idJ 
lev 
I(~, 
, '-' 
I /~\ 

Is 
j :, 

i 
u' 

( 
a ! ; :=L~.GS ... ___ L 

DATA REGISTERS (:.!!!!! El!!I ) 

o 

. I , 

A' 0 
.---- ... ----- . ---. .....:'----1 

_ ...... _ B _ .... ___ .. X2. __ .. __ .. 

... - .. --~ -"1 
B '--- i-.... -

. 

C -- ----- Ii ... 

...... -... -

. .... -

I LABELS (Op 08) 

I 

I 

~_~--®)_1cUf _La_~_ 
..!i.... _ [lii _ rsm _ iRCl _lSUhI _ 0/ _ 

+1- _ -=..; _1!!lI _ c:il _I:] _ a _ 
EI_L':l_tm_;:I_El_El_ 
llI_m_Im_La_El_C_ 
CJ_I2!l_Em _I:) _E:l_l!L. 
i!!i_ Em _Cl_D_C_eJ __ 
1:1:1.. [1:1L 1:3 _ m _ t:l _. m _ 

i m_ m_ 
, 

; j 

I 
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INSOLATION HOURS PROGRAM LISTING 

LOC CODE KEY 

C02 42 STO 
CiC3 07 07 

02 
00 

2 ,-, 
'-' 

006 42 STD 
007 01 01 
OO::~ '3 i F.~.""~:; 
00'3 (t, LBL 
010 16 pi 
011 42 ~:;TD 
012 08 0::; 
01~: 00 0 
014 42 SiD 
015 04 04 
016 t:'9 OF' 
017 21 21 

C 1 '?- 76 LBL 
020 12 B 
021 42 STO 

u"::' 09 

027 55 
02B 02 2 
02'j 95 = 
0::::0 44 SUr'l 
031 04 04 

0:;:4 42 STO 

u~:_; 04 04 -.. ::< 

:'~" 07 '-: . 

-' -

i_: ~ ~: 

. -- :~ :-~ F F T 

-" '. 

LOC CODE KEY ---

052 
05:::: 
054 

. t', ___ _ 

1 
055 02 
056 95 

.-, 

.::. 

= 
057 42 STO 
05::: 01 01 
059 Oi 1 
060 42 SiD 
Otd 02 02 
062 131 F.: ..... S 
063 :;:5 1.····:=-:: 
OE,4 E,5 ::< 
OE,5 01 i 
OEIE, 02 2 
OE,7 135 = 
06::: 
06'~ 
070 

42 ~:;TO 

05 nc:: 
'-"-' 
+ 

071 01 1 
072 I~ t:; 

.' '-' = 
07:::: 42 STD 
074. 0:;: 0:;: 
075 01 1 
076 02 2 
077 42 STO 
078 04 04 
079 02 2 
080 00 0 
081 42 ~:;TD 
0:::2 06 Ot. 
0::::::: 00 0 
0:::4 42 ::;TO 
085 O'? 0'; 
0:::6 E,9 OF' 
087 26 26 

0'30 
0 131 
092 

O;~t: 
,-, 'j '"":'I 
'-' .,' : 

-.. -" :::;: T 
4:;; peL 

.-, .-. 
u.::.. 

.. "-' 

. . 
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TITLE ___ ~P:..o:..w:..e::..:r:......::P:...:r:...:o:...:d:.::u:.::c:.::t:::i:::.on=-____ PAGE __ OF __ _ 11 Progrommoble ~ 

Program Record ~ PROGRAMMER J-P Ehounou DATE 12/17/81 

Partitioning(Op17) 14,7,9 6, 91 ubraryModule ___________ printer_...:v~ __ Cards __ ~=___ 

1 

I 

[ 

PROGRAM DESCRIPTION 

_ This. prograDU~gmp~t;...e!L~ltlLsJ7s_tem annual pqwer Pt:.oduction, ]_. ________ .. ________ _ 

_ Input data.:_ _ __________ . __ . __ . _____________ ~ 

e Total system equivalent annual pea~ insola~~C?~Jl.?~r:.:s::..',~_=I: ________ . ______ l 

_. ____ ...ce=-_ System expected capacity factor ,'--'6=--_____________ . _______ . ______ -1 

_. ___ !...._~ystem ratin~!-. _W"-_____________________ .... ___ . __ . ______ . ___ . _____ --I 
. 

. ______ -..!_2Y..!lj:~~_.Eermanent d~radation'-..._dc:::P, ____ . __________________________ -I 

e System degradation due to cell failure, dC. 

USER INSTRUCTIONS 
STEP PROCEDURE ENTER PRESS DISPLAY 

I A I 1 Enter Insolation factor I 
~~-·~-----------------------I------·-·-----·~~--~--------~ 
._~_ ~ter ~eli~J:ility factor B _______________ -: __ R/~_I__--B-----

3 Enter system rating W W' R/S 0 ... -----. - -------.-.---- --.--. ----.- -----.-------1 
4 Enter system permanent degradation factors 

~~.-.---."--.----------.-.-.----.-~-.. --,--.----,--~- ,---_.--_._,. __ ._-,-". -.------.+~ -_.- - -- -- .. -.- --- ----.. --~---~-

__ .. _. ___ ~~_~~_~!_.!. __ . ___________________ .. _____ .. ~P:i. . 

_._.~Il .. ~_~~t: _.L__ ______ _ ._ .. __ . __ .... d~j 
i < k < j 

- - ---,- ------_ .. __ ._----_. -.-

S Enter year (k) of interest k 
._---- -- .. ------ - --._---_ .. _ .. _---_._---_. __ .. _----_._---- ._ .. _.- -_.-

6 El1.tersy.stem~_e&rCl~aE.~()~_~lle....E(). cell failur 

in year _k_ 

in )T~ar _'k.-f:l _____ . _._ .... ____ ._. __ .... _ ... 

Progrl!!Jl_~C?lIl~~!=~s. p.?we~_PE~dt1~~iC?n in 

____ . . ... y~~E._.!t._(:pkL. ___ .... ____ . ____ ._. .. __ .... ___ _ 

. 
Note: ___ Thi§l . program.assum~s _1;hat permanent· 

degradation factors are taken on 3-year i tervals. 

USER DEFINED KEYS 

.. 
g' 

c 
o· 

DATA REGISTERS (~ I!IlI ) 

I 

C 

RI S ___ .d_C..k, . __ . __ 

Rls ____ ~9~±1 .... _ ... 
.. - _._._ .... _-----

~Ls_ .~!_int - ~k_. 

_ ___ ~ D~spla)T - dCk-! 1 

LABELS (Op 08) 

@!j_rTiii1_l£1J_~_C!m_C!!!_ 

E_02ij_[g[_~_~_[B_ 

EE _ (;_~_:E_@!Q!_W_ 

fSBR· _G_iRST'_ -;;_~_[!J_ 
+1- _ :; _ rEIil_ ~ _ D_1lI _ 
1l!:I_Iil1_lZD_&:I_El_ElI_ 
IllI_CJ_Im_ID_Dl_El_ 
D_rz::!l_Em_I:I_D_Im_ 
mi _ Em _ ED _I:IL fI!L Iim._ 

! E 

I El_II11 __ El_ml_ClLeJ_ 
11:1_11:1_ 

!'LAGS 5 i 
~014966·1 

-----------------------------------. 
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POWER PRODUCTION PROGRAM LISTING 

LOC CODE KEY 

002 

005 

C07 
00::; 
OOI~ 

010 
011 
012 

014 
015 
016 
017 
01::: 
01 '3 

-- --

42 sro 
01 

'3 i F.:.····S 
42 STO 
02 02 
9 i R ..... S 
42 STC 
0:::: 03 
'::Cl P.""S 
76 LBL 

B 
42 sro 
14 i4 
91 p ..... S 
42 !:;TC 
15 15 
91 F.: ..... S 
7f. LBL 

020 i:~: C 
021 42 STD' 
022 16 ltl 

024 0 i I 
,-,.-,::::" 
1_1&::.._, 

026 
027 

95 
55 
0:3 
';"5 

= 

= 
02'3 51~ I t·iT 
0::::0 42 STD 

032 ':. i p ..... ::; 
O:::;:~; 42 STO 
034 1 ":' 

.L i 17 
035 '? 1 F.~,""S 
0:36 42 STO 
O:~~7 
0:::;;:: 91 F./~:; 

O:~;9 4:~; F.:CL 

C42 
'-.. ~ .-, '-' ""':' .;, 

-
- .; £:" 
'_' '-t "_, 

4 .::~ PCL. 
l ,.. 

:=-= 
-' '-' 

= 

- .. ~ .:. ::. T 1"""1 
,_, ~ '_. .-._ ._: i :....:: 

,. '. :.... 

LOC CODE KEY 

C51 
U::"'::' 
05:;~ 

054 
055 
05E, 
057 
05::: 
05'3 
060 
061 
062 

-OE.3 
064 
OE,S 
066 
067 
OtiS 
DE,'? 
070 

,=" 
'-' 

.- ' 

U·;" 

= 
'~4 +.""-

+ 
4:::: peL 
1 E, i Eo 
95 = 

43 F.TL 
i4 14 
...,~ 

i ,_f 

4:3 F.:CL 
15 

.::,c:: 
~.·._I = 
c:r::: 
'-' '-' 

95 = 
07 i E,5 ::( 
072 53 ;:: 

0741'319 
075 75 

. 
077 <=: 

'-' 
::: 
= 

080 94 +./-
OS1 :::5 + 
0:::2 43 F.:CL 
0:::3 14 14 
0:34 95 = 

087 04 04 

; ; ''''; 4. ... c,·_, 
.-. --. c-,._. :-' ._' 
. :-....,:,..... 

,-,:;; -
'-' •.. : 

.-: I~ ,:.; ~ .:., ;;> ,-. , 

100 .:. e i ~:: 
101 '?: F .. :· 
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User Data Cards 

C-l 

APPENDIX C 

DETAIl.S OF COMPUTER PROGRAM 
SOLREL 

Inputs 

In addition to the standard GASP IV inputs, the following data items 
must be entered. These data cards follow immediately behind the GASP IV data 
cdrds. These cards are read in subrouting INTLC. 

CARD 1: (AID) - The number of years of system simulation. 
CARD 2: (611) output fl ags. - Set 

FLAG1: Tables or plots saved during a previous run will be read = 1 : 

= 0: 

FLAG2: = 1 : 
2: 
3: 
0: 

FLAG3: = 1 : 
2: 

0: 

FLAG4: 1 : 

2: 

and averaged with results from this run. 
Results from previous runs will be ignored. 

Plots produced during this run will be saved on file. 
Tables produced during this run will be saved on file. 
Both tables and plots will be saved. 
Both tables and plots will be saved. 

Yearly summaries of the eents log will be printed. 
Both yearly summaries and events messages will be 
pri nted. 
No events will be printed. 

Cost, avai1abilty and failure tables will be printed for 
each simulation run • 
If multiple simulation runs are made during a single 
execution of SOLREL, this flag will cause summary tables 

to be printed; the costs and avai1abiity tables will 
contain values obtained by averaging results from 
individual runs and the failure table will sum results. 



FLAG5 

CARD 3: 

CARD 4: 

CARD 5: 

CARD 6: 

CARD 7: 

CARD 8: 

CARD 9: 

CARD 10: 

C-2 

3: Cost, availability, and failure tables will be produced 
for individual runs; summary tables will also be 
produced. 

0: No tables will be produced. 
= 1: Plots will be produced for each simulation. 

2: If multiple simulation runs are made durin~ a sin~le 
execution of SOLREL, this flag will cause summary plot to 
be produced in which the values from indiviciual run plots 
are averaged. 

3: Both individual run plots and summary plots will be 
produced. 

0: No plots will be produced. 
(2F6.2, I3) The array output capacity, the inverter output 
capacity, and the number of components. 

(3F5.3) The ovrall inflation rate, the discount rate, and the 
escalation rate for the price of electricity. 
(11F6.3) The degradation curve for dirt. Each entry repre­
sents the percent of des i gn output expected from "di rty" 
arrays at 3-year intervals. 
(11F6.3) The degradation curve for permanent yellowing or 
lens deteriorization. Each entry represents the percent of 
output expected from "yell owed" or otherwi se degraded arrays 
at 3-year intervals. 
(11F6.3) (optional - see SUBROUTINE INTLC) The degradation 
curve due to array failure. Each entry represents the per­
cent of output expected from the array field at 1 year inter­
vals assuming no repairs (3 cards). 
(F6. 5) Percent of cell degrdat i on permitt ed before repa i r 
initiated (concentrator system only). 
(F5.0) Number of motor failures allowed before repair 
initiated (2-axis tracking system only). 
(5F5.0) Up to 5 preventive maintenance times (i.e., time 
intervals between five different preventive maintenance 

actions). Note that this input may differ slightly for each 
system design. 

. . 
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CARD 11: 

CARD 12: 
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(2011) For each component, the number of men needed to repair 
or perform preventive maintenance. The last five entries are 

for preventive maintenance. 
(8F1o.o) Monthly thermal design outouts in kWh - 6 per card 
(Actively cooled system only). 

GASP Parameter Cards (Card type 10) 

GASP's card type 10 is used to input the parameters for the failure 

and repair time distributions. The fi rst NCOMP (NCOMP - number of components) 
cards define the failure distributions which are usually exponential or 
Weibull. For expontial distrbutions, columns 21-30 contain the mean, columns 
31-40 the minimum value, columns 41-50 the maximum value and columns 51-60 a 
value of 1.0. For the Weibull distribution, the ALPHA value is in columns 
21-30 and the BETA value in columns 31--40. The Weibull distribution is 

defined to be: 

f(x) = (ALPHA) (BETA)xALPHA-1exp(-BETA xALPHA). 

The next NCOMP cards contain the repair time parameters which are usually 

lognormal. 'Columns 21-30 contain the 50th percentile and Columns 31-40 the 
90th percentile of expected repair times. The next five cards contain the 
parameters (usually for lognormal distributions) for the five types of 
preventive maintenance. Depending on the system being simulated, there may be 

more or less than five cards. Again columns 21-30 are reserved for the 50th 
percentile and columns 31-40 for the 90th percentile of expected repair times. 

Failure times for the tracking device, array field and inverter were 
obtained using an equation derived from the Weibull distribution function • 

tfai1ure = (-
1n(1-1)) 

a 

) lis 

In this equation,v is a random deviate generated by a uniform distribution and 
and S are parameters characterizing the l~eibull distribution. These same 
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parameters are used to compute mean failure times according to the following 
relationship: 

where f( • ) is the gamma function. In all such calculations, a value for S 
of 2.5 was used, resulting in a value for r of .88726. 

External Data Files 

Logical File 7: This file contains the repair costs information 
formatted (F4.0, IX, 2F10.2). The first field contains the repair type code 
(200-299 series for unscheduled repairs and the 300-399 sreies for preventive 
maintenance). The second field contains the fixed cost per repair. The third 
field contains the variable cost in dollars per hour. 

Logical File 12: This file contains the twelve monthly output 
duration curves used to compute system output. A sample output duration curve 
appears in Figure C-1. For this curve, an output of greater than 300 kW is 

obtained for 150 hours of the month. These curves are obtained from a system 
simulation which ignores all maintenance and degradation factors. The curve 
is divided into a series of points each representing an interval of roughly 
8-1/3 hours/month depending on the design being tested. Each output value is 
then normalized on a scale of 0 to 1 with 1 being the maximum array output. 
The information is stored using a (2F6.1, 47F5.3) format. The first field is 
the number of daylight hours in that month. The second field is the number of 
daylight hours in that month times 12. The next 47 fields contain the 
normalized values of the output duration curve. 

Logical File 13: This file contains the explanations of the report 
options specified by the user. The information is stored in a (2I1,7A10) 

format. The first field is the flag number. The second field is the value of 
that fl ago The next seven fi el ds are the explanation. 

· , 
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Logical File 8: If plot data are to be stored after run completion, 
this blank file must exist. 

Logical Files 9-11: If table data are to be stored after run 
completion, these blank files must exist. 

Random Number Streams 

GASP IV uses a function called ORAND to generate random deviates from 
a uniform 0-1 distribution. The user need only designate the initial seed 

(starting point). These deviates can then be used to generate random numbers 
from whatever distribution the user desires. By uSing the same seed for 
subsequent runs, the user can reproduce the same sets of random numbers. This 
all ows the user to repeat the same lIenvi ronment II when testi nq a lternat i ve 
system designs. Otherwise it would be difficult to determine whether 
differences in the results were caused by (1) the random numbers or (2) the 
inherent differences in the alternatives. The only way to estimate the 
magnitude of these two types of variance would be to conduct a large number of 
expensive experiments and evaluate the results statistically. 

Simply using the same seed for ecah run, however, does not guarantee 
a repeat of the same environment. For example, the first two random numbers 

. generated in Run A might be used to generate the time needed to clean the 

array while the third random number might be used to generate the time of 
first inverter failure. Now, suppose Run B tests a new cleaning policy and 
uses the first three random numbers fo generate cleaning times with the fourth 
random number being used to generate the first inverter failure. Obviously, 
the environment has changed since the inverter is now scheduled to fail at a 
different time--a change resulting entirely by an unrelated change in array­
cleaning policy. Therefore, it is often necessary to set up several indepen­
dent randon number streams, each having a unique seed. The choice of which 
events to associate with which random number streams depends on what types of 
repair or design strategies are to be tested. A short description of the 
random number generation process will be included in the reports on actual or 
generic systems tested. 



C-6 

Description of Subroutines 

INTLC 

This subroutine is called from GASP IV at the beginning of each 
simulation run. It serves the foll owing functions: 

• Reads all user data cards 
• Calculates theoretical or expected system availability 

• Initializes variables 
• Creates initial event file. 

PRTDATA 

This subroutine prints all user inputs including the 12 output 
duration curve values. 

EVNTS 

This subroutine is call ed at every event. It determines the event 
type and calls the appropriate subroutines. 

FAILURE 

This subroutine is called by EVNTS when a failure event has occurred. 
This subroutine 

• Postpones failure if system down from previous failure 

• Prints type of failure and time of occurrence (if log option 
se 1 ected) 

• Calls OUTPUT to calculate output between events 

• Computes repair time and schedules repair. 
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TIMEV 

This subroutine is called by EVNTS if a time event has occurred. 
Time events are scheduled at periodic intervals for preventive maintenance and 

cleaning. This subroutine 
• Maintains the monthly simulation clock 
• Maintains the yearly simulation clock 
• Maintains preventive maintenance schedules and clocks. 

REPAIR 

This subroutine is called by EVNTS when a repair has been completed. 
This subroutine 

COST 

• Prints the type of repair completed, the repair time, and the 
repai r cost 

• Schedules the next failure of the component just repaired 

• Adjusts output to normal. 

This subroutine is called from either REPAIR or TIMEV to calculate 

the cost of repair or preventive maintenance. Given the type of repair and 
the repair hours, this subroutine uses the cost file to calculate fixed and 
variable costs of repair. Costs are also calculated in terms of current and 
present value dollars. 

OUTPUT 

This subroutine computes the expected kWh production between two 
points in time using an output duration curve generated from the designer's 

simulation of nondegraded system performance given historical weather 
conditions. Figure C-la shows an example of an output duration curve where 

some level of insolation exists for 280 hours per month. The example shows 
that for 60 hours per month, output from the PV system will exceed 300 kW 
given no degradation or failure. The procedure is as follows: 
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$ 
MAX 

~ 

2 
.... 300 
:J 
c.. .... OUTPUT DURATION CURVE 
:J 
0 

60 
'HOURS/MONTH 

280 

a. 

MAX 
$ 
~ 

2 
.... 
:J 250 c.. .... 
:J 
0 

. , 

HOURS/MONTH 
b. 

FIGURE C-1. SAMPLE OUTPUT DURATION CURVES 
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(1) Check if system is operating over the time interval. If not, 
output is zero. 

(2) On systems with parallel components or components which may 
"partially" fail, compute loss of output from this type of 
failure. For example, for the generic concentrator system 
tested, two 250 kW inverters were connected in parallel to 
produce a maximum output of 500 kW. Should one fail, a maximum 
of 250 kW could be produced causing a loss of the upper portion 
of the output duration curve. Fi~ure C-lb shows the effect of 
one inverter failure on the output duration curve. Electric 
production has been reduced by an amount equal to the area of 
the shaded portion. 

(3) Adjust output duration downward to account for dirt, permanent 
degradation, array cell failures, and string failures. 

(4) Inte~rate under the adjusted output duration curve and multiply 
by time interval to yield output. 

This subroutine also computes system availability (i.e., how much time the 
system is produci ng at vari ou s 1 eve 1 s of output up to full capacity). In 
addition, using the inflation rate of electricity and the discount rate, the 
present value of the output is calculated. Outputs are then printed and added 
to cumulative totals. 

REPORT 

Subroutine REPORT determines which types of output ultimately are 
provided by SOlREl. Based on the values of the output flags, FlAGl through 
FLAG5, REPORT calls the appropriate output routines. These routines are 
UPLOT, BIlITY, COTABlE, FAIlTAB, BILRITE, CORITE and FAIlRITE. Four different 
types of output are produced by REPORT: 

(1) A pair of graphs showing: (a) maintenance and repair cost by 
year and system output in MWH per year; (b) present value of 
maintenance and repair costs by year and levelized cents per kWh 
by year. Subroutine UPlOT produces these plots. 

(2) A table entitled "Annual System Availability During Daylight" 
which, for each year of operation, shows the percent of time the 
system operates at vari ous 1 evels of capacity. Subroutine 
BILITY sets up this table and BILRITE writes it to an output 
file. 
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(3) A table entitled "Annual Maintenance Cost and Output" displays 
in numeric form essentially the same information as do the plots 
described above. Subroutines eOTABlE and eORITE produce this 
table. 

(4) A component failure table which lists the array or system 
components and the number of failures each experiences during 
each operating year. Subroutines FAIlTAB and FAIlRITE produce 
this table. 
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.. . . 

~RQGRAM SOLRELY 74174 O~T'1 TRACE FT N4:S.'5i-ii'· .-----111 io-,-a1--0 8-:5 3:09'----=--~ AGE 1 
.......... __ .... _.--_ .. __ ._._--_.-.-_._-----

_ . .L .. _I'..~ OGR.A.L5.0LRil.ll.ll:lWILlllll PU r. r.l, p E.2..=I..!'l.P..u JJ.lA e..Ef> ~D UUlU t. T M·_El.1.I_i.P..~E 6""'--____________________ _ 
1/1300.rA~F.9.'3500.TAPEIO-/21aO.TAPEII-/7000.rAPElz-/5dOO.fAPE13, 

_ :; 

.0 I M~NsrON NSE.IIlOQQL __ . __ ... __ ... _ ... ___ ...... _ ... __ ... _. __ .. ___ ._._ .. ____ .. _. ___ .. _. ___ _ 
I~TEGH Fl7 
C ]~MD'i IG C 1J~.11.A.TIUB.12 .. H .. J E..Vlil.l MF flt.M f.B 100' ... ~L E n 00 '-' MST O~, tIC ~Dg,.!1.ti~ 
IPa.NNAPT,NNATR.NNFIL.NNQ(100'.NNT~Y,~~R~T.PPARM(50.4'.r~ow.TTdEG,T 

. _________ ZlCLB,.LT.E.1'ILliR.Ill..(Z51.TTS.E.t ._ .. ___ . ___ . ____ _ 
COMMDN/USERI/DEGRAD(2I,DIRT(10I,DMIRRO~(III.aUTCURV(12,471. 

...... IH~aN (1 ~ I, HYR.Il21, AOE.GIH "-SIRING ( 211 . .. .. 1. _. __ ... _____ . ___ . ________ .... _____ .. 
10 COMMQN/USE~5/F6(31,21,F9(31,2),FI0(31,10I,Fll(31,11I,F12131.111, 
_ . __ .... _____ .. _~E H U h.!:> I .• E.l!U 31,b.h£lb I Zh.n.l. Ell.1 Zl, UJ __________ ._. __ 

COMMON/USFRI0/CSI301,PVSI30I,CCSI30I,PV:)1301 
. __ ...... __ ... _c 'JMMDN/US ER 111 FAR Y, P..I 3D, 4 I.,.MEN 130 I ...... _. __ ...... __ . ____ ._ .. __ . __ .. _. ___ . _______ . __________________ _ 

COMM1N QSETIIOOOI 
. ...J.2 .. _ ... _ .. __ .. __ c_._. __ .. _ .... __ ..... .--------------------CALL CALC~PIlll 

___ . __ .c ... u TE~ OAT A .CURVE s... fJL.JlU.lP..ul.J:HMjG~S .. 0YE _TO_.wEARJUT ._.PI RT L~~(l.MI!!Il.QLP~!>~~Q •. __ . ___ _ 
D~T~ DEGRAD/1.OQ,1.OOI 

___ . __ . __ ._ .... _ .. ·~OOR-5_. __ ._ .. ___________ ._ .. _____ ..... _ .... ___ .. ____ . ____ .. ____ _ 
20 NPRNT-6 

_____ LJHHH ~ I H. H!..LARRA 0 _____ . __ . __ ....... _. __ .. _. ___________ .. ---------------------------OJ 11 1=1,30 

""' 
"" 
"" 
""'I 

""'I 

" "" 
" ""'I 

""'I 

• ""'I 

. _' . ____ . ____ ._ .. c ~ I II = Q. 0 
PVSIIl=O.O 

.--.----.--- .-... - ....... -.-- ... --.. ------- .. -.--..... ---.--------.-----.---.-.-.. ---------- '""I 

? 5 -----'~.s . .1 .lJ.!.Q. 0':-________ _ 
11 PVCSIII=O.o 
... P'1.2LI=I,31. 

00 12 J-1,21 
.. ___ . _____ ~ LF.1J lJ ,.u .!.Q _ .. 

30 0') 14 J=I,6 

----_._--_ .. _ .. _ ... -"-" -.... -,-"'"-.--,---.-.-.-.-.------~----,-.,-----.---------

_. _______ ._ .. _IL.F.la.l, .. J.I~.Yt.O' __________ . 
00 21 J=l,ll 

.. j 1 .. f 1 2 II , .u .. ~.Q •. 0 ____ _ 
C 

._ .. ~'1._ ... _._. [:.it~~P.. IN .O',!Ul!.LDU~ .. H!..ON....£!B .. VES_ ...... _ .. __ . __ . __ .. _. _____ . 
READI12.6001IH~DNIII,HrR(II,IOUTCURVII,JI.J=I,471,I·I,121 

._ ... __ . _____ . CJ , 

.. _. _. ___ 6 00 ~;~ r A~! Hfl.1ti.1.lidL.--------.------..--.-- - .. ---.--.--.----.-----.----.-.-------.. ------

t;: ~U .. _Q;lN~p:..!L~ ____ _ ----_._._.-_ ... _ .. _---. 
4() STOP 

. __ .. ___ .. ______ ._. __ .. D!!.D ______________ _ .------. ------

.. ------ _ ...... - .... _ .. -..... _ ... _---_. __ ._--- ._---_.-- --.---------.--- ._---
I 'IR. SEVERITY ~ETAIL5 DIAG~DSIS OF PROBLEM 

'"" 
. '"" 
" ""'I 

'"" 

'"" 
""'I 

.. "'I 

17 I 23 C ri" 37--flE" LD 'w f'lTH-iS-GREAT E R'-i~AI.j"13Ti: HA-fic'fER-s. '''z r M4Y-'E'XC EEIl "THE' II 0 DEVlCECAPAci TY. ----- .. "'I 
._.H ___ L_._ ZLJ:IL.17 __ J QHlJE-'.QRlLLfl:l.I,?.ItLl.L!i.BE ~H!L. IH~ 'LU1_J:.H.~.R KJE!l$ • ___ J L..!!.t. LP.~g!>....l!!UlQ...QI.V.IC..E CAPAC !TY-'-. ________ _ 

" ""'I . -_ .. _. __ .... _._._- .----.--... -.------.---- ----.-------

"'I 

., 
'--. 
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,..', 
--' 

,., 

"' 
,., 

.... 

SUd~OIjTINE INTlC 74/14 OPT-l TRACE 
---.. --.- .. -----.----... --.. -.---.-- -=-::-=--=c::----~_:;_--:------

FTN 4.8+518 11/20/Bl OB.53.09 P4GE 1 

...... 
.1 -.-S.1J~RQ\JTlNE INUJ: 

I~TEGER Fl~G1,FlAG2,FlAG3,FlAG4,FlAG5,FlAG6 
____ . ___ . ____ .U:1EiU I.JH._TtI.t.~WtL.... ... ____ .... _ ... _. ___ ._.___._. _______ - .. --.-.- .. ---. '"' COMMON OSETI60001 

.. _ ... 2 .. _ .. __ .. _ .. ___ ._._._ .. C :J'~MQNI GCa~llAJ.R 1 B I.U.hJ EVl'IhtlfA.,.fo\ff.IIO.O ".!'IlfJIOO.I. tlHOP, NtRPR'N,~", __ _ 
IPO,NNAPT,NN"TR,NNFIl,NNQI1001,N~TRY,NPRNT,PP"RHI50,41,TNaw.rT8EG.T "" ____ . _______ .2 r: lR._rrrlJlLU&.lUZll.o.Tn E.L __________ . __ ... ______ . ___ .. ::--________________ --,-__ _ 
COMMaN/GCaM4/0TPlTIIOI,HHlOWI251.HH~IOIZ51.IICRD.IIT"PIIOI,JJCElI5 

_._. _ ."_' .1001.oLL46C IZhZ) ,l1.MHIZ5,ZI,UABP UI, ZI ,LL.A8 T I 2hZI ,LLPHI 1101, llPL _________ . -------------" "" 10 20(lOI,llPLT,llSUPI151.LLSYMIIOI,M~prS,~~CElI251,NNClT,NNHIS.N~PlT, 

.......... -·----.------l~6~~·~~~~~·~~~·H;~~~ii~~~:~·~~1~·~~~!~~~~·~~·~~~ir-;MHON.NNA-r\-EI31~N~C-Fi-. ------------ " ...... 
_._. _ .. ___ .. ____ . ____ . . 1N~OAY , Nl'Ip.T I . .N'i.H.T.,.tiliJ?&J ,1INP.R.Iit.N'IIUIS •. riN~u~.IJ~,'1SH!NNY~, S5 EED.I t> 1 _______________ . 

C~~MJN/USERI/OEGKADI21,OIRTIIOI,DMIRR~~1111.OUTCU~~112,41" 
1,1~1J,! I H.l.rJ.\'.Ul.Z.l,.~Q.;;JlJ.H.I_' STRING I 211 ._ ........ _ .. __ ..... _._ .. _ ....... ____ .... __ ... _________ _ 15 " ...... ._-----------
caMM~N/uSER2/0l0T,A~RNU~.ICCNT.MON,IYR,TNUM,ANUM.FNUM,OROloOI 

... _____ .. __ .. _ .... _ ..... c J~MO'iljJS ER 31 M.c.LOCK .... C LaC K! 5 I ,JUIU, T I iiI; Z, PH I ME, PMT IME I 'H. __ ... _ .. __ .... _ ... __ ... _ ... 
CJMMON/USER4/'I~F.RDISC.OUT.FI201,AVAILII01,REP,IFNUM(15.301,EINF 

._-----------" ...... 

.. ____ .....c D~!10~/.lJS ER5.1.f.6.1 U •. Z.I. F..9( 31, 21. F.l O( 31.1 0 I. F 11 I 311.111 ,F..121.31, 11) , ______ _ 
20 IF14(31,ol,F15131,bl.Flo(21,311,F11IZ1.311 

. _ . __ . ______ ... CfJ~MCI':H~SfR!>ID.lHhR1'!S.NY~S.~tCQ.MP .. ,f.'1T .I41.JOrt:!RS. ____ ._ ..... ___ ._~ ____ ..... _._. ______ . __ . ___ .. __ . __ . __ .. ____ _ ...... 
COMM~N/USER7/FlAG1,FLAG2.FLAG3.FlAG4.FlAG5,Fl~Gb 

.... ··---------~5~n~~~~~ mi~ ~~~{~:~g:! i: ~EN i'30'------- .------.-..... ---------~--.. ------------" '"' 
_ .. _, .....2.i. _ C~ _____ .. : _____ _ 

C DEFI~E FAllU~ES _ ._ .... __ __ ... ___ c.. ___ 1!Jl~_.L~QOVL~_GROt,!!' __ .. __ . ________ .... _. __ .. ___ . _______ .. ____ .. _ .. _. _____ ._. 
C 102= A OISCD~~ECT SWITC~ 

. ____ ._ ... _. __ C ____ 10l-_L~IPASL.Plg9L-
30 C 104= ~ SHUNT RESISTO~ 

" .... _ .. _________ .J:. ___ .l V2.!._4.j._l.NV f Blf tL- ______ .. __ ..... _._._._ ..... ______ ._. __ .. _. ____ ... 
" C 106. THE S~ITCHGEAR 

_ .. __ .... __ . c... .. _ .. l O?=_J !:l~_..Tg~"H QR!1B ___ .. 
C 103= THE TR'NSMISSIO~ SYSTEM 

35. .... . C .109- THE TtiREE PHASE TRA~SFORHER -.. - ----- - -- i: ·--liQ~--·iHE-iN'iERTER-Ca~-TR6L- ---------.. -------- .. ---------------.----. 
.. ..._. ________ . __ C.~_Hl ~_Djt.J!Jl.Ul_'Y ____ . 

ATRIBI3J·O.O 
C . --40--------- C -.-----... --- .. _- ._-_._,-.- _. -_ .. -.--.- -_._-_._-

... ___ .. ____ .... _ .. _____ c. !.'iUBLEL"!Y~JI,..!.VlITY~B.3 .. ~.r. ___ . __ .... _. ____ _ 
OJ 16 1-1>10 

. ________ ... 16 ,'iM UJl.=..Q. 0 

.4 ~ 
C 

______ ._ .. c _fN I T B~ U~_J;~.~~t,!Wl.YU~!h~.~L.BY TYPE BY 
O!J 17 1-1.15 

YE AR_._._ 

._ .... ----------

. __ . __ . ________ OQ 1LJ=1,3Q--::-____ _ ---_ .. - .. _ .... _ .. _ .. _- -_ .... __ .-._---.. __ ._--_._----
17 IFNU~(I.JI·O.O 

. _____ . ____ .c ___ . __ .. ' ...... _._ ..... __ _. ______ .. _. ______ . _. __ ._. ___________ _ 
50 C I~ITIALllE COST A~O OUTPUT ARRAYS 

._. ______ . _____ 0 ~~. t ~ .. J' t ~ H ______ . ..---_._ .. _--
DO 19 J'1,2 
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---_._ ... __ .-._. __ .-
---55-' l~_ b~! ~~Jt~~~~;~~~o:-------------··----·-···-------· 

.... -.. -.. -... ---.. iH~~H~~~·9.0~-----. 
C 

- ' .. _- ,---_ .... __ .---,,--------

CREAD FORHAr"FOR C!ij1PCINE'lT FAiLITRE TABlC'- '-'---'- .--.---.-

_ .. __ .. t>'1. . ~PQ(2!~06.LfJH.JZ.~_. 
READI5,8051FLAGl,FlAG2,FLAG3,FLAG4,FlAS5,FlAG6 

c .. ----.. - .. (-E,~TE~ 5 YSTE M·~·AXI"w. OUTPurCKWH,;-'TOTACfNVER i{~'CAPAcTty--;----"""--' ... --.---.---------.-----------
c 4~u ~U~BER JF SYSTE~ COMPONENTS 

65 .... -----.. -- RE ADI5" 80 j.,." OUT; ouiI;i'lco"fi----··-·····-····-··--- --."-'" 
- - .. - .. -..... .C -.- .-.. -.. --.. -.. ---..• :;--:;:-,,-;;=,c=-;o-=-:-=::=----.----

C RE40 IN INFLATION AND DISCOUNT RATES ---'---'--" 
, "EAOI5.S01lRINF.RDISC,EINF 

.- ----... "'-'-'-CRE A D I ri 0 E G R i. Ii A 1'1 ON '-C UR V ES-iiUETooIIlT Ar-i"j)j'-f RifoR -0 E T ER Ioflli TI ON-·---·----· 
._ .. _I!l KEADI5.~02110IRTIII,I·1,101 

. RE AD i 5. d02; ("OM iRRORli ;;1 .i--;TiT---··---·-··-----··-- - ----- _.---- _. ------
_____ ._c. __ ... _ ...... _ ._ .. _ .. ___________________ .. _._ .. _ ...... _._. ___ .. _ ... __ . __ 

75 

C READ IN CELL FAILURE DEGRADATION CURVE 
READ15.8021 "OEGI II, 1=1, 101 
RE A D i 5. d 0 21 iA 0 E Ii i 'fi-; i ~ll ; 201-'-- ... . .. --"---.' .-. 

_.g ~ ~Q! 5 ~ B()21 !~QEGLU!I =21,31 ,_. ___ ._ ........... __ . 
C 
C READ IN PREVENTATIVE MAINT. TIMES FOR I~VE~TE~. TR4CKING lINITS, LENS CLEANI~G. ---------·c -oiSi;' SYSTE"i'!;-'A'iO-'GENERAC sYSTEMWfilE"·-···· - .... _.. --.-.- .... 

.80 .. _____ ... _ .. -'3POI 5 ~~ O'~HP!:lTl i'I~( [) ~ La 1,41_ .... _. __ .. ______ . 
e 
e READ IN ~U~BE~ OF HEN NEEDED TO REPAIR 

-·-------··-·-----····-··--~C O,~P poNe O~P+l .. -.-. -.. - ..... -.... --.-...... --_ .. - .. 

RE40(5.80QlIMENIII,I-NCOMPP,NNPRMI -·--85------·--C----·· "-" .. --.. .... ... .---.-.... .... '. - _ .. -.-.-..... --.--.... 
C PRINT OUT INPUT PARAMETERS 

0 
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VJ 

--.. --.-.... -.---... ---... '---ii:, N'.jRU~:Gf~i: A>HJ;l'LS upciii I. EQ-;zTGi:nY8-'-''''--' _._--------- -. ---_.,------"-,-" .. ----... ---

Of) 7 I·l,NNPRM 
. Dol 7 "J~ 1. 4 .•. - ....... ---... - .. . 

90 7 PII.JI=PPARMII,JI 
---- ·-----·--8· 'C"An -PR T offA------·-·-··-----------···-·· 

C 
- .. --.............. -.--.-- C C:J~VERTLt'G·-NiJR~AlREP41ii··pA"R·AMnERf-tti ,~,lR~.\C·--········ . __ ._._. "'-"-'--"--'-" _ .. _._._------

IFIN~RUN.GT.l.4NO.LLSUPI101.EQ.2IGO TO 1 
95' '00'11 I~NCdMPi>;NNPRM ... ......... - .. . ..- ... --......... - .... -----.- ... -----

PPAPMI!,41'(AlOGIPPARMII,21'730.I-ALOGIPPARMII,11'730.1"1.28 ------l;DP·AR·ii Ii; 11 ;ACd-GTpPA~HTI;lTlfj"O ;T' . .-.... --.. - . . . . ... . .......... --... ------.--.-. 
PPARMII,21=-11999 • . -.- .-- .. - .. - .. "p~ AR,11 I; 31 ;i<i9'~'------'--'- -.. ,.- ... --... - ... -- .. -.... -.---. 

100 11 eONTI~UE 
--' """--'-'-"--9-0094 r;i;fo 

_,"_. ___ .0_. __ ,_. ___ ._. __ . _____ , ______ .. ___ . __ , ___ " ________________ _ ... -_ .... _----
94 THEO(lI=O.O .-----------.... -j)"o-'T55-T~ i;-:-1-:2----------- .---_._._._---_ .. _-_._-_._------

Oil 100 J·l,47 
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" _Lo\.'UE..!-_ ..... J ____ --::-:-_--:: ______ _ 
101 IFIOCIJI.EQ.O.O) GO TO 102 
102 I f lOUT.!. Gf; ... H!TLGO __ l!)....l~O_. _____ ... ___ ... 

._---------------------------
'"' 110 00 llO 1=1.47 

. _._DC (11~IOUIl.OUU) .• IJCJ.1L-________ ._. ______ . __________ _ 
110 IfIOCII).GT.I.01 oell'-l.0 '"' ____________ .. 1.!.LO[L_130_1.~h~Jl _____________________________________________ _ 

110 Trlf;RII'=O.O 
HST-odQ __ !l .. :L. ____ . " " -----.-~-----.----".--."' .. __ .. _ ... _-_. -_.-._ .. _ .... _ .. _.<-_.,--
J=l 
~lJnoQ-'-o. ______________ _ 
0·1 140 1=2.IA!-IYR 

._----------------" " 
. _____ ,,_" __ ..... D I f E.- DC (J-ll..,OC til L_. _____ ._ . __ . ____ . _____ .. ___ _ 

12J IF WlFF.~E.O) GO TO 135 

_ .. 125. 

____ ST'if'L ..... 1.Q. _______ . __________ ... _ .. ____ ............. _,,_. __ . _________ . ___________________ _ -----
. GO TO 13b 

1)5 S TH~1-I.I)C ( I "..1 L-AI1~U (T.E 'i T ~ OC( I III1 ~.I f F _____ _ 
136 TIIE~IJ)=STHEO+THERIJI 

IF I OC I II.GE •. LE SILGJ.IO ... HO_._. __ ... 
H5T=fEST - .10 

_. ___ ._._ .. _J.~ J +1. 
5'IMT=S'J,H+TrlER (J-lI 

_ ..... ______ ._. _. TrlERIJI=I.,.S.T'IEO ______ __ 

'-"'---"-'" .. - ..... - .. -- -_._. __ ._._---_._---_._----_._---

130 140 CONTINUE 
. ____ . _______ . ___ .. __ . SU M T ~ S U ~ HItlER L10 1 ____ . ______ ...... _ ..... ____ .... __ ._ .. ____ .. _ .. _______ . _ .. _________ . ____ . __________ . ______ _ 

IFISlIMf.E'l.O.O) Sll,1T-UHYR 0 
_ .... __ !l1 15Q 1=1>10_ .. __ .. _____ ..... _ ........ __ .. __ ___ . ___ ... _____ .. _._ ... _ .... ____ .. _ 1. 

THERIII='fH=RIII/SU~T).100.0 
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____ 1 ~Q T rlEQ« I ) ~I 1i~;)J I I +T HER( nnz.. 0. ______ ... _____ ._ .. 

1,5 CONTINUE 
__ .U5 -----""""\ 

.... _._ .. C ...... _ ... ___ ... _._ .. _. ___ .. ___ . ____ .. _______ " .. __ .. _ ... 
C CALCJLATE TH~ ~U~BER OF YEARS PER SIMULATIJ~ FRu~ TTFIN 

N V~ S~.TT F I "Ill ~ .J) .. _____ .~ . ," ..., 
140 c 

c ! ~ I f I H. 1 H fA jJU.KE_ ~KRH_._._ ... ___ . __ ._. __ .. __ _ 
DO 15 1=1.20 

-_ .. _._._ .... _-_.- _ ... _-------_. 

"" .15 FI!)=O.O ..... _ .. ________ . 
DO 2b 1=1.21 

~9 Sf- I~G(I! -l,.!L. _____ . _____ .. ____ . 145 .... ..._--_ .. _--- ... _._------- '"'I 

c 
C HLE,n FlBU...fAU\!'H-.J:.H1_f.L . ___ . ___ ... 

D~ 5 1-1,21 '"'I 
HKIgI41"I __ .. __________ _ 

.~ .. ----- .... --- ..... _._- --_.- '~"- ... _-_ .. --- ........ ---_ .. _-----_._--
ATRIB(2)-102.0 

_ H~I~I~'::O,O._ ... ___ _ 
150 
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----------

ATRle(11'ERL~GI2,1) 
C~lL F1lE~IlL_ .. ____ . __ . _ ... __ .. 
AT~IB(2)-104.0 '"'I 

...u.L, __ .. __ .. _~ __ ~r ~ Iil (1 '''';R.L.tlilli.l1-.. ________ ._. ____ .. ____ .. ______ _ ._ .. --, --_. ---
CAlL FlLE111l) 

. AT~!6(U.=lCQQ.9,CL _____ .. _._ .. _____ . __ .. _. ___ . '"'I 
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C 

6 CO~TrNUE 
"- A r ~ i ~(4) - C·------------ .- -'.--- -, ----.---------.-~~--.. ---.. ---------------

CALL FILE'~ClI 
5 : 0 ii TIN U E -- -- --"-"------"-.-----" - --

~ ~ ~ a :-;I~t'-::g~-----· ---"" .. -------"------------
00 10I:!05d_U ___ . _____ .. ______ _ 
R-I 
J-I-l00 
A T ~ J B ( 2 I -~ R ----".-------

A rR B lll-ERLrlG CJ.lI 
10 CAL i. - F IL E1cll" "-'---- ---_.- --- -------------_._----

C SELECTfjRST fiiiE-EVEN-T--------·------···-.. -·-------· 

AfRlij(21=301 
ATR[Sril o l;i) 

gt~~;~m~H 1----. ---.-------- ._-----_._-----"--- -----_._-- -" ---.. -----
ARRNU~=O.() 
[COMT-o"-'" --------"."----

~CLIJCt<·l 
T 11 E 1 = 0; 0 --------"---. 
IYR-l 
00 12'-j-;'"i,5 

12 CLOCK ( 11-0 ~ L ____ . _____ . ________ " _____ _ 
TI~E2·O.O 
HUM-O.O . AI'lUM=O; ii .""----"-----"--------"-----.""--.. " "--------- -----
F~U~-O.O 
"'CJ~;iJ4NUARU -.----"----" -----.-."---". 

801 F1A~ArC3F5.31 
8,)'. FO~MATiliF6_;_371-----
~03 FOR~ATC2F6.2.1I31 

."._ .. "_._-_.- ---" -.- ._-_."._. __ ._--
... ------_._.-- ------_ .. ,----------.. -

----"."-" .......... _ .. ---""------------
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805 FQRM4T16IlI 
BOb "FiJR~ATclAio~I---------

807 FJRMATCF5.01 
~u8 FORMt.Tl5F5";OI -----".-----"---
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""' ____ L_ . __ . ______ . __ .. __ SlJa.B.ll!J.T1!'lL~_UDHA _________ ____________ . ______ . ___ . __ _ 
I~TEGER FLAGl.FLAG2.FLAG3.FLAG4.FLAG5,FLAGb 

__ DH1E"!$JON_ FLYPElnl~!1EH7I ______ ._ .. '" OI~E~SION OCI471.INOE~151 
___ C1MM(I""GC OMll ~ TU B 12~ 1 , HVrH, !\F.A,~FE ClOD I, I\LEUOP! • "SIap •. tclC~OR. N~!o__ _ ______________ _ 

IPa.NNAPT.NNATR.~NFIL.~NQIIOOI.NNTRY.NP~~T.PPARMI50,41.T~aw.TTaEG.r 
5 

""' _____ . ___ . ___ . ___ n C L g, Hf 1.!'lI.U_U !Uab_H) tT _____ ._ . _. ___________ .. _____ . ____________ . _______ . ____ . ____________ _ 
COMMON/USEKI/OEGRAOIZI.OIRT'10l.0~IRRD~1111.~UTCURV'12.471. 

IHMt1"n21,HYRI121,AO~_\?(n!,STgl.f':IG(ZlI ... __ . ___ .. _ .. ______ ...... _. ____ . _____ ... ________ _ " ""' -----
10 C~~MJ~/USE~3/MCLDCK.CLOCKI51,TI'El.TI~E2.P~TIME.PMTIME151 

C O~ ~O"'( US tS Hgl!:!"-/_~!Hsc I !lIlT >.f.1 ZOJoA ~ A HI 10 I ,_~~p. I fl'HJ!:II15,lQ '-,U/lF ________ _ 
CO~MO""USERbIDUTl,RNS,NYRS,NCOMP,FMrI41,TaTH.S 

._-------,,""' 
C iJ~Mt)N IUS ERll f LAGhfL ~G2,fl AG1, F l AG~, F LAG.5, F.LAGb .... _. ___ . ____ .. _____ .. _ .. _._._._. __ ..... __ . ____ _ 
ca~M~~/USERII/FARY,P(lJ.41.HEN'3Cl 
OAT .~_f r y p~I_"_~ __ !1;!PljLLGt,~~Qu~ ~I ~APtSC!l~N~ ~,.~C 1. S~I TC.H~ •. ~A __ a JpA.S~ .. _____ ____________ . __ 15 .. ""' 

lO ••• I~GEo ••• SHUNT RE~.~515TOR~.~AN IM~ERTE~.~R~,~THE S~ITCH~,~GEA 
2R', '.IR I ~G!'i_ilI_~. n.l:HfS~. ~JHE. 01 Sr~I~,.~ JTIJi'! SYS ••• Tf:!C3_pt-lAS~, oE_ __ _ . _______________________ . ___________ _ 
H-FO~~,,~ ••• THE INVE~To,~ER CONTROLo.nClE UTIUTi'."OI " ""' 

c _____ . ______ . _________ .... ____________ .... _____ . 
, .. '. - .. ------- ---------------_._--.-------

20 C PRI~T COMPONENT FAILURE/REPAIR/COST TABLE 
p~INH,n ________________ _ 
PHNT+.o 0 
P R I NT 8 02 _ __ ____________ . _________ .__ ________ . ____ __ 
PRINT603 

. __ .25 ___ . ______ .. _ ... __________ .i' 3 I ~ T !. L.~_ ._ .. _-_._----'-'------

30 

00 5 I=l.NC!JHP c _______________ _____ ____ __ . ___ __ _____ _ 
C .. + MJOULE GRJUP FAILURES HLL BE SIMULATED BY A OEGRADATIO>l CURVE 
. _____ . ___ lflld;q.l.IH!_l.E9'-~ .• _OR.,I.~.9 •. 9.,O.Rd.E!l .•. .lO,:i.iLTD 5 ... ___ . _____ _ 

RE.IND 7 

--.-------------------------------- .. -.--------.- Cl 
I 

--------------------0) 
---------- -------

_________ . ___________ ~ ~ ?'Q.(), u .. ________ . ___________ . _________ _ ----- ------_._----
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PRINqQO,-F~!J,P_'.f.~Jl'JI .. ___ _ 
CPERO-Fd(I,II/F911,II*lOO.0 

__ . __ ._._ .... _ . _. __ .. _PUllr 6.!H..~fi.B.O_ .. _. __ ..... _ ... _____ ... _ ... __ 
50 PRINTeD) 

CALL .BHQRL _____ . __ _ 
-.-.--.~----.- ---'"-- _ .. ,--------_._-

,0 OJ 4 1-1.10 
_ .. _ ... ___ _ .~ .AVAIU.!l~·:> _______ . _______ .. 

---""._-,,---

C) 

I --------- .. -- ~ 
~ 

._----_ .. _-------_._--.. _._-----_. 

... _-------_._--- -_ ....... -.. ..-.---.... -------.- ... ---------.-.. --~---

~ 
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55 

,._00" 

65 

5 r:t:)N'~!i1~TH.r~~~g.CK.L .. ____ .. ___ .... _._. __ ,., ... _. __ •.. __ ._. 
c 
c UP~ArE PREVENTATI~E MAliTE~A~CE CLOCKS 

, 1)1) 5CI~1,4'" '-' ... -- ... " , 
CLuCK(II=CLOCKIII+l.O 
I Fe rin~; E 'l. if FiN j <i,j--toH·---··,· 
IFICL~:K(II.lT.PMTI~E(IIISO TO 51 r Y P E· 300 ;'j: ["'--.. -.... . - - .. ', ,. , .. -,-",--,-", ---,." ... , .. "'-.' .--- -.--.-... -. 

K~=(i~CI):-tP·21+I 

PVT j ,~i o( RLO~N fKK-.-i,T*hiJ.-*'3;ili1EN 1t«(I­
C~Ll CJSTIPV,CT,TyPE,PVTIMEI I PVTIiI-;jiv Ti liE" , .. -------. -- ------.--.-.. --.-.. ----.---.---
IDAY·AT~[~ClI 

,---,---, ,'-----,----

ROAY~io·AY ,------.--.---- ,--_ .... __ . __ ... ,- ----,-------------''''- .. ,'-,------ -'''_._---'''----, 

70 

75 

80 

IOAY·(AT~IB(11-~DA11·30. 
I DAY-I 0 4Y+T ---- -- .. ----". 
J-Z+I-l 
IF r Fl AG3;EQ·.-2"·ip~fNTToi;ipvtIH~-1'111 JT;p~ (J·in ~-i10", rOAr ;mf,CT, PV 
CLOCKll)·O.O 
I Fl [ • Ea. 5 I T f~·{2-;O-.O-' -.-,--

51 Cl~T1'~UE 
iJ IF II S~. EO;OI c~LC ou("ur­

C 
"c SCI-iEOJLE '1EXT ·TU'-E-E·VENT·-·" 

AT~lqrl)=TNJW+1.0 
liTR III 131 =0; J" .-.... --.-- .. 

~ ALl,F [L E MOl _, ___ "" .,,_ "" ",. __ .""'_' 
C 
C Fa~~ATS 

. .. _-_. __ ._'----_._-------, -----

., .. ,-- ,-,-------, ---,---" 

.-.--~------------,-.--,-,.----

<::> 
I 

I\) 

801 FJQM4TflY.·;~fHT-sy'Sf(MWASsHuTjj[,-W'CFi:iRi;H;n~~ HOURS FIlR ~,AIO;A·5' .... , ... 

85 

.-~Q. 

1 ,t O~ .,~10,12,., YEAR .,12,. AT A CJST OF t.,F9.2 •• s.,F8.21 
602 FOR~ATliOF6.li .. ....... . -...... . .. ' 
BJ3 FJRMATl135l.-.11 
8 O~ F I)R MA T ( 1 X ,H or AL'·COS·j' S ici'u TPUfS'F oR' YE AR ~; I'z ~6bX ~'. S.,F 11 .2,9 X, flO." 

101 
605 F Cl~ ~Ar (1 x, ~:;'R4ND -TcffAl-COSTSiiJUTPUTs., 72 X, i •• ,F if: 2~ 'IX, Fl 0.0 I 
836 FJRMATlIX,.PRESENT 'AlUE',95X,'$',F11.2,5x,F10.DI 
607 F')R~AT r lX •• LE'{EL'i iF.'il cENTS- PER K~rl. '" F5. Z I' . 

~ E TIJ~ 'I 
ENG 

,-,--_._,,- .. _---

---S Y1 ~ aLI C R EF ERE 1'1: E 'MA P"IR';'fi--------·---"'--'---··, 

fR-Y" OOI'iTS 
.... 2._ I L~~ Y __._ 

HABLES S~ 
·0 ANtJM 

1 AR~"'U~ 

UE F ll~ E·-·REi:EH·~·CES------·-.. ---------·" .. ·" . "' .. _ ... 

TYPE 
RE4l" 
REAL 

L .... ____ ,,9L_ _ ___ .. __ "'"._ ... __ . .-.. '" 

REl[)CATION -- ----·-- .... ··-lfsE"RZ--.. ---REH---- - ..... - 6 
.. _ ... __._._lI~I~~ ____ .p. E F~ ________ ~ . ____ ."", ___ , 

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

.,._------,-- _ .. -- ---,- --._" 

. . 

-_ ... _._--_. __ ..... ,-._----. 

.- .-. -_.---.. ----,---, .. _-----
-"'".---._ ... _.-._------_. 

... _- -----------" 

_ .. '.,.- •.. _._-'-- ._-----

---
~ . 
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-~ 

IJ 

15 

20 

2; 

3;) 

35 

40 

45 

" .. 

,.' C .0 NR. SEVE~ITY 

10 

5~aRQUTI~E REPAIR 
-6 I~Ei~H:J" ,~SE T llIi()oi--;"Fti'PETibi---- - ------
INTEGE~ FlAG1.FlAG2.FlAG3.FLAG4,FlAG5.FlAG6 
C,)~M»"QSEtllooo,'--- .-.---. .-
C JMi10N, GC~~ 11 A TR I B 1251. J E VII T •. ~.FA. MH. 11001.1 LE (100 I. liS T O~ .IIC ROR. ~NA 

1 ~a. IINAP T .-~~ 4T R ;NN FIL:; N~Q 11 00 I-;IINTR Y. liP ~'H; j>p ARM 1 50. it I. t~~-w. TBEG; i 
2TClR,TTFI~.TTRIB(251.TfSET 

i: llM ~I) ~I us- ER i"i"o'i:iif;A~ RNUM; ICDNT;Mii~~-iY~;-TNUM;. NUM.·FNUi,f. o~-DTb-OJ-------- --------.----
C J" ~I)'H US ER 7lF LAG I •.. F L AG2 '.Fl AG3 .• Fl AG4. F l AG5. FL AGo. 
il AT AFT Y P E i ~ 4 - HODUl E G- ~ • ROUP ~;i.i - DISC a ~ ~E-" ~C r-s~ I fcfi~;-,ii--SIPI.SS 

ID"'IODE •• OA SHUNT ~E.,.SISTOR"'A" INVE~TE ••• ~ •• oTHE S~ITCH'.'GEA 
2~o ,,qYE nA~sF~~ ~ci~MeRO; HHE-TRANS~~ • .-I SSDII -SYS ••• HiE .l -P~AS"'E"'" 
3(-FO.ME~"'THE INVERTo.<ER CONT~OL"'THE UTILIT"'Y" C-'---'--'- ...... -- ... -.. -------------------.- .--- .. -- -.-.-- .. - -"--'" -. ---.-. - -.-. --.--.-.----------.---.----- .------

C P<I~T RoPAIR TY~E. TIME. COST 

C 

r YPE =A T~ I ql2 ;--- -- - --------- . ------
I·(AT~IB(21-200J+Z-l 
1 ~ H=A T~ I B 111'- .-- .-.- .. --.---
RGAY=IHY 

--I OAY = (A r~i"B (iHiiAYI.30~---- -
IDAY-I,)AY+1 
dR = 730. +1 AT~I ~ h '-:"-AfRI8 (:li I 
C~LL COSTIPV.CT.TYPE.HRJ 
1~=>iR - ---------- .. -

III-I+l 

--_.---------_._---------

-----,._ .... _--_ .. ". _ .. _-_ .... _-- _ .. " ----- ---_._-----'---

----.. ---- ....... -"- ... ------- .. -.-.--- -------.---.. ---------- - 0 
I 

IF 1 FLAi;l;-EiJ-:O'PRTtHdOl~TFTYP{(J '--. i~ I.d IT. iif;i\otl. iOAY'IYR. c f;'~ii . ------------------"-------- w 
CALL OUTPUT 

C SCHt~ULE NEXT FAILURE 

C 

AT RIB ( 2 I • ~ TRh ( ;1 I ::r50 • 
J = A H I H 2 1-100 • 
I· ATRIS 1 2; .--- ------.----.-. 

IF(J.~E.3JGO TO 9 
AT;< IBi i i ~lo6oo ~6----
00 11 K-1olb 
A; T NO~ + E R Lt-lGI 3~ i-,-----·" 
IFIATRI81IJ.GT.AIATRI~(IJ·A 11 :J~TlNJE - .... - .. -.. -.------" -------.. ------- .... -----.-

9 AT~la'1J·TN1~+ERLNG'J.II 
CUl fILEMiil ------- .. 

C FO~·1AT) 
80l FOQMAT(2~.~A REPAIR ~F _.ZAIO.' WAS ca~PLETED 111#. 13 •• HOURS ON _ 

i.AI0~fz;i;-YE-oiR -i;12.~-~T- A COST-OF iio.f9.Z;_ S~.F8;2J 
~ EfUR'1 
E ~ 0 -- -- ------. 

--_._------_._---_._--------_._ ... _-----------
Q~ T A!L) ___ !> I A.G~g.sIS ... _'~F JR_O~~ .. ~!L .. __ .. __ . 

F TY~E DATA VARIABLE LIST EXCEEDS ITEM LIST. E~CESS VARIABLES NJT INIfIALIZED. 

'--"- -._. -_ .. -----_._----_._._----

_ .. _--.----' . _.,,-'_ ..• --_ .. _----------_.-

......... --- .... , ..•. ,,-,_._._-_._-_ ... _-------' - -"'-'--'-' ., ..... _---,.- " ... - - ". ...... ._----_.---"--------------_ .. 

... "-----_.---_ .. _._--------------_. __ ._-----------------



J 

-

SUdROJT INE COST 74174 OPT -1 TRAC E FTN 4.8+518 11/20/81 

.. _. L_ .. _ .. _. ___ __ _S H iLllJ T Pi L.c.::!S JJ e.Y..J:J'L!1J>-E.. Hll- _ .. ___ .... __ ... 
DIME~SION NSETI1'OOI 

.. ~.,)M M!1!1' G~.OMJl.;lJ ~ J~'! ?'.~J, J E V~J ,Mf~!.'1UJ 1.00 1 .1~.E 11 oQ )!.I!HM. NC RQR .N.N ~_. 
IPa.N~APT.NNAT~.NNFIL,NNQIIOOI.NNTRY.NP~~T.PPARMI50.41.T~ow.TTaEG.T 

..... 5. 2r~LR.TTFIN.rJitnIZ~ldJ$ET ..... __ ._.. . ____ .... _._. __ .... __ 
:aMMnN'USE~2'JlOT.ARRNJM.ICONT,MON,IY~,TNU~.A~UM.FNUM.O~DlbOI 

__ . __ .____ . _____ ._.c ,1MMO!HUS E~Hl! HI E,.sQl SC ,.oul.f I Z.Q.h AVHl. U 0 I •. ~j;p '.If.!HHlIl.~' ~QI. U~L_. __ .. 

10 
.. - ..... _., -_. 

C 
C 

1L. 

CQMMnN'USER5/F61~1.ZI.F~131.21.F10131.101.FllI31.111.F12131.11,. 
IF 14131. 61. flHU •. !>I, flbl 21. H.I ,F.17121, 3.11 
:1"~~~/USE~11/FARY.PI30.41.MENI301 

.C OM~P~.Q~ f T t!,!Q QO '-. ___ ... _. ___ . ____ ._. __ ._ 

~EAO .... FII.LJ.O .OEJE!\I1Itif. ... RE.P.AtLCOH ... _ ... _ ............ __ . 
KEwlNO 1 

~ ~ I; AO) ( 7. ~ Q l' .L.,F c. •. V.~ ___ .. _._. __ . __ . _____ ._. 
IFITYPE.NE.TIGO TO 5 

.. _._.--_.---------_ .... 
08.53.09 PAGE 1 

CT-FC+VC*HR/.3.0 __ ._. . ... _ ..... _...... . ... __ ._ 
PV=CT/(1.+ROtSCI •• ITNO~/12.1'11.+Rt~FI··IT~O~/12.1 ---,,' 

C '.' .--""-"" _ ..... -- '._._ .. _-_._- -.. ~,., ~-~-~,~.~. --_.-. __ ........... - ... ,_ ..... _. 
20 C 

. _.?'i. 
C 
C 

30 

4~D CO~TS TO CUMMULATIVE TOTALS 
I I I • I Y ~ t1 . _.______._ 
F611.11·FBll.11+PV 
Fa (1, n-U! ~ •. ?I+e L._ ..... __ .. _ .. _ .... 
F~lrlr.ll-FBllII.11+PV 

. FH(ll,Z)·f~JJU,ZJ±O_ . 

FJR~HS 
801' FIJRMATC-3F6·.·i'·-··--·-·-· .. -. 

. ~ 0 2 n R M ~ T ( ~ f1 u..f I .. _. __ _ 
~ETu~tl 

EjP .. _ . __ ._---_ .... -.~ ... _. ~ .. -- .. -., " .... -~ 

._._ .. sn~l)LlC REFE~E"'CE ~~P'.J~.!~L ___ ._. __ ._ ... 

E '~.LD:)INr~ 
4 cnST 

'. v IA~lES 
.. L _~ ~ 1)'1._ 

1 A"l~lI~ 

O .. !lPI~ ... 
21 AVAIL 
OCT 

.'44 EI'lf 
_.L . .F 

o FA~f 

n Fe 
7 F'l'H 

14. FlO 

. DEF Ll~E _._l!."FE.R~'IH~_ .... _ .... _ .. __ ... _._ ..... __ 

>~ TYPE 
"E A L . 
REAL 
~EAL 

f<E4L 
• E Al 
~t Al 
ptAl 
REAL 
REAL 
.lEAL 
PE Al 

1 30 

REL']CATIO,~ 

._ .. _._ .. JHERL ___ .. _ .. _. REFS .. _ .. _ .. ___ .. b 
USER2 PEFS 6 

AR~AY. __ !>cQI'!L. _____ .. REFS 3 
ARRAY USER4 REFS 1 

F.P... HFS . lB .. 
USER4 ~EFS 1 

.~R~AI ___ l!.s.ER" . __ ... __ ._. REF ~ .... _ ... _. _ . .7 . 
USERll REFS IJ 

.RCFS 11 
USER2 REFS b 

... A~.RAf .. _._\!.~ER?_. ___ ... _ REFS d 

.. 

. _ ..... _. _ .•. _-_ ... _ ... _------_. _ .. _. __ .. _ .. _---

o 
• '_~' __ .' __ " •• " ••• - .... _- _ •• "-~--' •• --•• ,~.~._ •• ___ •• _._-_. __ 0""' • ____ ~______ I 

""" - ._-_._ .. _--

-- ~--.-,----- .. -.---~.-.. -----" -.-.~ .... --.. -.-.-------.----

?3 ~5 JEfiNEO 1 17 

... - . __ ._--_ .... _.------------
DEFPIED .15 .. -~ ._. __ .. 

. . 

:i 

• 
,. 

,. 

,. 

,. 
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SUBROUTINE OUTPUT 74114 OPT-l TRACE FT.N 4.8+518 11/Z4/81 13.22.05 

1 SUBROUIINE OUTPUT 
--- --- ---.------------0 I Mt': S 1 Grj 'fl SE n 10'0 ()"), rrc tJRIlFJ7i7T ,-en: TnT------

INTEGER FLAGl.FLAG2.FLAC3,FLAG4,FLAG5.FLAG6 

5 
COMH~~ OSET(1000) 
COMMO~/GCO~1/ArQIB(25),JEV~T,MFA,MFEIIOO),HLEIIOO),MSTOP,NCROR,N~A 

• 

PAGE 

IPO, NNAPT, N~:A TR, NNF IL, "i~O (100), N'lTRY, NPRNT, PPARMI 50, 4), HIOW, TTBEG,T .. ----.. ----------.----.-----

1 

2TCLR,rTFIN,TTRIB(25),TTSET 
----------=?cr:JM'!'P.flUSTRTf{)t"G~-,\1n21.1H1H1TOT,lnfIl<Imlfrrn.rToUrrlT1C"lUTlRTtVl1lnl....,2~,·4c-.l"T'-:-,--------------------------

-'---10 

15 

c 

IHMON(lZ),YYQ(12).AOEGI31),STRING(21) 
CJ MM'),1/ US ER 21 0 LOT, ARRNUM, ICaNT ~ W1N, IYR, TNUM, ANUM;FNUM,ORDn'-Or--'-' 
CJM~J~/USER3/MClOCK,ClOCK(5),TIMEl.TI~E2.PVTI~E,PMTIMEIS) 
COMMll:1I USER4/R INF, RO ISC. OUT, F I 20), AVAI L (10), REP. IFNUH 115; 30) ;EIHF -.----.--.--------------.. ---- -------.-
COMMO~/USEK5/F8(31.2).F9131.2),FI0131.10),Fl1131,11).F12131,11', 

IFn(3i;6r;FT5T3r,-6"l_;_i'Tii~31.1}FT'1nr.m,.:-:--=~:..::..:...::..:::..:..:...:....:::.:;..:...::..:::.::...:::..::...:--=----------------------------

CaMMO~/USERb/OUTI,RNS.NYRS.NCOHP.FMTI41,TOTHRS 
C OMI10N I US ER 7/F LAG1, FlAG2, FLAG3, FlAG4, FLAG 5, F LAGb ----.... 

-----.. - ---- ------------------_.--C CHECK r F SYSTEM SfiUTO'OWN '-BE TWEEN-'OLOT' -ANO-nIOi/-----
150-0 

---2"0 ..... ------- $yS-tfUT.O'O-·-----------------------------------'--

25 

30 

35 

c-

SUMST-O.O 
DO 4 1-1,21 

4 SUMST'SuMST+STRINGII) 
FR AC T' S UMST 121.0' --.- .-.-.--
00 5 1-5,13 
-n·fl=Trr.GT·;np;:liTITn·-..--l---------------------------------------

5 CONIINUE 
.. , .. -' _._._,,- .- ,. -- .-

C UPD4TE FAILURE VECTORS 
Cl 
I 

DO 20 1-1,13 
J-ATRJa (2 )-100. 

• _______ ___ H_··'_.·, __ " __ " __ . __ .. , ______ . ______ ,_. __ _ 
01 

ltn;[r.4n;OitJ"Tl"'9------------------------------------------
IFII.EQ.JIFIJI-ATRIB(21 
J-J-100 
IFII.EQ.J)FIJI-O.O 
GO TO 20 

19 K-ATRIS (4) 

.. _-,._---------- '-'-'---- ----.. ----------

.--------- ;r'-"ATtHiffZT", --------------------------------------------------

40 
IFII.cQ.J)STRINGIK)-O.O 
J-J-IOO 
IFII.EO.JI~TRINGIK)-l.O 

20 CONTHlUt 
IFIISO.EO.l)GO TO 25 

-----------n"SY"S"iJDT-.-lllJ1 :::-:...;::...~----------------------------------------
45 C 

C MODIFY OUTPUT fOR STRI~G FAILURES 
SySOUr-SYSOUT*FRACT 

- --C-
_____ ~._-----__ C~M~O~O.IFY OUTPUT FOR GENERAL DEGR40ATION 

50 A~""Q[!jTlTZ-;-
B-T~W~1l2. 

-.- S Y SOUT - S Y SOU TnGtAnce OE·G-RAO.-A~-O~(r;30:_6_;_30~·O)+GTA ilnili::G-lfAj)',BJ-O-;O, 3-0-----·--
1.0.30.0)112.0 ------.- -.,.-~- --'",-.. _-,-_ .. ----. ---- -----_ .. _- - -----------_._--_ .... ,_._---~-- - .--.,-.,-,,-,.------~----.. - ---'~-------'---

---- --_ .. _--- -._-----_._---_. __ ._-_. 



e 

o 

$ 

~ 
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C 
---r155.------:CMUDlFrTIUTPlJTtCfRrlIR1HfRllEbRAl>ATTOrr-----------,--------------------------

SYSOUr-SrSOUT+CGTA6LIOMIRROR,A,O.O,30.0,3.01+GTABLCDHIRROP.,B,0.0,3 10.0,3.01112.0···· .. -.. - .. ----------------.-.-----.--.--------------.. -
C 
C MODIFY OUTPUT FOR -CELCFAILUR·ES .- .----- ... --... ------... --.---. --.----------.----.------------.-

bO SYSOUT-SYSOUT+CGTABLCAOEG,4,O.O,30.0,l.01+GTABLCAOeG,B,O.O,)O.O,l. 
nH1Tz·-;O 

c (j) .. -.-.--.--- ----- .----- C MOOIFY OUTPUT F'lR DIRT-----------------·-·---··------·--- .. ---.----------. 

o 

a 

o 

I!J 

s 

.~ 

o 

$ 

f.) 

'9 

o 

i!ii 

() 

.~ 

~ 

® 

"9 

··b5 . .. _-_._ ... _---- .. _--- .... _----------------O-PMTIMEC11/l~.O 

YOLO-OLOT/lZ.O 
YTNO.-TNO'UlZ.O 

-------~-------A-AM·d~rYO(O>Df~--------------------------------------------------------

a-AMOOI YTNOw,OI 
S YSOUT' S YSOUT. C GTAat·, DIRT"". O. 0.-27.0,3.0) +GT "alTo IRT"8·iO~ Oi27 ~ 0;3~--- . -----.-.--.--.--------.-- .. --.-------.-

70 1011/2.0 
c 
c 

---------7c-rcnOd~~PU~T~E~. YEA~[Y OUTPUT rR~O~~~OITUTTP~u~fr>c~UnRITVnEo---------------------------------------------

75 
C TE5T INVE~TER CAPACITY 

. RICAP-OUTI 
MA~-INTCHYRC":LnCKl/lOO.) 

. FRACT-HYRIMCLOCKI-I~4X+100.01 
. ____ - ________ -;,IF IFRAC T .NE .0.01 MAX-~AX+l 
- - 00 35---r-l,~7 

aD 35 CCURVECJI-OUTCURVCMCLOCK,JI+SYSOUT 
ANOUT-O.O 
MA~Ml-'1AX+l 

00 ~o I -1,MAXMl 
IFIOCURVE'II.GT.RICAP.A~O.OCURVEII+1I.GT.RICAPIGO TO 48 

-----8a"5 -----------1-1 ITFI· iiCliifiJETlr-;G"t-:-RTC-, P. AI'lO. DC UR VE I 1+ 11 .If • R IC AP I G 0 TO 45 
AOO-lOO.O*'OCURVECII+OCURVEII+1II/Z.O 
A~OUT'ANOUT+AOO -
GO TO 40 

-------_.-

<::) 
I 

0'> 

. 45 ADDl- I ~ ICAP-::JCURVE C 1+1111' OCURVE C n-OCURVe C 1+11) *CRIC"Ap·+OCURVHl+l-·---··--··------- .-------.-.-... -.-----.------
90 111/2.0 

AD D··2;·( OCuRVETIT=R r CAp I / I DC URVE I I j-aC URVE r"-1 '"+ rl rl "1·.,R'-,rnC..,""'pc------------------------------------------------­
A~O-lOO.t(AOD1+ADD21 
ANOUT-ANOUT+ADD . 
GO TO ~O 

95 ·48 ADO-lQO.*RICAP­
A'lOUT-ANOUT+ADD 

-------------,--4"0 CONnmJ E 

100 

C 
·C COMPUTE AVAILABILITY LEVEL 

~b TIH-TNO~-OLDT 
DO 3b .j-l,MAX 
GCIJ)·AMIN1COCURVE'JI,~ICAPI/AMIN1COUT,OUTII 
n=iTItlTr.G....-r.oIOc I J )-1. 0 

36 CONTINUE 
105 - - -.. --.. -... .. TE S T-u. 90- ------- .----.-.---.. ---.--.--------.---------.-.----~-.---.. --.. -.---.--- .... --.. ------

J~l 

... ---,-, --,_.," .. --".,--_._--- -_ ... -_.,.,--

.. 
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t; 

~ 
38 l~4~~(II.GE.TESTIGO TO_3_7~~~~~~~~~~ __ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

TE ST-TE ST-O.l ~ ___ ~ __ ~. ___ ~~_._~_._ t 
llO GO TI) 38 

37 DO 140 K-Z,MAX 
OIFF-(GCIK-lr~OCIKI) 
IF IOIfF.tlE.OI GO TO 135 

------------------'rHt~-1~~~~~-~~-----------------------------------------------------------------------------
115 

~--,---~"- ._ .. __ . __ . _ .. _-" .. " GI) TO 13b 
135- S T HEO- ( DC (K-l ,--AMAX HTEST, oerKIIl/DI FF-- -
136 AVAllIJ)-AVAIlIJI+STHEO.TIM 

IFIlICIK).GE.TESTlGO TO 140 
TEST-TEST - .10 

~---i20"-~~--~~~-'j';;-J+f 

AVAll(J)-AVAIlIJIt-(1.0-STHEOI.TI~ 
140 COliTINue - -.-.- .-.-.. 

c 
-. C cO'lPure PRESENTvACOi:-OF OUTPor--·--~- .- .. 

125 SYSOUT-ANOUT/12.0.ITNOW-OLDT) 

.. ----------.--~-----.----------

.. -_._--_ ... , .- ... -"-- - -- ----.-.-----~ -._.-._---- -._-----_ .... _ .. 

P"Vl'iuri-n:mITTTll.+RDIITTrrrnrn1l7T2"' ..... ) .... T("f"I-..... E..-I"'RiIlF""') ........ ("'T"'Ni"rnClll/rJJ-,-l .... z-."f",~~~~~~~~~~~~~~~~~~~~~~~~~~-

130 .. 

135 

c 

GO TO 41 
25 PVOUT-O.O 

snOUT-O.O 
TH1-TNOI/-OlO'· 
AVAIlII0)-AVAILIIOI+TIM+34.0 

C AOD OUTPUT TO CUMMULATIVE TOTALS 
41 II I-IYR+l -.. 

f911,11-f911,1,t-PVOUT 
F9(l,21-F91l,2I+SYSOUT· ~----~--
F9IIII,II-F9IIII,lltPVOUT 

--~~~---~~--~~~~~F9ffI1.Z)-F9(III,21+SYSOUT 

140· 
c 
C PRINT~UT OUTPUTS­

I-TNOW 
R-I 

-----._. --------

o 
I 

'-J 

- .-... ,,-- '. .. _ .. --" - .. ---" ._--_ ..• " - ''',,---_. 

- ---~~--.-~-.------------~~-----.-.---- ~------.-----.~------.-------

_

~~ __ ~~~~~~_R-30 •• ITNO.::W_-.::R.::'~~ __ ~ __ ~~~~~~ __ ~~ __ ~~~~~ __ ~~~~~~~~~~ __ ~~~ __ ~~ __ ~~~~~~~ __ 
fOAY-i K-·-

145 

C 

HlAY-IDAY+l 
IFIFlAGl.EQ.O'PRIHT80Z,HON,IOAY,IYR,SYSOUT,PVOur· 
IFIFLAGl.Ea.OIPRIHT.,~ ~ 
DlGT-THOW 

_.---,-_.- -. -_ .. ----.---,,--, 

ISO C FO~~yT<S---------------------------------------------------------------------------------------------------

, 
I(( 

" 
.. 
• 
• 
• 
• 
• 
• 
• 
• 
• 

801 FOR~AT( 2FIO.ZI • 
602 FORMA Tl15X, HHE~ SYSTEM -oUi"PuT-1H l(WHR- FRolI ~THEl.l.STEVEtH- iOit.1X.A·--------··--~--------·--·~-----~~---------~~~-

110,I2,~~ YEAR ~,I2,~ WAS IACT-PV)~.ZlX,Fa.O,lx,F8.01 
------~ .. RETURN -.--~~.--~-- .. -..... -.. -.~ - .-..... ---~.----.-. • 155 END 

• 
~-.. ~.-~-- -- -_ ... _---- ~------------------ .. -~- -~------- • 

------------------------------------~~.------------------------------------------------------------

~---'"-,----~---~---~ .. ,~-- ....... --.-.-.. ---. .---.-,,-.~-. - ----- -------------' ... -.----- -------------~---- 6 

--------~~-------.-" -.. ---------- -_.- - ---" --- .. _-_ .. _ .. _---- - --. -----'"_.---_._-_ .. -._- ~---.. ----------------------~- . 
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1 

5 

10 

__ . __ 15 

20 

_._._2~_. 

30 

35 

c 
C 

.C 
C 

. _ S~~RQ·JT.l'lL.!lH IU ________ . ____ ._ .. _ .... __ ...... __ .. _ .. _ .. __ ... _ ... __ .... ___ . _______ .. __ . ____________ _ 
CJ~MO~/USERI/0eGRAO(2),OIRTII0),OMIRRJ~111),OUTCURV(12,47), 
l>i~'1~(l2l1HY~1l2) _____ . . __ . _ _._. . .. __ . 
C~~~1N/USER4/~I~F,ROISC,OUT,F(20),AVAIL(lJ),.EP,IFNUH(15,301,EINF 

: ~ ~ MOil US E "-~ 1 f e I H. Z I , F q ( H , 2 I , FlO I 31.1 0 I , Fl 11 31 , 111 , F 12 ( 31 , III , 
IF 14 I 31,61 , Fl:' ( 31,61, F 1&( 21, 311 , F 1 7 ( ~ 1,311 
.J: [I!1110.'1I.USER.tiJUU-,_RNS I.,~I&.S I NCiJIlP, F~I I..~) ,IJr i:I~S _____________ _ -_._---_._._-----------------
CaMMaN/USE~~/THEO(lOI,O:(471 

r .lTHR S=O. 0 ._. __ ... 
Qf) 30 1=1,12 

----_._-_._._-- -.-.~.,.,-------~------

30 TIJpwS=TnT~R_S._HI'IONCl.l ________ . __________ ._. ___ .. _._ ._ ... ______ . _________ . ______ .. __ 
Nf~S?·'1rRS+I 

. T J T 3 0 = O. 0 ___ .. ___ . ___ ... __ _ 
0'] ~ 1=1.10 

~ flll,'!Y?SPtl.l·g.O __ .. _____ .. ______ _ 
Q.] 50 1-2.·H~$P 
0,] 40 K.· 1 010.. _. ___ _ 

40 Fll(NY~SP.KI=Fll(NYRSP,KI+FlO(I.K) 

20 

CALCULATe TaTAl AVAILABLE TIMf 
T,lT-O. .. ... __________ .. _ ... __ ._ .. _______ ._ .. ___ . __ . 

DO 20 KK=l,lO 
"]fa. rOT. + .. H9.!J.. KP 
TOT30-TOT30 + TOT 

_ ... --_ .. ------_ ...... _ ....... _._----_ .. _-_. __ ._----

"~~ ... -. _ .. _-.'" .. ,"._, .~---,.--.-.--

o 
I 

C At C U LA TEPE-CEN T AG E4V-i-fl A ~ !L'IT y" .. --- --------.... -. --.--.... -----.-------. ---.---------. co 
F 11 ( 1,-1,1 U = 0 .•. 0. 
00 10 KK=lolO 

_ f 1111"ld~ l!( f .lQU,<K 1 !..TnT 1+100. 
10 Fll(l-l.lll·FlIII-l,ll)+Fll(l-l,~KI 

_ . 50 __ C'1NJI~UE_ .... ___ ._ .. ____ . ______ ... __ ._. 
C 
C CAlC.ULATE .~C.~I'IHG~ .... MAHABIllTY FCI~ .FUl~ TH[~Tf .H~~S. 

FIIINYRSP,ll)-O.O 
Of) bO 1=1.10 _______ ... _ ...... ____ ..... _ .. 
Fll(~YRSP.I'·(Fll(NYRSP,II/TOT30'·IOO. 

60 Fll!.~YBSP.l.lI~FllI.NY_~Sp,lll+fll(NYRSp,II 
~EIIJ~'~ 

E~n ------ ._--- _ ... _- ,--_. -- _ ..... 

-~~--. 

SY1~~LlC ~fFf~['ISE .MAP. (R.3L. ______ . _____ ..... _. 
"- -- ------ .. - -----" -- -"- - ,. 

t' NTR Y p.] I .'ITS 
2 SILITY 

'ARIABLfS 
27 6v\IL 

o OF~RAa 

.2 UI~T 

S,i 

Off ll.~l 

I 

TYPE 
"EAL 
PEAL 
kEU 

.. 

R~ H 8.E.NC.~.S __ _ 
38 

---- R-ELJCAi-io~"-- -- ---... ----. 
ARRAY USER4 
ARR4y'USERl 
A R R At !J S E n_. _______ ... 

R.~FS 
HFS 
REF S 

4 
2 
2 ._---.- ... ----. -----------
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5 

10 

15 

20 

25 

30 

SUBRJUTINE JPLOT(CTOT.pvrOT'CCKWH.PVC~~HI 
i ~TE GE ~ . F lAGl;Fi. AGZ~FLAG 3. FL A Gf,~ FLAG~. FL AGb 
OI~E~SI~N lERG(301 
DI"ENSIaN- --CTOT(~61.PVTOT(30l.CCK~H(30l;PVCK~H(30f 
DIMEN~ION OASYL(301 
DI~f~SION YRi30l--
DIMENSION I~O~K(501 

. (:0);1 ~l'HljsER 5'-1' 8 131;-2"1; F9-( 31; 21.i=Tiii3G fof;i=iil 3 i .ITf;·"·12ifi. -fi 1-. 
IF14111.bl.F15131.bl.Flb(21.31l.F17(Zl.311 
C]MMDN/USERb~J8TI~~N~.~YK5.NCOMP'FMTI";TirH~~ 
CJ~"~N/USFR7/FLAG1.FLAG2,FLAG3'FlAG4.FlAG5.FlAG6 
tlMH·I~/GCOM"IIFvt.IISE~(61,JJBEG;JJCLR;1~~IT.MMa~.N~AMEI3~.NNCFI. 
IN·lDIY"Npr.~N5ET.NN.RJ,~NPRM.MNRNS.NN'U~,.~ST •• NNYR.SSEED(~I 

. CJ~~I'Ji/PLQTCiAPCKiiii--··- . --- .. --.- .. - -- - .... --

LO 

Y=0.0 
YR SN=W(~S 
H~SP·NYQ5.1 

OQ 10 I=1.NYRSP 
yp 11-1 I =Y+l 
Y~Ytl.O .. ----- ._.--.---

lEQ]( 1-11-0. 
C~XOlJf'CTOT(ll 
p~XOiJr,pVTorll I 
C'1XC5r'CCK~Hil I 
n(csr·pVCK~1-l1 11 
001 bO r'l.rlYRS --------.. --.. -... -.... 
IF ICTOTITI.Gr.CMXQUTI CMXOUT=CTOTIII 
'iF (PVTOT(II.GT.p~jauTI PMxaUT=PVTOTIII 
If ICCK~HIII.GT.CMXCSTI C~XCST-CCKW~(II 

bO IF IPVCKW1i(i i.GT.fiiixCSTI· P'1XCST=PVC~WHII I 
PLOT CURRENT our PUT * ••• 

35 

40 

45 

50--·--'- .. 

CALL 'SGNPL(Ol-- . 
CALL NEWPEN(ZI 
CAL l HE IG"T (; io;-----
CAll rlTlE(lH ,-1"'EA~ •• 4"OUTPUT IN '1~rl (~A~ GRAPHI',25,9 •• b.1 
CHlNE~PFNI21 .. -.. . 
CALL HEADl~I.COST BY YEA~ •• 12,2,ZI 

-CAll NE.PENli,-·----· -. .. . .. 
CALL HEAOIN('SYSTE~ OUTPUT BY YEAR',Zl.Z,ZI 
CAll I~TAXS--- -- .. - -
CALL ~tWPENI21 

CALL GRAFIO.l;;iRSN~O"SCALE',CMXOUTI 
CALL ~ARSHDIY~,lERO.CTJT.NYRS,.15.0 •• 1.,O •• 1~ORK,501 CALlNE'.PENi li·- . - -- - - .'- .. .. . .. 
CAll YGRAX,(O"'SCALE'.CMXCST,6"'COST l~ TH~USANDS aF DOLLARS ILl L,c GRAPHI',41;";0.6.0: j---' . 
CALL r-iIC~VI41 

CAll CURVEIYR,ccK~>t;NYRs.i:Ji 
CAll ENQ~LlOI 
HQT PRESE~r VALUE· tititi>~(­
CALL %NPLIOI 
CAlL NEWPE''IIzi 
CALL I-lEIGHTI.101 _ .... _._-----_ .. - .. _ ... 

_._--_ ........... _-----------_._---

o 
I 
~ 

lO 

------------,--------
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5U~RaUTINE UPL~T HI14 on-l TRACE FTN 4.8+5l8 ll/20/Sl OB.53.~Q 

PAGE--"-"-i-"----------

_________ ""_.CALL __ TIJLEJlJL,-b.tUAR .. ,""L~"L_EVU IZEO .. _CfNn (~.Wti .J.8"AR. G~APJtl ~LJ 1, '!. 
55 

_~:1 _______ .. " 

65 

.. 30" ." 

75 

1, b. 1 
C H L .J'IE ~ PE N I.Z.I . "----."""""" 
CAll HEAOINI~PRESENT VALUE COST BY YEAR~,20,2,21 
CHL.!'l">lPENl.ll. _" ______ __ .. "" .. 
CAll HEAOINI~LEVElIZEO CENTS/KWH BY YEA~~,27,2,21 
CHl.J.HlAXL- ___ "_"" ____ .""" ___ "_"_"_" __ " _______ _ 
CALL rlUPENI21 

.CILL 6RAf'O,1.,YRSN,~,~SCAlE~,P~xCSTI 
CALL ijARSHOIYR,ZERO,PVCKWH,NYRS,.15,O.,1.,O •• IWORK.501 

" _ ___ _ .0) 2 Q_ I • 111-1 CR S_"" _____ ". __ " __ "_._" _____ . _. ___ . 
20DASHLIII·.PCKwH 

CAt L" DAS H"_""" _" "_ .. ____ ._. ", 
CHL THIC~VI41 
C .• u "CU~ Vi; 1 yg. i1 .. ASt:lL,J'!YR.5,0 '-___ _ 
CALL RESETI~OASti" 
CAL L ~ t5EJJHrlICRV~ I 
CALL r-IEI/PENlll 
C~LLYGRAXS(O.,~StAI.E~.~II~(lUT,6.0,~PRESEH ~UUE .COST Iii nJUSA~OS 

1 OF oaLlARS ILINE GRAPHI',55,-O.6.0.1 
C H lTHI C RV' !t) ____ " _" 
CALL CURVEIYR,PVToT.NYRS.OI 
CALL. F.NOPL 10 ,_."_ 
RETURN 

. ___ "_. __ . ____ "_ E NiJ '"" __ . __ " ___ . ___ "_""._." . ___ " ______ ."" . ". __ "_. __ "_ 

__ .5Xi1BOU C __ ll.H.ER.E'IC E._MAP.,," I R' 31 

. _"' >L ~a I'ns __ "" OH L l~". __ il.EfERE:!"CES .. 

v 

4 UPLJT 1 77 
_. __ MM. , •• ". __ '._ •• _.". _____ ••• _ •• - ,., ___ _ 

[ABLES S~ TYPE RELOCATION 
_.0_" "APC.KW:L_ HAL. __ """_ . ___ ._".eLOTC _ ... _"_"_, ""_ .. REf S 
o CC~~H REAL A~RAY F.P. REFS 

3 L .. , CM~C S L." "_. ~f.A L. __ "__ ___ "_" ________ RE FS _____ ." 

14 
4 

.n 
12 CMxnur REAL REFS 21 

0" c T~I RE AL_"_.. ~RR ~ L __ I.,_P".. RE F S 4 
74 DASHL REAL ARRAY REFS 5 
J)_""FLAGL ___ I~H~EL_"_. ,_ .. _ .. ____ jJSER7._ .. " REFS""_,, __ ."."". ___ ,2. 
1 FLAG2 INTEGE~ USER7 REFS 2 

.2.,."._. FlAG3 INTEGER ,, ___ " __ USER7 REFS" _ 2 
3 FlAG4 INTEGER USER7 REFS 2 
4 FlAG5 INTEGER USER7 REFS 2 5- FLAG6- INTEGER .--.- USER7-"---"----REFS .". 2" 

.. ~_....F!1L __ " .. REAL ARRAY __ U~Jg!L_._., .. R.EFS lO 
74 FIJ REAL ARRAY USER5 REFS 8 
62 FJI ~EAl ARRAY USER5 REFS 
G7 f12 REAL- -"-·-,\R~AY--USE~5 REFS 
14," f.14 ._ ...... _ ... ~EAL .~R~y ___ J,!~~~L ___ " ___ REFS 

-----------"._-"-"."----"-" 

8 
B 
d 

05 
24 

.. 45 
42 
22 
06 

..11 
11 
11 
II 
II 
11 

2*29 
OEFI~EO 
IlEF INEO 

2*27 
OEfnED 

_._"---------- ------

-- -"-_."-_ .. _""""--------"_._-------

48 
24 
22 
43 
65 

--------_. ----_._-----_ .. _-------

o 
I 

----".-.".-.--- N 
o 

--"_._- ."_ ... _"---,," ... ----"._--------

OEFHEO 
29 
~7 

OEFI·~EO 

•• 

1 

L 
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SUBROtJT INE COTA~lE 74174 O~T'l TRACE FTN 4.8t51Et . 

1 . 

5 

5UBROJTINE COT4BLE 
C·J~~o"iiuSER51 F B( 3l~ZT'F9-rii-;-2';-; F'lO( 3i;io 1 ;j=il( 31;'11 i';F 12 i ii~'ii ,; 

IF 14 I H. b 1 • Fl5 I H ,61, FIb I 21,311 • F11 I 21,311 
. CaMMO.'llUSE~6iOUTt;R~S'~YRS,NCOMP,FI1T(41, TJTHRS' 
C~~MO~/PlaTC/.AeCKWH 
NYRSP~"IYRS':i'-' .. .. 

- __ ... ___ . __ . __ .. _ .. _ ... f L41.~Y~Sf ,1, ".Q.g 

10 

.-.)~ ... 

FI4(NYRSP,21·0.0 
Fl41"1YRSP,31=U.0 .. - .. --.-.. - .. -... F14 I NYRS p, 41 =0.0 ---.. -.-.- -'- .. --- .. -.- ........ -.-...... -. 

FI4INY~SP,51;0.0 
-.- .. -. D:J ·10' l'l,NY~S ------.--.----- ... 

FI4CI,1,=F811+1,21 
. F141 1;'21 ~F91 1+1,2 i---· 
Fl411,31"IF~II+l.21/F911tl,211*lon. 
F 14 cI ;41 ~F6il+ 1; If----- ... ... ... ........ . ... -- .--
Fl4(!,51=F9(1+1,I' 

'F14 (I; 6'= (F3 (I tl, 1l7fifIT+f, ff' *100. 

11/23/dL 

FI4INYRSP,l'=fI4(NYRSP,II+F811+1,2' 
·-ZO-------------F ii; i ~iRS P ;2)'F Ii, (NYRS P; 21 tF9i ii-I., 2 i-"'---'" . -. '--.- .. - .. -.----.. --.. 

fI41"'Y~SP,4'·FI4(~Y~SP,4'tF8II+l.l' 
10 F14INYRSP;5i.Fi4INYRSP,5IH9Ii+i,ij·-··-

FI4(~(~SP,b)·(FI4INYRSP,4"FI4(NY~SP,5I'*100. 
APCK~H ~ F14INYRSP-;·i,,·· . ... . .. . .. . ..... 

_2.] RETURN 

08.53.09 PA~ • i. .------. 

.. _._--- ---"'--'-'-"---' 

. .•. _--_ .... _------_ .. __ .-._-

o EilD ....... ----•. - .. - .. ---.-.. ---'- - .. - .... --....... -.. . .. _ .. -..... . . ... -.. '--.~--..• , .. ---. - .. ----~ .. -- .-. ,.---~ _., ---- , 

S Yl 1BOlTcR EF E ~ E ~d-,{ri p' T R; 3-;--' -.-----.- .... ------ .. -. 

n POINTS DEF l·liE·-·· -,<"fFEii"E·NCEs---·-···· 
2 COT ABLE 1 25 

"IABlES S~ TYPE REL1C4TlON 
0" APCKWrl" REU' ..... ·"LOTe· "-"'-' REFS--'-"-'-""5' 

4 FMT ~EAL ARRAY USERb REFS 4 
,t;. flO REAL "ARRAY--USER5-" --.. - REFS 2 
62 Fll REAL AR~AY USER5 REFS 2 

,07 F12 REH 'ARRAYUSER5"-' .-- .... REFS 2 
134 F14 REAL ARRAY USER5 REFS 2 . - .. - ..... -.--... . ..... -.--- ....... -·--····-.. ·----iiEfINEo·· ·-······7--· 

~26 F15 REAL 
:20 Fl6 HAL 
l33 F17 REAL 
I 0"'" F H -.-.. ----- REA C'-' 
76 F9 REAL 
44 r 1NTEGE~ 

15 16 - -.---.-.. -.---------... -. 2 3 

A~RAV USER5 REFS 
ARRA VUSER5-····- RE F S 
A~~AY USER5 REFS 
4RR A Y-'-"uSEH---'--" RE F S 
ARRAY USER5 REFS 

--.-.- ..... --. REFS 

..... __ . __ ...... ____ . __ .•. __ .. _.20 

2 
2 
2 
2 
2 

2*13 
21 

DEFlriED 24 

19 
a 

11 

~o 21 
9 ... 10 

18 1 Q 

13 .... -·- -. -'15 

14 15 
2*14" H 15' 

22 DEFl~EO 

16 
17 

2*1~ 

12 

---_._--_._.-. __ ..... ----- -- .... --.. _. __ ._._--- .-... 

22 2*1l l4 

N 
~ 

11 -- .-- '13'''--''-'-'--'14 --------. 

20 21 22 

18 
18 

2*17 

19 
20 

HId 

21-----·--··· 
22 
19 
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\' 

SU'I~OJT lll'E'· F·A 1('1';'8" 74174 OPT·l-·TRACE .. ·'-··-.... ··-· FTNi';6+510· 11/20/61 09.-53.09-· P4GE .'-'--'1-

1 SlJ~POUTlNE FAILTAB 
. .···-···------·-.coi-ii1"oti ius Eii 4/ii i iiI' ; RoB·c-,-our-;-i=fio,·;r.VAi L-rfor;-,u,p ~-iFN(H"c 15-; f6T;i; I liF­

CQM~Q~/USER5/FB(31,Z,.F9C31.21.FI0C31,10',FIIC31.11,.F12131.11'. 
iF14C31;b';Fi5f31~bi·;FY6(h;31'.F1712103i' ......... - ..... . 

5 INTEGER FIb 
c,j~~IJ~ius ERb"ifufQtfS~NYRs.NtciIlP; F liT HI. rdTHq S 
~f~SP'~YRS+I 

-·--··-·-·-------NCOi1i>P~NCi)'1i'+l-----···'----·· 
. ---_ .. __ .,_.---_._--

11-] 10 I·l.NCO~PP 
10 10- Fib i I ;~YRS'P j'~(f----'---

D,l 15 J'loNfRSP 
IfF 16 ("COMPP, J j; 0--------·-·- .. ----.. 

01 30 I=l.NCOMP .. ----.--- --- 01-20-;' .1.NYRS'------

15 FlbCI.J'·IFNU1CI,J' 
FIb It; '1YRSP i~Flbn;HYRSpT+IFN'J"CT;j'- .. - ... ----.- .'- .. --.. ------.-.. 

!O FlbINCJMPP.JI·FI6INCOM?P,J'+IFNUMCI.JI 
30 F 16iNCOMPP,NYRSP; =FlbCNCOMP?NYRSP '+Flb'C I;ij"y'!iSp'j 

. -,---_._.- --.,-.----.---~--------- . ----------

"--, -- .- ._--- -------~---.-. 

.... ---_ ... _ ... -----

_._. _____ ._". ___ , ... ~nUR~ . _. _. __ .. - --_. __ ... _-_ .... __ ._,--_._-_ .. - -,----- ._- -. ------
?O E'IO 

'--·-5 Y-~ B ciLli: . R-E F E~TNC E "M ~p-i"if~3T"---·--·-···----·-- .. 

dpOII~is' DEFLl~E REFERENCES-·-- .. 

2 FAILT~ij 1 . _ ., .... J q -,- ~--.--.- .. 

f AijlES S~ TY? ~ .. REllJCATrOi 
:~ 1 AVUl RHl .- -A~ihY·· .. USER;; ----. RETs 
,'+ ... P~F REAL USER'o RefS 
3 F REAL ARRAY USERi,·--- REFS 
4 F~T RE4l ARRAY USER6 REFS 

74 FlO PEAl ARRAY iJsE~i; RefS 
:,12 HI PEAl ARoAf USER5 REFS 
,,7 HZ - --·----ii E A l ARRAY USER5 RefS 
14 F14 RF. Al ARRAY USER5 REFS 
'6 F15 REAl ARRAY USER5 REFS 
'0 Fl!> IIHEGER A~RAY USER5 PEFS 

... -- ... ---. ---"OEFINED 

q .. F17 REAl ARRAY US[R5 REFS 
U F8 REAL A R R A Y--U-SER5----·- Ii EF S 

16 F9 REAL ARRAY USER5 REFS 
.-~-----,-

:)1 I ItHEGER REFS 
OEF I~ED 

" 

'2 IF~UM II-HEGER ARRAY usERt;------ REFS 
'0 J I"ITEGER REFS 
3 NC'iMP--· . INTEGER 

--.. - ... ---,fS"ERb-- .. ---
REFS 

,b NC~MP~ INTEGER HFS 
2 ' 'NY~ s· INTEGER USERb·-·-'···-· REFS 

NY~SP IHEGER REFS ._-_ .. --, .. -.----.,~--,-----~-

_ .. -- - - _.- _.- ._-, --.~ .. --,-... ------------------

•• "'>0"" '., _____ •••• ,. __ 

2 
2 
2 
!> 
3 
3 
3 
3 
3 
3 5 .. 

10 12 
3 
3 

. ~ .. 
10 z*f, . 

9 13 
2 15 

12 2015 
b 6 
9 12 
b 7 

10 11 

16 
15 

3*lb 

lb·' 

16 
13 

2*17 
14 

lnb 

o 
____ ,_._" .--.. -_.____ I 

17 
Ib 

17 

17 

Zh6 
17 

18 

16 

3*17 DEFI~ED II - _ .. ,,- ", "'" .... -----.--- . 

2*18 DEFINED d 

3*16 DEFI~ED 7 

..... --_ .. _-_._._-- ---

14 

N 
N 

1:'-' 
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'" 

'" 

... -. -. - . 

SUBROU~INE ~ll~ITE 7~,.7;;--·-OPT~J.-TR4C"E ... --.. - FTN4.9+519· ·il/2ojai ~~;53;09 -P4GE -.. -y-.. -------

__ L ___ ..... 

5 

SUBROUTINE BilRITEIF13' . . 0 I MEiis iliNF il( 31·, Iii····· - .. ------ . .. --. -. -.---.-- .--.----- .. --
CO~MO~/USER5/FB(31,2',F~(31,2',FI0(31.10'.FI1131.11',F12131,11'. 

IFI4(31.6,;Fi5i31;·o',FI6(210311.F17IZ10311·· - ... . ............. - - .. 
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