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ABSTRACT

: A quasi-optimal technique ('quasi' in that the technique
discards unressonable optimums), realized by s dynamically
evelving mixed integer program, is used to develop regional
electric power maintenanece and productiom sample schedules,

a8 well a8 unit commitment sample schedules. This sophisticated,
yet computationally feasible, methed is used to develep the

bulk dispatch schedules required to meet electric power

demands at various preset reliability levels while sontrolling
the associated dollar and environmental lmpact censequences.

This report considers a hypothetical system of about
twelve power plants situated close to one another om the
same river system. The maintenance and unit commitment
scheduling mechanisms are used to display the tradeoffs
which exist between the economic costs, environmental
‘consequences and reliability levels of 'all possible optimum
schedules. These tradeoff, or transform, surfaces are
generated from actual gggggglig for system operation.

Also generated is a sample system simulatien. Three
possible generation expansion plans are compared and their
potential operating performances are displayed. These
- specifically hypothesized expansion plans were tested em
two different possible future load demsnd curves. The
results show that there is great value in the use of an
accurate dollar and environmeantal impact simulator.

Hypothetical data has been used, but effort has been
made to make this data as representasive as pessible. The
‘results of this project show that a great amount of flexibility
18 available te both the operations scheduler and the system
‘expansion planner, and that the dollar costs, water and air
pollution impactis cover a wide range of consequences,

'These results also show that it-1scpiebadbly very wasteful
to operate or plan a system using any simple, single-
minded measure of desirability as a decisior making
strategy.
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1. Introduction
A great problem to develop from this industrial era

is the dilemma between the increasing demands for energy

and the increasing demands that environmental qualities not

be degraded.  As the electric power industry assumes an ever

it is suBJected to escalating societal pressures to:
(1) generate reliably e sufficient amount of electricity
to meet any demands,
(2) retain or decrease its price rates, and
(3) minimize the 1m523£”6%“1%s generation efforts
upon the ecosphere. | | .
The solution to this problem will take a long and unremitting
effort from all sectors of society. In the long-term (30

years) program of action must be included, among many other

things, efforts to develop more efficient means of power

' generation and more efficlent power utilization.2 There
_ can be no doubt that to reverse the trend of environmental

‘deterioration a tremendous technological effort will be required. .

There is, however, another aspect of the solution to
the 'electric power-environment' dilemma which should be’
cldsely coordinated with (and is definitely not meant to be
a replacement for) the technological advances, but is éssentially

a separate effort. This is the development of methods

2. A detalled documentation of the course of action required
from technological improvements is contained in a report by
Philip Sporn, reference (1).
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to assure the best possible operation of an imperfect power
generation system. That is, until faclilities which are
- ﬁerfectly compatible with the ecosystem are producing.all
of our power there must be a method for assuring that the
imperfect plants are utilized in the 1éast damaging ﬁanner.
This effort breaks essentially into two segmenté. Fifst,
the plants must be sited to take the best adVaﬁtage of the
site options available.3 Secondly, the operation of existing
systems must be directed toward those obJectives enumerated
at the beginning of this section. |

This optimum operation of existing systems is the overall
project being undertaken in the author's Ph.D. thesis, of
which this study is one portion.

| 1.1 Problem

For a mofe thorough description of the overall study
of 'optimum operation of existing systems' of which this
research effort is a part, the reader is directed to reference
-(4). However, a basic nnderstand;ng'of the interconnections
involved can be gotten from figuré 1.1=1 on the next paée.

‘The annual optimum productioﬁ and maintenance scheduler
of figure 1.1=1 has been deveiOped'aﬁd is capable of generating

optimum schedules for various dollar costs and environmental

3. This is a problem receiving a great deal of research effort,
see for example reference (2). The author's particular project
is also to be used as a simulation technique for the evaluation
of specifically hypothesized expansion alternatives, as
explained in reference (3).
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impact inputs. A similar output can be gotten from the

existing unit commitment scheduler in the lower portiom

of figure 1.1-1. - ) - 7
In terms of input-output characteristics the scheduyle

producing program can be described as follows:

GIVEN:

iyt

1. Generation characteristics
- &, Capabilities and limitations
1. Types of facllities
11. Output capacities
ii1. Maintenance and refueling possibilities
B. Performance S
* 4. Dollar costs per megawatt
11. Costs of various maintenance and refueling
: schenmes , R
11i. Air and water emissions per megawatt

| AR SN }'4\_ [T

A

2. Transmission characteristics
A. Capablilities and limitations
B, Costs - ' '

3. Weather model (probabilistic)
A, Air flow and temperature
B, Water flow and temperature
O. Upcoming weather patterns

4, - Toad model (probabilistic)
A, Long range
B. Short term forecasts

5. Interregional coordihation .
A. Power exchange contract possibilities (probabilistic)
B, Maintenance and production schedules

o

-

RESULIS: °

IR ' 1. Creates a variety 6£ optimum maintenance and refueling.
. ~ "~ schedules ' o

2. Optimum unit commitment and hourly dispatch strategies

3. Performance in dollar costs, reliability and environmental
© impact \ ‘ :
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4, Shows system weaknesges, defiéiencies snd strengths

5. Makes power exchange contract decisions and coordinétes
system efforts with neighboring networks

This scheduler has the capabllity of handling a great
varlety of possible system componenis, including the wide |
rénge of ﬁlant types, sites and abatement possibilities -
including plants with the capability Qf changing fuel fypes
and qualities,

The exact uses and purpeses of these schedulers, as
wWwell as the documentation and proper referencing of the
arguments involved, can be found in references (5) amd (6).
For all intents and purposes this report should be viewed
a8 a continuation of those reports. For any extensive
study of the computer programs given in the appendices
the reader is directed to the glossaries of computer program
nomenclature in referenmces (5) and (6).

4 quick overview of the solution technique can be
gotten from figure 1.1-2. Very briefly this technique can

be described in terms of the block dlagram representatioa

in figure "1'3f,.,4

> " - o ———— o e
T e, N P ., - R
-

-u:

52: e .L_

L:D: S —) S

T B e B :
Q

Figure 1.1=-3 Block diagram of scheduling solution technique
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Pigure 1.1-2 Flow chart of the dynamic evolving mixed integer
program used in the schedullng process.

4, Here terms such as indirectly coupled and firm or uhcertain
refer to closeness to the optimum supporting hyperplane, or
the propensity to change, as measured by the solutlon to the

dual problem.
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In figure 1.1-3, the sequential decisiom block dlagram,
Sy, 8p, eto. represent the portion of the schedule treated
at each step in the computation. Q1, Q2, etc. are the costs,
economic or environmental, that are contributed to the
total system performance by the decisions made in the
respective steps. The I, represent the new material %o
be considered at each step, and the gi represent the forwarded
decislions and scheduling information.

Obviously, a problem which requires some explanation
at this point 1s the method for quantification of the
environmental impact. Two reports have been written by
the author on this topic, references (7) and (8), thus only
a brief explanatiom will be offered in this report. Roughly,

- S Variables .

{ s : . igg

Environmental——-—j: Physical t:> Biological
‘Forecasts Model Model

R e L e Aquﬂsphere‘,
N C Ramifications

- Ohangé of
Desirabllity
Agsessment

Figure 1.1-4 Simplified ganornlvsystematic representation of
aquasphere impact
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‘ ¥ i
these quantifications of impacts take into account the
amount of pollutant created and scale this quantity by

(1) the speed of pollutant dispersion under existing
or predicted physical system

(2) the severity of predicted pollutant levels from
other sources

and (3) the size of the population affected.

Congider, for example, the quantification of the
aquatic impact which can be broken down into a sequence
of problems as represented in figure 1.1-4 on the previous
page. The portion of this aquatic quantification which
1s the most difficult to determine is the Biological
Model, which 1s further broken down in figure 1.1=5 on the
following page.

So, in general, the quantification of environmental
impact may be viewed as the taking of a probability of
impact and convolving it with a probability of population
afracted.5

With this kind of a scheduling mechanism available
several questions of interest arise. What sort of economic-
environmental tradeoffs are avallable to a power system
scheduler? What is the shape of these transform hyperplanes
(f::. g;adeoff curves) and what does this shape indicate
about strategles which should be pursued by a scheduler.or

a system expansion planner? What 18 the range of possible

5. A possible simplifled, but relatively meaningless,

approach to the problem of environmental impact quantification
could be to measure agquatic impact in terms of BTUs introduced
into the water system and atmospheric impact as tons of 802
into the air.
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Pigure 1.1-5 Block dlagram of blological model im the
aquatic impact quantifier

scheduling alternatives avallable for a power system? Answering

these gquestions is the purpose of this study.

1.2 Historjoal Approaches

Studies even rémotely related to this type of work are
extremely rare. One paper5 deals with the minuto by minute
dispatch of electric power using the usual );, incremental

6. See reference (9).
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cost, dispatch teohnique; however, substituting incremental
tons of NOx for the usual inoremental dollar costs. This
program is used for sctual dispatching of power in the

Los Angeles area where oxidizing pollutants, im particular

NO,, are a major health hazard.

x?
Another paper7 uses a somewhat more sophisticated

system incremental cost technique, dispatching to minimize

the pollution concentration at one or more particular

points around the system. These two techniques deal only

with part of the air pollution problem and are concerned

only with the minute by minute dispatch problem. The

hour by hour unit commitment problem 1s currently performed

only with a doller minimization objective, and the weamkh

by week maintenance scheduling 1s not even that sophisticated-

being a 'fill-in-the-blank' problem as it is currently

set up by schedulers.

1.3 Regultg
The results of this project show that there 1s an

unusually large range of possible economic-environmental-
security consequences avallable to the scheduler. The
results of the unit commitment scheduling show that the
dollar minimization currently used is probably an unwise
criterien, with tremendous environmental gains avallable
for incremental increases in dollar costs. Minimum

environmental impact:strategies, on the other hand, are

7. See reference (10).



probably equally unwise methods for oﬁeratlns a systenm.

Maintenance scheduling ‘fill-in-the-blank' techniques
appear to be very wasteful in terms of dollar losses and
environmental impact consequences.

The computation and use of economic-environmental-
security transform surfaces should be of interest to many
‘people in addition to system schedulers and operators.

The planning of system expansions should involve the
barerul placement and shaping of these surfaces by the
inclusion of the appropriate system additions and abatement
equipment. Environmentdly and economically concerned
regulatory agencies could develop a better understanding

of the complexities and alternatives involved in Oparating
a particular system - and hopefully gome of the hard
constraints imposed upon the system could be resvaluated

in light of their consequences in constricting the full
potentials of the system for the preservation of the
envirenment and/or the minimization of econemic consequences.

Thus, it appears that this schedulimsg fcchnique and its

associated tradeoff surfaces can be of great use.

1.4 Asgugptions snd Reservatlons

Although an attempt was made to make it zepresentative
the data used in this report is, nevertheless, hypothetical.
Although the ghapes of the tradeoff surfaces and their ranges
are likely to remain nearly the same when real data is used,

there will certainly be enough variations to make the input
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of real data a very worthwhile futurs project.’

The nuclear-fossil-hydro strategies computed from the
optimum schedules are meant only to serve as an indication
of what trends took place in thig pmstdeular scheduling
problem - and are certainly not meant to be suggested
strategies for any other system. Certainly each system
will have 1ts own characteristic tradeoff curves amd

strategies, with generalizations to be made very sparingly.



«]16=

2., Iradeoff Surfaces of Unit Commitment Schedules
The following two chapters are primarily displays of

data and results. No attempt is made to describdbe the
workings of the scheduler used, this is contained in
references (5) and (6), nor to elaborate or speculate

on the material presented.

2.1 Desgc 0 S Syste

There are eight active power plants in this system
which are assumed to be located closely together, making
a meaningful process of the combining of water or air
pollution consequences from the various plants. This
system 1s identical to that described in detail in reference (6),
thus only a brief writeup will be given here.

| The plants in the system include: plant 1, a relatively

expensive (to operate) fossil fueled plant of 160 megawatts,
with a moderately heavy air pollution factor (which varies of
course as meteorological conditions change) and a cooling
tower, thus, with very little thermal water pollution.
Plant 2 is a 70 megawatt plant fueled with low sulfur content
fossil fuel, making it slightly more expensive to operate
but reducing its impact on the atmosphere. Plant 3 is a
typical 120 megawatt fossil fueled unit. Plant 4 1is an
80 megawatt gas turbine. Plant 5 is a 240 megawatt slightly
cheaper fossil=-fueled facility. Plant 6 is a 560 megawatt
nuclear facility and 7 is a 100 megawatt hydroelectric
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station. Unit 8 is a pumped storage facility with 80%
input efficiency, 83% output efficiency, 80 megawatts of
storage capacity (maximum), amd storage enough for the
equivalent of 1000 megawatts hours of water power.

The nuclear, hydro and pumped hydre faclilities have
quotas for production and resﬁrvoir levels at the end
of the week, with penalties associated with missing those
targets. |

The use of more than 400 megawatts of the large
nuclear plant cues the need for added system spinning
reserve requirements.

Emergency standby power support is available for
purchase. from an external source at a few prespecified
times, otherwise all bulk interregional power transfers
are assumed to have been previously settled (in the maintenance
and production schedule) and the load demand curves have
been adjusted in order to represent these transfers.

To take advantage of the decoupling of the different
time intervals of the scheduling procedure, this problem
was concerned only with the third step of a four step
evolving process covering a week. The third step was
concerned with hours 64 through 112 in the week, with
step four, hours 120 - 168, being carried only in the
linear mode of the scheduling process(this linear mode
results in only about 1% error and thus does not make a

great effect on the accuracy of the procedure). The



time unit size in these third and fourth decision fields
is eight hours. The exaot data used for this system can
be found in the program in Appendix A.

2.2 Demand and Spinping Regerve Reguirements

The demand curve for the time interval of this problem
1s displayed in figure 2.2-1, ghowing the curves to be met
for high, standard and low system reliability (load meeting
probability) levels.

Figure 2.2=1 Demand-to-be-met curves for various reliability
levels as used in the sample problem

The spinning reserve requirement (exclusive of the
previously mentioned additive attachments cued by the

nuclear unit) was set to be constant® at 305 megawatts,

8. It 1s possible, and in fact no more difficult, to use
any amount of time variabllity in the spimning reserve requirement.



280 megawatts, and 255 megawatts for high, standard and
low reliabdbility levels, respectively.
Exact demand levels and spinning reserve requirements

are listed in Appendix B.

2.3 A Sagple Schedule

The following is an example of some of the most
important information for one particular optimum schedule,
the e2qual weighting of dollar costs, aquatic impacts and
air impacts for a schedule meeting a standard rellability
level.

The variables Q, QW, and QA represent the dollar, water
and air costs of the schedule. QE, QV, and QB are the
equal weightings of air and water, water and dollar, and
dollars and air pollution, respectively. And QT is the
equal weighting of all three consequences, which is the
objective of this particular schedule.9 D072, for example,
is the megawatt-hour demand over the eight hours beginhdmg
at hour 72. SRO72 1s the associated spinning reserve
requirement plus the demand requested at hour 72 and is also
measured in megawatt-hours.

The dual activity associated with each demand level in
the solution is the incremental cost of additional power that
resulted in this particular schedule(cost here is dollars

plus environmental units).

9. The costs displayed in this program include costs above
or below quota figures, for nuclear and hydro usage, and thus
these fixed costs of those quotas should be added in:

QD +240,700 ; QW + 414,300 ; and QA + 67,600.
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The variables such as A1064 represent the on=1, or
of2£=0, status of plant 1 over interval 64, J and K variables
represent extents of loading of the plants at the times

indicated. A8 and G8 represent depletions or additions to
the pumped storage level, where 1.0 actlvity represents
meximum effort over the interval. HLO64 is the 1ov§1 of the
pumped storage facility at the 64%B nour. The W's are
indicators of the plants that have been started up in that
particular time slot. ES represents the fractional use of
the available emergency external support. OSN and USN, and
0SH and USH represent the over and under usage of the
nuclear and hydro weekly production quotas. For a more
extensive description of the variables the reader 1s refered

(6).

to reference

NUMBER  ouoROWes AT oasACTIVITY.eo SLACK ACTIVITY L. LOWER LIMIT. L UPPER LIMIT, oDUAL ACTIVITY
1 cL RS 301074,35938  301C74.35938- NONE , NONE .
2 o as 73531.19792 785)1,19792~ NINF NONE .
3 aA NS 215733.41667  215733.41667~ NCNE NONE .
4 BS  298534.61458 298534.61458- NONF NONE .
5 o1 RS 5993)8,97396 - 5593)8,97396~ NINE NONE 1.00000
6 W BS  379575,55729 . 376575,55729- NINE NONE .
T o BS  521308.77604  52)8)8,77634~ NINE NONE .
8 0064 LL 9520, 060 . 9520.00000 NONE 15.37500~
9 D72 LL 7960, 10000 . 796C.02C0C NONE 13.30000-
13 ") LL 3952430330 . 3950.00000 NONE 13. 30000~
11 Goss LL 9280. 0000 . -9280.00000. - NONE 14.72500~
12 0J96 LL 166 3,20000 . 766C.1731)) NONE 13,39999~
13 Cio4 Y 4930, 30000 . - 4930,00000 NONE 13.30000-
15 0112 L 7700.20000 . 720¢.02000 NONE 13.30000~
15 ul2) L 8924,1330) . 892071330 NONE 13.30000~
1s C128 LL 3280.20000 . 328€.0)0C0 NONE 13.30000~
17 0136 L 6900, 3¢J00 . 6930.0)730 NONE 13,3907
13 4s tL 7320, 20000 . 7320.0J000 NONE 13.30000-
19 Cl1s2 L 6430,J0000 . ©430,00000 NONE . . 13.30000-
,2) Dl6) LL 933,313 . © 933,70 NONE 15.05833-
21 Mmess tL 8000, 70000 . 8190.0)000 NONE 13.30000-
72 $9066 L 11120.30000 . 11120.00000 NONE 8.000)9-
23 w72 8§ 9€8.33)99 320,00000~ 956€.02000 NONE .
2% 5R089 S 6360, 10000 810, 00000~ 5550.0000 NONE .
25 53318 L 19889, 3903 e 1084C.0)3)0 NUNE 8.20070-
25 $°996 nS ©800.00000 540, 00000~ 9260400000 NONE . o
27 SR1J4 as 6920.10000° 390,00000~ 653C. 00000 NONE .
22 se1l2 as 8847,13))) 40.00000~ 8800.01000 NUNE .
29 SR120 L 10520, 30000 . 1052¢.030G0 NONE 8.00000-
30 s*12a s 6309.307)) 1482, )3200- 4880.3)739 NONE .
31 sR136 tL 8500, JC000 . 8500.00000 NINE 1.14687-
32 SRle4 L 8920, J0000 . 892¢. 00000 NONE 2.34271-
33 se1s2 Lt 833,301 . £030.00000 NONE 1.15781-
34 $2160 L 10930420000 . 1093 ¢.00000 NONE 8.00000~
SR163. LL 9600427979 . 960.23%0 NUNE - 2.29%10-

35 .
Figure 2.3-1 Sample portiem ef ene optimum schedule produced,
minimizing dollar + air + water pollution for standard systenm
reliability '



NUMAER AT .. ACTIVITY.., ..INPUT COST.. o.LOWER LIMIT. ..UPPER LIMIT, .REDUCED COST.
36 NTIT EQ 5142C,00000 L 51420.02000 ~ "51420.00000 7T, 30600
37 WYTOT £Q 7700.00000 . 7700.0)000 7700, 00000 r:.agggo
38 SMTIT £Q 169,310 . 160.00000 160.00000 6.70000--
217 AL0ss £Q 1.00000 . 1.02000 1.00000 .
273 82354 £9 1,299 . 1.0)20 *1,00000 .
316 A3ase E0 1.09000 . 1.00000 1.00000 .
JE) M) £Q 1.06030 . 1.7)000 1.92020 .
2EL 5026 £0 1.00000 . 1.00000 1.00000 .
22 6056 E0 1.30000 . 1.0J000 1.00000 L.
203 27)a6 €0 1,227 . 1.31930 1.00000 184, 00000~
254 MO56 £ 100.00000 . 100,03000 100.00000 12.11406-
255 Jlian uL 1.00200 8240.00000 . 12330 2839,920%0-
250 aldad LL . 330, 00000 . 1.00000 330.00000
267 3204 uL 1.00000 3528, 00000 . 1.00000 1392.00000~-
293 a2)64% tL . 112.3990) . 1.03030 112,00000
249 1304 tL . 2580.00000 . 1.00000 120.00000
230 <3266 L . 956 0.00000 . 1.9 952.92930
251 addos LL . 185.00000 . 1.00200 185.00000
162 Jedod uL 1.30000 3584, 00000 . 1.00000 106.00000-
263 Keod 8s «33333 3690.9))0) . . 1.93320 .
P54 aiduh L . 150.00000 . 1.00000 150.00000
155 J9dnb as 1.00000 8420.00000 . . 1.00000 .
265 X504 LL . 5188,00000 . 1.00000 4268.00000
267 5.0 LL . 402,00000 . 1.00000 402.00000
763 Joosh "L 1.23700 . . 1.23200 83)0.13003-
269 wn)b4 LL . 1019,00000 . 1.00000 1019.00000
100 J7)64 uL 1.000090 . . 1.00000 4997.00000~
PR TR BT BS e 184,930 . 1.00000 .
132 AW s +15625 . . 1.00000 .
101 56064 L . . . 1.03999 4055.33979
EREERTRIY) Lt e . . 1000, 00000 .25333
335 addnk ns 15625 119.00000 . 1.00000 .
3iu £S)a4 as «22667 24310.00309 . 1,00000 .
ot 4172 3s 130000 8260, 00000 . 1.00000 .
301 WwlD72 s . 330,00000 . 1.97930 .
115 glar? 8s . 3568, 00000 . 1.00000 .
313 w2272 L . 112.00000 . 1.00000 112.00000
3LoJse Lt . 2630.)3300 . 1.93700 502,00000
3t2 K3OT2 LL . 566000000 ° . 1.00000 2212.00000
313 waaT2 L . 185.30000 . 1. 3290 185.00070
314 Jad12 LL . 3624,00000 . . 1,00000 432.00000
315 KaIT2 Lt . 3730.)220) . 1.93390 538, 00090
e wed72 tL . 150,90000 . 1.00000 150,00000
3L 45372 8§ 1.00000 8500, 00000 . 1.00000 .
312 K572 te . 9378.00000 . 1,00000 5122.00000
319 w572 L . 402.00000 . 1.00000 402.00000
£ 320 J8I72 s 85033 . e 1.97390 .
321 w672 Lt . ‘ 1019,00000 . 1.00000 1019,00000
322 JnIT2 uL 1.20000 . . 1.00000 ~ 3420.00000~
323 w1)72 L . 184.,00000 . 1.00000 184, 00000
324 A8072 LL . . . 1.00000 . 781.26667
325 GBIT2 Lt . . . 1.03000 2623,53333
126 WOT2 8s . e _ .. 1000.00000 .
327 w8072 L . 119.00009 . 1.93200 119.09090
323 F3072 Lt . 24000, 00000 . 1.00000 24000.00000
329 J1080 uL 1.00000 7240, 00000 . 1.00000 2291.00000-
212) wid8)  _ AS . . . .339,0)099 . ' 1.00000 .. .. . .
321 J203C 8s . 3608, 00000 . 1.00000 e
3132 w2adse s . 112,00990 . 1.9)900 .
311 43380 L. . -2690,00000 . 1.00000 562.00000
336 %3330 tL . 9780.00000 . 1. 00000 2332,00000
135 Wil L . 185,731 . 1.00000 185.00000
T8 440 L e e ....36B4,00000 . .. . 1.00000 492,00000
[RE AL LL . 3790.,00000 . 1.2)0)0 598, 00000
338 W63 LL . 150.00000 . 1.03000 15000000
3118 Js0ng L . 74, 00000 . 1.00000 4826, 00000
340 K581 L . 9538.11719 . 1.01300 5332,09000
41 wWho40 LL . 402, 00900 . 1.00000 402.00000
YAl Ju) ns . +34750 _ . . . 1.03379 .
363 w604) t . 1019.00000 . 1.00900 548.00000 .
144 JT04D uL 1.00000 . . 1.00000 3420.00000~
V45 WPIB) Lt . 184,30009 . 1.00000 65.00000
Yah  AADAD L . . . 1.00000 713.93333
34l GOUtD LL . . . 1.77900 2623.53333
Pigure 2.3-1 (continued) Sample portion of one optimum schedule,

showing nuclear, hydro, and pumped hydro weekly
initial conditions  gnd part of the final schedule.
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MIVIER  oCILUMN. AT oo oACTIVITY... oo INPUT COST.. _ o LOWER LIMIT, . UPPER LIMIY,__.REDUCED COST.

349 WI8) _ BS T T — . T000.00000 . . .
349 W8J8Y L . 119.00000 . 1.00000 119,00000
350 J1038 as 1.30309 6830.9133) . 1.33392 . )

. 361 #1088 LL T 330.00000 . 1.00000 330.00000
12 32043 uL _ 1.00000 . 3518.00000 . 1.00000 1194.00000-
363 wa)ig uL < 1432999 112.07900 . 1.00000 4213, 00000~
1%4 43048 . .. 2580,00000 . 1.00000 224.00000
355 X3038 L .. 9560.00000 . 1.0)))0 1314499990
356 w1)8A UL 1.00000 ___ 185.,00000 . 1.00000 . 904,00000~
357 J4068 8S «66667 3534.00000 . 1.00000 .

358 K438 LL e  3660.0797) . 1.09029 . 126.,00000
356 w4038 8S 1.00000 150.20000 R 1.03000 .
360 J5088 UL 1.00000 _____ 8520.00000 .. i 1.003% . .
3¢l X5)88 LL . $468.00000 . ‘ 1.00000 4756.00000
362 w5088 _BS | _.1.00000 ___ 402.00000 .. 1.00000 _ .,
363 J6088 . AS 1420020 . . 1.032%0 - .
3e4 w6058 BS e _ 1019.00000 . 1.00000 .
365 JT0£8 uL 1.20000 . . 1.00000 4503.00000~

. 3¢6 W1)88 ___BS_ .. 184430000 . e .. 100000 __- . . e ..
367 A8038 BS . . T 1.00000 .
368 G6adJ3n LL . . . 1.99030 3717.93333
36§ HLOSS 8s . . . 1000.00000 .
37C wWec3e . ) 119.00000 . 1.00000 51.66667
3711 £5)88 8S 2146867 24330. 72700 . 1.00000 .

372 J1096 UL __1.00000 _ __ 17740,00000 _ . ____ .. . 1.00000 __ _ 1244.00000-
373 wld9s LL . 330.02900 . 1.00700 ' 330.00990
374 J2096 uL 1.00000  3508.00000 . 1.00000 _ 86.00000~-
315 w2096 Lt . 112..00000 . 1.00000 112,00000
316 J3)96 LU . __ 2%90.)9900 . 1.00000 462,00000
377 K3096 tL . .7 9520,00000 . 1.00000 2072.00000
378 W3J96 LL . 185,32000 ° . 1.00000 185,00000
379 J4096 LL . 35%4.00000 . 1.00000 986.50000
380 K&4096 LL . 368C.00000 . 1.27000 1112.50070
381 W&)96 L . o 150.00000 . .. .1.00000 _ _  150.,00000
382 J5096 8S 1.00000 8270.00000 . 1.00000 .
383 K5796 LL . . 9038.93072 . 1.27000 47R82.00000
384 W5296 LL . 402.00000 . 1.00000 402,00000
165 J6096 Bs «67500 . . 1.0007% .
36 W6196 LL . 101 9.00000 . 1.00000 1019.00000
387 J7096 UL 1.00000 . . 1.00000 3420.00000-
388 w1096 1 . 184.02007 . 1.039200 184.90099
189 A3096 LL . . . 1.00000 900,26667
36C G3C94 LL . . . 1.00000 2623.53333
391 HL)Y6 ns . . . . 1000.00000 C e
392 w3096 8BS . 119.00000 . 1.00000 .
393 J1104 RS 1.OM0H _  8230.9)90 . 1.2)300 ., .
394 Wl104 LL . 330.00000 . 1.00000 330.00000
365 J2104 uL 1.20000 3518.00000 . 1.00000 144.00000~
166 W2l)4 8s . 112.02300 . 1.00000 .
397 43104 L .  2630,00000 e i 1.00000 502,00000
368 K3104 Le . 9630.97000 . 1.97)70 2152.09200
399 _W3104 LL . 185.00000 . 1.00000 _ ..185,00000 _
400 J4104 (W . 3554.00000 . g T 1.00000 ~1""860400000
401 K4ld4 LL . 3680.70000 st et opes é i 1,00000 986,00000
4027 W6ld4 L . 150, 20000 . 1.00000 - 150.00000
403 J5104 RS . 807C. 00000 - 1.32379 .
434 KS5104 LL . 8788.00000 . 1.00000 4532.00000
405 w5104 tL e .. 402,00000 . 1.00000  402.00000
476 J6l1)e BS 777 T .e5250 . . 1.9 )00 .
4CT w6104 e . 1015.00000 . 1.00000 960.00000
«C8  JT104 uL 1.20000 . . 1.93900 3429, 7099~
436 WIL)4 LL . 184, 00000 . 1.00000 164,00000
413 A81)4 LL . . . 1.00000 662.26667
41l 68114  LL « . 1.3)302  2623,53333
412 HL104 8S . . . 1000.03000 .
413 wW81J4 LL ) . ~ 119.00000 . 1.00079 119.03900
414 J1112 uL 1.20000 8520.00000° . 1.00000 . 114.00000-
415 Wi112 LL e o 330.00000 . 1.00000 330.00000
416 J2112 uL 1.)0990 3498,03909 . 1.7739) 562.309)9-
417 42112 LL . 112.00000 . 1.00000  _ 112.00000
418 J3112 LL . CT 2530.00000 . 1.00000 922,50000
419 K312 Le . 9407.37000 . 1.00000 2472.50000
420 wW3ll2 RS . 185.00000 . 1.00000 .
421 J4112 LL . 3484.09))) . 1.77700 894.1200)
222 Kall2 LL . 3630.00000 . 1.00000 1040.00000
423 W4ll2 As . . 150.00000 . 1.00000 _ .
424 J5112 BS 1.7999 7670423979 . 1.00000 .
425 KS112 Lt . _ 8638,00000 . 1.00000 4382.00000
426 w3l12 8s 1. 0000 402,03999 . 1.01929 ..

. 1.00000 .

427 Joll2 1S «62000 D

Pigure 2.3-1 (continued) Sample portion of one optimum schedule



NUMBER  oJCOLUMNG AT oo oACTIVITY 00 2o JNPUT COSTes oo LOWER LINMIY, ..u»en unn. — +REDUCED COST,
428 w6112 LL, o .. . 1019.00000 . . 1.030)9 . 448.100120
429 JT112 ut 1.20000 . . 1.00000 3420,00000~
430 w7112 e . e ... ... .. 186.00000 . . 1.00000. ... .. 20.00000
421 AS112 LL . . . 1.00000 781.26667

%22 68112 __LL_ . e e 1.00000 ______2623.53333 _
433 H112 8s . . . "1090.070)3 .

434 w8112 BS e L 119.00000 . 1.00000 .
435 Al120 ut 1.00000 8980.30000 . 1.00000 8378.00000-
426 J1123 uL 1.)9909 8690.77029 . 1.09000 . 886.00000~
437 w1120 BS 330.00000 . 1.00000 o

438 _A2120__ uv.,__________;_ 00000, ..3941,00000 _ _ .. e 1.03207 ____ 3619.,3009%0~
439 J2123 uL 1.00000 ~'3538, 00000 . 1.00000 718.00000~
440 W2120 BS e 112.00000 . . 1.00000 .

441 A312) uL 1.79000 4051.0)799 . 1.90700 6636.00900~
442 43120 L ... 2590.00000 e 1.00000 __  _ 462.00000
443 K3120 LL . 9500.00000 . 1.007)) 2052.9999)

. 4s4_ w3l2) _ 8BS __ ___1.00000 . 185.,00000 . ___ . . ......_. . 100000 __.__ .. . -
445 A4120 uL 1.00000 3421.00000 . 1.00000 3677.00000-
446 J612) LL . . 3484.0700) . 1.733)0 292.19170
447 K4120 LL . 3600.00000 . 1.00000 408.00000

_ 448 W4l23 RS _ _ . 1,00000 ____ 150.00000 L. 1.00002 . . .
443  A512) T UL 1.00000 17500.03000 . 1.00000 . = 10708,00000~

. 450 J5120 __ 8BS __ _ _  1.00000 _.8030,00000 _ ' . .. __, 1.00000  _ .. _ .« . ._

451 B512) LL . 8730.1179) . 1390 .
482 K5120 L. . ... .8138,00000 . 1.00000 _ _ - 4482.,00000
%3 w5120 8s . 402,02000 . 1. 00000 .
454 A6129 uL ~1.90000 490,00000 . 1.00000 .. 33162.00000~
455  J6120 8s +95000 . . 1.00000 .
456 Ws120 BS _ e L1900 . 1.7)700 .
451 A7120 UL 1.00000 211.00000 . 1.00000 6283,00000-
458 J7129 ut. 1.00000 . . . 1.09000 3420.90200~
455 W712) RS . 184.00000 . 1.02200 .
460 ARL12N L . . R 1.00000 781.26667
461 68120 LL . . . 1.93 30 2623.53333
42 HL120 ns . . . 1000.00200 .
463 w8120 s . 119.00000 . 1,00000 .
4e4 FS12) ns 012667 24730.0290 . 1.,00000 .
465 A1128 uL 1.00000 8327,00000 . . 1.00000 747.00000~
466 J1128 ns 1.00000 8261.92)0) . 1.0300 . .
467 W1128 LL . 330.00000 . 1.00000 330.00000

.. 468 A2128 Lt e ___ 4164.00000 e ® 1.02000 _ __ .. .192.00000
469 J2128 BS . 3588. 13309 o 1.00000 .

470 w2128 L . 112.00000 . 1.00000 112.00000

471 A3128 LL . 4317.00000 . 1.03720 940,007

412 J312e LL . ) 2660.00000 . 1.00000 532,00000

13 K3128 LL . 9640.00000 . 1.00000 2192.00000

@14 WX128 tL e .. 185.3) , . 1,00000 185.00000

475 A4128 RS . 3359, 00000 . 1.00000 .

476 J4128 Lt . .. . 3474.00000 . 1.02399 822.50970
477 K4128 LL . 361 0,00000 . 1.00000 958.50000

478 w4128 L R 150.00000 . 1.00000 150.00000

479 A5128 as . 17423.00000 . 1.00000 .

43) Js128 L . 8130.00000 . 1.00000 3871.00000

471 An12e Lt . 8130.0390) . 1.79330 ~ 3871.00000

©82 X5128 ut . 8778.00000 . 1.00000 4522.00000

483 wWh123 L . . 402.00000 . 1.99309 | _ . 472.0017))

4E4  AB120 Hes " 1.00000 588, 00000 . 1.00000 .

4E5 Jo128 As .18090 . . " 1.00000 .

496 wWol29 LL . 1919.33909) . 1.2237 588,299

«87 AT128 RS 1.30000 266, 00000 . 1.00000 .

«8u J7128 UL 1.20000 . . 1.0000d 3420.999)7-
489 wr12e LL . 184.00000 . 1.00000 ‘A6, 00000

«S0  Ad124 Lt T . . 1, 00000 781.26667

491 GB128 Lt . . . 191309 2623.53333

492 WL128 RS . . . 1000.00000 e

493 w8128 ns . 119.00000 . 1.00000 .

%4 Alll6 uL 1.7099) 8762,07000 . 1.00000 2220.00000-
495 J113e ns 110000 8210.00000 . 1.00000 .

“S6 Wil3o RS . 330.070090 . 1.7 .

4ST A2116 UL 1.,00000 3182.00000 . 1.00000 540.25000~
458 42136 uL 1.00000 3548.00000 . 1.00000 708.00000~
499 w2136 RS 1.30099 112.9270) . 1.00000 .

500 A3l36 RS 1.00000 4140,00000 . 1.00000 .

501 J3136 L e . 2620.9309 . 1.7797)  492.200%9

502 K313e [ 9630,20000 . 1.00000 2182.00000

503 W3136 RS 1.00000 185,00000 . 1.00000 .

504 A4136 BS 96875 2862.3390) . 1.00000 .

505 J4136 (X . 3504.00000 . 1.00000 312.00000

.506 K&4l136 LL 3630.00999 . 1.173999 438.0997)

5CT Wal3e6 BS .96875 150. 00000 1.00000

Pigure 2.3=1 (continuad) Sample portlon of one optimum gchedule
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568 A5136 as .« "T17620. 00000 .

5)% J5136 LL . 8029.)2))) .

510 BRS5136 RS . 8020. 00000 .

511 K5136 LL . 8688.0000 .

512 W5116 8s . ' 402,00000 .

513, A6136 utL 1.00000 _ 430.20000 . .

514 Jbl36 8BS T .84625 . .

515 Ws136 ns . 1019.00000 .

516 AT136 uL 1.00000 238.00000 .

517 J7136 8s 1430000 . . .

518 WTL36 ns . 184,00000 .

519 A%136 LL . . .

520 Gsl1le Le . . .

521 HL136 RS . . .

922 w3l3e as . 119.00000, .

523 Alles UL 1.00000 7848.00000 .

524 Jll44 RS 1.30229 7343,9300) .

525 Wll4s 8BS . 330,00000 .

520 A2144 ut 1.20000 3768, 00000 .

521 J2144 UL 1. 39029 3588, 00000 .

528 W2l44 LL . 112.30000 .

529 A3l4s uL 1.2)999 4207.270) .

530 J31l44 L . 2T710.00000 .

531 K3144 LL . 9820.3200) .

522 W3l4s LL . . 185.00000 .

533 A4l44 uL 1.00000 3193.00000 .

$34 J4l4b LL . 3554.03290 | .

535 K4léé tL . 3680, 00000 .

536 Walds RS .03125 150.)399) .

537 ASl44 ns .20833 17306, 90000 .

538 JS5144 RS - «20833 8C70.20000 .

536 Ab144 Le . 8379.39390 .

543 KS144 LL . .. .8908,00000 .

541 W5144 ns .20833 402,00000 .

542 AGled ut 1.90000 $44, 00000 .

543 Jolbh ns 86667 . .

544 WOlh4 LL . 1319.)31799 .

545 AT144 uL 1.00000 217,00000 .

540 JT144 RS _ 1.0€000 . .

547 Wlled Bs . 184,00000 R

548  A8144 e . —_— . N

549 G3144 Lty . . .
~-550_HL1l44 __ 8BS - e . . ‘

551 W8l44 8S . 119.00000 | .‘-'i Tt

582 A}152 0000 856.00000_ '+ A\t

553 J1152 Y3 "1.0000 7120.00000 . .

554 w1152 L e . 330.0909) . e :

555 A2152 ut 1.00000 3594,00000 .

556 J2152 RS _1.00000 ___ 3668,00000 .

557 w2152 LL . 112.93900 .
__558_ A3152 RS 1.00000 4264,00000  _ e .

559 J3152 LL . 2740, 33200 .
560 K3152 L % 9910,00000 ..

561 w3152 BS . 185.00000 .

562 As152 __ RS _ «23438 3019.22000 e

563 J4152 LL . 3524,00000 .
___S5t& K4152 L . 3660,00000 . .

565 W4l52 L . 150.00000 .
__B66 #5152 _ MBS e ____ __17529,00000 __ . N

567 J5152 Lt o 8090.2)999 .
_5¢8 B5152 LL el ® . 8090.00000 .

566 K51%2 LL . 8938,00000 .
5713 ws152 _ Lt .. L %02,00000 . ..
811 A6152 uL 1.66000 486,00000 .

512 Joly2 8s «75833 . .

571 W6152 LL . 1019.00000 .

574 AT1%2 uL 1.20000 2%2,00000 .

515 J7152 utL 1.00000 . .

56 WILS2 RS e 18400000 e ..

$77 AB152 Le. . . A

578 68152 LL . . . ) e

579 HL1%2 8$ . . .

58) w8152 8s . - 119.00000 .

1.00000

NUMBER  LCWUYN, AT essACTIVITY, 00 ‘-clN'U‘ €CNSTes «oLOWER LINMIT, «o UPPER LI M] Te. +REDUCED COST,

1.00000 2158.00000
1.03000 .
1.02329 6590.99929
1.00000 .
1.00000 © 3459.62500~
1.22200 .
1.00000 ‘ .
1.23900 4279.53900-
1.00500 .
1.00900 .
1.2333) 781.26667
1.03000 2623.53333
1000.00000 .
1.00000 .
1.00000 4504.66667-
1.2273) .
1.00000 .
1.00000 735.91667~
1.90000 668.00000~
1.00000 112.00000
1.1130) 1387.97099-
1.00000 582.00000
1.9392) 2372.00099
1.00000 153.00000
1.00000 284.33333-
1.00200 _ 362.00000
1.00000 488.00000
1.3 B
1.00000 .
1.00000 .
1.00000 .
1.00000 4652.00000
1.9))7) .
1.00000 - , 9482.79167-
1.02000 .
121103 1019.22029
1.00000 °* 5257.16667~
1.00007 .
1.00000 .
1.00000 781.26667
1. 2009 2623,53333

_1000.00000 _ . e

7 1.4 1200000 TRT .

13/ 1.00000 ~ M\ 4860.00000-
1.00000 .
1.02009 _ _ _ 330.00000
1.00000 7% 566.37500-
1.00000 __ i .
1.00000 7' "112.00000

o 1.00000 _____ .. .
1.03790 7T T 612.00000
1.00000 __ 2462.00000
1.00000 .

C1.00000 ..
1.00000 332.00000

L 100900 ___ $68.02000
1.00000 | 150.00000
1.00000 * _ _ .
1.03000 1714.00000

' 1.00000 _. _ 1714.00000
1.00900 4682.07977

___ 1.00000 _ ____ 402.00000
1.00000 4465.43750~
1.0000 .
1.00000 1019.00000
1.999)3 854.25070-
1.00000 3420.00000-

o 1.00000 ___ .
1.00929 781.26667
1.00000 ___ 2623.53333

1000.00000 .
1.00000 .

Pigure 2.35-1 (continued) Sample portion of one optimum schedule



-i!fs-

««INPUT COST,.

71157.00002
7250. 00000

330.00000
3717.91009
3598, 00000

112.00000
4357,00000
2700. 30000
986317109

185.00000
3502.00000
3614.91)99)
3750. 00000

150.133))
17737.03001)
8170.00000
H177.31)))
8588, 00000

402.00009

507.00000

1019.92939
304.00000

184.00000

119.00000
24970. 00000
66C0.20000
7140.2307
330.00000
3620.00000
3588.)))99
112,00000
4424.3))))
2710.00000
$900.90000
185,011
3481.33000
3644.00099
1780.J0000
150.00000

1756743))3)

NUMARER  COLUMN, AT s dACTIVETY,.
581 Alle0 uL 1.20000
532 Jll6) uL 1. 39900
583 Wll60 Bs .
b24  A2162 uL 1.302)9
SES  J2160 uL 1.70000
586 W>lh) as . ’
9€T1 A3lo) uL 1.)0730
S88 J3IlsY te .

586 K3160 LL .

540 wWileD LL .

991, Adlad uL 1.20000
562 Jalb) 35 L8750
993 Kaln) L .

56 wel6D) as JT0562
595 Ab1o) n 170000
556 U160 ne 1.90000
ST BY14) te .

998 Kylay (4 -

569 wyl60 ns 1.00000
627 AH160 uL 1.03090
6061 Juled uL 1.70000
602 wWhlae) LL .

603 A7160 UL _1.00000
0Clh JTie) Ul 1. 0000
635 wll6) X3 .

6C6  A160 35 .

oC7 G38l60 Lt .

603 . HL160 3s -

609 w3142 a5 K

615 FESloe) 8s +16333
6ll Altled yL 1,90000
612 J1163 as 1.3097)
613 Alla8 Le o

614 A2153 uL 1.0J000
615 J2168 UL 1.3
616 w21a3 as .

617 A31ma ut 1.00000
613 J3169 LL .

619 k3168 te .
T 62) wWilhe 1L .

621 A4l106) m 1.00000
622 Jala L .

H23 Kelud L .

624 WHLKD L .

625 AS1u8 as 56257
620 Julbkd 85 «56250
21 MHiag HS .

623 K3168 Le .

629 W5163 tt .

620 Anles UL 1,009
631 Juies As +89500
632 wWoles RS .

633 AT1638 UL 1.00000
6346 JT1638 uL 1.90000
635 WTi68 8s .

636 All68 Lt B -
637 G8l68 LL .

638 MHL168 Le .

639 wWAlLS L .

54) ESle8 LL .

b41 OSN Le -

642 USN. 8s 2935.83333
643 QS ag 350020000
844 USH Le .

845 OSPH LL .

646 USPH RS 160.2C000

Figure 2.3-1 (continued) Sample portion of one optimum schedule,

8110,00000
8110,00000
8788.00000
402,00000
449.232))

L]
1919.30%00
247.00000

L]
184,332

119.00000
24790.07)39)
15.,10000

8. 080000
5.20000~
6.400%0~
6.70000

13.30000~

s o LOWER LI MIT,

'Ql..l....'n....".l‘..'!ll...ll‘IIl.i.l'.'Il‘OQ"....Q.'l‘.'.l..-n

«sUPPFR LIMIT,

1.00000
1.00000
1.00000
1232
1.00000

1.00000

1.0J000
1.00000
1.12))m
1. 00200
1. 00300
1.092099
1.00000
1.7J3))

1.00000

1.02000
1.29000
1.00000
.73
1.00000
1.0)0v0
1.23233)
1.00000
1.0200)
1.00000
1. 03000
13390
1000.00000
1. 03000
1.00000
1.20000
1.3333)
1.00000
1. 00000
1.00000
1.90000
1,233
1.03000
1.00000
1.00000
103000
L )3)))
1.00000
1. 00000
130000
1.00000
1.7)30)
1,00000
1.03000
1.7
1.00000

1.93599

1.00000

1. 00000
1.00000
1.00000
.70
1000.00000
1.00000
1.00000
50000.00000
53232, 321
7000.00000
7000.00000
840.21)2%)

. 160.00000

«REDUCED CNST,

11185.66667~
3592. 00000~

4377.23979~
L220.66667~

* 6791, 50000~

290.66667
1427.33333
39.50000
. 3877.33333~

136.00000
13144.33333~

4169.33333

35596.00000~
7033.33333~
1019.00090
6346.33333~
4756.33333~

3973,933133

6215.33333~

330.00000
742.45833~
668.00070~

966450133~
582.00000

2452.00000
185.00000
212.666617~
452,079
588.00000
150.00000

.

4532,00000
© 402,00000
8333,64583~

1581,08333-
3420.00000-

781.26667
2623.53333
5.16073
119.00000
17129.68750
1.80000

3:60090
- 30000

3

showing the status of nuclear and hydroelectric quotas fer
the end of the week.
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MIMRER oCOLUNN. AT o..ACTIVITY... oo INPUT COST.. oo LOMER LIMIT. ..UPPER LINIT, oREDUCED COST.

o4l alue4 v _ 1.00000 85%2.00000 - 1.2)300 19628.00099-
648  A2354 IV 1.00000 ___ 4052.00000 . 1.00000 .  4118.00000-
649 A3J64 v 1.00000 4300, 20000 . 1.00000 7070.00000~
650 A4064 1V 1.I0093 . 3380.0099) . 1.0397) . 4292,200%0~
oSl A5004 v 1.30000 17560. 00000 . 1.00000 13580.00000~
652 85064 | 2 . 8420.00000 . 1.00000 .

653 40264 Iv 1.99700 537.97999 . 1.00000 34729.00000~
654 AT064 SV 1,90000 ___ 452,00000 . 1.00000 6027.00000~
855 AlJ72 tv 1.30000 8480,00000 . 1.93992 284,0900)~
056 A2)72 €0 . .. .. 4077,00000 . . . . 85,00000
657 A3072 v 1.00000 4199,00000 . 1.00000° 1007,00000
688 44172 1y 1.79900 3342,)0070 . 1.2330) 1214,20000
655 A5072 v 1.00000 17663.00000 . 1.00000 4883,00000
660 85072 v . . ....8500.00000 . 1.000)3 . .
bEl  MuOT2 v 1,00000 . 471.00000 . 1.00000 .

662 AT072 v 1.00000 258, 00000 . 1.00000 41.00000~
6€3  AL08D v 1.79209 7163.33322 . 1.23909 .

&e¢4  A2030 £Q . . 3647.00000 . - . 4406.00000~
665 AINSO 1v . 4281.00000 . 1.00000 .

666 A4I8) v i . .. 3421.2307 . 1.00000 1143.00000
667 45030 v . 17168, 00000 . 1.02000 .

669 B5080 v, . _  8140.00000 . ., 10930 4826.0907)
663 46)8) v 1.00000 389.00000 . 1.00000 159.00000~-
670 “A7080 IV. 1.00000 __ 245,00000 . 1.00000 ] .

671 AL038 1v 1.30299 7522.27300 . 17322 14736, 99099~
672 A2068 IV 1,00000 ____ 3689.00000 . . 1.00000 .

613 43388 v 1.00000 4932,90000 . 1.00000 6093,00000~
674 Ae)38 v 1M _3251.3207M) . 1.00000 4075, 00000~
. 615 A5088 v - 1.00000 17634, 00000 . 1.00000 12364.00000-
616 85038 v . . 8520.00000 . 1.9333) .

611 44118 tv 1.00000 $47.00000 , e 1.03000 39058, 00000~
678 A7083 IV . 1.20000 _  2644.00000 . 1.03000  6209,00000~
679 A109% v ; 1.30900 8740,233)7) . 1.03220 .

680  AP0%% v 1.20000 3666, 00000 . 1.00000 o

681 A3096 1y 1.00000 4106,00000 . 1.00000 914,00000
662 A4)96 v . , 3377.0230) . . 1.00000 .
683 45096 v 1.00000 - 17621.00000 . 1.00000 4611.40000
684 B5)95 . 1y . 8270.00000 . 1,00000 .

6E5 A6096 v 1.00000 844, 00000 . 1.00000 485,00000
686 A7096 v 1.00000 198.30000 . 1.92309 ' 2.09990~
6E7 .AL134 IV 1,00000 ___ 7696.00000 1.00000 1098.00000~
683  A2104 v 1.00000 3674.00000 . T 100000 T T .

629 43174 v . L. 42014307909 . 1.93320 824.09000
G50 A41D4 Ty . 3274,00000 . 1.00000 .

651 AS104 1v o 16438,00000 . 1.0000) 2826,00009
652 8514 iv . 8070.00000 . 1.00000 .

653 A6104 IV . 1.00000 __ _ 512,00000 . 1.00000 .

654 AT104 v 1.2099) 324.9)999 . 1.03929 o .

665 ALll2 IV 1.00000  8720.00000 . 1.00000 .

696 A2112 v 1.00000 3500. 00000 . 1.00000 ) .

687 A3112 1v . , 4233,00000 . 1.00000 .

858 A4l12 1v . 31332,00000 . 1.00000 .

659 AS112 IV _.1490090  17362.0700) . 1.0J990 4052.00000
700, B5112 1v . . 7§70.20000 . 1.00000 «
7C1 As112 v 1.20000 448,00000 . 1.00000 .

732 AT112 1v 1.1979) 200.2170) . 1.00000 .

Fi ‘ure 2.3=1 (continued) Sample portion of one optimum schedule,
nhgwing tge values of the decision variables for which the
third decislon field was responsible.
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Pigure 2.3-2 The thre
problem of minimizing
for the system under s
23 18 the best of thes
values of their respec

e completed schedules obtained for the
dollar + water + air pollution levels
tandard reliability requiremsnts, node
e three schedules as indicated by the
tive cost funotionals.
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Figure 2.3-3 The remaining incomplete schedules still
held for the system at the completion of the three complete
schedules displayed in the previous figure.



2.4 Unit O Sche Regult
The plots and graphs in this section will be more or

less self-explanatory. All of this data 1s contained in
Appendix D.

2.4.1 Yarying Economic-Epnvironmeptal Strategies

Pigure 2.4.1-1 represents the dollar costs versus
water pollution impacts of the minimum dollar QD, minimum
water pollution QW, and minimum dollar + water pollutiom QV
schedules. This line then represents the set of all
possible consequences of optimum dollar-water pollutien
strategies. Although there are only three points to show
the shape of this curve 1t 1s almost exactly defined
using the added information available. In particular,
it i8 known that the slope of this surve = 1 at the point
QV, and the curve must be concave'Q and contained withim.::
the projections of minimum dollar costs and minimum water
pollution costs.

Each point in these curves 1:ﬁ;esult of the best of
three near optimum schedules. To see what kind of variability!!
does exist among these schedules and the degenerated linear

optimum schedule see Appendix E. It ig reasonabdle to

10, It is assumed that these curves are relatively smooth
due to the great number of variables and the relative
clogseness of these schedules to the actual linear optimums,
which can be proven to have a connected concave shape.

11. For an idea of the magnitude of this variability with
respect to the plots presented, using the scale of figure 2.4.1-1
for example, the optimum linear so%ﬁtion and al) of the

computed schedules lie within 1/40 of an inch of each other.
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Pigure 2.4.1-1 The tradeoff curve representing all possible
optimum consequences of dollar and water pollution strategies
at standard reliability.
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assume that the points represented in these graphs are at
the true optimum's positions One percentage difference
in costs between the optimum linear schedules and the
valid, integer schedules was about the maximum error.
Thus, any large amount of work, particularly including
simulations of hypothetical systems, could surely use
pure linear programs if indeed this 1% error is about the
magnitude which results for the particular system to be
investigated. |

Pigure 2.4.1-2 displays the contribution of the various
system components to these three schedules, the optimum dollar
cost QD, water pollution minimum QW, and dollar + water
pollution optimization QV.

Pigure 2.4.1=3 represents the tradeoff curve for the
minimum dollar QD, minimum dollar + air pollution + water
pellution QT, and minimum air + water pollution QE schedules,
and figure 2.4.1-4 shows this system component breakdowm.

Pigures 2.4.1-5 and 2.4.1-6 are the displays for the
minimum dollar QD, minimum air pollution QA, and minimum
dollar + alr pollution QB schedules and strategiles.

It 1s also possible to display these three trunsrorm
curves, whioh have'Just been brosentod,all on one three
dimensiomal plot, and this (using a little imagination)
can be seen in figure 2.4.1-7. This surface should be
visualized as a triangle which has beer punched in, and
which 1is actually quite flat on the bottom (making a strict

dollar minimization, a8 is currently used, unwise).
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Pigure 2.4.1-2 Contributions of the various system components
in actual optimum schedules (standard reliability).
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Flgure 2.4.1-3 2he tradeoff ocurve represanfing-all possible
optimum consequences of dellar and air+water pollutiom
strategies at standard reliability.
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Figure 2.4.1-4 Contributions of the various system components
in optimum schedules (standard reliability).
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Figure 2.4.1-5 The tradeoff curve representing all possible
optimum consequences of dollar cost and air pellution
strategies at standard reliability.
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optimum economic-environmental consequences (standard reliability)




«38-

2.4.2 Ya System Demand-Meet v B
For each of the scheduling strategioi”ixplaixad ia

gsection 2.4.1, 1.e. QD, QA, QW, QT, QE, QB, and QV it is
also possidble to parameterize the reliability requirements,
that is, the load meeting probablility, of the power system
from low reliability, through standard reliability, te
high reliability. These curves and bar graphs of system
schedule consequences and systenm compénent contributions
are contained in figures 2.4.2-1 through 2.4.2-10,

Here again 1t is possible, obviously, to take the
entire transform surface of figure 2.4.1-7 and display
the reliability parameterization as surfaces above (i.e.
more costly for higher reliability requirements) and below
(1.e. less costly for relaxed reliability requirements)
that standard reliability tradeoff surface. This solid
of all possible optimum comsequences of economic-environmental-
security strategies is represented in figure 2.4.2-11.

These tradeoff curves show generally that there is
a great deal of 'flexibility' im this smgstem for adapting te
different scheduling strategies. Here, an 'inflexibdle' or
unbending system would have a tradeoff surface which was a
flat plane through the minimum dollar, minimum air pollution,
and minimum water pollution points, so in effect eme could
choese from among the various types of éonaequences of
Vsystem operation, but one would have ne variation in the

combined total of the consequences. On the other hand
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Figure 2.4.2-1 The three transform curves representing all
possible consegquences of optimum dollar-water pollution
strategles at low, standard and high reliability levels.
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Pigure 2.4.2-2 Oontridbutions of the system generation
components to the schedules which minimize the dollar cost
for various reliability levels
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Pigure 2.4.2-3 Contributions of system components to the
schedules which minimize dollar + water pollution for
various reliability levels
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reliability levels. .
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strategies at low, standard and high reliability levels.
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a one hundred percent 'flexibility' would allew operatiem
at the 'ideal' point of simultaneously minimizing dollars,
air and water pollution. This 1004 flexible curve would
bes 'pushed in' s0 far that it would be like the cermer of
a cube. The sample system studied showa'a scheduling
surface 'flexibility' of approximately 65%, i.e. rather

a deep pocket in that surface. This characteristic means
that minimizing dollars, alr or water pollution alone or
dven-imrpairs 1s probably not a wise criterion because
large gains in the unconsidered consequences could be
made for very slight increases in the undesirabllity of

the nmeasures used.

Note: The word 'reliability' has been used very loosely
in this chapter. Strictly speaking a higher reliability
requirement should increase the spinning reserve, but net
the actual demand for power. In this chapter the power
demand was increased also, and thus the cost of meeting
this higher demand alse shows up in the consequences.

What is actually represented here is a measure of the
flexibllity of the system with respect te meeting demand
changes, that is, the resultant consejuences of meeting
higher of lower demands for power. The purer conseguence
£ changes in reliability levels can be gotten by subtracting
:{e incremental costs of the extra power multiplied by the
amount of additional demand met.



3. Irans Surfac o) Sehedule

This sample system will be only briefly described.
An exact system description can be found in reference (5)
on page 102, and the exact data used is displayed in
Appendix C.

3.1 Desc t of S e System

This is a twelve power plant system schedﬁled over
an éntire 39 week period. The components of this system
are fosslil plents: plant 1 of 225 megawatts, plant 2 of
125 megawatts, plant 3 of 150 megawatts, and plant 4 of
350 megawatts., There are two nuclear facilities, plant
5 of 550 megawatts and plant 6 of 600 megawatts. Plants
8 and 9 are 100 megawatt hydro stations. Plant 7 is a
75 megawatt pumped storage facility. There are three
gas turbines: plantsi10 and 12 both of 85 megawattis, and
plant 11 of 100 megawatts.

There are a number of interregional power buy and
sell contract decisions to be settled by the scheduler,
and there are many opportunities set up for possible
extended shutdowns of various facilities for dollar and/or

environmental gains.

3.2 Malntepance and Production Scheduling Resultis

The following are the results of the economic-
environmental scheduling procedure. Exact data used for

these graphs is contained in Appendix D.
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The negative sign on some of the environmental axes
results from the procedure of rewarding plants for being
shut down, rather than the identical (complimentary)
problem of pennliéing the plants for opsrating.

3.2.1 Opt Schedules

The schedules in figure 3.2.1-1 represent the seven
dptimum schedules which resulted from the mainteﬁance
scheduling mechanism. These displays do not, however,
includedany of the weakly quotas, plant shutdowns or
variable power sales which are also part of the maintenance

and production s‘chedule.12

3.2.2 Irapnsform Surface of Al]l Optimum Schedules

Figure 3.2.2-1 represents the dollar costs versus
water pollution impacts of the minimum dollar QD, minimum
water pollution QW, and minimum dollar + water pollution QV
schedules. This 1line, then,represents the set of all
possible consequences of optimum dollar-water pollution
strategies. The point labelled X in these graphs represents
the first feasible solution foﬁnd by the computation process,
and, thus, is a measure of the quality of a non-objective
function 'fill-in-the-blank' scheduling technique such
a8 1s now used for the maintenance and production scheduling

procedure.

12. Persons interested in more detail from the optimuﬁ
schedules may contact the author for a full set of data.
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Pigure 3.2.2-1 The tradeoff cﬁrve representing all possible
optimum consequences of dollar and water pollution maintenance
strategies at a standard reliabdbility level.
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Pigures 3.2.2-2 and 3 are the dollar-environmental
and dollar-air pollution curves as were those described
in section 2.4.2 for the similar cases which concerned the
unit comm;tment problem. Again here X marks the position
of the first feasible solution computed for this problem.‘3
Also in the case of these maintenance tradeoff curves
it is possible to display these three transform curves on
one three dimensional plot, and this is shown in figure
3.2.2=4, | |

13. Even this is an optimistic estimate of where the
fill-in-the-blank technique would probably leave the
schedule, because this point represents the first feasible
continuous variable schedule,which means that there would
be an additional cost for changing the noninteger decisions
to valid integer values. That is, this represents the
first fesasible solution for the linear case, which is
probably an optimistic estimate of the value for the
integer cage.,
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Figure 3.2.2-2 The tradeoff curve representing all possible
optimum consequences of dollar and water+air pollution
maintenance strategies at a standard rellability level.
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Figure 3.2.2-3 The tradeoff curve representing all possible
optimum consequences of dollar and air pollution maintenance
strategies at a standard reliabllity level.
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4, Trangform Surfaces for Expansjion Simulations

To meet expanding demands for power a great deal
of planning 18 needed to determine exactly what new
generation units will perform best when added to the power
system. Elther by intultion or by a manual or computerized
screening program14 attractive expansion schemes can be
found, but these large, gcneralized programs cannot be
expected to yleld any great amount of detail or accuracy.
For this reason there are a number of simulators in use
by utilities which predict more exactly the dollar costs
associated with specifically hypothesized, attractive
expansion possibilities. The use of those same scheduling
mechanisms deseribed im chapter 3 for producing this type
of simulation, will be demonstrated in this section.

Historically simulators have been used which were
basically Just prebabilltic methods of meeting annual loading
curves projected for the year being studicd.15 Using the
assumption that the dollar costs of operating a unit are
close to constant throughout the year, the loading triangle
simulations remeve time as a variable and work only with an
ordered l1ist of cheapest to most expensive power producing
units and £11l in a graph of capacity levels and the expected

fraction of the year thd load will exceed these levels.

14. Such a computerized program, which also includes some
environmental considerations important to power plant siting,
¢an be found in reference (11).

15. See for an example reference (12).
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However, introducing environmental impact measures gonerally‘é_
will cause the operating consequences to be quite definitely
time variable.over the course of the year.

One obvious possibility for including time varying
environmental impacts invelves the development of a probabil=-
istlec simulator by extending current methods to include
time and environmental impacts as additional dimensions.
Although the results of such a simulator would not show
sccurately the precise splicing together of various generatien
components, this type of mechanism would probably yield
a quick overview of the system performance, and thus, could
be a promising area for future research.

Creating actual schedules of opsration for the
hypothetical systems is another way of performing simulations
which include environmental impacts and time varying
consequences, and it is this more precise method whieh will
be demoﬁstrated in this chapter.

0f the two types of schedulers developed, the maintenance
and produetions‘scheduler can obviously and straightforwardly
be used as a simulator. The shorter time ranged scheduler
has less obvious possibilities, and thus, the sample system
gimulator used here will explore the potential of this unit

commitment scheduler as a simulation tool.

16. It is possible to use measures which are not time

varying and the probadbilistic methods would here stlll be

valid. For example, the aquatic impact measureocould be the
water temperature standard which must be met, #° through say

6° C inoreases allowable, and the air pollution measure could

be the percent sulfur content of the fuels allowable (4% to #%).
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4,1 Description of Sample Expansions

It is assumed that the malntenance and production
scheduler has already simulated the long range performance
of the hypothetical systems. The unit commitment simulatisn
over the course of one week is now used as an aid te the
comparison of the different systems' performances.

For this particular example to make this single week
simulation a meaningful comparison mechanism it is assumed
that the plants which are on maintenance in this particular
week are common to the hypothetical systems to be studied.
The remeining operating facilities which exist as a common
base to which the different hypothetical expansions make
additions include: plant 1, a relatively expensive (to |
operate) fossil fueled plant of 160 megawatts, with a moderately
heavy air pollution factor (which varies, of course, as
meteorological conditions change) and a cooling tower,
thus, with very little thermal water pollution. Plant 2
is a 70 megawatt plant fueled with low sulfur content fossil
fuel, making it slightly more expensive to operate but
reducing its impact on the atmosphere. Plant 4 is an 80
megawatt gas turbine. And plant 7 is a 100 megawatt hydro-
electric station.

The two expansion alternatives hypotheslized involve
the addition of four new fossil units, or the addition of
two nuclear and two pumped hydre storage facilitles.

The fossil addition alternative invelves the hypothetical
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use of: plant 3, a typleal 120 megawatt fossil fueled unit,
plant 5 & 240 megawatt slightly cheaper fossil-fueled
raciiity, and plants 3A and 3B which are both 460 megawatt
relatively cheaply operated fossil fueled plants. All eof
these fessil plants on the average show more air pellutienm
impact but slightly less water pollutiem impact than the
nuclear facilities.

The muclear-pumped hydre combinatiens involve:
plants 6 and 61,.560 megawatt nuclear plants with cheaper
power, relatively more water pollution and little air impact
when compared.$e the fossil plants, and plants 8 and 8A,
pumped hydre storage facilities capable of storing 80
megawatts of power per hour, with a total storage capacity
of 1000 megawatt hours, 80% input sffieiency, and 83% output
efficiency.

The nuclear, hydre and pumped hydro facilitios have
quotas for production and reservoir levels at the end of
the week, with penalties associated with missing those
targets. Unlike the scheduling preblem, where quota cests
are fixed expenses, the dollar costs asseclated with these
quotas 18 vitally important in yielding comparable total
costs of various alternatives. The hydroelectric quota
cost 15 $5.2 per megawatt hour or $64,000, the pumped hydro
cost 18 $5.35 per megawatt hour or $1,712, and the nuclear
quota cost 18 $4.75 per megawatt hour or §760,000 for the
weekly total quota.
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The use of more than 400 megawatts of the large
nuclear facilities cues the need for added system spinmning
reserve requirements.

~ Emergency standby power support is available for
purchase from an external source at a few prespecified
times. Bulk power purchases may be ordered for a eouple
of time slots in the week, but otherwise, all bdulk inter-
regional power transfers are assumed to have beem previously
settled (in the maintenanmee and preductionm simulatiom) and
the load demand curves have been adjusted in order te
represent these transfers.

All of the simulations performed for this study used
the scheduling mechanisms in the linear mode of operatiem
for the purpose of increased computation speed. Although
this linear mede introduces about a 1% error, this errer
1s in the direction of decreasing the costs invelved and
is relatively predictable. Especiaslly for the comparison
of different systems-where the errors in the different cases
can be expected to be almost identical, it is felt that
errors of this magnitude will not be relevans.t: %h»

Measuring the capacity of the pumped storage facilities
a8 80 megawatts, which is the per hour emergy input eapability
of the plant into the storage reservoir and the plant's
per heur energy depletion whem en full output, the tofal
capagities of the fossil plan and the nuclear plan are
equal, 1690 megawatts imeluding portions of the o0ld system
which are held in commen. Assumimg 550 megawatts of the
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0ld system as scheduled down fer maintenance, and assuming
a 7% growth rate in the demand for pewer, them the magnitude
or,this‘cxpansion is what weuld.bo required at approximately
12 years in the future.

To demonstrate more vividly the usefulness of a unit
commitment simulator two different load curves are used
for that week which is 12 years in the future. The first
demand curve, called the swing eurve, is based upea am
equ:l'projeoted growth from all sectors of electrie power
users. Thus, the swing curve is basically a 'scaled up'

version of the existimng demand curves, and this is represented

Megavatts

Demanded

4 1688 peak

[ —
15007 L
10007
]
500--
rs. Sat%. Sun. Mea. Tues. VWed. Thur.
Tot’l Energy = 178,640 megawatts heurs Hours
0 t + ' + — + S——
0 24 48 T2 96 120 144 168

Pigure 4.1=1 The load demand eurve which'roprosonts the
equal growths of all electric user sectors, called the swing
curve.
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in figure 4.1-1. The seeend curve, called the averaged
curve, involves (1) the ehange in the industrial use pattern
refleeting the use of more '3 days on- 3 days off' werk

weeks, perhaps motivated in part by cheaper weekend power
rateg or taxes or disineentives for use of peak pownr'T,

(2) the introduction of mers electrie heating‘a whieh would

Megawatts

Demanded
A
1688 peak
4"500 -+
1000+ —_1_,
ljrri. Sat. Sun. Mea. Tues. Wed. Thur.
500t
Total Energy = 178,640 megawatt heurs
Hours
Y ' + N + -+ + + >
0 24 48 T2 96 120 144 168

Figure 4.1-2 The load demand eurve which represents the
unequal growth rates which might exist for differemt sectors
of electric users, ealled the averaged curve.

17. See reference (13) for a lengthy descriptien of possible
elegtric rate and usage policy changes and how these might
be reflected in growth patterns.

18. Much of the data for these demand curves was takem,fewm, or
motivated by, the information in reference (14).
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slightly £1ll in the valleys of the demand curve, and
(3) the use of elestrie ears, which would be charged at
night and would greatly f£1ill the demand valleys.

Beth the swing curve and the averaged curve have
identieal peaks, 1688 megawatts, and identieal tetal emergy
requirements, 178,640 megawatt hours, amd thus, fer
simulators using only tetal energy and peak measures these
curves would appear idemtieal. The exact systems dats
and the exact demand curves used in this system, aleag
with the spinning reserve requirements, cam be foumd ia

Appendix F.

4.2 Comparisen of Expapsien FPeesibilities
The definitions of QD, QW and QA as the minimum dellar,

water and air pollution schedules, and the definitioms of
QV, QB, QE, and QT as the dollar plus water, dellar and air,
alr and water, and dellar plus air plus water strategies
are unchanged frem section 2.4.1.

Of immediate interest are the minimum dollar cests
poessible from the twe expansion altermatives as they are
forced to meet the swimg demand ourve and the averaged demand
curve. These results are shown on the next page in
figure 4.2-1, and shew that a sizable, adbout 11%, errer
can be made from the choice of an expansien scheme with
reference only to the demand in terms of total energy amnd
peak power requirements.

An examinstion of these results suggests that some
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Figure 4.2-1 Dollar cost comparisems of meeting two different
future load curve poessibilities with hypethetical systems
using four new fossil fueled additions, or using two new.
nuclear plants ecombined with two pumped sterage plants.

sort of mix between the all fossil alternative and the all
nuclear-pumpéd hydre might yield the best econemic performamce,
or at leagst be less vulnerable te changes in future load
shapes. A mixed system was created, including nuclear plant 6,
pumped hydro plant 8, fossil plant 5 and fessil plant 3A,

a2ll added to the same original base syétom.'g A same standard
reliability measure was used for all the studies, and the
results are given in figures 4.2-2 and 4.2-3. The exast

19. The overall ecapaeity of this system was 60 megawatts higher
than the capacities of the original systems..1i:.
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Figure 4.2-2 Performance surfaces assoclated with the
swing load curve and the three expansion alternatives.
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Figure 4.2-3 Performance surfaces for three different
expansion alternatives all meeting the same averaged load
demand curve
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numerical results caa be found ir Appemdix G.

Just a quiek leock at iﬂil. perfermance surfaees shows
that a mixed system afferds & trememdous amount of additiemal
flexibility, e.g. having available altermative senfigurations
during intervals of relatively greater consequenses frem
one aspeet of iyston eperation.

It would be mllivity itself to flatly premeumes Shat
in this particular ease s mix would be the 'best' expansien
strategy. A therough understanding of the measures ef
envirenmental impacts is necessary befere such a deeisioa
ean be made, amd then it is still a question of whiekh interest
groups definition of ‘vest' 18 used. An example of a case
where the mixed system would be less desiradble would be eme
in which the thermal impact to the aquatie cemmunity may bde
sssessed as relatively harmless compared te the air pellutien
impacted upon the humap environment, in which case the all
‘nuelear-pumped hyrde system would be better. One of the
most difficult tasks facing the planner is the prediection eof
future environmental standards and the effect these changes
will have on the types of system componengnghould be ordered.
Using the likely assumptien that the regulations of the
future will more accurately reflect the aetual impact to
the environment, the type of simulatiom tool presented here
would be an ideal planning tool, with sensitive areas being
avoided and potentially high impacting cenfigurations sidestepped.

Further eomplicating the expansien decisien n&klngv
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‘problem 1 the timing ef plant additioms. Other questioms
vhich must be considered when determining the desirability
 of any future system eenfiguratiem inelude:

i what 18 the best system in the interim?
2) will this plam lead te an attractive system 20
or 50 years from new?

(3) with the tremendous differences im the consequences
of operation, what is the best order and timing for the
intreduction of the various fascilities?

(4) how mueh flexibility is mecessary with rospoet tn
the various load shape pessibilities which might be 2
imposed upen the system in the future? anmd

YS ) how will legislatien concerning envirenmemtal
standards change the shapes of these performanee surfaces,
and thus change the decisiens ooncerning attractive
expansion alternatives? ,

Thus, it ean be noon‘that the entire expansien planning
problem is not a static problem, but a preblem which evolves
through time and requires accurate load shape forecasts
along the way and adequate attention to the sensitivity ef
system performance t0 changing environmental standarda,

construction and fuel costs, and fuel availabilities.

20. Reference (]15) represents some of the work being done in the field
of modelling the demand curve from models of the growth of the different
sectors of power users.
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5. Zeasibility and Usefulness

The issue presented here is not whether or not th§
scheduling techniques are valid, this has been discussed
in references (5) and (6), but whether or not these transform
surfaces can be produced and whether or not they will be
useful.

Apparently, the question of usefulness is answered
by their existence. They represent the answers to the
types of economic and reliability questions asked of schedulers,
as well as the answers to environmental questions which could
not previously be answered.

Thé feasibllity of producing these surfaces breaks
down to the questions of (1) cést of producing them, and
(2) the ability to make meaningful quantifications of
environmental impacts.

Quantification of environmental impacts, if 1t proves to
be too difficult as described im references (7) and (8), can
be degenerated to something such as "BIUs into the water"
and Ytons of pollutants into the air.! Even though this
would not reflect as accurately the tfue environmental
consequences, it appears that the resultant transform
surfaces would still deserve careful investigation because
the degenerate measures are not altogether meaningless.

The question of cost of producing these surfaces is
treated in references (5) and (6). Although the speed with
which these schedules, and thus the surfaces of which they



-73-

are a part, can be computed makes the computation cost

an unlikely barrier, even if this 1s a problem, a linear
program degemeration of these schedulers would be useful.

In most cases the error resultant from this method degeneration
has resulted in errors of only about 1%4. This would therefore
be a valuable alternate method, and might be considered

the primary method for rougher gsimulation work.



Appendix A

The following is the program which was used to solve

the unit commitment problem shown in chapter 2.

/HMA
/7/J0
/7/0¥F
//MP

X & 2 & & % %k ¥ x x & ¥ & ¥ k Lk Xk %

STOP

INT

IN TIME=20+LINES=S

BLIB UL DSNAME=3YSCeMPSXLUADsUISP=(SHRIPASS)

TUCSO1l EXEC MPSX

SCUMPSYSIN DD #40CB=(RECFM=FB«LRECL=8UBLKS1Z32000)
PROGRAM

$#Of dF 3 3 3 3 4 S S B f 4 8 4 o5k 4 B s B % S % 4 % % % 4

THIS PROGRAM IS DESIONEL Tu

1= REPRESENT THt THIRU EVOLVING STEr OF THE OPTIMUM UNET
COMMITMENT SCRHEDULER = OPIUCS WwHICH IS TO bAPLORE THE
VARIOUS SCHEDULING POSSIBILITIES FOUR A HYPOTHETICAL
ELECTRILC PUWER SYSTeM e e

2= OBTAIN UP TO 3 CUMPLETE SCHEDULES WHICH wlLL HBE AT OR
VERY CLOSE TO THE UPTIMUM QUALITY FOR THE PRIURITIES AND
TRADEOFFS CHUSEN FOR THAT PARTICUL AR STRATEOLY

3= EXPLOKE MANY DIFFERENT QUALITY McASURES FKUM MINIMUM
DOLLAR COST STHRATEGIES TO MINIMUM ENVIRONMENTAL IMPACT
STRATELOIES WHERE. EnVIHRONMENTAL. IMraCTIS. ARE .EURTHER
VARIEL COMBINATIUNS OF AQUATIC AN/ ATMOSPRERIC IMPACTS

4= THEN STUDY THE MOVEMENT UF THIS I1RANSFURM SUKRFACE AS
SYSTEM RELIARILITY KEWUIKEMENTS A~t BEASEU OR TIGHTENED

# 40 3 o 3k 4 3 3k ¢ 3 ¢ % e 3k 3 o 3 3 4 3 W 4 %

INITIALY

MOVE (XDATAs *MOLELY)

MOVE ( XPBNAME s 'L )

CONVERT

SETUP('SUUNDY e 'sL)

MOVE (XObEWsy *uw!') e et et e e
MUOVE (XRHS 9 TMAY)

OPTIMIZE

SULUTION

SAVE (*NAME Yy 'OPTCY)

INIMIX

MIXSTART (*MATRIAY) e e e e
XMXDROP=20U00000 T )
CT=0

MVADR (XUUPRINT o INT)

MIXFLOW

MLIXSAVE (YINAME ' ¢ ¥ [KEELY)

MIXSTATS (*INULES?)

EALT

SOLUTION

XMAXDROP=2000U00

CT =CT+1

*

LA B - T R

*
¥

ok ¥ ¥ % £



TIF(CTeEwe3+5TORP)

CONT INUE
+*
cT DC(0)

PEND
/'ﬂ'
//MPSEXEC MATRIXZ OV UNIT=SYSDAWSPICE=(CYL+(5))
//MPSEXECoMIXWORK DD . UNIT=SYSDAsSPACES(CYL: (5)).
//MPSEXECSSYSIN UD #40DCHB= (RECFM=FHeLRECL=RusBLKSIZE=CU0N)

A brief summary of the data used to describe the sysiem
in the above program 1s contained below.
Minimum turn-on requirements and costs

Megawatt Average - Average Average
Plant Minimunm dollar aquasphere atmospherd: Turm-on

output eost, § cost eost eost,§
1 70 550 45 450 330
2 30 200 100 100 112
3 30 150 150 230 185
4 20 300 50 , 45 150
5 120 600 250 1250 402
First segment of load e
Megawatt Average Average Average
Plant output dollar aquasphere atmosphere
of segment cost, § cost cost
1 90 450 65 500
2 40 225 125 100
3 20 80 100 150
4 30 300 75 65
5 80 400 500 125
S d _segme oa curves
Megawatt Average Average Average
Plant output dollar equasphere atmosphere
of segment cost, § cost cost
3 70 400 '
330 500
g 30 300 75 65

40 150 750 180
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Nu aAr a Hydro regquirements and cos

Plant Minimum Additional Extent of mW Startup
megawatt § cost additional ocost
output above quota § loading

6 60 90 500 1019
7 5 15 95 184

Pumped Hydro Stat;at;gs

Pumping Input to Output from Max. Startup
Plant power storage storage input to cost
used, max. per hour per hour,max. systenm

8 96 80 80 o4 119

Penalties for missing quotas

Dollars Water Alr

Overuse of nuclear energy 5.9 7.9 1.3
Underuse of nuclear energy -4, -7.9 -1.3
Overuse of hydro energy .6 1.1 0.1
Underuse of hydro energy -Z.o -1.1 -0.1
Overstorage in pumped hydro res. -5.2 -1.1 -0.1
Understorage in pumped hydro res. 5.5 1.1 0.1

Nuclear energy usage target quota = 51,420 megawatt hours
Hydro energy usage target quota = 7,700 megawatt hours
Pumped hydro reservoir target level = 160 megawatt hours
Total storage capacity of reservoir = 1,000 megawatt hours
Initially all plants on except plant 8

Initially 100 megawatt hours in reservoir

There are six times during the course of the seheduling
that emergency standby power support is available at §

per megawatt and in quantities up to 3,000 megawattis.

These times are at hours: 64,72,88,120,160 and 168.

There are 48 pages of additional data available for
this particular example. This data is in the form of the
exaoct computer listing of the program used. The additiomnal
information contained in this 1listing involves mainly the

display of the time variatiens in environmental consequences.

This listing, called pages A1 to A48,1s available upon request.



Appendix B
The demand curves for standard amd low reliability in
the unit commitment problem are(high reliability is listed
) 1nM faf,erenceo 0( 664)): STANDARD '

10450
MA Do72 8800 T poso 4400
MA DosY 10080 uu9e 8160
MA D104 5440 01Tz 6000
MA D120 9600, vl2s 3400
MA D136 7600 D144 8000
MA D15¢ 7120 pléeu 10250
MA Dles 5960,
, Low _ ,
MA D064 9020, vore 7540
MA D080 3790. © D088 8820
MA V0Ye6 7230 Dlve 4660
MA D112 6920, D120 8620
MA D128 3100, V136 6540
MA Dlss 7050, D152 6320
MA Dlev 8950 vles 7790
~__The spinning reserve requirements are: HIGH
MA SR064 12280 SKO72 10600
MA SRO80 6200 SR088 11880,
MA SROY6 9960 . SR104 7240
MA SR112 9800, SR120 11400
MA SR128 5200 SR136 9400
MA SR144 9800, SK152 8920
MA SR160 12080 SKR168 10760
4 STANDARD o
T SR0O64 11?50. SRO72 9560,
MA SROB0 5550 SR088 10880
MA SK0Y6 9260. SKR104 6530
MA SR112 8800 SR120 10520
MA SR128 4880. SK136 8500
MA SR144 8920, Sk152 8030,
MA SR160 10930, SR168 9600

and LOY reliabilitv.

MA SR064 10420 SRO72 8940,
MA SR0Y0 190, SRO&8 10220,
MA SR0Y6 8630, SR104 6060,
MA SR11lZ 83¢0. SR120 10020
MA SR1e2s 4500, Sk136 7940
MA SR144 8450, SR152 77200

MA SR160 10350. SK168 9150,



Appendix O
The following is the program used in the solutien

of the maintenance and productioa scheduling problem of

Chapter 3.

X % % & & KB RX BB RS K &S

# # %

>TOP

INT

T

PRUGKAM

THIS PROOLRAM 1S DESIGNEDL T0O
- SET UP THE MIXEUV INIcGEx PROGRAM ASSOCIATED wiTH THE

COMPLETE UPTIMUM PRUUUCFION SCHEDULE = OPPROSe.
2= SULVE FUR THE UPT[~UM SCHEDULE IGNORING THE INTEGER

CONSTRAINT SET>

3= THEN OBTAIN UP TO 3 INIEG:R SOLUTIONS »
WIIH UOLLAK PLUS ENVLIRONMENTAL QUALITY MEASURES OF NOT

IF THEY EXIST»

MOKE THAN IHe uUALllY OF A HAND COMPUTED SCHEDULE
USINU SCHEDULING TECHNIWUES CURRENTLY IN COMMON USAGE

4= VARY Tht oOLLAKR COol

ANU ENVIRONMENTAL

WEIGHT INGS

% & 4 # & & & s s ¢+ 4 & % @ 4 % ¥ 4 % ¥ £ g # # # # # # $ # # & @

FOK THE EXPLOKATION UF ALL POSSIBLE OPTIMUM SCHEDULES
FOR A GIVEN LEVEL Or SYSIEM RELIABILITY

MUOVE (ApDATAY 'MODEL?Y)
MUVE (APBNAME s 'PB1")
CUNVERT

SEiUP (YBOUNDy 'U")
MUVE (AOBJs YW ?Y)
MUVE (ARMSY YMAY)
OPIIMIZE

SOLUT [UN

SAVE (*NAME'»*0OPIC?Y)
INIMIA

MIASTART (*MATRIAY)
AMADKOP=2VUU00U
Cl=0

MVAUR (XUOPRINT 9 INT)
MAAFLOUW
MEIASAVE (VNAME 19 ' TREEL V)
MIASTATS (*NOVES?Y)
EXLT

SULUT LUN
AMADROP=2uu00U00

Cl =Cley
Il’-tC]-Eu.J’oIUP)
COnT INUL

DC(y)
Pl

A L I S AR I A SR R I L I IR A A B A A #
INIT4ALL

* & & & & % & & % & % Xk X X &R
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’¥ N

7 /MPSEAECeMdAT LA LD uNllzaYauAsDVACL=(CYL9(?))
[7APSEXECeALANURK UV JUNLIZSYouAeDPACE=(CYL (5)) _ .

/7 APSEALCeDY DI LU “.DCO:(hturM=fﬁOLKtCL=dOQBLKDIZE=dUQO)

The exact data used in this maintenance program is
similar to that listed in the appendices of reference (5).
For a precise listing, including the environmental impact

data used, obtain Optional Appendix C, pages C1 to Ci11.
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Appendix D

contained here is the data which is a measure of the
conseaquences of the wvirious ontimum schedules for the

differant nnit comwnltment strateriesy (from Chuoter 2)

Jollar Aquatic atmospheric
Standard Juality environmental environmental 3
teliab.  in dollars x10°  impact units x10° impact units x10
QW 795 290 411
QE 3810 : 468 272
QA 784 585 227
QV 550 430 401
QT 542 493 , _ 287
QB 535 606 259
QD 503 622 332
Low
Reliability
QW 768 356 405
QE 86 451 242
QA 763 559 206
QV 514 399 392
QT 502 485 265
QB 484 574 260
QD 460 608 309
High
Reliability
QW 853 465 425
QE 861 516 328
QA 841 631 287
QV 644 497 419
QT 641 543 330
QB 635 652 305
QD 603 646 380

and for the different maintenance scheduling strategies:

QW 3514 -534,8 -329,7
QT 25407 -5130‘ "341 .6
QA 352.8 -48008 -386 01
QE 346.3 «499.6 -385.9
QB 235.7 =444 1 353, 1

X 327.3 444 4 «219,1
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Appendix E
4 Dollars x10°
800F- | @®| times 10
QW magnification
600t
times 10
o] magrification .
Qv
times 10
elle magnification
4o0r1
200 4 + P
200 400 600 aquatic
envirenmental
impact
units x10°

This is the tradeoff curve for the unit commitment
'd0llar versus water pollutior strategies at standard
reliability. The e show the oonsequences of the wvalid
integer schedules produced, and the ©® show the position

of the optimum linearly degenerated scheduling meschanism.
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Appendix F

The following is the computer program used to solve

the simulation of the hypothetical system expansion alternatives

of Chapter 4.

/*MAIN TIME=20,LINES=]9
//7JO0RLIB DU  USNAME=SYSZeMPSXALLOAUYDISP=(SHRePASS)
7/70PTUCSUL  EXEC MPOSX
//MPSCCMPo>YSIN DD #9DUg=(RECIFM=FBsLRECL=80+BLKSIZE=2000)
PRUOGKAM :
R R PR R SR S TP AR N TR TR TSN R SN RN RS R N )

THIS PROGKAM I> DeSIONED Ty

1= REPRESENT THE SIMULATIUN OF THE OPERATION OF A UNIT
COMMITMENT SCHEUVULER = UPTUCS WHICH IS TO EXPLORE ThE
VARIOUS SCHEDULINC PUSSIBILITIES FOR A HYPOTHETICAL
ELECTRIC PUWER SYSTeM™

2= OBTAIN SIMULATIONS UF >YSTEM OPERATIONWHICH REPRESENT
VERY CLOSE TO THE OrfIMUM GUALITY FOR THE PRIORITIES AND
TRADEOFFS CHUSEN FOR THAT PARTICULAR STRATEGY

3= EXPLORE MANY OIFFEHENT WUALITY MEASURES FRUM MINIMUM
DOLLAR COSF STRATEGIES TO MINIMUM ENVIRUNMENTAL IMPACT
STRATEGIES WHERE ENVIRONMENTAL IMPACTS ARE FUKRTHER
VAKIED COMBINATIONS UF AWUATIC AND ATMOSPHERIC IMPACTS

4= THEN STUDY THE MCVLMENT OF THIS TRANSFORM SUKFACE AS
POSSIHLE FUTUKE SYSIEM COMPONENTS ARE ALDED

% & @ # % @ # $ % & ¥ # % H# ow W @ B % ¢ 3 B & & W % & ¥ o W % 4

A R R E E R E E E E E E E

INITIALZ

MOVE (XDATAs *MODEL ")
MOVE (XPHBNAME 9 *NAME *)
COt‘VEQT

SETUP (1 sOUND v 9 18BUY)
MOVE (ARHSs *MAY)

MUVE (A0B.Js "QDUY)
OPIIMIZE

SAVE ('*NAME 'y AY)
SOLUT FON

RESTURE (YWNAME "9 *A")
MUVE (AOBJ *QDAY)
orTIMILE

SAVE (*NAME 'y '50)
SOLUTJON

RESTURE (%4AME vy 0g?)
MOVE (XOBJs *2A00)
OPIIMIZE
SAVE(*NAME*y*C*) -
SOLUT INN

L

% % & & %k & % % &k % % & & &k X
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RESTORE (YNAME 1 48C?)
MUVE (XObBJr *QAW?)
OPTIMIZE
SULUTION
MUVE (XOBJ *Qw0 )
OPTIMIZE
SAVE (YNAME 'y 't ?)
SULUTION
RESTORE (*NAME ' 9 *E?)
MUVE (X082 *QDW?)
OPTIMIZE
SAVE('NAME Y40 F 1)
SOLUTION
RESTORE(*NAME 'y *F *)
MOVE (XOBJs *QDAW?)
OPVIMIZE
SULUTION
EXLT
PEWD

/%

//MPSEXECSYSIN DU #9DCB=(RECFM=FBsLRECL=80+BLKSIZE=2000)

The demand for power at a certaim hour, and the spinning
regserve required at that hour are given in terms of the
total megawatt hour requirement until the mext time unit
in the program. Thus, the first 3 segments represent the
total demand over one hour, the next 2 over 2 hours, the
next 2 segments represent the total requirement for the next
4 nhours, and finally 8 hour intervals are used. The spinning
reserve requirement includes the demand requirement, so for
a pure spinnihg reserve number s subtraction must be made.

Given first 1s the swing curve case, them the averaged curve,

MA DoOl 7100. D002 520.
MA D003 3G0. D004 1250,
MA D006 24240, D008 6560,
MA Do1l2 6400. D016 12400.
MA D24 3000. D032 6700,
MA D040 7200, D048 3100.
MA D056 S100. D064 6100.

MA Ovas 10000, D096 3300.
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MA T Dlos 12800« D112 12500.
MA D120 4100, D128 13500.
MA D136 12400, D144 3700.
MA D152 12000. D160 11500.
MA D168 5000.

MA SR001 860. SR002 600.
MA SR003 450, SR004 1330.
MA SROG6 2620. SR008 7250.
MA SrRo012 7100, SRO1le6 13200.
MA SR@24 3300, SR032 7350.
MA SR040 800C. SR048 3500.
MA SR(56 5600.

MA SRO64 670C. SRO72 4200.
MA SR080 13400, SkR088 11000.
MA SRQ96 365¢, SR104 13500.
MA SR112 13200, SR120 4500.
MA SR123 14000. SR136 13500.
MA SR144 4100 SR152 . 13000.
MA SR160 12600, SR168 5500.

and the averaged load demand and spinming reserve case 1ls:@

MA Doul 800. D02 690.
MA D63 650 D004 2300.
MA Dooué 2500. D008 5700
MA Do12 5¢00. DUl6 10300.
MA Du24 53800, D032 10100,
MA DY40 7300 D048 5000.
MA DES6 8000 D064 7200
MA Do72 5200 : D030 11000.
MA D088 8000 Du9e 5600
A D1o4s 11200, Dll2 8500.
VA D120 S400. Di28 13500.
MA D136 10200 D144 5600.
MA D152 10000, D160 7900
MA Dies8 S000.

MA SrR003 800, SR004 2530.
MA SR001 3640, SR002 850.
MA SRO06 2750, SR003 6250.
MA SRol2 8720 SRO16 11400,
MA SRY24 6300. SR032 11200.
MA SR04V 8000 SR048 5500
MA SRYSo6 8800. SR064 7920.
MA SRQ72 5780, SR080 12100.
MA SRR848 8800, SR096 6160,
MA SR104 12300 SR112 9350,
MA SR129 Y980, SR128 14000
MA SR136 11300 SKR144 6100
MA SR152 11000, SR160 8610,

MA SR168 5520,
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A brief summary of the data used to describe'thi system
in the above program is presented below. Where there were
time varying quantities, such as in the environmental impaet

numbers, the approximate average of the figures is given.

Minimug turp-omp reguirements and costs
Minimum Average Average Average
Plant megawatt dollar aquasphsse atmosphere Startu
output cost, § cost cost eost,
1 T0 564 48 495 330
2 30 314 100 100 112
3 30 170 160 225 185
3A 60 400 270 400 590
3B 60 400 270 400 590
4 20 325 50 45 150
5 120 600 250 900 402

Eirst seggent of Joadlng curves

Megawatt Average Aversge Average

Plant output dollar aquasphere atmosphere
of segment ocost, § cost cost
1 90 455 80 450
2 40 221 125 100
3 20 80 100 150
3A 400 2300 1800 2600
3B 400 2300 1800 2600
4 30 303 65 75
5 80 390 500 125
Second sezment of loading curves
Megawatt Average Average Average
Plant output dollar aquasphere atmosphere
of segment ocost, § cost cost
3 70 390 325 500
4 30 315 65 75
5 40 161 320 1000



2 yd squirements and costs

' ‘Minimum Additional Extent of
Plant megawatt § cost additional Startup
: output above quota § mW leading cost

6 360 32 200 8500
6A 360 32 200 8500
7 5 15 95 184

Pugped Qydre statistics
Pumping Input to Output from Maximum

Plant power storage storage input te Startup
used, max. per hour per hour, max. system cost
8 96 - 80 80 64 119
8A 96 80 80 64 119
Pe ties for 8 t
' Dollars Water Alr
Overuse of 6 nuclear energy 5.9 7.9 1.3
Underuse of 6 nuclear energy -4 .1 -7.9 -1.3
Overuse of 6A nuclear energy 5.9 7.9 1.3
Underuse of 6A nuclear energy ~4.1 7.9 -1.3
Overuse of 7 hydre energy 7.6 1.1 0.1
Underuse of 7 hydro energy -4,0 -1.1 «0.1
Overstorage in 8 pumped hydro res. -5.2 -1.1 -0.1
Understorage in 8 pumped hydro res. 5.5 “1e1 ~0e1
Overstorage in 8A pumped hydro res. -5.2 -1.1 -0.1
5.5 1.1 0.1

Understorage in 8A pumped hydro res.

Nuclear energy usage of 6 target quota = 80,000 megawatt hours
Nuclear energy usage of 6A target quota = 80,000 megawatt hours
Hydro energy usage at 7 target quota = 14,000 megawatt hours
Pumped hydro reservoir 8 target level = 160 megawatt hours
Pumped hydro reservoir 8A target level = 160 megawatt hours
Total storage capaclity of reservoir 8 = 1,000 megawatt hours
Total storage capacity of reservoir 8A = 1,000 megawatt hours
Initially 205 megawatt hours stored inm reservoir

Initially 205 megawatt hours stored in reservoir 8A

Initidally all plants on except plants 8 and 8A

There are fifteen times during the course of the scheduling
when emergency standby support is avallable for purchase from
external sources at a price of §8 per megawatt amd in quantities
up te 3,000 megawatts per hour. These times are at hours:

8, 12, 16, 64, 72, 80, 88, 104, 112, 120, 128, 136, 152,

160 and 168



Bu owe chage tions a able

Megawatts Dollar cost

Hour available per megawatt
24 ' 25 5.75
40 75 5.17
128 400 «25

The amount of ,00001 times the dollar cost of the various
programs was added to the measure of desirabllity of the
purely environmentally oriented strategies. This was done
to insure that dollars were not spent without any cause.

For example, power purchases had onli dollar costs, and thus
if dollars were not considered at all, it would be possible
that the program would ask for power purchases that were not
needed being irrelevant to the desirability measure used.
These added dollar costs are not, however, reflected in the
results presented (they have been withdrawn because they do
not represent real environmental costs).

There are 88 pages of additional data avallable for
this particular example. This data is in the form of the
exact computer listing of the prbgram used. The additional
information contained in this listing involves primarily
the display of the time variations in environmental
consequences. This listing, called Optional Appendix F,

and containing pages F1 through F88, 1s avallable upon

request.



Appendix G

Chapter 4.

Contained here is the data which is displayed in
The points /D, QA, QW, QB, QV, QE and QT are

~88-

strategies of desirability explained in section 4.2.

The

costs D, A and W represent the qualities of the particular

optimum simulations in terms of dollar costs, atmospheric

environmental impact units and aquatic environmental impact

units, respectively.

Plan < Fossil
Demand+ Swing

QD

QW

QB

Qv

QE

QT

D
A
L

=Pk =pPU =ro =pu

PO

=bo

1018880
1184550
703880

1245360

889340
580980

1155070
980820

537020

1073030
948210
601300

1059610
1047090
573100

1233940
893810
564450

1117320
920340
568040

Mixed
Swing

978944
T17642
964436

1174320
481482
965736

1231198
854108
651453

1020155
514347
975331

1093222
853952
718805

1255238
575879
774253

1041790

532559
887348

Nuglear :oletail Mixed DNuoclear
Swing - Avegeged Averaged Averaged
1070522 994709 931%M 935102
284822 1210161 TT1816 255502
1245172 724663 992T13 1286622
1178442 1252720 1208171 1040622
245262 890410 419368 213592
1190742 573320 932740 1255702
1294492 1154530 1264748 1181282
356102 964850 909967 355052
931602 526510 588345 925292
1076402 1046480 987041 941812
265042 958520 476151 235652
1218192 596630 953125 265902
1186642 1043490 1084958 1046722
340932 1060170 889621 337682
1001282 569080 668146 1015132
1294492 1224530 1189480 1181282
356102 889260 481393 355052
931602 557430 831724 925292
1141322 1122810 1019416 1000692
303112 904200 484359 291752
1066712 557170 865819 1197432
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