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EXECUTIVE SUMMARY

This report examines optimum capacities and hourly generation
decision rules through the use of linear programming and chance-
constrained programming. A framework is developed to derive these
capacities and generation rules, and they are tested for a specific
utility's capacity and load data, namely, the Virginia Electric Power
Company (VEPCO).

The report shows that, if the yearly Toad duration curve is used
to optimize capacity, then basic information is lost which is viable
to generation planning. Therefore, the actual hour to hour utility
loads, with a certain degree of uncertainty, were used to optimize the
system.

The general results of this study, based on VEPCO information and
1978 cost data, are shown below.

A.  Given any 1978 daily load:

(1) pumped storage is cost effective for all days considered
in the study;

(2) both storage pumping and overall reservoir capacities can
be satisfactorily explained by maximum and average loads,
whereas their load leveling effect makes the capacities
of the generating systems depend completely on the average
load;

(3) in the optimum configuration storage pumping capacity is
highly correlated with overall reservoir capacity;

(4) generation is performed in the standard economic Toading
order, and the storage reservoir is filled during the
first seven to nine hours of the day and emptied during
the peak-Toad period(s).

B. Given a stochastically determined daily load profile:

(1) pumped storage again is cost-effective for all cases
considered;



(2) the load uncertainty results in increases in both storage
and reservoir capacities corresponding to approximately
2-4 and 3-7 times the size of their deterministic coun-
terparts, for reliability levels ranging from 85 to 99%;

(3) generating costs and capital costs for an optimum system
increase non-linearly with the reliability of the system,
i.e. the probability of meeting a stochastic demand
pattern; )

(4) zero-order decision rules can be established with respect
to generation scheduling and capacity determination.

The linear programming approach for the determination of both
capacities and generation levels does yield solutions which
can incorporate dynamic aspects of electricity supply (such
as plant loading rates, etc.). However, the derived decision
rules do need additional adjustments since they were obtained
through daily optimizations, which necessarily lead to some
suboptimization when these daily time units are aggregated
over longer periods.

The recommendations focus on possible future extensions of this
“approach, involving the following aspects:

A.

An extension of the model to allow for technical and economic
information of individual plants.

Extensions to optimize a total yearly period, opposed to the
performed daily sub-optimizations.

The probabilistic formulation of the hourly loads so that:

(1) the uncertainty related to these loads can be diminished,
and

(2) the stochastic decision rules can be improved by account-
ing for updated information.

“The scheduling of maintenance and unforeseen breakdowns in a

Tonger-term overall optimization framework. In this case a
purchased power option is to be included in the system.
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CHAPTER 1
INTRODUCTION

This research was undertaken to gain a better understanding of
the relationships governing generating capacities and power generation.
By using a "simple" linear programming approach, a framework is developed
which can be‘of timely interest to regulatory agehcies and to others
concerned with utilities' regulation.

Although the report focuses heavily on energy storage, one gains
insight into the large uncertainties which are associated with both
Tong and short-term utility planning. It is this increased understand-
ing which should be of interest to those involved with utilities’

regulation.

Energy Storage and the Utilities

Utilities are required by law to supply power on demand, matching
the output of their generators to the aggregate demands of their cus-
“tomers. The Public Utility Regulatory Policies Act of 1978 (2917,
commonly known as "PURPA," éstabiishes as one of its purposes "the
optimization of the efficiency of use of facilities and resources by
electric utilities." One of its provisions requires the state regula-
tory authority or nonregulated utilities to determine a cost-effective

load management technique. This method is defined as cost-effective if:
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"(1) such technique is likely to reduce maximum kilowatt demand on the
electric utility, or (2) the long-run cost-savings to the utility of
such reduction are likely to exceed the long-run costs to the utility
associated with implementation of such technique.”

Several such techniques have been investigated. Among them are
various energy storage methods for load leveling, and methods to reduce
peak Toads through selective pricing [4,6, 8, 11]. Each technique,
however, depends largely on the specifics of the situation. This report
focuses on the historically proven method of pumped hydro storage [8]

to level the utility's Toad. Examination of the daily/weekly variation

of electricity demand shows that there is a steady component which is
present throughout the day/week and a highly variable component which
is affected by daily changes in load, statistical changes in weather,
the specific day of the week, and the price of electricity to the
consumer [6, 21, 30]. These daily, weekly and seasonal load variations
on utility systems result in a typical annual system load factor
ranging between 40 and 80% [1].

Utilities purchase generating capacity to meet annual peak load
requirements with a specific degree of reliability. Because of the
marked variations in the daily load profile, a portion of the generation
capacity has the capability of generating additional power at Tow-load
periods; this is the least expensive energy available in the utility
system. Availability of this low-cost, off-peak energy makes the
concept of storage attractive and economically feasible [27]. The

amount of energy which can be effectively stored on a particular

16




electric utility system depends on many factors including the utilities
Toad characteristics, the amount of installed base-load generation and
its energy storage capabilities.

The benefits which accrue from energy storage are a result of
improved supply management [2]. These benefits include, but may not
be Timited to:
(1
(

) Improvement in baseload plant capacity factor

)
(3) Use as spinning reserve

)

)

N

Producticn cost savings
(4) Improved reliability

(5) More efficient Toad following

In the short run, the most important impact could be an improvement
of the capacity factor of baseload pliants. Currently, there is a dif-
ference of almost 15 absolute percent between the availability and the
actual utilization of nuclear power plant capacity. Studies by EPRI's
Nuclear Division suggest that about 1/3 of this d%fferencé is due to
lack of Toad ~-- which means that plant capacity factors could be in-
creased by an average of 5 absolute percent if sufficient energy storage
were available today [8].

As early as the 1920's, storage was recognized as a valuable tool
in managing energy, but it is only recently, as the cost differential
between peaking fuels and baseload energy has grown, that energy storage
has been identified as a major benefit to the utility industry. The
ability to shift consumption from the expensive or more scarce fossil-

fuels to the more plentiful and Tower cost coal and nuclear fuels is

17



thé primary economic force propelling the deve]opmenf of storage tech-
nology.

Energy storage in combination with coal and nuclear power plants
will be able to supply a significant part of future peaking and cycling
energy requirements. This will permit the displacement of oil-fired
generating capacity and the substitution of coal or nuclear derived
energy for oil. As other technologies develop, coal and nuclear energy
may be displaced gradually by resources such as solar and fusion; stor-
age will prove to be self-modernizing as this technique can readily

utilize energy derived from any source.

Energy storage devices and systems can effectively contribute to
a power system's spinning reserve. ' One impact of this use would be the
increased power system efficiency. Spinning reserve is presently pro-
vided by running gas turbines and by operating some power plants at
5-10% below their rated capacity which results in reduced efficiency.
If energy storage can recoup this efficiency, then significant savings
can be achieved.

Energy storage systems are likely to have a higher reliability
than conventional generating devices [22]. If this proves to be true,
then power systems which have significant amounts of energy storage
available could get by with a lower reserve margin and still maintain
the required security of supply. A reduction in reserve margin trans-

lates into a capital cost credit for the energy storage system.

18




Load following by means of energy storage would smooth the need
for cyé]iﬂg individual power plants. Power plants would still cycle,
but more slowly. The resultant lowering of thermal stress would almost
certainly increase reliability and reduce maintenance costs. This use
will no doubt become much more important as older cycling plants are
being phased out and replaced with more highly stressed, modern equip-
ment.

In our optimism for energy storage, it is important to recognize
that the value and potential benefits which can be derived from energy
storage requires the availability of low cost energy at periods of Tow
demand. Energy storage is not an energy source, rather it is part of a
strategy for managing energy supply. For energy storage to be success-
ful, utilities must continue to build and operate baseload coal and
nuclear generating stations today. In future years, these conven-
tional sources may be replaced by solar or fusion energy; but for today,
and for the immediate future, reliance must be placed on energy

resources which are currently available.
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Research Objectives and Methods

The objectives of this study have been to determine:

(1) the optimum capacities of the nuclear, coal and oil-fired
generating systems and of the pumped storage system -- in terms
of reservoir and pumping capacity, -- and

(2) hourly generation decision rules for each system, yielding minimum
operating and investment costs as well as a high reliability of
supply.

A framework was developed to derive these capacities and generation

rules, as well as to test them for a specific utility's capacity and

Toad data (The Virginia Electric Power Company [15]).

Two distinct approaches can be used to optimize both capacity and
generation. One method focuses on the yearly load duration curve [3,
9, 31, 32]. 1In using this load duration curve some basic information
is Tlost since it represents the aggregated load profiles for one year.
Although some progress has been made in incorporating some basic infor-
mation in the load duration curve -- such as probabilistic effects
[30] -- it still does not, and cannot contain the dynamics of hourly
load changing effects for each day. Since energy storage is largely
dependent on these specific hour to hour load changes, a direct
approach has to be used which does represent the actual load situation

[3, 131].
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Since this study focuses on the actual load situation a trade-off
was made between the computationally infeasible situation of optimizing
365 periods of 24 hours each, and a sub-optimization based on the peak
day during the year. In this study, it 1s assumed that the utility must
meet this peak load, and that external power purchases are excluded.
Figure 1.1 shows an overview of the methods by which the objectives of
this study were met. 'A set of basic capacity and operating information
is used to optimize the generation patterns and capacities for a typical
electric power generation system, such as VEPCOs

For the optimization two cost minimization approaches were used.
The first uses a linear programming methad in which all +inputs (costs,
loads, technological factors) are known with complete certainty. Due
to the uncertainty in the demand for electricity a second method was
developed which uses chance-constrained linear pragramming. The latter
derives zero-order decision rules, both for hourly generation and for
capacities. Storage flows become randomized decision functions,
depénding upon actual demand. A simulation of utility operations is
performed with these decision rules to investigate their reliability
over time-spans longer than a day.

Chapter 2 introduces the system as modelled in the study, whereas
Chapters 3 and 4 describe and develop the mathematical approach used in
this study. Chapter 5 then shows some of the study results, with the

general conclusions and recommendations 1isted in Chapter 6.
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CHAPTER 2
SYSTEM MODELING

This chapter introduces the system as modeled in this study, as
well as technical and economic information on electricity generating

stations and pumped storage.

1

System Overview

Figure 2.1 shows the system model. The utility's load is supplied
by the generating plants, and by the pumped storage plant if this unit
is in the generating mode. If the latter is in the pumping mode, then
some of the generated power -- to be determined by an optimization pro-
cedure--is stored for later use.

The components of the system, however, have their own techno]ogica]
and cost characteristics. In order to optimize the design and operations
of the total system it is nécessary to include all the relevant con-

straints and costs for each part of the system.
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General Plants

Technical Considerations
Station performance is most precisely determined by input-output

curves derived from tests on individual equipment. Figure 2.2a shows

the general trend of this curve, which follows the general polynomial

form
_ 2 r
I =a+bL+cl+ ... +nL , (2-1)
where
I = fuel input in MBtu's,
L = output in Muh.

From the basic input-output curve the more familiar efficiency curve
(Figure 2.2b) and the heat-rate curve (Figure 2.2c) may be derived [26].
The efficiency (e) curve is derived from the formula

3.413L
I

x 100 percent (2-2)

and the heat-rate (HR) curve from the formula

HR = + (in Btu's i ) (2-3)
From a systems modeling viéwpoint, these curves contain all necessary
information for evaluating differences among nuclear, coal and oil-fired
generating stations at a constant power output.

Several differences do, however, exist from a dynamic standpoint.
The Tloading rate (LR) expresses the rate by which the power output (P)

of a station can be increased, or

_dp
LR = T - (2-4)

25
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Thermodynamic considerations normally Timit these loading rates. (They
also place upper and lower bounds on total power output). A constant
loading rate is often assumed sufficient for calculations involving

s1ight power changes [7, 23].

Economic Considerations
The relevant costs for generating stations comprise [17, 20]:
1. Fixed Costs, including
a. Capital Costs (annualized)
b. Fixed Operating and Maintenance Expenses
2. Variable Costs, including
a. Fuel Costs

b. Variable Operating and Maintenance Costs

27



Pumped Storage

Description

Hydro pumped storage is distinguished from all other energy storage
methods suitable for utility application in that it has already reached
a mature state of development. Plants have been built and their costs
and characteristics are known. The use of pumped storage in the United
States has, however, been limited. More storage could now be used to
advantage,and expected future loads, generation mixes and fuel costs
point to an expanded role for several possible energy storage methods.

In a hydro pumped storage system, energy is stored by pumping
water from a lower to a higher elevation. The energy is recovered for
utiiity use by passing the water from the higher toc the Tower elevation
through a hydro turbine driving an electric generator. Pumping and
generation is accomplished by a reversible pump/turbine connected to a

generator/motor, shown schematically in Figure 2.3. It was the

introductﬁon of this reversible unit, coupled with changing economic
conditions, that contributed substantially to the accelerated interest
and development of pumped storage since the 1960's.

The reservoirs of existing hydro plants or of water storgae systems
can be specially constructed surface reservoirs, underground caverns, or
combinations of these. The pumping-generating plant is connected to the
two reservoirs by appropriate waterways. The power house itself may be
either on the surface or underground -- underground construction has
sometimes been found economically and environmentally desirable, even

where the reservoirs are on the surface [8].
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Most of the pumped storage capacity now in service can be classi-
fied as "pure" pumped storage, i.e, units built only for the storage
of off-peak energy [5]. However, several constructed plants have
additional purposes, including the development of conventional hydro-
electric output from natural flow into the upper storage reservoir,
and storage for irregation. In fact, wherever there is a need to
either move or store water, there may be an economic incentive to
develop this into a hydro pumped storage system.

The necessity of storing relatively large volumes of water in two
reservoirs, separated by several hundred feet of head, requires a
topography that is not available everywhere. Consequently, the
developed and planned pumped storage systems are confined to certain
- sections of the country [1]. It has, howeyer, been estimated that above-
ground pumped storage could be built, if needed and economically
justified, to serve the peaking requirements of the systems which supply

about 70% of the total electric load in the United States [2].
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Technical Considerations

Size and Head:

The unit size suitable for utility application will generally be
larger than 200 MW. Smaller units have been built, mostly for specific
applications. Plant size can be any muitiple of unit size, although
total plant size is frequently limited by the available reservoir
capacity; and if this is not the limitation, it will usually be the
size that fits the uti]ity system needs.

The heads that have been found economical, in the absence of
special conditions, have been above 300 feet. There are indications
that heads of up to 2500 feet are feasible for single stage reversible
units. For still higher heads, it will be necessary to consider multi-
stage units, units in series, or separate pumps and turbines. During
pumping, the lower reservoir is emptied and the upper one is filled; the
gross head is increased. This résults in a change of input, but
generally there is a small decrease in pumping load as the head in-

creases.

Efficiency:

Demonstrated over-all efficiencies have been increased from 66% to
75% [ 8]. These higher efficiencies have been the result of improve-
ments in pump/turbine design and of a more liberal design of water
passages. Because over-all efficiency is the product of the separate

pump, motor, generator, transformer (used twice), turbine and waterway

31



(used twice) efficiencies, and because each efficiency is close to its
practical 1imit, the maximum theoretical efficiency is approximately

80%.

Charge/Discharge Ratio:

The charge/discharge ratio is measured by the relation of power
input (average pumping load in MW) to power output (rated capacity in
MW). Most constructed plants have ratios in the range of 1.0 to 1.3.

The importance of this ratio is its effect on available generating
time. For example, if the ratio is 1.15 and the overall efficiency is
80%, then the duration of generation available from 1 hour of pumping
will be 0.92 hours (= 1.15 * 0.80). These ratios are within the
control of the plant designer with higher ratios obtainable at higher

cost.

Reliability and Availability:
“An average availability of about 90% can be established for pumped
hydro systems. (Based on limited historical experience; yielding a

forced outage rate of 4%, and a total 5 weeks of maintenance per year.)

Turn-Around Time and Load Regulating Ability:

A pumped storage plant cannot switch instantaneously from the
pumping mode to the generating mode. A definite time interval is
required due to mechanical and hydraulic inertias. However, 15 minute

time intervals are feasible for each unit in the system.
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Load following can be accomplished to a lTimited extent, but
generally its =ffect on efficiency and on maintenance requirements will

be considered prohibitive in the case of fast load transients.
Economic Considerations

Useful Life:

Hydro units and plants are inherently long-1ived property.
Although pumped storage plants are subject to more severe service re-
quirements than conventional hydro units because of reversals in the
waterflow direction, maintenance and design do take this into
account, making their 1ife comparable to regular hydro units. For
tax-accounting purposes the Internal Revenue Service allows a life of

50 years for all hydro property.

Costs:

Reservoir capital costs (in $/MWh) and pumping plant costs (in
$/MW) have to be considered separately in an economic analysis. Othér
fixed costs include minimal operation and maintenance expenses and
negligable costs such as 1iéense fees payable to the Federal Power
Commission, now FERC. Variable costs are virtually nonexistent, due to

the Tow variable operations and maintenance costs and the absence of

fuel costs.
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CHAPTER 3
OPTIMIZATION METHODS

Introduction

There are several optimization techniques that can be applied to
the problem of scheduling hourly generation loads and determining over-
all capacities simultaneously. Available optimization techniques
include linear, integer, dynamic, and nonlinear programming.

0f these téchniques, classical calculus methods are of Timited
use due to the large number of variables involved. However, dynamic,
non-linear, and integer programming are possible alternatives to the
standard linear programming technique.

Direct or éxhaustive search is an optimization method which
enumerates all the possible combinations of variables [19]. After
completion of all the enumerations, the selectfcn of the optimal
combination of decision variables is possible. A major disadvantage
is the number of enumerations that must be done.

Dynamic programming is an optimization technique which can markedly
decrease the computational requirements of a large system optimization
[18, 19, 31, 32]. The reduction in computation is achieved by trans-
forming a sequential decision process with interrelated variables into

a series of single-state decision processes involving only a few
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variables. This means the stages must be decoupled from each other and
that no past decisions affect future decisions and vice versa. However,
future decisions can affect the optimality of past decisions because

of the coupling of stages. Since the storage system, especially the
reservoir, depends on past and future information it is not possible

to decouple the stages.

Non-Tlinear programming can handle various types of objective
funcfions. Some development of algorithms dealing with quadratic
objective functions has been done, but the development of non-linear
algorithms has been limited to a few special applications. This
technique is of very limited value because of the large number of
steps required to reach an optimum solution, which consequently

increases the computational time tremendously.
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Linear Programming

Linear programming is a standard, well-known, technique which has
been used extensively in optimization problems [3, 13, 16, 25]. The

standard formulation is described as:

Maximize 7 = cX, (3-1)
Subject to Ax < b, (3-2)
x > 0, (3-3)

where:

Z is the objective function,

Ax < b are the constraints,

c is a row vector with n elements,

x is a column vector with n elements,

A is a mxn matrix, and

b is a column vector of size m.
The problem is éo]ved by means of the "simplex" method, which (through
an iterative procedure) finds the value of the x vector producing thé
optimum in the objective function (Z). The major drawback of this
approach is of course that all the parameters (c, A, b) have to be known
with certainty. Obviously any random parameter, such as the load on an
electricity generating system, does present problems for this approach.
Several methods of mathematical programming have consequently been
developed to account for these problems. The method most applicable
to probabilistic parameters is known as chance-constrained programming

and will be described in the following section.
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Chance-Constrained Programming

The standard formulation of chance-constrained programming may be
described as [16, 20]:

Maximize f(cx) (3-4)

Subject to P(Ax < b) > a (3-5)
where P denotes "probability," and ¢ and A are a non-random vector
and matrix. The vector o contains a set of constants that are proba-
bility measures of the extent to which constraint violations are
permitted. Assuming a normally distributed random variable b, with
mean u and variance o2, it is possible to transform the probabilistic
constraint into a deterministic equivalent. Defining by F(z) the
probability that a sﬁandérdized normal variable will take on a value

between 0 and z, i.e.:

Z 2 .
-1
F(z) = — f et dat, (3-6)

then each of the equations in the probabilistic constraint set (3-5) can

be stated as

n

1 aijxj < u - Fl{a - %) * g (3-7)
J=1

J

~1 U

Once 311 constraints have been transformed in this fashion, it is
possible to solve the model for a given exogenous vector of risks
a = (al, cens am) and to derive the associated optimum value of the
decision variable vector x = (Xl’ cens xm). If the values of the x;'s
are determined before observing the values of the random variab]es,vthen

zero-order decision rules have been established [16, 24].
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CHAPTER 4
MODEL SET-UP

This chapter will describe (a) the general set-up of the optimiza-

tion models in this study, (b) the deterministic and stochastic

approaches, (c) an overview of the required input data, and (d) the

simulation model designed to evaluate the derived stochastic decision

rules.

General Description

The general linear programming set-up {see equations 3-1 through

3-3, and Figure 4.1) can be specified to include the following func-

tional groups:

Minimize TC = (Fuel Cost for each System) (Fuel Use)

+ (Capacity Cost) (Installed Capacity) (4-1)

Subject to the following constraints;

a)

b)

c)
d)

Unit Hourly Power Output of Generating Systems and Storage

< Unit Capacity of Each System (4-2)
Unit Loading Rates < Maximum Unit Loading Rates (4-3)
Storage Hourly Outflows < Available Energy in Reservoir (4-4)
Available Energy in Reservoir < Reservoir Capacity

and

Available Energy in Reservoir > 0 (4-8)
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and finally,
e) Total Hourly Generation + Net Hourly Storage Flow + Required
Power Purchases = Hourly Load (4-7)

The unknowns in this model -- i.e., the hourly outputs from the nuclear,
coal and oil generation systems, the hourly inflows and outflows to and
from the pumped storage, and the capacities of the generating systems
of the reversible storage turbine/pump and of the storage reservoir
--will be determined by the simplex method. It is essential to include
externa]ypower purchases ff circumstances such as unforeseen equipment
breakdowns and scheduled maintenance outages are included in the model.
The present approach deals with specific days during which full power
availability is assumed. The resulting minimum cost scenario of capa-
cities and hourly generations is sufficient to exclude the purchased
power option.

This study contains eight different analyses. Based on 1978 1load
data, provided by the Virginia Electric Power Company, a deter-
ministic model was built. This model was run for all VEPCO's daily
load profiles in 1978. Figure 4.2 shows the different cases that were

considered for this deterministic approach; namely:

el

a) Pumped storage excluded, and no upper limits on the capacities
of the generating systems (yielding model LP1)

b) Same as a) bﬁt with VEPCO's total plant capacities (model LP1V)

c) Pumped storage included, and no upper limits on the capacities
of the system's.components (model LP2)

d) Same as c) but with VEPCO's total plant capacities (model LP2V)

41



Pumped Storage Excluded

———— = —— == o e e
ggng%ggggzz %Virginia Electric and Power Company § ~ ggngiazggti

pmaucn smi— e e

j g |

LP1 : LP1V | P2y fe—t——  LP2
| l A

|

: | i %
; l ‘

LPN ! LPNV : LPSV = Lps
{
l 3

Figure 4.2 Computer Models in the Study
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For each of these cases the month and type of day was selected which
resulted in the maximum cost scenario for the system. In the LP2V

model the storage and reservoir capacities of this worst case were
"installed" in the system and their financial repercussions investigated
for different Toad profiles. In the LP2 model all capacities were again
determined by the maximum cost day. The detrimental effects of dif-
ferent generating system mixes again was considered.

Four stochastic models (LPS, LPSV, LPNV, LPN) were built analogous
to the previous approach. Since the uncertainty of the loads in these
models introduces the additional dimension of reliability, this approach
was only investigated for the peak month. Again, the capacities for the
maximum cost days were considered binding and their effects were
checked for the other days of the peak month. The resulting generation
decision rules and these above capacities were used in a simulation to
provide a basis for determining the long-term effects of this sub-opti-
mization. In the computer programs, each model builds the required
vectors and matrices. These programs are then Tinked to the optimiza-
tion code "LINPRO" which was developed by Dr. Clarence H. Martin, De-
partment of Industrial and Systems Engineering, The Ohio State University.

The programs are not listed in this paper since they are assumed "standard".
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The Deterministic Model

In order to mathematically formulate the optimization model we will
first describe the symbols that will be used. The following sub and
superscripts are defined:

t

i

time index for hourly intervals (1 through 24)

g = index denoting a system's component, i.e.,
g8 = 1: nuclear
g = 2: coal

0il

[95)

B:
B = 4: storage input
g =5: storage output

The model contains the following unknowns:

i

Xi power output of system part g during hour t

cap®

capacity of system part 8, where

g =1~ 3: as before

8 = 4: storage pumping capacity

B = 5: reservoir capacity

The cost vector, ¢, contains the following elements:

o
=5
i

fuel cost in $/1000 MWh for system part B

(e
[
it

daily capacity cost in $/1000 MW for part 8

Other constants included are defined as:

AMAXB = maximum output for system part g as a fraction of 100%
capacity (set equal to 1 in this study).
STOREF = storage efficiency
DCR = discharging ratio
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PEFF = overall pumping efficiency of storage system

GEFF

overall generating efficiency of storage system

L)
i

t system load in 1000 MW during hour t, adjusted for
loads continuously supplied by sources not considered
in this analysis
CAPMAX® = maximum capacity considered for system part 8
Figure 4.3 shows the set-up of the generation and storage system. Note
that the losses in the storage system, related to its efficiency and its
charge/discharge ratio, were assumed evenly distributed over the pumping

and the generation mode, i.e.,

PEFF ='\/§T0REF * DCR ' (4-8)

= overall pumping efficiency, and

GEFF =\\/§TOREF * DCR (4-9)
= overall generating efficiency
Chapter 2, Figure 2.2a, presented the input-output curve for generating
stations. It is shown later that it is realistic to assume a Tinear
curve for which power output is a linear function of fuel input.

The Model is now set up as:

t=24 g=3 8 g=5 8
Minimize TC = ) ) (CPB * Xt_)+- Y CCB * CAP (4-10)
t=1 =1 g=1
Subject to:
1. Maximum capacity constraints
X8 - amax, * cap® < 0 t =126
t B - y
=114
and,
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Xt'—

L3
Storage outflows

4

Xq = 0
t=t-1

O S ORGSR R
=1 T T

Reservoir constraints

T

t o5

oG xpErF - xh) ccar® <0 v ot
T=1 T T -

and,

=t

I (xF- x® % PEFF) < 0 Vot
=1 )

Demand constraints

/833 o a . 5
5 xB )+ xt * GEFF - X2 = D v ot =
NI A t -t

Capacity constraints

caP? < capmax® ,' ¥ g =
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AMAX4 * CAP" < 0 ¥ t=1->24

2~ 24

124

124

124

1->5

(4-11)

(4-12)

(4-13)

(4-14)

(4-15)

(4-16)

(4-17)



The previous set-up contains 5 * 24 = 120 generation variables and 5
capacity variables, thus a total of 125 unknowns, as well as 221 con-
straint equations. The computer algorithm has to calcuiate inverses
of matrices of approximately 150 by 230 elements. It is easily seen
that any extension of this basic model requires much care since in-
creasing the size of the matrix to be inverted increases the
computational time -- especially because several iterations are
required. The resulting deterministic model is labeled LP2 or LP2V,
depending upon the specific data input.

The loading rate constraints as introduced in equation (4-3) were
a priori deleted from the model as a result of these computational
problems. The justification for dropping these constraints is the
assumption that economic Toad Teveling will occur wherever possible (an
inherent characteristic of linear programming). Several tests have,
however, been performed in which loading rates constraints for selected
periods were included. The results have shown that extensions in this
direction are feasible.

If hydro pumped storage is not to be considered, then simply

constrajnts 2 and 3 (equations 4-12 through 4-15) are dropped, as
well as the unknowns Xi (yt=1-24,8=4-5) and cAPP (B =4 ~>05).
The result is model LP1 or LP1V, depending on whether or not the
capacities of the Virginia Electric and Power Company are considered

binding.
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The Stochastic Model

To account for the statistical variations in the load of the
system a chance-constrained programming approach is introduced. We
will assume that the hourly system load is a normally distributed
variable with mean ﬁ& and standard deviation SDt. Zero-order decision

rules are established as:

xi = c?c . t=1- 24 (4-18)
B =1->3
cap? = caP Yy g=1-5 (4-19)

~ Note that the storage inflows and outflows have been dropped from the
model; they are intrinsically determined. For convenience sake we will
define a net storage flow during time t (NSFt) as:

NSF, = Storage Inflows, - Storage Outflows,, or,

B33 8
NSF, =( L C%)— Dy ¥ t=1-24 (4-20)
B=1 .
In this approach losses in the storage system have to be neglected
because they have different effects on storage inflows and outflows
‘whereas it is a priori unknown whether NSF, represents either. A pos-
sible solution to this drawback is to sé1ect periods in which only
inflows are allowed, with negative NSFt’s defined for the remaining
periods. However, the simplest approach has been retained in the
present study.

The mathematical formulation of the objective function is now:
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i

Minimize E(TC)

E {t§24 333 (CPB . C§>E+ E§B§5 <CCB * CA%%

t=1 =1 | 6=1
t=24 g=3 ; B=5 ;
= tzl le (CPB * ct> + szz CC, * CA” ), (4-21)

where E is the expected value operator which of course can be dropped
from the right hand side of the equation since no random variables are
present there. The minimization of this objective function is subject
to the following constraints:

1. Maximum output constraints

P{ Cg - AMAX, * CA® j_OiZ_u {t =124
, ¥
(g8 =1-+3
P {[NSFt§ - AMAX * ca® j_O}Z_u gt =1 > 24
¥
(g =4

The first constraint is purely deterministic and is therefore rewritten

as:

it

B « rpB
Cy - AMAX * CA® <0 . t
lg=1-3

1> 24 (4-22)
The second one is transformed into two separate constraints:

=3 8\ 4
] Ci)CA
=1

and:

I A

§£ - SDt * 7 (a)

B3 8\ b . L 5
- 21 Ci)- CA" < - Dy - SD, * Z(a) , vy t=1-24 (4-23)
g=

where Z(a) is the value of the normal variable Z, such that P(Z < Z (a))
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2. Storage flow constraints

t=t-1
p 2 NSF  + NSFt > 0} > a ¥ t=1->24
=] T - a

or -7 T cF<- L (B +SD *7(a))
V ot =124 (4-24)

3. Reservoir constraints

T=t 5 ’

p z NSF_ - CA” < 0)> o ¥V t=1-24
=1 T
=t

P X NSFT.Z 0 > o ¥ t=1-> 24
=1 .

which are transformed into:

=t B=3 8 5Tt
y Y € -cA”< ¥ (D -SD_* Z(a)) (4-25)
T - T T
=1 B=l =1
¥ t=1->24
and:
=t B=3 =t L
- ¥V Y ¢t <- 7 (D +5SD_*Z(a)) V t=1-»24 (4-27)
7=1 B=1 TT =1 t T

The demand constraints are satisfied automatically due to the setup of
the model involving the net storage flow definition. The last con-
straint, regarding maximum considered capacities, remains deterministic

as before, j.e.:
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5. Maximum capacity constraints

p { cA® < CAPMAXB} >a, or

cA® < capMAx® ¥y t=1-+5  (4-28)

Again, we can distinguish among four different models, depending upon

whether storage is included or excluded -- in the latter case CAPMAX

for storage is set equal to zero -- and depending upon the specific

upper Timits of the maximum capacities.
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Data Inputs

This section will briefly describe the input data used to drive
both the deterministic and the stochastic models. For more in-depth

information the reader is referred to Appendix A.

Loads

Hourly Toad profiles were obtained from VEPCO for the year 1978.
These data were aggregated by type of day (Monday, Tuesday, etc.) for
each month separately, the corresponding means and standard deviations
were computed, and the hypothesis of a normal distribution was tested.
Figure 4.4 shows this process. Figure 4.5 shows VEPCO's 1978 load
profiles for all Mondays in August (before aggregation). These profiles
display the same general form, and their general height is primarily
determined by outside temperature, which control electric air condition-
ing requirements. It was assumed that the temperature factor has a
uniform 1nf1uen¢e. However, in addition to that factor, other random
phenomena modify the load profile, hence the interreactions between |
some of the profiles. Since no information was'avai1ab1e on temperature
data and on these other random phenomena it was assumed that each hourly
Toad is normally distributed and that the values of the normal variables
Z(0, 1) describing these distributions are the source for all the hourly
loads of a given day. Chi-square tests support this normality hypothesis
at a moderate confidence levels,

Figures 4.6 and 4.7 show selected loads for types of days in August,

and 1in January.
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Generating and Pumped Storage Stations - Generating Stations Technical

Specifications

An analysis was made of the generating units in the Virginia
Electric and Power System as of 1978. From the aggregated heat-rate
specifications (at 1/2, 3/4, and full power) for its nuclear, coal and
0oil units, the heat-rate curves were determined, as shown in Figure 4.8.
Estimated efficiency curves (Figure 4.9) and input-output curves
(Figure 4.10) were derived from these heat-rate specifications.

The derived input-output curves contain two linear segments; one
from zero to 3/4 of full capacity output, and the second segment from
3/4 to full power. To capture this information the computer models
could be transformed to include the following fuel input formulation:

j=
* .

2 .
. % XBJ -
le Sy *XE (4-29)

B
Xo

where the previous power output variable X%, is decomposed into two

%1, Xiz). These components, multiplied by their res-

power components (X
pective s1opes‘(561, SBZ)’ and with the addition of the zero-power fuel
input Xg, yield the total necessary fuel input for a power output

X%l + Xiz. It is also necessary to add the following constraints:

XEL - 374 % capf < 0 (t=1-24 (4-30)
b .
s =123
and,
I8 B »
I G- caf <o t=1-24 (4-31)
j=1 v
(g =13
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This would yield a deterministic model with 245 unknowns and 461 con-
straints. The increased precision would however, be minimal due to the
near-linearity of the input-output curves. Therefore the simpler

approach, as developed previously, was retained.

Using a simpler approach, we can introduce a constant loading

rate, or

XE - Xy <k, *capt . Eg =1, 3 (4-32)
(t=1, 24

where k denotes a system constant. The computational costs of adding

another 3 x 24 = 72 constraints outweigh, however, the benefits derived

from the increased precision reached by accounting for this constraint.

Pumped Storage Technical Specifications

An average efficiency of 72% and a charge/discharge rate of 1.25
was used for the pumped storage system in the deterministic models.
Obviously, these parameters are within the control ¢f the plant

designer, but they do represent acceptable benchmarks.

Cost Information

Table 4.1 contains the cost data used in this study. For
additional information the reader is referred to Appendix A. Note
that no economies of scale have been introduced in the capital cost

data since this again would create computational inefficiencies

without significant benefits.
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Table 4.1 Costs Used in Optimization Models*l

System FIXED COSTS
Capital Total
Cost Fixed 0&M Fixed Costs
($/KW) ($/KW Year) ($/1000 MW day)
Nuclear $795.00 $2.73 $194,410.96
Coal 690.00 2.50 169,068.49
031 440.00 1.85 108,520.55
Storage 180. 26 2.18 43,013.70
(pump/
turbine)
Reservoir 8.16 0.00 1,918.39
(in kWh)
VARIABLE COSTS
Heat-Rate Fuel Total
(BTu/kWh) ($/ Variable
6 0&M Cost
10°BTu) (mills/kWh) ($/1000 MWh)
Nuclear 10,400 $0.583 0.69 mills $ 6,753.20
Coal 10,100 1,000 1.61 11,710.00
011 9,500 2.730 0.30 26,235.00
Storage - - - 0.00 *2
Reservoir - - - 0.00 2 :

A see Appendix A for detailed information and sources of data.
*zassumed negligable in comparision with other costs.
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Simulation

To investigate the feasibility of the decision rules related to
capacity and generation loads determined by the LPS model at given re-
Tiability levels, a simulation approach was developed. This program
calculates any deviations from the decision rules fhat are required
when a normally distributed load is introduced randomly. These deviations
occur when the physical constraints on storage and reservoir capacities
are exceeded.

Figure 4.11 shows the general approach to this simulation. The
time frames that were investigated included (a) a repetitive simula-
tion of the peak day, (b) a week made up of the typical days of the

peak month, and (c) a repetitive simulation of (b).
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CHAPTER 5
RESULTS

This chapter describes and compares the results of the model appli-
cations. To recapitulate the models applied in this study, Table 5.1
1ists each computer code with its corresponding features. The deter-
ministic models were applied with average load profiles of each type
of day and for each month. The load profile leading to the highest
cost, i.e., the "worst" day, was further investigated with respect to
storage and reservoir capacities. The first section presents the
details of these analyses.

The month including the "worst day" and characterized by seven

types of days was selected for the stochastic model applications.

“Again, the maximum cost day was determined among these seven days, on

the basis of normally distributed loads. The system capacities derived
on this "worst" day were then assumed "instalied" in the system, and
generation decision rules were derived for the other types of days in
this month. The second section presents the details of this approach.
Finally, these decision rules were used in a simulation to analyze
their feasibility since they were obtained through daily optimizations,
which necessarily leads to some suboptimization when these daily time

units are aggregated over a longer period.
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Table 5.1 Model Features

Storage System

Capacities

Model Deter- Stochas-
Included Excluded | Unlimited VEPCO | Ministic | tic

LP1 . ) )

LPN . . .

LP2 « ) .

LPS X ) .
LP1y . ) )

LPNY < ) )
LP2V X . .

LPSV X M «
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Deterministic Models

The LP1 and LP2 models were run for all seven types of days in
each of the twelve months. For both the worst day encountered was
8/4%, i.e., Thursdays in August. For the LP1 model, which excludes
storage, this selection is intuitively obvious since (a) the maximum
Toad in the study period occurs during the 8/4 days, and (b) installed
capacity has to be available to meet this demand. If storage is in-
cluded then the maximum cost case depends on the complete load profile,
since the peak loads can be met by energy in storage derived from
generation at hours with excess capacity. However, both "worst" cases

did coincide.

Deterministic Models Without Storage

The LP1 and LP1V models only differ in that the latter one

contains upper limits on its system capacities corresponding to the 1978
VEPCO data. The LP1 model of course is not restricted in its selectijon

of generation mix capacities.

LP1:
Table 5.2 contains an overview of the results obtained by the LP1

with respect to

(")

apacities and costs. .Tgures 5.1 and 5.2 re-
spectively show the daily generation profiles obtained with LP1

for the days with the highest load (8/4) and the lowest load (10/7).

* The notation 8/4 corresponds to month 8 and type of day 4, to distin-
gu1sh it from August 4 (8/4). The types of days used are indexed by
1, ..., 7 corresponding to Mondays through Sundays.
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Table 5.2 Overview of LP1 Results

Highest System
*

Cost Case Day Nuclear Coal 011 Total
Capacity (10°wW)  8/% 6.657 0.152  0.115
Capacity Cost ($) 1,294,252, 25,664, 12,501. 1,332,418
Operating Cost ($) 890,114. 8,887. 6,459. 905,461
Total Cost ($) 2,184,366. 34,552,  18,960. 2,237,879

Lowest

Cost Case
Capacity (10°wd)  10/7 3.616 0.047  0.274
Capacity Cost ($) 703,010. 7,980 29,734, 740,724
Operating Cost ($) © 523,867. 2,763 15,914, 542,544
Total Cost ($) 1,226,876. 10,743.  45,649. 1,283,268

* notation: -month/type of day; where 1, ..

.05 Sundays.
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A regression analysis applied to the optimal capacities obtained
for each type of day in the 1978 period shows that the maximum daily load
explains 98.7% of the capacity variations for the nuclear system, i.e.,
(Nudez‘ir ) ) (Maximgm) 2
Capacity in| = =-.111 + .9817 { Load in | , RS,. =,987 (5-1)
1000 MW 1000 MW adj
Other variables, such as average daily load, do not improve the above
regression equation. The coal and oil capacities were also re-
gressed on maximum and average daily loads, but no satisfactory
fit could be found. This 1mp1ies that they depend upon other

characteristics of the daily load profiles.

It should be noted that the Toad following with nuclear plants,
as illustrated in Figures 5.1 and 5.2, may be infeasible because of
Federal regulations and uneconomic due to to resulting increases in
maintenance costs and equipment breakdowns.

This case does, however, correspond to the absolute minimum cost

case that is "feasible"” without pumped storage.

LP1V :

The LP1V results show that the most economical generation pro-
cedure is Toading in the order (a) nuclear, (b) coal, and (c) oil.
Obviously this is the incrementé1 cost loading which is expected.
Figure 5.3 shows the optimal generation schedule for 8/4, given the

VEPCO maximum capacities of 2.457 (1000 MW Nuclear), 3.288 (1000 MW)
Coal, and 3.469 (1000 MW) 0i1.
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Deterministic Models With Storage

The deterministic LP2 and LP2V models incorporate the hydro-
pumped storage system by the addition of hourly storage inflow and
outflow variables, as well as storage pumping and reservoir capacity
variables. The capacities are unlimited in the LP2 model, whereas the
LP2V model 1is constrained by the VEPCO generating capacities for 1978.

A sensitivity analysis was performed on LP2 results for 8/4.

LP2:

Introducing hydro-pumped storage in the generation system results
in an extremely levelized nuclear production and zero-power outputs
from both coal and 0il generating systems, for all types of days
throughout 1978. Figures 5.4 and 5.5 present the optimum generation
patterns for the peak load type of day (8/4) and for a typical winter
day (1/1). Note that the dual peak requirements on winter days are
supplied by the storage system; not by increases/decreases in the
nuclear power output. A total cost comparison between LP2 and LP1
for the peak day shows a savings of $127,414 in favor of the system -
with the pumped storage. This is equivalent to an average savings of
approximately 0.096¢/kWh to the consumer. Table 5.3 Tists an over-
view of the LP2 results. It appears that the nuclear units now exhibit
very good base loading featuers.

Regressions on the optimum nuclear capacities for each type of day
of the study period show that they are, at a rate of 99.6%, explained

by the average daily load -- not by the maximum load as for LPl. The
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Table 5.3 Overview of LP2 Results

Highest System

Cost Day

Case Nuclear Coal 01l Storage Reservoir* Total
Capacity (103MW) 8/4 5.732 0.0 0.0 1.652 10.720
Capacity Cost ($) 1,114,315 0.0 0.0 71,052. 20,565. 1,205,932.
Power Cost ($) 904,533. 0.0 0.0 0.0 0.0 904,533.
Total Cost ($) 2,018,848, 0.0 0.0 71,052. 20,565. 2,110,465.

3

* Reservoir capacities in 10~ MWh.
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regression fit with the average load only is:
Nuclear /Average 5
Capacity in | = -.038 + 1.035 { Load in |, Rad‘ = ,99 (5-2)
1000 MW 1000 MW J

and, when adding the maximum load, the fit is slightly improved, with:
Nuclear Average \ - { Maximum
Capacity in | = =.030 + 0.901 | Load in [+ .112 | Load in |,
1000 MW 1000 MW 1000 MW

2

Radj

= .997 (5-3)

Both the optimum storage and reservoir capacities, obtained for the
study period, are dependent upon the maximum and average daily load, i.e,:

Storage Max imum Average
Capacity in .170 + 1.333 { Load in § - 1.393 § Load in |,
1000 MW ‘ 1000 MW 1000 MW

2

Radj

= .612 (5-4)

and,

Maximum \ Average
.881 + 9.522 | Load in } - 10.149 | Load in | ,

Reservoir
Capacity in
1000 Muh 1000 MW 1000 MW

LP2V:

2

Radj

= .763  (5-5)
The LP2V results for the total study period indicate that VEPCO's
nuclear and coal capacity is always sufficient to serve its system
demand. Nuclear output is completely flat at 2457 MW and coal-fired
generation follows the Toad profile whenever necessary. 0il is never

used in the optimal solutions. A sample generation pattern is shown
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for day 8/4 in Figure 5.6. A1l the storage flow patterns are similar

to those obtained in the LP2 applications.

“pumped Storade AhéinTs~

The previous results indicate that substantial savings are possible
by introducing pumped storage facilities in the system. Since site
characteristics may constitute major constraints on feasible reservoir
capacity, sensitivity analyses were performed by varying the maximum
reservoir capacity and the relationship between storage and reservoir
capacity was investigated. These analyses were made for the 8/4 day.

Figure 5.7 represents the relationship between the optimal storage
and the reservoir capacities when the maximum reservoir capacity is
varied continuously. Note that this relationship becomes linear when
the reservoir capacity is larger than 8000 MWh. The storage pumping
capacity (in MW) is approximately 1/7th of the size of the reservoir

capacity (in MWh). The regression fit is:

Storage Reservoir 9
Capacity in] = 0.020 + 0.1389 | Capacity in} , Rad' = 0.940
1000 MW 1000 MWh J

(5-6)

The daily system costs are shown in Figure 5.8. Given the daily

system cost without storage ($2,237,879; see LP1) the average daily
cost savings by introducing pumped storage are $21 per MWh of installed
reservoir capacity (with the corresponding storage facilities). Of
course these savings are increasing at a diminishing rate with larger

reservoir sizes.
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Figure 5.6 LP2V Generation Results for 8/4
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Figure 5.7 Optimum Storage versus Reservoir Capacity
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Stochastic Models

Given the "worst" month as determined by the previous models, the
maximum cost stochastic case was found as 8/1. Although this day is
neither the highest average load or maximum lcad day, the combined
effect of the load profile and its large hourly variations resulted
in this selection. The optimum LPS capacity and generation costs for
this day are shown in Figure 5.9 as a function of reliability. A simi-
lar curve is presented in Figure 5.10 for the LPSV case.

The uncertainty in the hourly load yields extreme increases in the
sizes of both storage and reservoir capacities. Comparing Figure 5.11,
which shows the optimum reservoir sizes as a function of the reliability
level, with the "worst" day deterministic solution of 10,720 Mih,
we see that the load uncertainty increases the reservoir size 4.4 times
(reliability level of 85%; 47,324 MWh) to 7.9 times (99%; 84,682 MWh).

The deterministic storage capacity (1,652 MW) now ranges from 3;273 to
4.524 MW for the investigated reliability range (2.0 to 2.7 its previous
size).

From a systems viewpoint these increases are realistic since the
storage facilities provide the "buffer" for all expected load deviation
It is however questionable whether reservoirs of this size are always
available within the utilities territory. 1t is also questionable
whether this size is optimum for a longer period, say a week, since it

was derived from the "worst" day case.
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The cost versus reliability curves indicated that benchmarks can
be reasonably established at the 95% and 99% levels. A1l further

analyses of the stochastic models is therefore made at those levels.
Stochastic Models Exc’t..udigng Storage

LPN:

Figures 5.12 and 5.13 show the power prdduction levels for the two
reliability levels. Both plots are similar to the deterministic genera-
tion pattern of LP1 (Figure 5.1). The only differences are the higher
production levels due to the added load uncertainty. Of course the
nuclear load following again seems excessive, but it can be established
as the cheapest production scenario for the most demanding day. Table

5.4 presents an overview of the LPN results.

LPNV :

The traditional economic Toading rules are app]icab1e in the VEPCO
case without storage. The generation pattern for day 8/1 is shown in
Figure 5.14. The total cost of this pattern is $3,172,870, showing a

penalty (or trade-off cost) of $275,125/day as compared to the LPN

generation mix.
Stochastic Models Including Storage

LPS:

Table 5.5 Tlists the financial highlights for the LPS maximum cost
scenario. The capacities, which were determined by this 8/1 configura-

tion, were assumed fixed within the system, and LPS was applied to each
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Table 5.4 Overview of LPN Results

Highest System at 99% Reliability Level

cost Day | nyclear Coal 011 Total
Capacity (10°wW)  8/T 8.669 0.098 0.506
Capacity Cost ($) 1,685,278.  16,501.  54,958. 1,756,738.
Power Cost ($) 1,095,060. 5,714.  40,232. 1,141,007.
Total Cost ($) 2,780,338. 22,216.  95,190. 2,897,745.

Capacity (IOBMW)
Capacity Cost ($)
Power Cost ($)

Total Cost ($)

System at 95% Reliability Level

8.032

1,561,428.
1,027,965,
2,589,393.

0.112

18,866.
6,533.
25,400.

0.425
46,122. 1,626,416.
33,751. 1,068,250.
79,874, 2,694,667
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Figure 5:14 LPNV Generation Results for 8/1 at
a 99% Reliability Level

92

1 DR ] { 1 | i ] ] ] [ ] T 1771 [
- g “6 “““““““““““““““ \
’ \
/ coAaL \
| i
3 - / \‘
{ i
) o \
n !
! 2
I
I ,
4 S %
/ 4
- / NUCLEAR i
/' GENERATION! 3
2 - / ::' '
\ /
__\\ J i
/ :
\ / A7 _al :
7 : ~
. N s \
P ;'
o3 R R I A I R B R T B B B .
4 & 12 1~) 20 24




Table 5.5 Overview of LPS Results

95% System
Reliability Day -
Case Nuclear  Storage Reservoir Total
Capacity (10°MW) &/T 6.619 3,857  64.457
Capacity Cost ($) 1,286,884, 165,291, 123,654. 1,576,460.
Operating Cost ($) 1,040,421 0. 0. 1,040,421.
Total Cost ($) 2,327,305 165,921 123,654 2,616,880.
99%
Reliability
Case
Capacity (10°w4) 8/T 6.953  4.524  84.683
Capacity Cost ($) 1,351,739, 194,594. 162,454. 1,708,787
Operating Cost ($) 1,108,711. 0. 0. 1,108,711
Total Cost ($) 2,460,450. 194,594. 162,454 2,817,499
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type of day in August, Teading to optimum generation rules within
these given capacities. Table 5.6 1ists the resulting costs for

August. It should be noted that this is not a complete system optimi-

zation.

Figure 5.15 presents the nuclear generation pattern and the net
storage flows for day 8/1 at a reliability level of 99%. The generation
levels for day 8/1 at the lower 95% reliability level are extremely
similar.

One should note that in all stochastic versions of the model, a
decision is first made on generation, and the storage pool regulates
the differences between this production and the actual demand en-
countered. The net storage flows presented in the figures are the
result of the generation decisions, and a demand corresponding to
either the 95% or 99% reliability level.

In all cases the decision on generation is almost set at the
maximum available capacity for the major part of the day. The storage
facilities are able to absorb additional energy flows as they never
reach their critical limits. The large decreases in generation during
the latter parts of the day -- because the reservoir can supply all

necessary power -- do, however, create problems concerning day to day

oeprations. This should be adjusted if a longer-term optimization is

considered.

LPSV Final Results:

Analgous to the LPS approach, the August costs are 1isted in Table
5.7. The generation pattern for 8/T shown in Figure 5-16 for the 99%

reliability Tevel and in Figure 5-17 for the 95% level.
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Table 5.7 LPSV Costs for August for the VEPCO System*

at 99% Reliability

Type of Production Total
Day Cost ($) Cost ($)
T 2,015,085 3,740,992
? 2,014,939 3,740,846
3 1,880,160 3,606,067
& 1,711,004 3,436,911
5 1,459,985 3,185,892
3 1,254,164 2,980,071
7 1,103,365 2,829,272
* Capacities: Nuclear - 2,457 MW
Coal - 3,288 MW
041 - 3,469 MW
Storage - 3.567 MW
Reservoir - 84,683 MWh
Capital Cost: $1,725,907/day.
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Table 5.6 LPS Costs for August with Fixed Capacities*

at 99% Reliability

Typé of Production Total
Day Cost ($) Cost ($)
T 1,108,711, 2,817,499,
2 1,106,201. 2,814,989,
3 1,073,135. 2,781,923,
T 1,026,423. 2,735,211.
3' 961,051. 2,669,838,
[ 891,827. 2,600,615,
7 804,864, 2,513,651,
* Capacities: Nuclear - 6.953 MW
Coal - 0 MW
041 - 0 MW
Storage - 4.524 MW
Reservoir - 84,623 MW
Capital Cost: $1,708,787/day.
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Simulation

The simulation approach focused on the applicability of the decision

rules as derived in the LPS model for reliability levels of 95 and 99%.

Given the decisions on capacity and on hourly generation for days 8/1
through 8/7, comparisons were made between the planned power outputs
and a constructed random demand. When the net storage flow exceeded
the storage capacity or the reservoir capacity, "lost power" deviations

. Toss loss
were registered, denoted by PSto , and Pres .

Three different scenarios were investigated, namely:
(1) a long-term simulation focusing on the peak day 8/1, i.e.,
300 successive 8/1 days;
(2) a simulation involving 300 successive 8/1 through 8/7 weeks,
in which the energy existing in the reservoir after hour 24
of each day is transferred to the next day;
(3) a simulation involving 300 successive 8/1 through 8/5 working
day weeks, with the same approach as in (2).
Table 5.8 shows the results of these simulations. To summarize this
table one should note that:
(a) for the peak-day period, the observed reliabilities are higher
than those used to specify the model's constraints;
(b) for a total week problems do exist because of the accumulation

of energy in the reservoir, and
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Table 5.8 Simulation Results

Required Devjatioqs from Planned
Number _ Reliability Generation (in 1000 MW)
of Period
Runs Level] P1oss (in %)% P1055 (in %)*
sto ’ res ’
300 8/1 95% 2.25 .1600 112.7 .31
99% .34 .0010 29.8 .08
300 8/1-8/7 95% 13.98 .0050 38,437.7 14.69
9% .95 .0004 47,612.3 18.19
300 8/1-8/5 95% 8.74 .0050 19,732.8 10.18
99% .59 .0003 23,912.2 .66

* % deviation represents deviation from the average hourly load level

Lavg’ where:

L (8/1) = 5,076.6 MW,
avg

Lavg(8/T+ 8/7) = 5,193.5 MW, and

Lavg(B/T + 8/5) = 5,384.8 MW
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(c) these problems are mostly due to the Tow level demand days,
Saturday and Sunday.

The conclusion from the previous analysis is that the decision rules

should be modified if a week or a longer period is considered in the

optimization models.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The objectives of this study have been to determine
(1) the optimum capacities of the nuclear, coal and oil-fired
generating systems and of the pumped storage system -- in terms
of reservoir and pumping capacity, and
(2) hourly generation decision rules for each system, yielding minimum
operating and investment costs as well as high reliability of supply.
A framework was developed to derive these capacities and generation
rules, as well as to test them for a specific utility's capacity and
Toad data (the Virginia Electric Power Company). The following sections
summarize the conclusions that can be drawn from this work, and 1ist

recommendations for improvements and possible further research.
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Conclusions

The general results of this study, based on VEPCO information and

1978 cost data, are shown below.

A.

Given any 1978 daily load profile:

(1)

(2)

(4)

pumped storage is cost effective for all days considered
in the study;

both storage and reservoir capacities can be satisfactorily
explained by maximum and average loads, whereas their load
Teveling effect makes the capacities of the generating
systems depend completely on the average Toad;

in the optimum configuration storage capacity is highly
correlated with reservoir capacity;

generation is performed in the standard economic loading
order, and the storage reservoir is filled during the
first seven to nine hours of the déf and emptied during

the peak load period(s).

Given a stochastically determined daily load profile:

(1)

(2)

pumped storage again is cost-effective for a11 cases
considered;

the load uncertainty results in increases in both storage
and reservoir capacities corresponding to approximately
2-4 and 3-7 times the size of their deterministic counter-

parts, for reliability levels ranging from 85 to 99%,
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(3) generating costs and capital costs for an optimum system
are increasing non-linearly with the reliability of the
system, i.e. the probability of meeting a stochastic
demand pattern;

(4) zero-order decision rules can be established with respect
to generation scheduling and capacity determination.

The linear programming approach for the determination of both

capacities and generation levels produces realistic solutions

which can incorporate dynamic aspects of electricity supply

(such as plant loading rates, etc.). However, the derived

decision rules do need additional adjustments since they were

obtained through daily optimizations, which necessarily lead to
some suboptimization when these daily time units are aggregated

over longer periods.
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Recommendations

Recommendations for extensions of the existing models, and on

possible future improvements, are given here.

Concerning the extensions, it is recommended that:

A.

cC.

Technical information, such as plant loading rates, be
incorporated in the models to avoid severe power increases/
decreases that appeared in some ouiputs.

Losses in the pumped storage system be included ih the
stochastic models tc present the actual situation more
realistically.

More detailed input-output curves be used in all models.

Possible future improvements might focus on:

A.
B.

System optimizations over periods longer than the peak-day.

The probabilistic formulation of the hourly loads so that:

(1) the uncertainty related to these loads can be diminished,
and

(2) the stochastic decision rules can be improved by
accounting for up-dated information.

The scheduling of maintenance and unforeseen breakdowns in a

Tonger-term overall optimization framework. In this case a

purchased power option is to be included in the system.
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A-1 Load Data

This study used the 1978 hourly load data of the Virginta Electric
Power Company. The hourly loads and standard deyiations for the cases
described in the report are Tisted with the program output in Appendix B,
| In order to test the hypothesis of a normal distribution for the
hourly Toads a Chi-square goodness-of-fit test was performed. The postu-

lTated relation for the load distribution was:

LOAD(D,t) = LOAD(D,t) + N(0,1) * SD(D,t) (A-1)
where:
LOAD(D,t) = Toad on the system during type of day, D, and hour t,
LOAD(D,t) = average load during (D,t),
N(0,1) = normally distributed variable with mean 0 and variance
1.
SD(D,t) = standard deviation of the Toad during(D,t).

A more precise relationship could be expressed as

LOAD(D,t) = f(D,t,T) + N(0,0) ' (A-2)

where f(D,t,T) = load function depending on D,t, and on the temperature

-

LN
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This approach, however, was abandoned because:
(a) no temperature data were available, and
(b) the modeling approach would have become more complex since

obviously the temperatures of successive hours are retated.

The Chi-square test values show that the normal distribution assumption

for hourly loads is acceptable within an error risk of 5%.

A-2 Generating Station Data

Tables A-1 through A-3 respectively show VEPCO's specifications for
their nuclear, coal and oil-fired plants. The capital cost data shown
reflect the costs as they were perceived by VEPCO in 1978. Since almost
all these capital cost estimates contain non-updated historical costs,

they are useless with respect to evaluating actual 1978 costs.
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Table A-1 VEPCO Nuclear Unit Specifications

Heat Rates (BTU/KWh) Fuel Cost
' Capacity (¢/MMBTU)
Unit Name (MW) Half 3/4 Full Avg. 1/79
North Anna 1 907 12,000 11,400 11,300 11,675 40.80
Surry 1 775 12,000 11,250 11,000 11,562 33.98
Surry 2 775 12,000 11,250 11,000 11,562 43.03
North Anna 2 779 12,000 11,400 11,300 11,675 n.a.
(not on-1ine ti11 8/79)
Summary of Nuclear Capability as of 12/78
Total Capacity 2457 MW -

* 0 7%,
** Annual

Combined Heat Rates

Weighted Fuel Cost
Available Capacity
Average Heat Rate

Weighted Capacity Cost

Annual Cost*
Daily Cost**

25 years:
Cost/365

12,000 BTU/KWH at 50% power
11,305 BTU/KWH at 75% power

11,110 BTU/KWH at full power

39.35 ¢/MMBTU

1,486.1 MW (or 60.48%)
11,604.7 BTU/KWH

281.24 $/KW

24.133 $/Ku-year
$66,118.76 per 1000 MW-day

annuity factor 0.08581
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Table A-2 VEPCO Coal Unit Specifications

Heat Rates (BTU/KWH) Fuel Cost
Capacity (¢/MMBTU)

Unit Name (MW) Half 3/4 Full Avg. 1/79
Mt. Storm 1 553 11,400 10,700 10,600 11,025 113.00
Mt. Storm 2 553 11,400 10,700 10,600 11,025 113.00
Mt. Storm 3 560 11,200 10,500 10,400 10,825 113.00
Bremo 3 72 12,560 12,140 12,160 12,401 156.00
Bremo 4 164 10,375 9,730 9,640 10,031 156.00
Chesterfield 1 56 16,800 16,000 15,900 16,382 184.00
Chesterfield 2 73 15,200 14,500 14,600 14,882 184.00
Chesterfield 3 100 11,600 11,050 10,950 11,308 184.00
Chesterfield 4 166 10,600 10,400 10,300 10,490 184.00
Chesterfield 5 333 11,500 11,100 11,100 11,302 184.00
Chesterfield 6 658 11,000 10,800 10,700 10,878 184.00

Summary of Fossil Capability:
' Total Capacity 3288 MW

‘Combined Heat Rates

Weighted Fuel Cost
Available Capacity
Average Heat Rate :
Weighted Capacity Cost: 149.80 $/KW

Annual Cost

Daily Cost

11,412 BTU/KWH at 50% power,

10,880 BTU/KWH at 75% power
10,797 BTU/KWH at full power
146.02 ¢/MMBTU

2428.3 MW (or 73.854%)

11,128.6 BTU/KWH

12.854 $/KW-year
$35,216.61 per 1000 MW-day
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Table A3 VEPCO 0il/Gas Unit Specifications
Heat Rates (BTU/KWH) Fuel Costs
Capacity (¢/MMBTU)
Unit Name (MW) Half 3/4 Full Avg. 1/79

Yorktown 1 166 10,400 10,000 9,950 10,190 198.00
Yorktown 2 170 11,300 11,100 11,000 11,183 198.00
Yorktown 3 818 10,390 9,940 9,830 10,145 198.00
Portsmouth 1 101 11,700 11,100 11,000 11,383 181.00
Portsmouth 2 101 11,435 10,820 10,750 11,119 181.00
Portsmouth 3 162 10,180 9,795 9,900 10,029 181.00
Portsmouth 4 233 106,800 9,900 9,800 10,393 181.00
Possum Pt. 1 74 13,200 13,000 13,100 13,127 175.00
Possum Pt. 2 69 13,000 12,900 13,000 13,027 175.00
Possum Pt. 3 101 11,000 10,350 10,250 10,658 175.00
Possum Pt. Icen. 1-6 78 15,683 15,683 15,683 15,683 - 299.00
Portsmouth 1,3,4,6 60 17,463 17,463 17,463 17,463 298.00
Portsmouth Icen. 7-10 84 17,463 17,463 17,463 17,463 299.00
Kitty Hawk Icen. 1,2 41 17,735 17,735 17,735 17,735 299.00
Possum Pt. 4 233 10,400 9,900 9,900 10,155 175.00
Possum Pt. 5 805 10,200 9,800 9,600 9,979 244.00
Lowmoor Icen. 1-4 60 16,049 16,049 16,049 16,049 293.00
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Table A.3 VEPCO 0il/Gas Unit Specifications (Continued)

Heat Rates (BTU/KWH) Fuel Costs
Capacity (¢/MMBTU)
Unit Name (M) Half 3/4 Full Avg. 1/79
Northern 1-4 64 16,191 16,191 16,191 16,191 299.00
Surry Icen. 1,2 37 16,601 16,601 16,601 16,601 299.00
Mt. Storm Icen. 1 12 18,327 18,327 18,327 18,327 364.00
Summary of 0il/Gas Capability: -
Total Capacity 3,469 MW.

Combined Heat Rates

Weighted Fuel Cost
Available Capacity
Average Heat Rate

Weighted Capacity Cost:

Annual Cost
Daily Cost

11,401 BTU/KWH at 50% power
10,998 BTU/KWH at 75% power
10,912 BTU/KWH at full power.
215.38 ¢/MMBTU

2,819.95 MW (or 81.290%)
11,200.5 BTU/KWH

163.43 $/KW

$ 14.024/KW-year

$38,421.62 per 1000 MW-day




A-3 Cost Data

After examination of approximately 25 sources on cost information,
five were retained as realistic -- based on discussions with utility
executives and utility consultants. Four of these, and their cost esti-
mates, are presented in Table A-4. The actually used estimates, plus

the fifth source concerning hydro pumped storage and reservoir, are

presented in Table A-5.
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Table A-4 Considered Cost Estimates

Capital Cost ($/Kw) Fuel Costs
System 1* 2% 3* 4* 1* 2% 3% 4*
($/MMBTU) ($/MuH) ($/MWH)  ($/MMBTU)
Nuclear 795, 700. 779. 719- .583 7.3 4.2 .49-,63
Coal 690 625. 315~ 605- 1.000 17.0 11.0 .83-1.07
475. 721
011 440, 424, 334, n.a. 2.730 29.6 20.7 n.a.
Pumped
Storage 250. 319. 185~ n.a. 0.000 0.0 0.0 n.a
' 1120.

1+
-
3
"

National Power Grid Study (NRRI) 1977 year-end $. (12/78)

Evaluation & Classification of Load Management Equipment (6/77), 1981 §.

Progress in 0ptima1 Scheduling (9/77)

EPRI Journal (10/77); 1976 §.




Table A-4 Considered Cost Estimates (Continued)

0cl

Fixed 0&M Variable 08M Heat Rates
($/kW-year) mills/kWh (BTU/KWh)

System 1* 2% 3* 1* 2% 3% VEPCO Avg. 1*
Nuclear 2.73 11.04 .990 .69 n.a. 0.0 11,605 10,400
Coal 2.50 9.94 1.200 - 1.61 n.a. 0.0 11,129 10,100
011 1.85 .72 .670 0.30 n.a. 0.0 11,200 9,500
Pumped

Storage 1.00 1.95 .325 0.00 n.a. 0.0 11,200 9,500

1* National Power Grid Study (NRRI) 1977 year-end $. (12/78)

2* Evaluation & Classification of Load Management Equipment (6/77), 1981 $.
3% Proéress in Optimal Scheduling (9/77)

4* EPRI Journal (10/77); 1976%.
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Table A-5 Cost Estimates Used in Study

Capital Cost Capital Cost *3 Fixed 0& Total Fixed Costs Total_Fixed Costs
$/ku $/Ku-year $/k-year $/kW-year $/103 MW-day
NucTear ! 795. 68.23 2.73 70.96 194,410.96
Coal ™t 690. 59.21 2.50 61.71 109,068.49
0i1"L 440. 37.76 1.85 39.61 108,520.55
Storage 2 180. 16 13.52"4 2.18 15.70 43,013.70
Reservoir 2 8.16" 0.70 0.00 0.70 1,918.39

*1: National Power Grid Study; 12/78
*2: EPRI-EM 264

*3: @25 years; 7%

*4: @40 years; 7%

*5:  in $/kWh

A11 costs are expressed in 1978 dollars.






AND DAY 4

v

(1600 MuWH)
oI

POWER QUTPUTS

COAL

JEMAND

SERVOIR

R

STOPOWER

STOL.INPUT

ST0.0UT

NUCLEAR

Rl

R 1 e e Y
[0 N NP~ ~F O
(D D e O

P
SERTSLE LT S JVR Vo)
KOOI

e s o d

MO IO 201

| SRSl Wie

LAV IS A N el

R A e
et e O DO O M0 QT O WY

= ST whd Tl wielaln wlblele

® 53 3o ¢ oo a0 so e by

(1D OO OO O

OO S O LD TD )
9 © 9 50 B uoo e 0 4o s s om

OO GRS DD OO

ICOOORCO LICO DO C O
88 8 t{a o0 Hoaas oo 6 B 4

elelele slaleld olelnls =lolels)

OGO COO0O0D 0 QOO
slelolu olelvle Glalale =lelnle! d

o ot SN 00 i3
D AW GO U

K0 OO OO0 QO OO N DI Qo vy

6508600 dea s

10 OO AT HO LD OO vt et o

v ¥ 8y

N O OO 04 00 OIT 00 €0 GC (00 G €0 O}
NG Ol O~ O i d 00 072 00100 66 QI I
MO N OO0 0 RO N OK O O
# 8 @ % 66 8 % s 8 WA S 8 o
OGN 1 £ 0N £ £ 0

P pepe I P PP e [Py
10 O IO DN LCIOLO LN IORN
M SIS N N
s % 0% 2006828 0066 o 8 v
N PO SO P EU NN I I OI0N
s O FIN QD o QBN 0o NG00 F UV D)
P g gnnne) v gt

125

AR
k1O o

(o Dwlth ]

slelele;

IO~ ¢ oy
i~ 00 -0
OO
LEERC |

alalele

- coon
ot gdemd (N

W ede O
P T
[NVYe et

(€I O

o\ 9 <F
AN O

1Y
We

TTU00 WIHT

0.0

3. Z88 T.179

FRL3-1




%

s AND DAY

g

TPUT FUR MONTH
SITIVITY ANALYSIS

SEN

AND % OF TOTAL

POWER COSTS ($/1000 MuH),

TIME

S OIL

TOTAL

COAL

NUC LEAR

Q0D Ofemt 1N PN 0 00 OG- O =t NGO T (83 ot 00 (1Y
Qe et 0100l O 0 oot P PO O DN O T N
6 8 o4 8 & @ ¢ 0 % H T 0 60 e B 6 o 2 0 b o
SC oV QN O O (O L OO~ (A1 CD O O
T et Q10+ QT MF OO O il (Coet THAON 0
VO 30 OF O Dot FO O iGN OO Ot O TN Y
N30 OO 0T F FAGTH N PN DU LN ) i
NN BV N UG G P 0D 0000 O U J
e, e s —
B0B08CI30 Be 42 HAL LB Y 3§42 59 BES Oy HILO B BRI DO 38
COUI QO TOOM GO IO OO0 O
oo e 60 do0a 00 s500 80eaos6 o
COOOOTOON G O SN NP OO N
OO T N O Nt
[0 S e
QST O et D Tt O ety
DO CDQQONNN LD OB F DO
® o 80 08 a0 I g 0B GG SO D A
OOV OOUD DY Tt oF ~d\E(Y) 0O et O O
& 00 0 PUEDID (b OO
Q00 Oty o O
90 FYF= 8 Q e O~ CHON
Pt O OO TN et
P PR
BP0 5E DO BABE 3C BV SHBL T BOHLPO 1ODY B HOBE B BG
I EUON NN O 0 O AP [ (Tt EOF NG O O
06 %he 8P g oo oo KO Goe e d
MO PN 0T F OO O et LN DU DT i G 60 1
WO OO0 D WO I S IOIN 0 O
NPT ST N
NO S @O N O N 0 @00 00 CO UG 0000 & DO F v
PO N OO [N TN o ] g en o~
@ 0 a6 6 & 0@ 0 4o @ 00 50 o Do &
OO0 DD T N OO O NN BN O e €5
NS N o0 I QD D00 DVO|OC 0 o
O OO F 00 DD O LN O L N = OF
OO N O PN 00 0 CYE3 0D 00 00190 QDD 0} V0 &
b ot ot I 0O 00 0 (10N ) (O EOUT €A 0 (VTN O
- -
Sene 3 e 3
R R R U R R R R B eyt
8 98 20400 & oo odd0 55¢ 6 a0
O ONET =it VO O el QON PO emd ONIE 4
FUONUIAE (0N 0 N OO Nlemed vt OF NN
et eraagrasd St e
CHONOIO N O OO O OO BN OO I
ok g -t ot yad omd o] Pt peed prodet gl pdyed oot
® 0o 0 d D6 DdFgoe oo o6d e s
OIS CURIOTOI N D AT OO e I S 0
NSO OO U0 O SN G OO
AN AN IO LO B DN e o
0 OGN0 00 00 0 OO0 OGO OO NG 000
et 4 s recd grbgend o], gomd ) pnd
SIS NSO M0 0 O NN SFUTD PO G Ot
Ll L T P S PN PN T

12

6

[{PY] U 0%} 38750.96

5Tec%}

659,

1408373,78

262633,62

T47524 .29

T0TALS 398210.87




APPENDIX B

SELECTED OUTPUT

Page
B-1 LP1 Qutput . . . . . .. ... ... 124
B-2 LP2 OQutput . . . . . ... ... .. 127
B-3 LPSOQutput . . . . ... ... ... 131

123



SYSTEM UATA INPUT TNFUORMATTON
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oIt
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T.00
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1. 00
6753, 00
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POWER COSTS ($/1000 MWH):

CUsTsS:

va Qutp

IN MW,

1
9
LOADS FOR 1 TO 24 HRS.

DERERD " INFORMATIUN

1
v
DAY

MONTH

124

{1000 M)

LOAD INFORMATION

MAXoLOAD

LOAD FACTOR

AVG.LCAD

TOTAL LOAD

TIME

132.815 6,924 5.534 0.799

DAY
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SYSTEW DATAINPUT TNFURMATTON

NUCLEAR CO&AL OTL STORAGE
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CUTPUT FOR MONTH — 8 5 AND DAY
SENSITIVITY ANALYSIS
COST SUMMARYALL IN €
POWER COST CAP, COST I0TAL COSTY
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0.0
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QUTPUT FOR

MONTH

COST SUMMARY; ALL IN &

BT, AND DAY

1 sSTOCHASTIC AMALYSIS WITH

POWER COST CaAP, COST
NUCLEAR 1040421.22 1286883.91
COAL - 0.0 - T T T 0.0
ore 0.0 G.0
STORAGE 0.0° 7 T ies5921.04
RE SERVOIR 123654.63
TOTALS 1040421.22 1576459,59

TOTAL COSY

2327305.13
e I

0.0

123654.63

2616880,8C

RELTABILITY LEVEL OF

%5 %
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SYSTEM NATA INPUT INFORMATION

)4 A

COAL

NUCLEART ~

T STORAGE

—m‘i>. 00 ’

1.00

26235.00

T T.00
11710.00

oUTPUT FRACTION:
POWER COSTS ($/1000 MWH):

MAX.

0.0

6753,00

‘DEMAND - INFORMATIOR
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IN MW,

DAY

MONTH

LOADS FOR 1 7D 24 RS,

STAMDARD DEVIATICHS [H MW,

303,85
803. 29

LOAD INFORMATION (1000 MW)

MAX, LOAD

LOAD FACTOR

AVG. LDAD

LOAD

TYOTAL

TIME -

121.839 6,323 5.077 0.803

DAY
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110871143

0.0
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TOTALS1108711.43
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QUTPUY FOPRP MONTH 8 o AND DAY 1 $STOCHASTIC AMALYSIS WITH RELIABILITY LEVEL OF

COST SUMMARYSALL IN §

POWER COST . CAP. COSY

NUCLEAR‘ 1108711.43 . 1351739.42
TTTTEoAl 6.0 © 0.0
OIL ‘ 0.0 0.0

STORAGE 0.0 T TT194593,99

RESERVOIR 162654,26

TOTALS 1108711.43 170878T7.66

TOTAL COSTY
2460450.85
S 0.0

0.0

194593.95

162454.26
2817499,06

99 %




