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CHAPTER T
INTRODUCTION

Scope ofvStudy'

i .
The purpose of this study is to investigate the operation of two

hydrdelectric projects as one pumped storage development. Sinclair Dam,
a conventional hydroelectric project completed in 1953, will form the
lower reservoir and regulafion pool for the Wallace Dam Projéct, a
combination conventional and pﬁmped storagé develbpment scheduled for
completion in 1980. Both projects.are located on the Oconee River near
Milledgeville, Georgla, in the central portion of the State. Figure 1
shows the location of the two ﬁréjecté'and the 2930 square mile drain-’
age area.

The basic problem under .study is the joint operation of two
reservbiré. Features of the two projects complicate their operation.
First is the large difference between the hydraulic_capacities of the
turbines of the two plants, The two conventional and four pump turbine
units at Wallace Dam will have a combined capaéity of 48,000 cfs. The

 two conventional turbines at Sinclair Dan have a hydraulic capacity of

6,800 cfs. To avoid spillage of water at Sinclair Dam, the operation

of fhg two plants must be coordinated so that the Sinclair reservoir

is drawm fo a low enough level to store the large flows from Wallace
Dam.

| Thé second complicating factor.is the local inflow into Sinclair

Reservoir. The Little Rivef flows into Sinclair Reservoir below Wallace
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Dam. There are no stfeam flow gages on this tributary. The flow from
this large drainage area (1100 square miles) domplicates the prediction
of how far to lower the Sinclair”Reservoir to.accept the flow from
Wallace Dam. As will be &iscussed subsequently, lowering of the res-
ervoir below elevation 338.2 feet (Plant Datum) would adversely affect
the pumped storage operation of Wallace Dam.

Therefore, this study is undertaken to define a procedure by
which the two reservoirs might be operated interdependently. The
elements of the study are twofold. First, inflows into the system must
be predicted. Secondly, based on the predicted inflows, a set of
operating rules must be established for the efficient oﬁeration of the
two developments. The criterion chosen for the selection of the
operating rules was a maximizétion of the net fevenue from the two pro-
jects. These rules could then be used as an operation guide for the
operator in the plant to govern his operating decisions or could be
incorporated into a computer program for automatic operation of the
two projects.

Other questions related to the operation of the projects (or

- other hydroelectric developments) have been invesﬁigated. Some of these

questions which were analy;ed are as folloﬁs:
(A) Feasibility of increasing the storage capacity of the
existing Sinclair.reservoir.
{B) TFeasibility of adding additional generating capacity at
Sinclair Dam,
(C) Estimation of average annual energy to be expected at

Wallace Dam including estimates of the natural stream




(D)

generation.

Feasibility of exbanding the methodology developed'in.the
initial phase of the study into a computer program to
automatically control the operation of Sinclair and Wallace

Dams.

Subsequent chapters will detail the_procedﬁres used in the course

of the study. Generally the study can be divided into the following

phases:
(1)
(2)

(3

(4)

(5)

Data Collection and Processing.

Development of'methoaology to predict the inflow into the
system using available data.

Development of a computer model to simulate the operation
of the two reservoir systems for various sets of operating
rules. |
Analysis of other problems assoclated with the operation

of the projécts.

Evaluation of the results of the computer simulation and

selection of the obtimum set of operating rules.

Literature Review

The selection of reservoir operating rules which result in the

optimum operation of a reservoir or reservoir system is a problem that

has been studied by many. In most of the studies reviewéd, dynamic'_

programming has been used as the optimizing tool in detétmination of

optimum operating poliey (3), (4),.(5),:(10), Dynamic programming can

‘be effectively used when the dimensionality of the problem is kept




small. Computétion time iﬁcreases géometrically as decigion and
state variables increase (4). Many have decreased the dimensonality
of the multi-reservoir problem by the use of parameters, assumed
fixed throughout the analysis, to replace sdﬁe of the decision and
state.variables (4).

Oﬁhers have expanded the use of dﬁnamic programming to ﬁhe
solution of problems involving a multi-lake system by combiningidynamic
programming and other optimization techniques (5).

" Hall has illustrated the use of dynamic programming in a system
involving the capability to pump'back water as in the Wallace Dam and
Sinclair Dam system. The operation of the Thermalito Forebay and
: Aftefbay oﬁ the Feather River near Oroville, California was analyzed
using dynamic programming., However, fhe expansion of the problem to a
two reservoir system with pump back features is costly in terms of
~ machine time reﬁﬁiring approximately two hours for operation of ;
seven year period (3).

In most of the resetvoifs anélyzed,_there was avgilable storage
to be allocated in the optimization procedure.z Such is not the case
in the relatively small Wallace Reserﬁbir and Sinclaif Dam Syétém. |
Drawdown of fhe Sinclair Reservoir in excess of approximately 1.8 feet
physically separates thé two projects.anﬁ~mAkes ﬁump-baék impd#sible.
Also, because of the difference in capacity of the turbines, large
fluctuations in Wallace Reservoir would reéult in increaSed spillage
at Sinclair Dam; Additionally, because of the size of the dfainage
basin and average stream floﬁ, a long period of time ﬁould be required

to recover reservoir levelé should Wallace Dam storage be utilized




in power generation.

Reservoir operation haé bééﬁ égalyiea on a moﬁfhly basis in
most of the papers revieﬁgd. ;Wﬁiie sufficién£ton 1argé'reéerv6irs‘with
1argé storage capacity, utilizing méntﬁly stream floﬁ;fér the Wallace
and Sinclair system would rgsﬁl;*in.é loss.of'éhé éésencé of the

system. Since the reservoirs ére¢qperated at near full pond level,

daily spillages would not be taken into account in a monthly operation.

Additionmally, one objective of the study was to develop a model which
could be expanded into an operating-program to be used in the daily
-operation of the projects.

For these reasons, a simulation approach was used to achieve an
optimum or near optimum operation. .An optimum-0perati0n determined
using simulation Eau be the optimum only if evefy'possible operation is
included in the model. Therefore, the extremes of the Wallace Dam and
Sinclair Dam operation were analeed in the study. |

The development of a daily stream flow simulation model has been
.studied by many, as described by Payne, Neuman, and Kerri (6). Most
have developeq-simulation models with the objective of creating a
record which has the same statistical pfopertiés of the histbrical
flows (6). However, the final operational model to be developed for
Wallace and Sinclair ﬁams will reqﬁire a daily_predittion of fiows to
bélexpected at each project so that decisions on daily.powef allo-
cations can be made. Wilson and Kirdar have used multiple linear re-
gression to deveiop forecast models for'ﬁhe Salt River Valley in

‘Central Arizona (9). These writers used various physical parameters




to develop sets of forecast equations for the fivers in the valley

using multiple‘regression analysis,  In the present study, the flows in
the Oconee River at Wallace and Sinclair Dams were forgcast using

linear regression of data from upstream gages as described in Chapter
III. Since a long period of record (o;er-GO years) was available at the
upstream gages, the use of models described above was considered un-

necessary.




CHAPTER II
DESCRIPTION OF SYSTEM

Description of the Development

The Sinclair Dam Project, 10céted three miles upstream of the
Milledgeville gége; provides the lower reservoir. The project includes
a reservoir, powerhouse and intake, an eérth fill dam, concrete gravity
spillway and non-oﬁerflow sections, and a short earth abutment. Figure
2 is a perspective view of the Sinclair Dam Project. Physical details
of the ﬁroject and othef perfineﬂt"data are listed in Table 1, A plan
and elevation view of the project_is;included as:Figure 3.

The Sinclai; powerhouse.conéaiﬁéftﬁb'vertiaal Francis F&peiéui;‘
bines each having a rated output of 30,500 hp at a head of 92 feet.‘
These turbines are directly connecteﬁ to-twé génerators. The two
units have an installed capacity of 22;5b0 kilowatts each for a total
generating capacity of 45,000 kilowatts. Theghydraulic capacity of thé
two turbines total 6,800 cfs.

Lake Sinclair covers an area of.15,300 acres at the full pond
elevation of 340.0 feeﬁ. The lake is used.extensively for various
recreational purposes and its shoreline is:developed with second homes
_énd private cabins,' Plant Harllée_Branch,'a 1,539,700 kilowatt coal-
fired thefﬁal generating plant, 'is_located on the shores .o-f the lake,
The Plant takes its cooling water from the lake and returns it aéter

a once through cooling cycle.
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TABLE 1. Sinclair Dam - Physical Data

General

Stream

Drainage Area .
Normal Full Pond Elevation
Surface Area at Full Pond
Total Storage at Full Pond

Dam Type

Height -of Dam _ .
Reservoir Control Structures

Spillway Crest Length
Date Completed

Power Installation

Total Number of Units

Total Installed Capacity

Total Hydraulic Capacity of Units
Average Annual Energy :
Gross Head

340.0 feet Plant Datum

April, 1953

2

133,000,000 KwH

10 |

Oconee River
2930 square miles

15,330 acres

334,000 acre feet

Earth Fill and

Conecrete Gravity

104 feet

24 - Taintor Gates (21 feet
by 30 feet)

720 feet

45,000 KW
6,800 cfs

92 feet
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The Wallace Dam PrOject;xlﬁcatéd.in‘tﬁe heédﬁécer of Lake
Sinclair, will form the upper reserYoir; - The two pfdjgcta-ﬁill;be con-
nected by a tailrace approximatély 20,000 feet iﬁ length. This tailrace
will make it possible to pump and recycle water from Lake Sinclair during
the pumped storage operation of the project. The development will in-
clude a reservoir, a powerhouse and intake constructed as an integral
part of the dam, two earth fill abutment sections, concrete non—overfiow
sections, and a concrete gravity spillway (7). A perspective view of
the project is included as Figure 4. Table 2 lists pertinent data for
the Wallace Dam Project. A plan view of the project is included as
Figure 5.

The Wallace Reservoir, which will cover an area.of 18,000 acres
at full pond, elevation 435 feet, includes portions 6f Putnam, Hancock,
Greene, and Morgan Counties. The reservoir will extend approxiﬁately
forty miles upstream and will h;ve a shoreline length of 331 miles (7).

The Wallace powerhouse will contain six hydroelectric units with
a rated capacity totaling 324,000 kilowatts. Two of the units will be
conventional vertical, fixed-blade propellor type turbines with a rated
output of 78,000 hp at a head of 89 feet directly connected to two
~vertical generators, The four reversible pump turbine units will each
be rated at 73,000 hp at a head of 89 feet as turbines, while generating,
and 82,800 hp at a head ﬁf 98 feet while pumping. Each will be |
directly connected to a verticél generator-motor unit rated gt 66,700
KVA as a generator and 83,000 hp as a motor. The“hydréulic.capacity of

the six units total 48,000 cfs (7).
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TABLE 2, Wallace Dam - Physical Data

General

. Stream

Drainage Area

Normal Full Pond Elevation
Surface Area at Full Pond
Total Storage at Full Pond
Dam Type

Height of Dam
Reservolir Control Structures

Date Completed

Power Installation

Total Number of Units
Pump-Turbine Units
Conventional Units

Total Installed Capacity

Hydraulic Capacity of Turbines
Pump Turbines - Generating Mode
Pump Turbines - Pumping Mode
Conventional Turbines -~ Generating
Total Hydrauli¢ Capacity - Gemerating

Gross Head

Oconee River

1830 square miles
435.0 feet Plant Datum
18,000 acres °

470,000 acre feet
Earth Fill and
Concrete Gravity

117 feet

5 Taintor Gates (44 feet
by 42 feet)

Under Construction

Lo B B h

24,000 KW

32,000 cfs
26,800 cfs
16,000 cfs
48,000 cfs
95 feet
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Discugsion of Pumped Storage Development

In order to better discuss the complexities involved ip the
economics and operation of a pumped storage devélopment, an explanation
of pumped storage and its place in an electric power system is required.

Figure 6 is a representation of a typical weekly load demand for
an electric utility. The load which must be provided twenty-four hours
a day is designated as base load. Generally, this load is provided by
the newest, most efficient and/or.ecohomical'generating units and would
include fossil-fuel and nuclear power plants. A portion of the load
peak, from twelve t0'twenty-four.hours'duratian'is also provided by
base load type plants. The ;apacity of these plants would be lowered
to .a minimum withqut shut-down during the period in which the demand
is not present. This results in operating these units at much less
than their peak efficiency, The shorter dura:ion'demand during the
remainder of the peak 1s provided by either hydroelectric projects ﬁr
by combustion turbines because of the quick reSponée time available
from these-typeéraf:powér'gepefating eqﬁipment.

_Pumped storage is a form of hydroeiectrib power and uses water
' passiﬁgithrough turbines under a head to generate electricity. During
off peak hours, however, the rgversible'pump turbines are used to
recycle‘the water from a lower regulation reéervoit back into an upper
reservoir-whefe it 1s stored uhtil the capaciﬁy is needed to provide
Ithe peak power demand during the nextldéy; The energy required during
this pumping cycle is provided by the base load plants which have been
cut back to nearly minimum. load, This is illustrated in Figure 6.

Becauge of the demand created by pumping, these plants can be ope;gted
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at a more efficient load. This factof.reduces tﬁe total cost of
providing the pumping energy.

The Wallace Dam and Sinclair Dam;pumped storage developmént will
differ from a pure pumped étorage development because of the conven-
tional hydreelectric units at both plants. The natural stream flow from
the Oéonee-River bagin represents a potential energy source_without
the use of pumped sforage. The inclusion of pump turbine units allows

justification of a larger capaciéy'plant than would be possible with

conventional design.

5 Degc;iptién}bf ibe'?hyﬁ;Cal'System

éThe physical syééeﬁ énglyzed'i;'the study 1s defined by the
drainaggﬁbqsin‘above the two projéqu}I The Oconée River drainage area
above Sinclair Dam iz generally rufal and is Bhown.on.Figure 7. The
two primary tributaries.into Wallace Reservoir are the Apalaéhee River
and the Oconee River. The drainage area is apptoximately 1830 square
miles. Below Wallace Dam is the Sinclair Reservoif. The drainage
area above Sinclair Dém is 2930 square miles with thé difference
primarily mﬁde up by the drainage into the Little River, a major tri-
butary into Lake Sinclair.

A schematic diagram of'the_systém as it was énalyze& in the
study is shown on Figure 8. The components of the system are shown
and are designéted as follows: | |

Iw = Inflow into the Wallace Reserveoir

W - Storage capacity of the Wallace Reservolr

Gﬁ - Flow through the Wallace Dam turbines
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Sw - Water spilled over the Wallace Dam spillway -
P - Water returned to the Wallace Reservoir during
the pumping c§cie.from the Sinclair Reservoir
A Ig - Local\fnfiow iﬂto the Sinélair Reéervoir
| § - Storage capacity of the Sinclair Reservoir
Gs - Flow through the Sinclair Dam turbines

Ss - Flow over the.Sinclailr Dam spillway

The inflow iﬁtﬁ the wailace Reservoir, Iw, is an unknown which
must be prediétedi Similarly the iocai inflow into the Sinclair
Reservoir, Is, is an unknown which must be predicted. The storage
capacity of Wallace Reservoir, W, ana the Sinclair Reservoir, S, are
limited. When the maximum reservoir ﬁolume is exceeded water must be
passed over the spillways. The volume of flow passed by the Wallace
and Sinclair spillways are Sw or Ss, respectively. The volume passed
through the turbines for électric power géneration is designated as Gw
or Gs. The volume of water recycled to the Wallace Reservoir through

pumping from Sinclair Reservoir is designated as P.

The Objective Function

As stated, one purpose of the study is.to determiﬁe the optimum
set of operating rules for the twﬁ reservoirs, Simulation of the
operation of the projects has been used to qﬁantify differences in
alternative sets of operating rules. Simulatioﬁ of the system using
the period of stream flow data resuits in estimates of volumes of water
either generated, pumped or spilled. The simulation models are dis-

cussed in Chapter 1V,
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The results of these simulations have been evéluated to determine
the optimum.set. The criterion chosen for establishing the set of
operating rules was the maximization of net revenue from the projects.
The value of an objective function expressing this concept is dependent
on the value of the power'generated and on the cost of producing the
power. |

An evaluation of the value of the power generated is required.
The value of the peak period energy produced by the two plants is a
complex problem which involves the consumer demand for electricity,
weather, and other interacting factors.

For summer periods, dlectricity is in peak demand in the southern
states due to the power requirements for air conditioning systems. It
1s for this demand that power systems are taxed to their maximum
pbtential. The value of power from a pumped storage project during '
these periods is the cost‘of supplying this energy with an alternative
power source. The.primary alternative source presently is the oil~
fired combustion turbine. The efficiencies of these units vary as do
the fuel and maintenance costs so that the exact value to the power
company depends on which units-would not need to be operated due to the
operation of Wallace:Dani aniﬁg hiéh demand days when all units in

the system aré needed to meet the demand, these units are the highest

' cost units while during a loﬁerndgmand day'the lowest cost unit might

be involved. 1In all cases the pumped storage project can produce the
peak eﬁéréy for less than it would cost to run the combustion turbine.
Because the entire range of costs would be spanned during the summer

period, the average cost of generation by an oil-fired combustion tur-
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bine was chosen as the value of.peéking energy during the summer to

be used in the study. A more accurate model for estimating these costs
is possible and will be &eveloped for use in a model for the operation
mode.

A large demand is also experienced during the winter period. In
the study, the value of peaking energy genmerated during the winter was
also set at the average cost of generation by an oil-fired combustion
turbine. During the spring and fall, the peak demand is much lower
than during the winter and summer. During these low demand. periods,
maintenance is performed on the power systém: Pumped storage projects
and otﬁer types of peaking units are not generally needed to meet the
peak loads. For this reason, thelr value to the system is lower. Ihe'
pehking units caq“be uéed'to'replacg the base load plants which are
under maintenance febairé. The value used in the study for the peaking
units during the fall anq s#:ihg ééasons is assumed to be the average
cost of producing the energy ﬁith the base load nuclear and fossil~
fuel steam plants.
| An evaluation of the cost of producing power with the pumped
storage project is also required. The cost is, of course, dependent
on the cost of the pumping energy. Figure 9 is an incremental cost
curve for producing power. This curve represents the cost per kilowatt
hour to produce electric power. As illustratéd, thé lower the demand,
the lower is the cost to provide the_power. The cost of pumping energy
is simply the cost of adding the pumping load to the consumer demand

present at the time. As can be seen in Figure 6, the demand is con-
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stantly chaﬁgiug, so that the cost of pumping energy is constantly
changing. The cost of pumping energy for a sample consumer demand is
illustrated in Figure 9. 1In order to quantify the cost of pumping
energy for the study, an analysis of the leoad patterms for various
future load projections was made to determine which unitg would.be
available to provide the pumping energy requirements for Wallace Dam.
As a result of this study of the projected loads and plants required
to meet the load; an average pumping energy cost was_determihed.

The objective function can be expfessed, in general terms, in the

following form:

R = (Asw*(C*Gsw) + Afs * (B*Gs+C*Gfs)) ~ D*E*P (1)

Where the constants and vafiables'are defined. as follows:

R - Value of neﬁ revenue in dollars per year

Gsw - Wallace generation.dﬁring tﬁe summer and winter (KWH)

Gfs - Wallace generation during the fall and spring (KWH)

Asw - Constant equal to the cost of generating power by oil-
fired units during the summer and winter peak demand
periods (§/KWH)

Afs - Constant equal to the cost of generating power by base
.load units during the low fall and spring demand
periods ($/KWH)

D - Constant equal to the cost of pumping enérgy per kilowatt
hour ($/KWH) |

B - Conversion factor for Sinclair generation (acre-feet to

kilowatt hours)
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C - Conversion factor for Wallace generation (acre~feet to
kilowatt hours)

E - Conversion factor for pumping energy (acre-feet to kilo- -
watt hours)

Gz, P - As defined previously

The value of the constants B, C, and .D are dependent on the

following relation:

KW = QHii*e |
11.8 ’ (2)
‘Where KW - Kilowatts of power
Q - Flow through the'turbines, cfs
H - Nét head (Headwater minus Tailwater minus losées
through the penstocké), feet
e -~ Efficiency of the turbines and generators

For the purpose of the study, the values of B, C, and D are
constants whose value is dependent on the set of operating rules under
study. This is possible due te the very small variation in the net
head from day to day; The Wallace Reservoir is expecfed to fluctuate
only'l.S.feet daily, aﬁproximateiy one percent-of the total net head.
The.Sinclair Reservoir is expected to fluctuate only 1.8 feet daily,
épproxiﬁétely two ﬁercent of the total head. Therefore, the net
head, H, in Equation (2) vaties only slightly and can be considered con-
stant. The flow through the turbines, Q, and the:plant efficiency, are -
also constant for an unvarying head. The géneration.from Sinclair Dam
is not broken into seasons since Sinclair Dam is loaded'prior to

loading combustion turbines and therefore would not generally be used
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ﬁo replace-these uﬁité.iﬁ.fhealoading order. .
The values of the constants in Equation (1) are listed below:
Economic constants |
Asw = 50,0272/KWH
Afs = $0.0087/KWH
D = $0,010/KwH
Conversion Pactors
B = 83.36 KWH/Acre Foot
C = 81.67 KWH/Acre Foot
E =114.34 KWH/Acre Foot
Equation (1) can be reduced ﬁo the following final form:
R = ($0.02?2*(81.6?*G3w)+$0.008?*(83;36*Gs+81.67*Gfs) | (3)

- $0.010*114.34*P

System Constraints

The operation of the system.and evaluation of ﬁhe objective
function are depgndent on the choice of the constraints on the system.
These constraints are summarized in Table 3.

The only constraint other than reservoir volumes and turbine
capacities set during design that can not be relaxed during simulation
of the syétem is Cohstraint (3), the minimum level in Sinclair Reservoir,
This level represents a volume of 308,750 acre feet. The limiting
factor for the 1eve1'inISinclair Reservoir 1s the Waliace Dam tail-

" race, When the Wallace Dam pump turbines are operated as pumps;
a minimum water level mﬁst be maintained above the level of the pumps

to prevent air from being drawn into the pump turbines necessitating




1
(2)
(3)

4)

(5)

(6)

(7

(8)
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"TABLE 3, Constraints on System

Congtraint
Wallace Dam Maximum Reservoir Cépacity
Sinclair Dam Maximum Resefvdﬁr.Capécity
Siﬁcléir’bam.Minimum Résetvbifftevel
Sinclair Dam: Minimum Resefvdif.CgpaCi;y
Pumping Time aﬁailableldu}iﬁg offrpeak
load demand periods |
Maximum hydraulic capacity of Wallace
Dam turbines
Maximum hydraulic capacity of Sinclair
Dam turbines
Maximum hydraulic capacity of Wallace

Dam pump turbines operating as pumps

Value

Wmax = 47,000 acre feet

Smax = 334,000 acre feet

Elevation 338.2 feet

8min = 307,750 acre feet

8 hours
48,000 cfs
6,800 cfs

26,800 cfs
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shutdown. The level in Sinclair Reservoir that cofresponds to this
minimum cover is 338.2 feet. Lowering of the tailr.ace‘.floor is un-
economical due to rock in the channel bottom,

The limiting of pumping during off ﬁeak hours to eight hours_is_
based on an evaluation of the power system load and primarily is de~
pendent on the lack of economic pumping sources for more than eight
hours, Should the shape of the poﬁer system load change in the future
by broadening of the off peak period, this constraint could be relaxed.

During the simulation pﬁasé of the study, selééted constraints
are relaxed ahﬁ:thg effects determined. The simulation phase is dis-

cussed in subsequent chapters.

Data Sources

The varlabies in the objective function, Gsw, Gfs, Gs, and P,
are dependent on the inflow into the reservoirs and on the constraints
set on the system. A discussion of the developmeut of linear regression
models to predict inflows, Iw and Is, is'presenfed in Chapter III.
| The data available on the Wallace and Sinclair Dam drainage
basin are primérily'in the form of stream flow and precipitation records.
Rainfall gages within the basin are limited; however, the United

States Geological Survey, Water Resources Division, has been measuring

- flows on the Oconee River for over 60 years.. Long term records are

available at the following stations:

Gage No. 2-2185 - Oconee River near Greensboro
{1904-1932; 1937 - Present)

Cage No. 2-2195 - Apalachee River near Buckhead
(1901-1908; 1937 - Present)
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1

Gage N6. 2-2230 - Oconée River at Milledgeville
‘(1903 ~ Present) .

Severai short term rec6r63 are available. Only one is utilized in the
study. This is Gage No. 2-2205, Oconee River at Sparta, 1951 to 1953.
This gage is located very near the site for Wallacé_Dam.

The gage on the Oconee River at Milledgeville, subsequently
referred to as the Milledgeville gage, is located in Milledgeville,
Georgia at the water works intake structure approximately 3.8 miles
downstream from Sinclair Dam. The records are available from August,
1903, to the current year with no gaps in the data. The gage is a
water stage recorder. Prior to 1938, a non-recording gage was used,
The location of the gage has been moved numerous times during the
period of record (8).

The gage near Greensboro, subsequently referred to as the
Greensboro.gage, iz located in Greene County five miles upstreaﬁ of the
mouth of the Apalachee River and five miles west ofIGreensboro,
Georgia.' Barnett Shoals Projept, a run of.the river hydroelectric
plant operated by Georgia Power Company, is located twelve miles up-
stream of the gage. .Reco¥ds.are available from July, 1903, to
' September, 1932 and from October; 1936, to the cﬁrrent year. The gage
is a water stage recorder. Prior to 1938 a non-recording gage.was
used. The gage has not been moved throughout the period of record 8.

The gage on the Apalachee River, subsequently referred to as the
Buckhead gage, is located nine miles upstream of the confluence of the
Apalachee Ri;er with the Oconee_River near Buckhead, Georgia. Records

are available from January, 1901, to December, 1908, and from April,




1937, to the current year. The gage is a water-stage recorder,
Prior to 193%, a non-recording gage was used. The gége has not been
moved throughout the period of record (8).

The water-stage recorder at Sparta was located 1.5 miies down-
stream from fhé Wallace Dam site. Flow records were taken from
October, 1949, to April, 1953 at which time backwater from Lake
Sinclair inundated tﬁe site of ﬁhe gage. The gage was discontinued in

April, 1953 (8).
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CHAPTER III
DEVELOFMENT OF FLOW RECORD

General

The initial part of thé stud& involﬁed the processing of a very
large bank of stream flow d#:a available from the United States Geological
Survey, and development of models to predict the inflow into Wallace
Dam, Iw and local inflow into Siuclair Dam, Is. Data from the Greensboro
gage and the Buckhead gage are used Iin conjunction with the shoft term
recofd at the Waliace Dam site (Sparta géﬁé) to develop a linear re-
gression model to predict ﬁhe flow at the Sparta gage from the upstream
gages. Records from the Milledgeville gage are used as the record of
flow at Sinclair Dam. The local inflow, Is, is equal to the flow at

Sinclair Dam, measured at the Milledgeville gage, minus Iw.

' ~Collég£ibn and Processing of Data

The iﬁitial step in the study was to collect data on the system.
Bagically, this consisted of flow data on the Oconee River and its tri-
butgries recqrded;by the . United States Geological Survey. The daily flow
data for the Greensboro, Bﬁckhead:and“Milledgeviile gages were re-
quested and received for the entire period of record. The data were
received in the form of data cards from the data centey'for the United
States Geological Survey located In Reston, Virginia. |

After receipt of the data cards, three data files weré created.

A separate file was created for the Buckhead gage, the Greensboro gage,
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and the Milledgeville gage. Since the Geological Survey was not able
to furnish recofds of the Sparta gage, its three year period of record
had to be entered by hand.from the termingl. A computer program was
then ?ritten to extract the daily flow data from the Geological Survey
files and to store them in binary files,

During this process, some modifications were mgde in the'data
to simplify its use., This includéd truncating each leap year to a
.normal 365 day year and the use of complete water years. Any partial
water years were not used. The three large files were then broken down
into smaller more workable files since each was too large to be handled
by file manipulation commands. The divisioné were somewhat arbitrary
but were basically dictated by gaps in the period of record and by the
size of the files. The gaps in the period of record are summarized
below:

Bugkhead gage — Water Years 1909 through 1937

Greensboro gage - Water Years 1933 through 1936

Milledgeville gage - None

Development of Wallace Dam Inflow
The initial prﬁblem addressed in the study was the development
of a synthetic flow record at the Wallacé Dam site to approximate Iw.
One possible method of gemerating synthetic flow data is through the
use of a model to simulate the land phase of the hydrological cycle.
.A compléx land phase model was not chosen because of the lack
of adequate precipitation and evaporétion data, and because of the cost

involved in simulating a watershed which covers several thousand square
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miles.

Because of the long gaged record, the problem was instead
approached on a statistiéal basis. The flow records at the Greensboro
anﬁ Buckhead gages were correlated witﬁ.the flow records at the Sparta
gage near the Wallace Dam site to develop a linear regression model for
the Wallace Dam inflow. |

Due to the gap in the record at the Buckhead gage, two models
were required to.develop a synthetic flow record at Wallace Dam, One
model used the sum of the flows at the Buckhead and Greensboro gages
to predict Sparta gage:flows._ The other involved only the use of the
_G;eensboro gage.'ﬁThié:mddgl was used to predict flows for the period
.ﬁhen ﬁ§ data was available at the Buckhééd gage.

| The initial modelIStudiedféas one utilizing the sum of the flows.
A model of the following _f.orm was assumed:

Qs = A+ B *Qeum | - 4)
Qs is dgfined*asfﬁhe flow at the Sparta gage. A and B are fegressibn
coefficients, and Qsum is. the suin o_f the flow recorded at the Greensboro
and Buckhead gages. No time lag was assumed between the confluence of
the Oconee River and Apalachee River at the Wallace Dam site., A com~
puter prograﬁ developed by General Electric was used to perform the
linear least squares regression {2). Prepared sets of data for the
period of Water Year 1950 through Water Year 1952 were analyzed and
the least squares regression coefficieﬁtS'ware comﬁuted. The resulting
model, Equation (5), was designated Model WDI;

Qs = -45.55 cfs + 1.193 * Qsum | (5)

L,
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The coefficient of détermination was calculated to be r? = 0.803 which
indicatéd fair correlation between the data sets.

It has been shown by others that for hydrologic data, better
correlation of this type of hydroiogic data can sometimes be achieved
by anélyzing the log of the data seté (1). In an effort to improve the
model, the correlation of the log of the-data sets ﬁas investigated,
This model, Equation (6), was'designated WD2. The results of the
regreésion are shown below:

Ln (Qs) = -0.0538 + 1.026 * Ln (Qsum) | (6)
The coefficignt of determination was improved to a value of r2 = 0.960
Equation (6) can be written in a2 more useful form as in Equation (7)

Qs = 0.948 * Qsum 1-026 (D
In all other models investigated the log of the data was utilized.

_As stated before, Models WDl and WD2 had no time lag introduced
into the data, An examination of daily flow records do not indicate an
obvious lag in the data. The two points on the river are approximately
22 miles apart, so a time lag exiSts'physically. Various time lags were
introduced in the data and regression analyses made on the log of the
lagged data. The highest coefficient of determination ﬁas achieved with
a time lag of 12 hours. This time lag was introduced in the.data by
taking the average of the current and previoﬁs.day's flow at Greensboro
and Buckhead and correlating it with the current day's flow at the
Sparta gage. The best of the lagged models, Equation (8?, was de-

signated WD3 and is shown below.

Ln (Qs{t)) = -0.159+1§04*Ln"QSum(t—lj;Qéﬁm(t)
' 2 . (8)
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Qs(t) is défined as the flow-at the Sparta gagelfor day t.
Qsum{t-1) is the sum of the previous day's flow at the.Greensboro and
Buckheéd gages. _qum(t) is the sum of current days flow at the upstreém
gages, Lagging the flow in this mannerfresﬁlted in an increased value
of the cﬁefficient of determiuation to.r2 = 0.974. Equation (9) is

an expression of WD3 in a more useful form.

Qs{t) = 0.853 * Qsum (t) + Qsum (£~1)1.04
2 (9

Similarly, a regression m°d¢l was developed to predict the
flow into Wallace Dam from the Greensboro gage to be used to develop a
flow record during gaps in the Buckhead gage record. The best co-
efficient of determination waé_again achiéved with a lagged model of
the log of the Greensboro and Sﬁarta flow. The resulting model,
Fquation (10), was designated WD5.

LnQs(t) = 0.145 + 1.045 * Ln Qg(t) + Qg(t-1)
2 S e 1)

Qs(t) is defined as before, and Qg{t) .and Qg(t-1) are the current and
previous day flows at the Greensboro gage. Model WD5 can be ‘expressed

in a more useful manner as in Equation (11)

Qs(t) = 1.57 * (qe(e) + Qg(e-1)t+ 043
- | ) 2 | a1

At this point an analysis was made of the residuals calculated

.-using_model WD3.fof the three year period of record at the Sparta

~ gage (1950 to 1953). The residuals were the caleculated flows at the

Sparta gage based on model WD3 minus the actial recorded flows of the
gage. The following statistical characteristics were calculated for

the residuals. These'charactéristics.are listed below:




Mean of Residuals - -11.4 cfs

Median of Residuals - -7.1 cfs .

Variance - : 3.1%9 x 10°

Standard Deviation :~ 563.8 cfs

A plot of the residuals versqs.time for Water Year 1950 is shown
in Figﬁre 10. No seasonal variation in the residuals is apparent from
the plot. However, lafge residua1s were observed in all four seasons
of the year. in an attempt to explain these large errors between the
caiculatéd and actual flowé, precipitation records were analyzed for
Water Year 1950';

The Thiessen method was used to divide the drainage area into
average rainfall areas. The only precipitation gages close enough to
represeﬁt the drainage area between the G:eensboro and Sparta gages

are rainfall gages located near Greénsboro, Georgia, and near Sparta, |

Georgia, locations of which are showm on Figure 7. Precipitation records
for these stations were obtained from "Climatological Records for
Georgia" published by the Weather Bureau, United States Department of
Commerce, Thg average daily precipifation over the ﬁrainage area be-
tween the Greensboro and Séarta stream gages was calculated for Water
Years 1950 through 1952. The coincidence of.large errors in the resi-
duals and large recorded rainfalls indicated inclusion of precipitation
in the model could be_beneficial. The large residuals were then
plotted against the corresponding a#erage daily precipitation. The
plot is shoﬁn in Figure 11. The large scatter in the plot would
indicate no apparent functional relationship betweeﬁ the precipitation

and the large errors. However, a dependency of Qs on rainfall in the
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was June through November of each year. Again a lagged model of the

logs of the flow was analyzed. The sum of the flows at the Greensboro

and Buckhead gages was used. The following model, Equation (14) and

Equation (15), was designated as models WD6 and WD? reéspectively.

Wet Season Model - WD6

Ln Qs(t) = 0.0169 + 0.997 * Ln Qsum (t) + Qsum (t-1)
7 (14)

The coefficient of determination was calculated as r2 = 0,870,

Dry Season Model - WD7

Ln Qs (t) = 1.672 + 1.04 * Ln Qsum(t) + Qsum (t-1)
' 2 (15)

.The coefficient of determination was calculated as r? = 0.867,
the reduction compared to the single season model being a result of
decreasing the variance of the dependent variables when a multi-season

model is used., Based on the results of this analysis, utilization of

-a wet season and dry season model was not justified.

In summary, the best cdffélatian of'data'was achié&gd with a
lagged model using the log of gheaflowé. Model WD3 was adopted to.
predict fhe Wallace Dam inflow during the.peridd 1904 to 1908, and_1938
to 1973. Model WD5 was adopted to predict theﬁWallége Dam inflow during
the gap in the Buckheaﬁ gage_datalfrom 1909 to 1932._ Nd'uﬁstream flow
records were available for the period 1933 to 1937. Model WD5 was used
for 1937 flow prediction. Table 4 contains a sumﬁafy of the_regressioﬁ
an#lyses made in this phase cof the study.

An error was:discpvered in this phase of the study\at the com-
pletion of the projeﬁt. ‘The coefficiénts of determipation shown in

Table 4 for Model WD2 through Model WD7 were calculated based on the .

e
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lower part of the watershed was examined statistically by adding
precipitation to the model. The assumed linear form analyzed was as

follows:

Ln(Qs(t)) = A+B*Ln (Qsum(t) + Qsum(t-1) + CARE
7 12)

Where: " A,B,C - Regression donstanté__
Qs(t), Qsum(t), qum(t—l).—'as defin;d previousiy

Rf - Average daily precip;fation over the area

A multiple regression program was used to calculate the re-

‘gression constants (2)., The resulting model, Equation (13), was desig-

nated as WD4.

LnQs(t) = ~0.1078 + 1.03 * Ln Qsum(t) + Qsum(t=1) + 0.073*Rf
2 (13)

The coefficient of determination was 1mpr§ved only slightly to a value
of r? = 0.976.

An analysis:of the-residuéls;froh this model was then made. The
large errors observed in the rééiduﬁia from model WD3 were also apparent
in model WD4. Various time 1#35 and higher order relationships of pre~
cipitation were introduced in an attempt to reduce the large stream
flow errors, but there was no significant improvemeﬁt. Model WD4 was
not used any further in the study. .Evan though slightly better cor-
relations were obtained by introducing precipitation, the added com—
puter costs involved in the processing and storage of the precipitation
records was not considered justifiable. |

Next, a correlation of wet season and dry season flows was

examined to determine whether better correlation could be achieved.

The wet season was assumed to be December through May and the dry season
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Table 4. Summary of Regression Medels

C Coeficient of
Model : - Determination

r2
WDl: Qs = -45.55 + 1.193 * Qsum | - 0.803
WD2: Qs = 0.948 * Qsuml-026 | | 0.960
WD3: Qs(t) = 0.853% (QSUm(;) + Qsum(t-1)1.04 0.974

WD4: LnQs(t) = (-0.1078 + 1.03 *

Ln (Qsum(t) + qum(t-l)l'03 + 0.73 * P 0.976 .
2
WD5: Qs(t) = 1.157 * (Qg(t)+Qg(t-1)1-045 0.956
_QsL__igsL___l

WD6: Wet Season

LnQs (£)=0.0169 + 0.997*Ln (Qsum(t)+Qsum(t-1))  0.870
"z

WD7: Dry Season

LnQs(t) = -1.672+1.04*Ln (Qsum(t)+Qsum(t-1)) 0.867
: 5 R S
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log of the data set, and therefofe should no£ have been compared with
the coefficient of determinatioﬁ forlModel'Wﬁl.

Therefore, the coefficient of defermination for Model WD3, the
model selected for use in the simulation, phase of the study was re-
calculated. Additionally, a new model was developed based on a time laé
of 12 hours to be compared with Model WD3. This model was designated WD8

and is given by Equation (16).

Qs(t) = -6.658 + 1.167 * (Qsum(t—-1)+Qsum(t)
' 2 (16)

A comparison of models WD3 and WD8 is shown below. Standard

errors are also included for each model.

Model rZ S.E.
WD3 - .910 645
WD8 ~ .916 . 623

There is little difference between the coéffiéiénts of deter-
mination and standard errors fﬁr Models WD3 and WD8. Therefore, no
changes were made in the simulation phase of the study which was based
on inflows caiculated using Model ﬁDB.

Stream flow estimates are currently avallable at the Wallace
Dam construction site dﬁring flood flows on the Oconee River. Flood
flows which occurred in March 14 through March 17, 1975, were monitored
at thé gite. Flow records for the Buckhead and Gfeensborq gages were
obtained for this period from the United States Geological Survey in
Atlanta; Georgia. Table 5 compares the recorded flow at the Wallace
Dam site and the flows'calculated'ffom models WD3 and WD5, The

correlation of the calculated flow and measured flow was good for the

|

s eme———
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Table 5. Comparison of Calculatéd Wéllace Flow and
Measured Flow

Caléulated . Caleulated - . . i

o Flow at Flow at  Measured# ' !
Greensboro Buckhead Wallace Wallace - -~ TFlow at {
Gage Gage (WD3) (WD5) Wallace
Date {CFS) (CFS) . - (CF8) . (CFS) - _ _(CFS)
3/13/75 4,370 2,180 |
3/14/75 10,700 8,690 16,200 13,000 20, 600
3/15/75 18,600 10,400 30,900 26,100 24,500
3/16/75 19,100 5,150 _ -_34,100 34,000 - 29,500
3/17/75 14,300 3,060 26,400 29,900 27,600
Avg. for Period 26,900 cfs 25,750 efs 25,550 cfs

*Flow gaged over Low Block at E1l. 341, \, _ J
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three day period. Large errors in the predicted flows occurred on the
peak day. It is felt that most of the large errors from the model would
be during flood periods. This is indicated both by the above measure~

ments and the analysis of the residuals from model WD3 discussed pre-

viously.
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CHAPTER IV

THE OPERATIONAL MODEL

The next step in the.studf was tq;develop a synthetic stream
flow record for Wallace Dam frqm_the_available.data. Using Model WD3
and WD5 as described in Chapger III, a record fof'Wallaée inflow, Iw,
was estimated.for the period Of'é;udy,jWétererar 1904 thfough 1973
with ﬁhe-exception of a gap in tﬁe:daéa“ffomLIQBZ to'i93?; The flow
record at the.Milledgeville gage was used_as-;he total inflow into
Sin;lair. The local inflow,'Is, w§8.esfimated by the flow at the
Milledgeville gage minus Iw. Two.ekternal files were created and
stored in the computer. The files were ﬂesignated as a SIM file,
record of Iw, and a SIN file, Milledgeville fiow record.

Next an operational model is developed for compuﬁér simulation
of the operation of the pumped storage development for various sets of
operating rules and sets.of constraints. The programs are written in
the BASIC computer language and stored under the file name WALLACE.
The operating model maintains a daily budget of the volumes of inflow.
into Wallace and Sinc¢lair Reservoirs. The daily inflow into Wallace
_Dam is taken from the gynthetié flow record predicted from the
'Greénsboro and Buckhead gaggé uging the flow models developed in the
.initial phase of the study. The total inflow into the system is
taken from the Milledgeville gage. The model allocates the daily
volumes of inflow to volumes of generation at Wallace Dam and Sinclair

Dam, volume cof pumping back into Wallace Reéervoir, and spillage at
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Wallace and Sinclair Dams when flows exceeded generation capacities
of the projects. The allocation of the inflow volume is based on var-
ious sets of operating rules and conStraiﬁts on the system. Evap-
oration has been neglécted.

In the simulation of the operation of the two projects, the
daily operation is divided into_two periodé_of twelve hours, The
first period is designated as the generating cycle. During the gene-
rating cycle, a volume of inflow is allocated to genmeration at Wallace
Dam based on a designated set of operating rules. The total volume in
the Wallace Re’-.servoir at the end of the generating cycle is then cal-
culated by summing the inflow, predicted from the upstream gages, the
volume in Wallace Reservoir at the-sfart'bf the period, and subtracting
the allocated volume.of generati&n,aﬁ wallace Dam. This vdlﬁme_is then
compared with the maximum volume pLSsible in Wéllace Reservoir, and any
volume over tﬁe maximum ié allocated ta #pillage Af Wéllaéé Dém, Next
the operation at $inclair Dam is simulated., The generation:at Sinclair
Dam is also allocated by designated operating'rules, but generally is
set at the volume of total inflow above Sinclair Dam up to the maximum
generation constfaint. The volume in Sinclair Reservoir at the end
of the period is then calculated by summing the local inflow during the
period, the volume in Sinclair Reservoir at the start of the period,
the discharge from Wallace Dam and by subtracting the volume used for
generation at Sinclair Dam. If this volume exceeds the maximum voiume
possible in Sinclair Reservoir, the excess is spilled,

Next the pumping cycle is simulated. The yblume to be pumped

back into Wallace Reservoir is based on the set of operating rules. The
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volume in Wallace Reservoir at the end of the pumping cycle is then
calculated by summing the volume.left in Wallace Reservoir at the end
of the generating cycie,'the local inflow during the éeriod, and the
volume pumped from Sinclair Reservoir. As 1s done at the end of the
generating cycle, the total volume in Wallace Reservoir is compared
with the maximum and any excess spilled. If no pumping volume is
required, the pumping period is used for more generation if needed, to
avoid spillage at Wallace Dam, Next the operation of Sinclair Dam is
simulated. The volume in Sincleair Resefvoir at tﬁe end of the pumping
cycle is calcualted by summing the wvolume left in Sinclair Reservoir at
the end of the generating cycle, discharge from Wallace Dam if any, and
local inflow during the period, and ﬁy subtracting the volume pumped
into Wallace Reservoir and any volume used for generation from Sinclair
Dam. Generaticn at Sinclair Dam during the pumping cycle is necessary
if the total daily inflow exceeds the volume passed through the Sinclair
turbines during the twelve hour generating cycle plus the volume
pumped back into Wallace Reservoir. |

This daily operation is simulated for each day in the period of
record. Daily volumes of flow for power generation at Wallace Dam and
Sinclair ﬁam, daily volumes of pumping, and daily volumes of spillage
are totaled for each year and for the peried or recbrd. Aﬁeragg
annual generation and pumping are used to evaluate the objective
function for each set of operating rules and constraints. The.tOtal
generation at Wallace Dam is divided into generation during the summer-
winter seasons and fall-spring éeaons for use in.the objective

function.

§
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In order to explain each set of operating.rules'and illustrate
the operational model, the operation of the syétem under various con-
ditioné of stream flow into the two reservoirs is described., Variables
which are used in the model are defined in Tablé 6. The three cases
of stream flow selectgd are defined iﬁ'thé'folldwing paragraﬁhf

A low stream flow is defined gsla_tbﬁal'average daily stream
" flow aboveISinclair Dam of less thaﬁ;6;800 cfs, the maximum hydraulic
capacity of the Sinclair turbines (i.e. Twtls «6800 cfs). This
stream flow condition usually occurs during the summer and fall
seasons. When the total daily infléw exceeds an average flow of _6860
cfs and when the local inflow volumé into Wallace Reservoir is less
than 46,600 acre feet per day, the flow is designated as an 1ntermédiate
stream flow. A volume of 46,600 écre feet.(47,000.cfs for 12 hours) is
the maximum §olume.th§t can be passed through the Wallace turbines in
twelve hours, the length of the generating.cycle._ The differenceé
in the hydraulic cépacities shown in Table 2 and the values assumed in
‘the models are due to diffefeqces'iu-heads simulated in the models. For
flows in excess of the interﬁediate gtream flow, generatiom during the
pumping cycle would be required at Wallace Dam to avoid spillage and
no pumping would be necessafy. Flows in excess of Intermediate stream
flows are designated as the high stream flow condition. To illustrate
the bperation of Wallace Dam and §inclair Dam the.foilowing examples of

the three flow conditions are used.




Gwmax

Gsmax

Wg

Wp

Sp
Sw

Ss
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Table 6. Definitions of Variables in Model

Volume passed through Wallace turbinmes in twelve hour périod.
Gwmax = 46600 acre feet.

Volume pasged through Sinclair turbines in twelve hour period.
Gsmax = 6732 acre feet,

Volume passed through Wallace turbines during generating
cycle,

Volume passed through Wallace turbines during pumping cycle.

Volume of water pumped back into Wallace Reservoir from
Sinclair Reservoir. :

Maximum volume which can be pumped'in 8 hours. Pmax= 16800
acre feet. - :

Volume passed'tﬁrough Sinclair turbine during generating cycle.
Volume passed through Sinclair turbines during pumping cycle.
Spiliage at Wallace Dam.

Spillage at Sinclair Dam.
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Case | ' ) Flow rate (cfs)
. Iw ' __Is . I Total
(1) Low stream flow 2,000 1,500 3,500
(2) Intermediate stream '
"~ flow | 20,000 10,000 - - 30,000
{3) High stream floﬁ 30,00q 15,000 45,000
Daily Flow Volume (Acre Feet)
Iw Is’ I Total
(1) Low stream flow 3,960 2,970 6,930
(2) Intermediate stream
flow 39,600 19,800 59,400
(3) High stream flow 59,4000 - 29,700 89,100

For each set of operating rules, the initial conditions of the
two rgservoirs are set as follows:

Volume in Wallace ﬁeservoir - Vmax or 470,000 acre feet

Volume in Sinclair Reservoir - Swmin or 308,750 acre feet

The constraints on the system are as listed in Table 3. Following
is a discussion of each set of operating rules and constraints inves-

tigated in the study.

Operational Model Wallace 1

The initiai set of operating rules investigated the effect of
maximizing the generation at Wallace Dam. The generation at Wallace
Pam comes from two sources; natural stream flow and pumped water. The
maximum pumping time listed in Table 3 is.eight hours. This constraint
is based 6n an analysis of the shape of the power demand curve. Energy
for pumping beyond eight hours wouldnhave to be provided by higher cost,

lower efficiency steam plants. The volume of water which can be re-
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turned to Wallace Reservoir during the eight hours of pumping by the
four reversible pump turbines is 16,800 acre feet. The generation at
Wallace Dam for ;his.initial set’ of operdting rules is determined by the
sum of 16,800 acre feet from pumped water and the natural inflow into
Wallace Reservoir, Iw. Iw 1s the anticipated inflow based on the |
measured stream flow at the Greensboro and Buckhead gages. At the end
of each day of operation, if possible, the volume in Wallace Reservoir
should be equal to Wmax, the maximum, and the volume in Sinclair
Réservoif-should be equal to Smin, the minimum level, A flow diagram
for Wallace 1 is included for reference in Figure 12, The operation

of Wallace Dam and Sinclair Dam for the three flow conditions is dis-
cussed to illustrate the mechanics of the model.

Low Stream Flow Condition

In Case (1) Iw is equal to 3960 acre feetfday; Is is equal to
2970 acre feet/day for a total inflow; I total, of 6930 acre feet/day.
The initial reservoir conditions are assumed és follows:

W = Wmax

470,000 acre feet

S = Smin = 308,750 acre feet

Generating Cycle - At Time t éfO.the'genéfétiﬁg cycle begins.

The program tests to determihe_ii_iw'exceeds Gwmax or 46,600 acre
feet. Since it does not, the generation at Wallace Dam during the
generating cycle, Wg, is set as follows: |

Wg = Pmax + Iw

Wg

16,800 acre feet + 3,960 acre feet

Wg = 20,760 acre feet
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. ? A— Input lw, Is

Qenemting Cycle )

I Wp=0 l

I Wa.= Gw max I

| P20 ' : ] Wg=Pmax+ Ilw ]

l Wp=l-Wg J | -

F 1 . L ]

| P=wg-Iw |
i _' ¥

[Wir=12)=W(i=0) + lw/2 - Wg |

No

| Sw=wW-wmox |

[ w=wmox |

| Fo

wmax | [ Wa=6wmax | [ P=Pmax |




| So=iw+is |
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Sq = 6s max |

2

Sp=iw+ Is~Sg|

Yes

| S(t=12)=Slt=0) + Is/2 + Wg- Sg + Sw |

?

No S’(t=l2)€ Smax

<

Ss:S(t=12)-Smox__ |

.S=Smax

Yes .

I . P —

Figure I2. Flow Diagram for Wallace 2, Sheef 2

[ Sp=Gsmax |
' 1
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( | Pumpin; Cycle j

| wi=24)=wi(t=12) + Iw/2 +P-Wp |

3
[ Sw=wW(t=24)-Wmax |

[Wit=24}=Wmox]|

[st=2a)=Sit=12) +1s/2-P+Wp-5p |

1 ' .
| __Ss=stt=24)-smox |- L Y

[ s(t=24)z smox |

Yeg

F
-] Sp=6smax |

. Re.tur.n fo.a.h (5 :

Figure 12. Flow Diagram for Wallace |, Sheet 3
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During thé twelve hour generating cycle the natural inflow into the
two reservoirs are as follows:

Natural Inflow to W = Iw/2 = 1986-acfe fééf

Natural Inflow to § = Is/2 = 1435 acre fegt

The program next tests.to detefmiﬁé if.Iw.exceeds Gﬁmax. For
Case 1), it does not, theréfﬁ%eiwglis set ;E 20,766_hcre feet,'ﬂﬁ is
set at zero, and the pumping volu@g P go be pumped’dgring the pumping
¢cyecle is set at Pmax or 16,800'ac£e'féé£;. Néxt:thé vﬁlume of Wallace
Reservolr at the end of the génerating cycle is calculated as follows:

At t = 12 hours

W(t=12) = W(t=0) + Iw/2 - Wg
W(t=12) = 470,000 + 1,980 ~ 20,760
W{t=12) = 451,220 acre feet

Since the volume in Wallace Reservolr is less than Wmax, no spillage
occurs.

" Next the operation of Sinclair'Dam is simulated. The generation
at Sinclair Dam is set at the total inflow above Siﬁclair Dam. In this
case, more than twelve hours are required to pass the total inflow of
6930 acre feet. The generation at Sinclair Dam during the generating
cycle, Sg, is therefore get at Gsmax, 6732 acre feet, The remaining
inflow is stored in the rese;voir and passed through the turbines
duriﬁg'the pumping cycle which folloﬁs. The total inflow into Sinclair
Dam during the generating cycle ié calculated as follows:

Inflow to 5§ = Is/2 + Wg = 1435 + 20,760
Inflow to S = 22,195 acre feet

The storage in Sinclair Reservoir at thé end of the gererating




cycle is calculated as follows:
At t = 12
S(t=12) = S(t=0).+ Inflow - Sg

S(t=12) = 308,750 + 22,195 - 6732

[}

S{t=12) 324,263 acre feet

1

Since the volume in Sinclair Rese;ﬁqir is less than Smax, ﬁd
spillage occurs.

. Pumping Cycle - Next the pfogramuéimﬁlates the pumping.cycle.

The natural inflow into the two reservoirs is equal to Iw/2 and Is/2
or 1,980 acre feet and 1,435 acre féetﬁ respectively. As. determined
previously, the pumping ﬁolpme tozﬁglpﬁmped frdﬁ Siﬁcla1r.késervoir
back into Wallace Reservoir is set at Pmax or 16,800 acre feet. The
volume in Wallaée Reserﬁoir at the end of the pumping cycle 1is cal-
culated as follows: |

At £ = 24 or t = 0 for next day operation

W(t=24) = W(t=12) + Iw/2 + P -~ Wp
W(t=24) = 451,220 + 1,980 + 16,800
W(t=24) = 470,000 acre feet

Therefore Wallace Reservoir is restored to its maximum level as

desired. Next the operation at SinClair Dam is_siﬁulated. During
the pumping cycle the portion of the designated generation volume at
Sinclair Dam that could.not be passed during the generating cycle is
used for generation. The volume of that generation Sp is palculated
as follows:

Sp = I total - Sg
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Sp = 6930 - 6732

Sp = 198 acre feet:
The volume in Sinclair Reservoir at the:gnd of the pumping ecycle is
calculated as follows: ” | |

At t=24 or t=0 for next day opefation

S(t=24) = S5(t=12) + Is/2 ~ P - Sp + Wp

S(t=24) = 325,263 + 1485 - 16,800 - 198 + 0

5(t=24)

308,750 acre feet
Sinclair Reservoir is restored to its minimum level for the next day

of operation.

Intermediate Stream Flow Condition

In Case (2) Iw is equal to 39,600 acre feet/day; Is is equal to

19,800 acre feet/day for a total inflow, I total, of 59,400 acre feet/

~day. Again the initial reservoir conditions are asgsumed as follows:

W = Wmax = 470,000 acre feet

S

Smin = 308,750 acre feet

Generating Cycle — At the start of the generating cycle, the

program tests to determine if Iw exceeds Gwmax. Since it does not,
the generation at Wallace Dam is again set as follows:

Wg = Pmax + Iw

Wg = 16,800 + 39,600

Wg = 56,400 acre feet
The program then tests to see if Wg exceeds Gwmax for twelve hours or
46,600 acre feet. Since it doés;_Wg is set equal to Gwmai; 46,60ﬁ acre

feet, WP:is set equal to zero, and the pumping volume to be returaned

to Wallace Reservoir during the next pumping cycle must be reduced by
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the excess to avoid spillage at Wallébé Dam. The volume of pumping
required to restore Wallace Reservoir to full pond at the end of the
pumping cycle is calculated as follows:

Generating Cycle Pumping Cycle
Wmax = Wmax + (Iw/2 - Gumax) + {Iw/2 + P)

P = Gumax ~ Iw
P = 46,600 - 39,600
P = 7000 acre feet

The volume in Wallace Reservolir at the end of the’generatiug
cycle is then calculated as follows:

At t=12

W(t=12) = W(t=0) + Iw/2 - Vg

W(t=12) = 470,000 +.19,800 - 46,600

W(t¥12) = 443,200 acre feet |

Since W is less than Wmax, no spillage occurs. The total inflow
above Sinclair Dan of_59,400 acre feet exceeds the volume the Sinclair
turbines cén pass in twenty-four hours. Therefore the Sinciair
turbines are operated at a maximuﬁ in both the generating and pumping

cycle (S5g = Sp = Gsmax). The volume of the Sinclair Reservoir at the

end of the generating cycle is then calculated as follows:

At t = 12
S(t=12) = S(t=0) + Is/2 + Wg - Sg
S{t=12) = 308,750 + 9,900 - 46,600 - 6732
S(t=12) = 358,518 acre feet

Since § exceeds Smax, spillage occurs during the generéting cycle which

is calculated as follows:
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At t = 12
Ss = 8§ - Smax_
Ss = 358,518 - 334,000

Ss

24,518 acre fee;
The volume in Sinclair Reservoir at the end of the generating cycle

remains at Smax or 334,000 acre feet.

.Pumping Cycle — The program next simulates-thg pumping cycle,
The volume to be pumped has been determiﬁed previously to be equal to
7000 acre feet. The volume of Wallace Reservoir at the end of the
pumping cycle is calculated as follows:

At t=24 or t=0 for next day of operation

W(t=24) = W(t=12) + Iw/2 + P - Wp

W(t=24) = 443,200 + 19,800 + 7000 — 0

W(t=24)

470,000 acre feet

‘Therefore Wallace Reservoir is restored to Wmax aﬁ the end of
the day. The volume in Sinclair.Reservoif at the énd of the pumping
cycle is calculated'as follows:

At t=24 or t=0 next day of operétion

S(f=24) = 5(t=12) + Is/2 - P - S5p + Wp

S(t=24)

]

334,000 + 9,900 - 7,000 - 6,732 + 0

5(t=24) 330,168 acre feet
Therefore, Sinclair Reservoir is left at a level higher than
desired, the desired elevation being Smin. During the following days

of operation, the generation is increased to a maximum of Gsmax until

the level in Sinclair at the end of the day is restored to Siin.

60




61

High Stream Flow Condition

During Case (3), Iw is equal to 59,400 acre feet; Is is equal
to 29,700 acre feet for a total inflow, I total, of 89,100 acre feet.
The iﬁitial reservoir cﬁnditions are_again assumed as follows:

W - Wmax = 470,000 acre feet

S = Smin = 308,750 acre feet

Generating Cycle - At the start of the generating cycle, the

pfogram tests to determine if Iw exceeds Gumax for twleve hours. Since
it does the Wallace turbines must be operated longer than twelve hours
to pass the inflow, Iw. Therefdré no pumping is required during the
pumping cycle since no decrease in storage would occur during the day.
Generation during the generating cycle, Wg, is set at Gwmax.

The volume in Wallace Reservoir at the end of the generating
cycle is caiculated as follows:

At t=12

W(t=12) = W{t=0) + Iw/2 -~ Wg

W(t=12) = 470,000 + 29,700 - 46,600

W(t=12) = 453;100 acre feet
Therefore since W is less than Wmax, no spillage occurs during the
generating cycle. The program then simulates the operation of Sinclair

Dam, The generation at Sinclair Dam will again be set at the maximum

‘for twenty-four hours since I total exceeds Gsmax (Sg = Sp = Gsmax).

The volume in Sinclair Reservoir at the end of the generating cycle is
calculated as follows:
At t=12

S(t=12) = S(t=0) + Is/2 + Wg - Sg
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$(t=12) = 308,750 + 14,850 +'46,600 - 6732

S(t=12) = 363,468

Therefore S exceeds Smax and spillage occurs during the gen-
erating cycle. The spillage is calculated as follows:

For t = 0 to t = 12

Ss 5(t=12) -~ Smax

Ss

363,468 - 334,000

Ss = 29,468 acre feet
The volume in Sinclair Reservoir remains at Smax or 334,000.acre feet
because of the spillage.

Pumping Cycle - Ne#t the program simulates the pumping cycle,

As explained, the Wallace turbines must be operated during the pumping
cycle to prevent spilling. No'pumping is needed.. The generation re-

quired during the pumping cycle to prevent spillage, Wp, is calculated

as follows:

Wp = 1w - Wg

Wp = 59,400 - 46,600

Wp = 12,800 acre feet
The volume iﬁ Wallace Reservoir at the end of tﬁe puﬁping gyclg is cal-
culated as follows: ,

At t=24 or t=0 for the next day of operation

W(t=24) = N(t=12) - Iw/2.- Wp + f"'.

W(t=24) = 453,100 + 29,700 - 12,800 + o -

W(t=24) = 470,000 acre feet | |

Therefore the volume in Wallace Reservoir is restored to .the desired

maximum. The volume in Siuclair Reservoir at the end of the pumping
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cycle is calculated as follows:

At t=24 or t=0 for the next day_of'operaﬁidn
S(t=24) = S(t=12) + I8/2 + Wp - P - Sp
.S(t=24) = 334,000 + 14,850 + 12,800 - 0 - 6732
S(t=24) = 354,918 acre feet

Again S exceeds Smax and spillage occurs during the pumping cycle

also.
For t=12 teo t=24
S3 = S(t=24) - Smax
Ss = 354,912_- 334,000
Sa = 20,912
The total_spillage during the day is the sum of thé sﬁillage dﬁring
the generating and pumping cycles.
| The volume in Sinclair Reservoir at the end of the day is
334,000 acre feet or Smax which;is gredter thaﬁ Sﬁin, the desired
volume, Operation of the Sinclair turbines would Se increased
during subsequent days until the desired minimdmiievel was achieved.
For flows in excess of those 111ustrated in Case (3), the
generation at Wallace Dam_dﬁring the pumping cycle; Wp, 1s increased
to a maximum of Gwmax. Beyond this point, spillage occurs at Wallace
Dam. |
Wallace 1 in summary provides for the maximum possible
generation at wﬁllace Dam. The generation at Wallace ng is set at
the sum of Pmax and Iw. If this sum exceeds the maximum generation.
capécity of Wallace Dam for fwelve hoﬁrs, the pumping required during

the pumping cycle to restore Wallace Reservoir to full pond can be




reduced by the excess, For inflowé,into Wallace Reservoir in excess
of 46,600 acre feet, no pumping 1s required ana generation at Wallace
Damlis necessary during the puﬁpinh ¢ycle to avold spillage., The
generation ét Sinclair Dam is set at the total inflow into the system,
When the inflow exceeds the gapaéity of Sinclair Dam during the gen- |
erating cycle, generation is necessary at Sinclair Dam during the

pumping cycle to avoid spillage.

Operaﬁional Model Wallace 2

The second model, Wallace 2, was uéed to investigaté the effects
of minimizing the pumping required aﬁ*wailace Dam, éhus minimizing the
cost of operating Wallace Dam. In Wallace 1; genération was generally
set equal to the total volume of inflow plus the maximum voldme which
could be restored in éight'hours during.ﬁhe puﬁping cycle, The in-
stalled power capacity for Wallécé.Déﬁ;ié Hesignéd'to meét'é'mihimum
five hour peak load during the peak demand period. In Wallace 2, the
generation at Wallace Damlis restficté&wte-fhis five hou; operation.
The wvolume reguired by this generatioﬁ is 16,800 acre feet which is
equal to the maximum daily eight hoﬁr pumpiﬁg volﬁme. Theréfore,_
Wallace Dam is designed to meet-ﬁﬁiéjminimum five hour operation with
no local inflow. In Wallace 2, the iocal inflow is stored in Walléce
Reservoir which reduces the volume of pumping reqpired to restore
Wallace Reservoir to full pond for the next day's operation. When the
local inflow exceeds.16,800 acre féet, no pumping is requifed and thé
excess can be ailocated'to.increased generation at Wallace Dam. A flow

diagram for Wallace 2 is included for referencé in Figure 13. The
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A — Input Iw, Is

( Géneratingcycle )

| Gw=Gwmax |

[___P=0 | | | 1
. i I Gw= Iw I L'Gu=Pmon_|
| Wpsilw- WQ | 1 1

P=0 | | P=Pmax-=Iw

|

[ wusizwa=o+iwrz—wg |

Sw=W-W max | ; ' _
W= Wmax '

For Sinclair Operahon See Flgure e

Y
( For Pumplnq Cycle See Figure 12.

é Returr to A

Figure 13. Flow Diagram- Wallace 2
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operating rules for Wallace 2 are illustrated for the three stream
flow cases in the following section.

Low Stream Flow Condition

The inflow into the'reservoirs aﬁd initial reservolr conditions,
as illustrated for Wallace 1, are restated below.

Iv = 3960 acre feet/day

Is = 2970 acre feet/day

I total - 6930 acre feet/day

W

Wmax = 470,000 acre feet

5

Smin = 308,750 acre feet

Generating Cycle - At the start of the genmerating cycle,. the pro-

gram tests to determine ﬁhether Iw excgeds Gwmax. In this case, it
does not. Next the program tests to determine whether Iw exceeds Pmax.
In this case it does not and Wg is set af Pmax or 16,800 acre feet
and Wp is set at zero., The pumping required during the pumping cycle to
restore W to Wmax is redhced by Iw as follows:

P = Pmax - Iw |

P

16,800 - 3960

P

12,840 acre feet

The volume in Wallace Reservoir at the end of the generating
cycle is calculated as follows:

At t=12

W(t=12) = W(t=0) + Iw/2 - Wg

W(t=12) = 470,000 + 1,980 - 16,800

[}

W{t=12) = 455,180 acre feet

Next the generation at Sinclair Dam is simulated. The generation at
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Sinclair Dam is identical to that for Wallace 1. For Case (1), Sg
is set at the maximum of 6732 acre feet and Sp is set at 198 acre
feet during the pumping cycle. The volume in Sinclair Reservoir at
the end of the generating cycle 1s calculated as followsf

At t=12 |

S(t=12) = 5(t=0) + Is/2 + Wg - Sg

S(t=12) = 308,750 + 1485 + 16,800 - 6732

5(t=12) = 320,303 acre feet

Pumping Cycle - Next the pumping cycle is simulated. The re-

quired pumping is equal to 12,840 acre feet determined previously. The
volume in the Wallace Reservoir at the end of the pumping cycle is cal-
culated as follows:

At t=24 or t=0 fof the next day of operation

W (£=24) = W(t=12) + Iw/2 + P ~ Wp

W (t=24) = 455,180 + 1,980 + 12,840 ~ 0O

W (t=24) 470,000 acre feet
The volume in Wallace Reservoir is restored to the desired
maximum. The volume in Sinclair Reservoir at the end of the pumping

cycle is'galculated as follows:

At t=24 or t=0 for the next day of operation

S(e=24) = S(t=12) + 1s8/2 - P - Sp + Wp
$(t=24) = 320,303 + 1,485 -~ 12,840 - 198 + 0
S5(t=24) = 308,750 acre feet

Therefore at the end of the day, the volume in Wallace

Reservoir is restored to Wmax and the volume in Sinclair Reservolr is
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restored to Smin as desired.

Intermedlate Stream Flow Condition
The inflow into the reservoir and the initial reservoir con-

ditions are the same as for Case (2) as illustratéd for Wallace 1 and

are restated below:
Iw = 39,000 acre feet/day
Is = 19,800 acre feet/day
I Total = 59,400 acre feet]day
W = Wmax = 470,000 acre_feét -
_S,= Smin - 308,750 agré fget

Generating Cycle - At the start of the generating cycle, the

program tests to'detérmfne‘whéfhér*léjeicéeds Gwmax. In this case, it
" does not. Next the progfam fésté;tg determine if Iw exceeds Pmax. 1In
this case it does, and Wg is"deteymined as follows:
’ Wg = 16,800 acre feet + Excess inflow over 16,800 acre feet
Wg = 16,800 acre feet + (Iw - 16,800)
Wg = Iw .
No pumping is required during the pumping cycle and Wp is.set
equal to zero., The volume in Wallace Reservoir at the end of the
generating cyéle is calculated as follows:
At t=12
W(t=12) = W(t=0) + Iw/2 - Wg
W(t=12) = 470,000 + 19,800 - 39,600
W(t=12) = 450,200 acre feet

" The program next simulates the gemeration at Sinclair Dam.

The generation is set at the maximum generation for both the generating




and pumping cycle as in Wallace 1 (Sg = Sp = Gsmax). The volume in
Sinclair Reservoir at the end of the generating cycle is calculated

as follows:

At t=12

S(t=12) = S(t=0) + Is/2 + Wg -_ég

S(t=12) = 308,750 + 9,900 + 39,600 - 6732
S5(t=12) = 351,518 acre feet

Therefore, since S exceeds Smax, spillage occurs during the generating
cycle which is calculated as follows:

For t = 0 to t = 12 |

Ss = 5(t=12) -Smax

Ss = 351,518 - 334,000

Ss =.17,518 acre feet
The volume in Sinclair Reservoir remains at Smax or 334,b00 acre feet,

Pumping Cycle - The program next simulates the pumping cycle.

The volume in Wallace Reservoir at the end of the pumping cycle is
calculated as follows:

At t=24 or t=0 for the next day of operation

W(t=24) = (W(t=12) + Iw/2 + P - Wp
W(t=24) = 450,200 + 19,800 + 0 ~ 0O
W{t=24) = 470,000 acre feet

The volume iﬁ Wallace Reservoir is restored to ;he desired
maximum, The volume in Sinclair Reservoir at the end of the pumping
cycle is calculatéd as follows:

At t=24 or t=0 for next day of operation

" §(t=24) = S(t=12) + Is/2 - P - Gs + Wp
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S(t=24) = 334,000 + 9,900 - 0 ~ 6732 + O

S(t=24) = 337,168 acre feet
Therefore, since S exceeds Smax, spillage occurs during the pumping cycle.
For t = 12 to t = 24

Ss

5{t=24) -~ Smax

Ss

337,168 - 334,000
Ss = 3,168 acre feet
The total spillage during tﬁé'day is the stim of the spiliage during the
geﬁerating ahd~bum§iﬁg'qycles'for a total of 20,686 acre feet. The
volume in Sinclair Rgservoir.would_rgmaiﬁ at. 334,000 acre feet, Smax.
As in Wallace 1, the operatioﬁ of the Sinclair turbines would
be increased during_subseqﬁent days until the desired minimum level was
achieved. | |
As ﬁanrbe_seéﬁ by comparing the spillage for Wallace 1 and for
Wallace 2, the operating rules for Wallace 2 reduced the total.spillage
at Siﬁclair Dam..

High Stream Flow Condition

v During the high sfream flow condition, there iz no change in the
operation.of the two projects. Wallace.and Sinclair are operated at the
maximum capacity to avoid spillage.

In summary of Wallace 2, the projects are operated to minimize
the required pumping. TFor low flow conditions, this_was accomplished by
gtoring the inflow into Wallace Reservolr and reducing the required
pumping P by Iw. This procedure was.coﬁtinued until the pumping re-
quired (Pmax - Iw) was reduced to zero. After this point, the gen-

eration was set at Iw and no pumping was required.
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Operational Models Wallace 3, Wallace 4, Naliace 5

The fwo preﬁioﬁs mﬁdels,;ere investigated to establish the
maximum range of.pogsible-operatipnfw By analyzing the net revenue
poésiblé from each ﬁodel;.the béSt;set_of oﬁerating rules or a com~
bination of the two sets of operating rules could be selected. The
following fouf modeié were &n?éstigéted to determine the effect of
relaxing one or more of the comstraints which are placed on Wallace 1
and Wallace 2, listed in Table 3. The first of these ﬁodels investi-
gated the effect of operating Wallace Reservoir on an operating rule

curve to decrease spillage at Wallace Dam and increase the generation.-

Operational Model Wallace 3

The purpose of operating on an operating rule curve is to de-
crease spillage. By pperating-thé.reservoir at lower.levels during the
wet seasons, a flood storage pool is created in the reservoir. This
may decrease spillage, but the generation during the wet éeasons would
be at a decreased head. Therefore, the maximum capacity during the
wet season is reduced. To be economical, the increased generation gained

. by decreasing spillage must exceed the loss in capacity. The operating
rule curve investigated in Wallace 3 is shown in Figure 14. The
reservoir is operated at fgll pond at Elevation 435 feet during the
summer. The drawdown of the reservoir would begin on the first day of
October and the minimum pool of Elevation 430 feet would be reached on
the last day of ﬁovember. Thé regservoir would be operated at this lower
level during the winter and spring and refilling would begin on the

first day of March with a full pond reached on the last day of April.
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The reservoir would be operated at full pond until the first day of
October.

Two simulations were run with Wallace 3, one using the operating
rules described in Wallace 1, and the other using the opérating rules
described in Wallace 2. The two simulations were made for two reASOns.'
First, the effect of the operating rule curve could be determined for
both of the operating extremes. Secondly, ﬁhe_two simulations were used
to determine the éeasdnal genefatipn at Wallace Dam for use in evaluating
the onective'functiOn. The-demand for electricity is greatest during
.the summer and winter and a minimum during the spring and fall. The
'Ioperating rule curve changes effeccivelﬁ'divide the year into these
periods., Therefore, the two simulations for Wallace 3 were used to

determine the proportion of the generation at Wallace Dam which oc-

curred ﬁuring'the high and low demand periods.

The next two operation models invéstigated relaxation of con-
straints which would require physical modifications at Sinclair Dam.
The simulations in these cases would be used to determine the feasi-
bility of making the required modifications. Wéllace 4 investigated
the effects of incfeasing‘the_maximum reservoir elevation at Sinclair
Dam. Increases in the maximum reservoir elevation of 2.5 feet, 5 feet,
and 7.5 feet were investigated. Wallace 5 iﬁvestigated the effects of
| adding additional generating caﬁacity'at Sinclair Dam, thus increasing
the maximum hydraulic.capacity of the turbines.

Operational Model Wallace 4

By increasing the maximum reservoir elevation, a flood storage

pocl would be created in Sinclair Reservoir. Thé'additional flood
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storage would decrease the spillage at Sinclair Dam and thus increase
the generation. The added benefit of the increased generation would be
balanced by the cost of the modifiﬁations. Three alternative reservoir
levels were investigated to establish a range of benefits. The results
of the simulations, in conjunction ﬁith.the cost estimates of the modi-
fications could be used to analyze the economics of the additions.,

ODperational Model Wallace 5

By increasing the hydraulic capacity at Sinclair.Dam by adding
additional geﬁerating capacity, the'apiliage at the plant could be re-
duced. The maximum generating capacity which can be installed at a
hydroelectric site is dependent on the stream flow and the shape of the
power load curve; Since the durafion of the peak demand is approxi-
mately fiﬁe to gix hours, the redeveloped project should Be capable of
operating for a minimum of five hours.

Currently Sinclair Dam operates an average of aﬁproximately eight
hours per day. The average volume passed :hrough.the turbines can be
calculated as follows: |

Gs = 6800 cubic feet x 8,16 hours x 3600 seconds + 43,560 square feet
second _ hour acre

Gs = 4885 acre feet/day
If this volume weré passed thrdﬁgh the turbines in five hours, the

following turbine'diséﬁargéiwou1d be required.

Q turbines = 4585 acre feet x 43,560 sqﬁare'f@et

$"hours’ - . acre /3600 seconds/hour
Q turbines ='1f;100.cfs
The cquEﬁE-hydraulicicépaéity of ‘the two existing turbines is 6800 cfs.

The addition of one other unit equivalent in size to the existing units
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would increase the hydraulic capacity to 10,200 cfs. TFor simplicity
énd to facilitate the calculétion of eost estimates for the new gen-
rating capacity, a three unit'powér plant was analyzed. The addition
would require a new section of intake, penstocks, powerhouse, generator,
draft tube and other power related equipment. To be economical, the in-
creased generation must offset the added capital.éxpenditures. An
economic analysis of the addition would have to be made, The
simulation would provide the data needed to estimate the benefits of an

addition,
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CHAPTER-V,

RESULTS

'Thé pﬁfpose.df'tﬁe étuﬁy-td:tﬁis point was a determination of

the set of bperatiug.decisibns-which would result in the maximum net

revenue from the Wallace Dam and Sinclair Dam Projects. In this

chapter the results of the simulations run for each of the sets of

operating decisions will be discussed and analyzeéed. In each case, the

model was used to simulate the system for the period 1904 through 1932

and 1938 through 1971.

Fvaluation Of Model Wallace 1

The objective of Wallace 1 was the maximization of the generation

at Wallace Dam. The results of the simulation for the period of record

are summarized below.

Sinclair Generation, Gs
" Wallace Generation.
Summer and Winter, Gsw
- Fall and Spring, Gfs
Pumping Volume |
Sinclair Spillage

Wallace Spillage

Total for Period Average/Year
(106 acre feet) (109 acre feet)

127.304 1.989
330,404 5.163
170.260 2.660
390. 869 6.107
30. 450 -
0.177 -

The objective function was evaluated using the average values

obtained for the Sinclair and Wallace generation and pumping. The net

annual revenue which would be obtained by operating the system to
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maximize the Wallace generation is calculated below,

R = ($0.0272 * (81.67%CGsw) + $0.0087 * (83.36 * Gs + 81.67 * Gfs)
~ $0.010 * 114.34 * P

R = $11,468,300 + $3,332,500 - $6,982,700

R = §7,818,100

‘The results of this simulation”were then used as a base for
evaluating the effects of-changing the operating procedure and con-

straints.

Evaluation Of Medel Wallace 2
The objective of Wallace 2 was the minimization of the pumping
energy required. This operation would minimize the total cost of
operating Wallace Dam. This reduction in the pumping costs would be
achieved by the loss of generation from the natural sﬁream flow into
Wallace Dam which was used to reduce the required pumping. The results_
of the simulation of the systém using Wallace 2 are summarized below,

Total for Period Average

(106 acre feet) | (106 acre feet)

Sinclair Generation, Gs 129.800 2.028
Wallace Generation

Summer and Winter, Gsw - 264.592 4,134

Fall and Summer, Gfs 138,809 | 2.169
Pumping Volume 293;605 _ B 4,588
Sinclair Spillage | - 27.942 | -
Wallace Spillage 0.177 -

The change in the operating procedures resulted in a reductionm

in the sbillage at Sinclair Dam, The spillage was reduced from a total
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of 30,450,000 acre feet using'Wailace 1 to a total of 27,942,000 acre

feet. The generafion.at Siﬁclair_Dam was increased by the reduction

. in the spillage. The pumping:volume.wgs.reduced from aﬁ average of

' 6,107,000 acre feet{yeér usihg Wallace 1 teo an average of 4,588,000

acre feet/year.i ‘
To detérmine the ecﬁnoﬁic éffect of the changes in the operation,

the-objectivg function was evaluated using the'average values obtained

for the Wallace and Sinclair gemeration and pumping. The net revenue,

obtained using Wallace 2, is calculated below.

R= (0.0272 * (81.67%Gsw) + 0.0087 * (83.36 * Gs + 81.67 * Gfs))
- 0.010 * 114.34 * P

R = $9,183,400 + $3,011,900 -$5,245,900

R = $6,949,400

Thus by minimizing the pumping volume required, a decrease in
the net revenue would bé achieved. The bettér opefation would involve

maximizing the Wallace Dam generation,

‘BEvaluation Of Model_Wailace 3

Having determined the most economical way to operate the system,
the effects of relaxing the constraints were analyzed. Wallace 3 in-
vestigated the effect of creating a flood storage pool in Wallace
Reser#ﬁir during the high stream fldw periods. This would be achieved
by operating Wallace Dam on an operating rule curve. The projecté were
operated to maximize the Wallacé'generation using Uallace_i. The |
results ﬁf'the gimulation of.thé'system for thé'period of record are

summarized below.
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‘ : Total Period : Average

) ' (106 acre feet) (10% acre feet)
Sinclair Generation, Gs  .132.159 2.065
Wallace deﬁeration . -

Summer and Winter, Gsw  330.428 5.1629
. Fall and Spring, Gfs 170.260 | 2,660

Pumping Volume : 390.869 : 6.107
Sinclair Spillage 25.854 ' -
Wallace Spillage 0.152 ' -

In addition to a reduction of spillage at Wallace Dam, a reduction

was alsc achieved at Sinclair Dam. The reduction of spillage at Wallace

and Sinclair Dams resulted in increases in the generation of the two
.projects. However, the reduction at Wallace Dam would be achieved by il

a2 reduction in head during the high stream flow periods. This reduction _ i

in head represents a reduction in capacity. Therefore a value for the il

constant C had to be evaluatéd for the different valuea of head.

The Wallace REservoir would be oepratéd ét two levels. During the
summer period, the maximum reservoir level would be maintained at
elevation 435 feet. During the winter the maximum reservoir level would
Be maintained at elevation 430 feet. Therefore during the spring,
when the reservoir 1is filled, and during the fall, when the reservoir
is drawn down, the level in the resefvoir would be between the maximum

and minimum values. ' A break down of the average Wallace generation

according to the reservoir elevation maintained is shown below.

_ Average : |
" '@ 435" @ 432.5 @ 430 i
Wallace Generation, Gw/year 3.0367  2.6603 2.1263

(106 acre feet)
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The capaéity at Wallaée Dam when operated at the reduced
reservoir elevation is a function of the flow through the turbines, the
head, and the efficien;y of the uﬁits. Based on model fests on the
Wallace Dam tgrbinesa_the values for the efficiency and flow through
the turbines do not ﬁary significantly for the small head.ranges
experienced.

The capacity at the rédﬁced head is based on Equation (2).

KW =QH e .
11.8 N (2)

The capacity at a reservoir 1e§e1 of 432.5 feet, Plant Datum
was calcuiated to be 314,900 KW. " The capacity at a reservoir level of
430 feet, Plant Datﬁm;wbuld”bg}365,800 KW. The corfesponding values
for the constant C in the obje;tivé-function are as follows:

C

Resefvoir @ E1. 432.5 : | . 79.38

Reservolr @ EL. 430.0. - 77.09

To determine-the.economic effect of operatiﬁg Wallace Dam on
an operating rule curve to reduce spillage, the objective function was.
evaluated assuming different C values for each head condition.

R = ($0.0272%((BL.67%3.03674x106 + 77.09%2.1263x106))

+0.0087%(83.36%2, 065x10% + ?9.38*2.6603)'
. =0.010%114.34%6,.107

R =-$11,204,3oo + §3,334,800 - $6,982,700

R = $7,556,400

Since this net revenue is less than fqr Wallace 1, th;'reduction

in the spillage at Wallace Dam was not sufficient to justify
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operating Wallace Dam on an operating rule curve.

Effect Of Increasing Sinclair Reservoir Storage, Wallace &

The next model, Wallace 4, investigated the effect of creating
a flood storage pool in Sinclair Reservbir to reduce the spillage at
that project. Increases of 2.5 feet, 5.0 feet, and 7.5 feet in the

maximum reservoir elevation were analyzed. The increases would result

in flood storage pools_of 30,000 acre. feet, 84,000 aére feet, and
130,00b acre feet respectively; The projécts were operated using the
opgrating rules established for Wallace 1. The results of the simu-
lations are listed below. Incll..xde;l are the net revenue and net .benefit
of increasing the flood storage.

Total Period Average
(10" acre feet) (109 acre feet)

Sinclair Generation

Increase to 342.5 . 134.430 2.100
Increase to 345.0 . 140,475 2.195
Increase to 347.5  143.359 2.240

Wallace Generation

Summer and Winter, Gsw 330.404 5.1626
Fall and Spring, Gfs 170.260 2.660

Pumping Volume . 390.869 ' 6.107

Sinclair Spillage |
Increase to 342.5 | 23.312 -~
Increase to 345.0 o “17.267 -

Increase to 347.5 14.383 -
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Wallace Spillage | 0.177 -

Net Revenue/Benefit Annual Benefit
Increase to 342.5 57,898,300 5 80,494
Increase to 345.0 _ - §7,967,490 $149;390
;ncreasé to 347.5 ' $8,000,123 $182,023

The net benefits are plotted for the three flood storage levels
evaluated in Figure 15. The plot sﬁdws that the maximum rate of in-
crease iﬁ incremental benefits was obtained by increasing the reservoir
level from Elevation 340.0 to Elevation 342.5. Decreasing marginal
benefit increases wére achieved by further increases in flood storage
whicﬁ would require increased capital expenditures.

The evaluation of the cost of increasing the maximum reservoir
elevations is not witﬁin the scope of this study. 1In addition to the
physical changes required ;ﬁ:Sinclaif'Dam, an evaluation of the effect
on_the.recféatidﬁal'use of the reservoir would be required. Depending
~on the level of the reéervqir, cabiné,'second homes, docks and mérinas
would be affectéd; -Econémic énalysis of the increases would have to be.
made to determine the most desirable level at which to operate Sinclair

Resetrvoir.

Feasibility 0f Adding Generating Capacity At Sinclair Dam, Wallace 5

The final model, Wallace 5, investigatéd the effect of increasing
the maximum hydraulic capacity of the Sinclair turbines by adding
genérating capacity. As was discussed in-Chaﬁter IV, the addition of.a
third generating unit was assumed.. The addition would increase the
total installed capacity to 67,500 KW. The constant B, in the objective

- function would be equal to a value of 82.61 KHH/acre feet, The system
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was simulated using the dperating rules for Wallace 1 for the period
of record and the increased capacity. The results of the simulation.
and the value of the net revenue are tabulated below.

Total Period . Average
(106 acre feet) (106 acre feet)

Sinclair Generation, Gs - 137.170 2,143

Wallace Generation

Summer and Winter, Gsw' . 330,404 5.1626
Fall and Spring, Gfs _ 170.260 . 2,660
Pumping Volume | . 390.569 _ 6.10?.
Sinclair Spillage | . 20688 -
Wallace Spillage | 0.177 -
Net Revenue ' | $7,911,496/year -
Net Annual Benefit | . 8 .93,396/year. -

The increased net revenue was achieved by a reduction in the
spiilage at Sinclair Dam. The spillage was decreased from a total of
30,450,000 acre feet determined by simulating Wallace 1 to a total qf
20,658,000 acre feet. The-nét benefit achieved must be compafeq with
the cost of adding the capacity. The gstimate of cost is not within
the scope of the study. An economic analysis would be required to
determine if the capacity addition should be made; however, the small
increases in net revenue would not jﬁsfify-a 1arge-1nve§tmént of capital

for capacity additions.

Summary Of Average Annual Generation
Through the simulation of the system operation for various cases

of operating rules and under various cbnstréints, the optimum set of
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rules was determined. The higher net revenue from Wallace 1 in-

dicates that the system.should be operated to maximize the generation at
Wallace Dam.

The averagé annual generation at Wallace and Sinclair Dam deter-
mined from the simulation of Wallace 1 can be considered an bptimum of
the cases'analyzed. Although increaées in the generation at Sinélair
Dam can be achieved through additions of flood storage capacity, economic
analyses are required to detetminé their feasibility. The estimated
average annual generation at Wallace Dam from operating under Wallace 1
is shown.below. -The total'generaﬁion has been divided according to

the portion artributable to pumped.water and that attributable to natural

-stream flow.

Annual Generation from Pumped Water - 498,760,000 KWH

Annual Generation from Natural Stream Flow - 140,140,000 KWH.

Total . 638,900,000 KwH
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

It has been shown through the course of this study that the

systems engineering approach of simulation is a very effective tool

iﬁ the analysis of hydroelectric developments. Through the use of a

model to simulate the operation of Wallace Dam and Sinclair Dam, a set

of operating rules was developed that would maximize the net revenue

from the two projects. This set of dperating rules can form the basis

for the operation of the two reservolr systems upon completion of

Wallace Dam.

The operating rules proposed for operation of the two projects

are summarized below:

. {I) For volumes of inflow,.Iw

o an

0L Twz 29,800 acre feet (15,000 cfs for 24 hours)
Generation at Wallace Dam - Wg = Iw + Pmax
Pumping into Wallace Reservoir - P = Pmax = 16,800 aqre feet
Generation at Sinclair Dam - Gs = Iw+Is but leSs_than
Gsmax for 24 hours |
For'volumes of inflow, Iw
29,800 acre feet£-1w£.46,600 acre feet
Pumping into Wallace Reservoir - P = Gumax -.Iw
Generation at Sinclaif-Dam - Gs = Iw+Is but 1éss than

Gsmax for 24 hours
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(II1) Fér volumes of inflow, Iw
46,_600_@0:&- feet & T1w2.93,200 acre feet (47,000 cfs forlv
24 hours)
Generation at,Wa11aée Dam - Wg = Iw
Pumping  into Wallace Reservoir -P= 0]
Generation at Sinclair Dam - Gs = Iwt+Is but less than
Gsmax for 24 hours
{IV) For volumes of inflow,.Iw
Iw=>93,200 acre feet

Generation at Wallace Dam ~ Wg = 93,200 acre feet

Pumping into Wallace Reservoir - P = (§

Generation at Sinclair Dam - Gs ='Iw+Is but less than

Gsmax for 24 hours

Recommendations For Future Study

Studies at other Plants

The electric utility industry is faced today with evér_in—
creasing fuel costs for fossil-fueled generating plants. Becauée of
this fact, it is essenfial that all natural resources be used in the
most efficient manner, including water. Therefore investigations of
schemes to increase the capacity or efficiency of existing hydro-
electric plan;s become increasingly important.

Since the completidn of this study, Georgia Power Company has
undertaken a reassessment of the hydroelectric projecgs on its system.
An operation program ig currently being developed to operate its

Morgan Falls Project to maximize the power benefits from this project
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' " N ' o .
while seérving to regulate;flowslgn the Chattahoochee River be-

tween the Corps of Engineers Buford Dam and Morgan Falls to provide

‘minimum flows in the Chattahbbéheé ﬁiﬁgf and meet water supply con-

tracts for Atlanta, Georgia.. Piéns.have-been made to amalyze the
operation‘of ofher"existiﬁgfpfojééts'in'a similar manner. The ﬁse of
simulation and.tecﬁhiqﬁes used in this stud& are expected to be an
effective £001 in these investigations. | |

Development of Operational Hddel

The present location of the Greensboro and Buckhead gages will
be inundafed by the headwatérs of Lake Wallace. Additionally the
larger errors experieﬁced in the pfedicted flow into Wallace Dam are
undesirable in the operational mddel by which power.allocations wili
be determined. In the study, the errors did not make significant dif-
ference in the final results because the same synthetic record was used
to analyze all conditions. Hoﬁever,.in the development of the op-
erational model these errors shéuld be reduced as much as'p§SSible.

‘This possibly can be realized by the establishing of_a_network
of rain gages in the drainage area and re-establishing the Buckhead -
and Greensboro gages upstream of the-headwater of Lake Wallace. Ad-
ditionallf, a new gage is required upstream of Lake Sinclair on the
primary.tribuﬁary_below Wallace Dam, Little River. The projects will
not be puf_into combined operation togeﬁher uﬁ:il 1980.- During this

time, data éould be'gathered and a new inflow model developed either :

by using a model of the land phase of the hydrological cycle or a

regression model.
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Using the predicted inflow, predicted power demand, and the
operation policy developed in.this study a model can be created to

determine the volume available for genmeration and volume required for

pumping. Incorporating this information with predicted powef demand,

the hour by hour operation of_the:tﬁofprojects can be established.
" Therefore, it is recommended that the network of stream flow

gages be established by the Geprgia Power Company and the new operation

-model be developed to operate the Wallace Dam and Sinclair Dam Projects.

The operation should follow the operation policy established in this

study.

Feasiblity of Increasiqg_quacity of Sinclair Reservoir
Finally, it is recommended that the féasibility of increasing
the flood storage in Sinclair Reservoir be investigated using the es-

timates of benefits established in this study.
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