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DEVELOPMENT OF SYSTEM OPERATION
RULES FOR AN EXISTING SYSTEM

BY SIM1LATION(I)

by

C. Pat Davis (2) and Augustine J. Fredrich
(3)

INTRODUCTION

Current operation rules for existing reservoir systems have, in many

cases, evolved from combinations of operation rules developed for the

component reservoirs operating as single units. Consequently, the rules

frequently do not explicitly reflect all of the important system operation

considerations and, more importantly, do not permit full realization of

the benefits of coordinated system operation. Furthermore, in many cases

the single-project operation rules are relatively old and do not adequately

account for changes in operation objectives that are occurring quite fre-

quently as a result of the ever-expanding interest in and concern for

comprehensive evaluation of the impact of water resources developments.

All of these factors have accentuated the need for development of system

operation rules that are based on comprehensive evaluation of the system

as a whole.

Early developments in the use of systems analysis techniques in the

field of water resources focused on the planning and design of such systems--

concentrating on determining the number, size and location of components

within the system to meet certain functional objectives. These analyses,

(1)For presentation at the ASCE Hydraulics Specialty Conference, August 1971

(2)Hydraulic Engineer, Reservoir Control Center, Southwestern Division, U.S.
Army Corps of Engineers, Dallas, Texas

(3)Chief, Research Branch, The Hydrologic Engineering Center, U.S. Army Corps-
of Engineers, Davis, California



by and large, used simplistic operation rules that were prespecified

independent of system configuration and were invariant from alternative

to alternative. Thus, the effect was to ignore system operation policy

as a planning or design variable. This tendency to ignore operation

policy is understandable because including operation policy adds a large

number of variables to the basic problem formulation for a complex system,

and frequently data and information are not available for inclusion in

the analysis during the planning and design phases. Nevertheless, the system

operation rules become an important factor as soon as a significant number

of components in a system are completed, and it was not long before researchers

became interested in systems analyses which included system operation policy

as a variable.

Although many techniques for developing optimal operating plans for

water resources systems have been described in the technical literature

during the past few years, it is doubtful that any of the techniques

would be completely satisfactory for use in evaluating system operation

plans for a large, complex existing system. In addition to the problems

caused by the nbcessity for simplification, linearization, and generali-

zation to make the existing system mathematically tractable, there are

gross inequities in the reckoning of the worth of the output for some of

the authorized and approved purposes. These inequities result from political,

legal, institutional and social considerations, and their effect in an opti-

mization process would likely be the production of a politically or

institutionally infeasible operation plan. In order to avoid the problems
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inherent in attempting to quantify and handle explicitly some of these

constraints, simulation of system operation has been attempted with the idea

that a satisfactory operation plan might be developed through successive

incremental improvements in operation policy.

By postualting an operation plan, operating the simulation model to

determine the results of the proposed plan, evaluating the results in terms

of the desired operation objectives, making modifications to the proposed

operation plan to rectify any errors or inconsistencies in the policy as

indicated by the results of the simulation study, and repeating the process

until the desired objectives are realized, an operation plan can be developed

to satisfy any feasible operation objectives. The probability that an opti-

mal or near-optimal plan can be developed through successive incrementally

improved simulations is dependent on three factors: the ability of the

engineer or engineers conducting the study to perceive and formulate opera-

tion objectives that accurately reflect all of the requirements and services

that must be satisfied by the system; the ability of the engineer or engineers

conducting the study to evaluate the results of the simulation studies and

formulate improved operation rules that would produce the desired results;

and, the degree of fidelity with which the simulation model being used

reproduces physical occurrences in the prototype system. This paper describes

some of the efforts expended thus far with respect to perception and formu-

lation of operation objectives and evaluation of study results.
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USE OF SIMULATION

Simulation may be described as the process of duplicating the essence

of a system or activity with respect to some predetermined objective without

actually attaining reality itself. This description implies that it is not

necessary to duplicate all facets of a system in a simulation study, but

rather that the study should only duplicate those facets which are essen-

tial to understanding the system's behavior with respect to the study

objectives. Thus, in a study of system operation it is unlikely that

detailed modeling of the structural components would be necessary, just

as it is unlikely that detailed modeling of water quality parameters

would be required in simulating the structural behavior of a project.

Consequently, it is important to define as precisely as possible the

scope of the simulation study and the study objectives.

The use of simulation as a tool in studying the operation of reservoir

projects is not new. For at least 20 years various simulation studies

using hand-crafted simulation models (i.e., manual routing studies) have

been conducted to evaluate the operation of individual projects and system

of projects. What is new, however, is the scope and complexity of the

present simulation studies. Historically, studies have been limited in

both scope and objective. For example, the White River Basin projects,

which will be describedhave been studied as a system with respect to

potential for power production during adverse streamflow conditions. The

limitations here are fairly obvious: only the White River projects, primarily

with respect to hydropower production, and only for adverse streamflow

conditions. The reasons for the limitations are typical and valid but
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perhaps not so obvious. First, the availability of computer hardware and

usable simulation models has not been conducive to pursuit of a study

with comprehensive scope of objectives. Next, data have not always been

available to permit consideration of all important facets. Also, the

concern and interest of the engineering personnel and society as a whole

did not encourage study of all facets that are now important. And finally,

manpower and budget constraints have, in effect, limited the scope of past

studies.

During the past few years, events have occurred that have increased

the feasibility of comprehensive studies of water resources systems. Each

of the constraints listed in the previous paragraph has been relaxed some-

what in recent years, and it is now possible to think in terms of a study

which will permit consideration of all completed and authorized projects

operating for all authorized and approved purposes. Although it is impossible

to fully consider all purposes at the present time (primarily because of

a lack of data and information necessary to define the impact of operation

decisions on some purposes), it appears that the capability exists to study

many facets of multiple-purpose operation that are vitally important, but

which have not been studied in the past. Consequently, operation rules

can be developed and implemented to coordinate operation of projects in

the system for all authorized and approved purposes. In fact, it appears

that the capability exists to develop operation rules that would result in

significant improvements in the system operation, but which might not be

amenable to implementation because of a lack of institutional arrangements

between Federal, state and private ownerships in the Basin.
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DESCRIPTION OF SYSTEM

The particular study described here is of a system of reservoirs

located on the Arkansas, White and Red Rivers in Arkansas, Missouri,

Oklahoma, New Mexico, Kansas and Texas. The objective of this study is to

improve regulation guides for an existing system of reservoirs, each regu-

lated for two or more of seven different purposes. It is an existing system

composed of 19 reservoirs located in the three river basins which are

hydraulically independent. There are 15 hydroelectric power projects and

these projects are interconnected in a way which results in three distinct

systems: a non-Federal system composed of two projects, a Federal system

composed of two projects and a second Federal system composed of ten projects.

There is also an isolated non-Federal project intermingled in the Federal

system.

The Arkansas, White and Red Rivers and their tributaries drain approxi-

mately one-eleventh of the nation's conterminous land area. The A-W-R area

considered in these studies is within the Southwestern Division, and consists

of about 233,000 square miles, with the Arkansas River draining 159,000 square

miles; the White River draining 22,000 square miles and the Red River draining

52,000 square miles. The principal surface features of the A-W-R Basins are

a relatively small extent of high mountains in the west, a large area of

low mountains which rise abruptly from the Coastal and Mississippi Alluvial

Plains in the east and a broad expanse of interior lowland.

The average annual runoff varies from 25 inches in southeast Arkansas

to almost zero in the western part of the basin. The eastern half of the

basin area contributes 95 percent of the average annual runoff. The period
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of high runoff starts in the winter and early spring in the southeast area

and moves northwestward rather uniformly in time to late spring and summer

in the western part of the basins.

There are wide differences in the character of flood control releases

for the different basins. In the White River projects for example, the

power releases alone could, under some conditions, cause flooding, while

in the Arkansas basin the power releases are small in comparison to flows

which cause flooding. Consequently, in the White River basin a large portion

of the total release is made through the turbines; but in the Arkansas River

basin a relatively large proportion of the total release is made through

spillways.

There are presently 19 projects included in this study. Ultimately

25 projects--22 Corps projects and three non-Federal projects--will be

included (plate 1). Six of the Corps projects will be completed between

now and 1973. Of the 16 Corps projects now in operation, there are 12

hydroelectric plants with a total of 1351 megawatts of installed capacity.

There will be four additional hydropower projects added between now and

1973, bringing the total installed capacity to 1652 megawatts. All of

the additional hydropower projects are in the Arkansas basin. When

completed there will be two projects with a total of 170 megawatts installed

capacity in the Red River basin, nine projects with a total of 664 mega-

watts of installed capacity in the Arkansas River basin and five projects

with a total of 818 megawatts of installed capacity in the White River basin.

Two of the non-Federal projects with a total of 187 megawatts of installed

capacity are in the Arkansas basin and one project with 16 megawatts of installed

capacity is located in the'White basin. The minimum-year energy available
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from the Corps system is approximately 1700 gigawatt (1000 megawatts) hours--

an annual plant factor of about 12 percent. The average annual energy is

about 5,000 gigawatt hours or 34 percent plant factor. These values were

derived from previous studies and will probably change as a result of the

study described herein. The energy demand on the system is about 4000 gigawatt

hours or 80 percent of the average annual hydroelectric energy production.

This load is met by supplementing hydroelectric generation with purchases of

thermal energy in less-than-average-runoff years. In fact, it may be necessary

to purchase thermal energy in some average-runoff years if the inflow is

not well distributed, since the projects cannot "carry" the load under adverse

flow conditions for more than a month or two without jeopardizing their

capability for peaking operation if adverse flow conditions persist during

peak load seasons.

Plate 2 shows a schematic of the system and plate 3 shows some perti-

nent data for the projects. The usable conservation storage in the projects

ranges from 19000 acre-feet of regulating pondage of some of the small 'run-

of-river' projects to a million and a half acre-feet in some of the large

storage projects. Power heads range from less than 30 feet for some of the

Arkansas River navigation projects to more than 200 feet for the White River

projects. This system is complicated not only because it consists of three

basins but also because at present there are two power systems. The hydro-

electric energy produced at Table Rock and Bull Shoals in the White River basin

goes to one system while the energy produced at the other Federal projects

is marketed in another region with a significantly different seasonal distri-

bution of energy and capacity requirements.
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THE SIMULATION MODEL

A program developed by The Hydrologic Engineering Center (HEC) was

selected for the system study because it appeared to have the capability

to consider most of the factors that appear to be important for develop-

ment of operation rules for the A-W-R system. Several computer simulations

of the system were made to: (1) test the validity of the program for use

in studying the A-W-R system; (2) educate study participants in the tech-

niques of computer simulation models and familiarize participants with the

capabilities of the specific program; and, (3) provide the opportunity to

modify and improve the program to fit the specific conditioas of the existing

A-W-R system. These simulations demonstrated that the HEC program was

suitable for simulation of most important conservation purposes in the

A-W-R system.

A review of the initial computer simulation of the A-W-R system indi-

cated that the program would be most useful in comparing alternative operation

plans when the most important factors affecting the various plans could be

considered, either explicitly or implicitly, through criteria and data for

a monthly routing interval. In the opinion of a majority of the study parti-

cipants, the operation requirements for purposes such as flood control, water

quality enhancement and peaking power operation, which usually require detailed

short-period analysis to accurately define their effect, were either relatively

unimportant with respect to the overall system operation plan or were adequately

simulated for comparative purposes in the monthly routing interval. After the

program was adopted for use in the A-W-R system studies, it was decided that
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several system simulations or runs would be made to attempt to identify

the nature of a feasible system operation plan and to determine, insofar

as possible, the characteristics of the specific operation procedures

that would constitute the plan. Basically the program enables the computer

to perform a simulation study that, in principleis no different than the

hundreds of routing studies that have been performed in the past. Only the

degree of refinement, speed of computation, and degree of complexity have

been changed. In the computer simulation model (program) it is possible to

consider many more factors than could be considered in traditional routing

studies, to consider each factor in much more detail than it has been

previously considered, and to study a much larger system than could pre-

viously have been studied.

RESULTS

Three different regulation plans were studied through the use of the

system simulation model. System guide curves which related operation

decisions to system state (as measured by usable conservation storage

remaining) were used to effect operation objectives. Three guide curves--

upper, middle, and lower--were used in the three plans. The upper guide curve

was set at the top of the conservation pool for each project. The lower guide

curve was set so that the conservation storage would be Just exhausted during

the most critical drought of record assuming that the full capability for

purchasing thermal energy would be used at all times the pool levels were

below the lower guide curve. Establishing the location of this curve required

numerous successive approximations. The middle guide curve was arbitrarily

defined as being half-way between the upper and lower guide curves.
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The first operation plan studied used only the lower guide curve.

The operation was based on meeting the system power demands from hydro-

electric generation alone when the reservoirs were between the top of the

conservation pool and the lower guide curve and upon meeting the system

load from maximum thermal energy purchases and minimum hydroelectric generation

when the reservoirs were below the lower guide curve. The second operation

plan studied used only the upper guide curve. In this plan thermal energy

purchases would be made anytime the reservoirs were below the upper guide

curve (top of conservation pool). In this plan the system power demand would

be met by hydroelectric generation alone only when the reservoirs were at

or above the upper guide curve. The third operation plan used the middle

and lower guide curves. When the reservoirs were above the middle guide

curve the system power demand was met by hydroelectric generation alone.

When the reservoirs were between the middle and lower guide curves the system

power demands were met by a combination of hydroelectric generation and partial

purchases of thermal energy, and when the reservoirs were below the lower guide

curve the system power demands were met by maximum thermal energy purchases

and minimum hydroelectric generation.

The upper guide curve plan and lower guide curve plan were used to define

extreme conditons that could be used as standards for comparison with subse-

quent analyses. The upper guide curve plan generally favors recreation interests

because it maintains the reservoir pools at relatively high levels and tends

to minimize fluctuations in the reservoir surface elevation. However,

relatively large purchases of thermal energy are necessary in this type of

an operation scheme.
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The lower guide curve plan produces generally lower reservoir eleva-

tions and tends to maximize the production of hydroelectric energy. The

operation plan which uses the middle and lower guide curves represents a

first attempt to establish an implementable operation plan. It provides

an insight into the system's sensitivity to changes in operation plan,

establishes a starting point for future studies, and identifies parameter

and conditions that must be given more attention in developing future

operation plans.

In analyzing the power function of the system, the Corps of Engineers

and the Southwestern Power Administration (SPA) reviewed the periods of

high, average and low energy generation and the relation of the generation

to the expected load shape for the period. The Corps performed detailed

load-resource analyses for a few selected periods, and SPA used an available

analysis load-resource computer program to analyze the entire period of

record on a month-by-month basis.

Although the recreation function shares the joint cost in only two

projects, the large lake areas involved make recreation a major project

purpose. There is no doubt that recreation will become even more important

in the future of these and other projects; therefore, considerable effort

was applied in these simulation studies to determine the effects of alterna-

tive operation plans on this purpose. In analyzing power generation, system

indicators were used to compare and evaluate alternative regulation schemes.

Recreation, however, is primarily evaluated on a project-to-project basis,

although there is undoubtedly a need for some degree of drawdown balance

between projects which implies that some system operation parameters would

have to reflect recreation considerations. Various statistical parameters
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were developed for use as recreation indicators. These included, for the

peak recreation months of May through September, the average lake elevations,

the standard deviation about the average, and the average difference between

successive monthly pool elevations.

In addition to power and recreation other purposes such as flood control,

water supply, water quality, and fish and wildlife were considered in the

studies. Generally the existing constraints and regulations for these purposes

were adhered to and no attempt was made to change the regulation for them.

FUTURE WORK

Since the purpose of this study is to develop and evaluate regulation

guides and rules for the existing projects, it is anticipated that the

study---modified as necessary to reflect changes in operation priorities

and criteria--will continue throughout the life of the projects. Changes

are occurring continuously in a system of this size and the need for an

analytical tool for evaluation of major changes in operation objectives

is obvious. Future studies will include analyses of effects of changes

in quantity and schedule of releases for water supply and fish and wildlife

enhancement, use of seasonal flood control storage, and effects of contractual

changes that would alter the system power demand. These types of analyses

are essential if the operation of the system is to remain responsive to

the rapidly changing water needs and uses of the populace.

In the immediate future a report will be prepared to describe in detail

the work that has been accomplished thus far and to discuss the analyses

of the three simulation studies completed to date. The criteria for the
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study will be reviewed and updated before additional studies are undertaken

to insure that the model reflects the current state of the system and the

individual components.

SUMMARY

A simulation model has been developed to study a large existing water

resource system which was not previously amenable to comprehensive analysis.

Three simulation studies of alternative operation plans for the system have

been completed.

Preliminary guide curves have been developed from these simulations and

additional regulation guides will be developed in the near future. Experience

has been gained with the model so that additional simulations and analyses

can be made more readily. There have been some shortcomings in the simula-

tion model, however, most of the problems and delays have been because of

the age-old problem of communications. As the problems grow larger and

involve more people with different objectives, the need for considering many

persoas' points of view will become increasingly important in a system

study of this type.
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