EM 1110-2-1420
31 Oct 97

PART 1

HYDROLOGIC ENGINEERING CONCEPTS
FOR RESERVOIRS



Chapter 2
Reservoir Purposes

2-1. Congressional Authorizations

a. Authorization of purposes. The United States
Congress authorizes the purposes served by U.S. Army
Corps of Engineers reservoirs at the time the authorizing
legislation is passed. Congress commonly authorizes a
project “substantially in accordance with the recommen-
dations of the Chief of Engineers,” as detailed in a separate
congressional document. Later, additional purposes are
sometimes added, deleted, or origina purposes modified,
by subsequent congressional action. When the origina
purposes are not seriously affected, or structural or
operational changes are not major, modifications may
be made by the Chief of Engineers (Water Supply Act
1958).

b. General legislation. Congress aso passes general
legislation that applies to many projects. The 1944
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Flood Control Act, for example, authorizes recreational
facilities at water resource development projects. This
authority has made recreation a significant purpose at many
Corps reservoirs. Similar general legisation has been
passed to enhance and promote fish and wildlife (1958) and
wetlands (1976). The Water Resource Development Act of
1976 authorizes the Chief of Engineers, under certain
conditions, to plan and establish wetland aress as part of an
authorized water resource development project. A
chronology of the congressional legislation authorizing
various purposes and programs is shown in Figure 2-1
(USACE 1989).

c. Additional authorization. Figure 2-1 illustrates
how additional authorizations have increased the number of
purposes for which the Corps is responsible both in
planning and managing water resource development
projects. The first authorizations were principally for
navigation, hydroelectric power, and flood control. Later
authorizations covered a variety of conservation purposes
and programs. During drought when there is a water
shortage, all purposes compete for available water and are
affected by the shortage. The more purposes and programs
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there are to serve, the greater the potential for conflict, and
the more complex the task of managing existing supplies.
“Authorized and Operating Purposes of Corps of Engi-
neers' Reservoirs’ (USACE 1992) lists the purposes for
which Corps operated reservoirs were authorized and are
operated.

2-2. Reservoir Purposes

a. Storage capacity. A cross section of a typical
reservoir is shown in Figure 2-2. The storage capacity is
divided into three zones: exclusive, multiple-purpose, and
inactive. While each Corps reservoir is unique both in its
allocation of storage space and in its operation, the divi-
sion of storage illustrated by Figure 2-2 is common.

Exclusive Capacity

Multiple-Purpose Capacity

Inactive Capacity

Figure 2-2. Typical storage allocation in reservoirs

b. Exclusive capacity. The exclusive space is
reserved for use by a single purpose. Usually this is flood
control, although navigation and hydroelectric power have
exclusive space in some reservoirs. The exclusive capac-
ity reserved for flood control is normally empty. Some
reservoirs with exclusive flood control space have no
multiple-purpose pool but have a nominal inactive pool
that attracts recreational use. Recreational use is also
common on pools originaly established exclusively for
navigation.

c. Multiple-purpose capacity. Multiple-purpose
storage serves a variety of purposes. These purposes
include both seasonal flood control storage, often in addi-
tion to exclusive storage, and conservation. Conservation
purposes include: navigation, hydroelectric power, water
supply, irrigation, fish and wildlife, recreation, and water
quality. Other conservation purposes such as wetlands,
groundwater supply and endangered species, while not
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included in this manual, are nonetheless important in water
control management.

d. Inactive capacity. The inactive space is com-
monly used to maintain a minimum pool and for sediment
storage. Sediment storage may affect all levels of the
reservoir storage. Also, the inactive capacity may some-
times be used during drought when it can provide limited
but important storage for water supply, irrigation, recre-
ation, fish and wildlife, and water quality.

e. Sorage space allocation. Reservoir storage
space may not be allocated to specific conservation pur-
poses. Rather, reservoir releases can serve severa pur-
poses. However, the amount of water needed to serve
each purpose varies. During drought, with limited multi-
ple-purpose storage available, the purposes requiring
greater releases begin to compete with purposes requiring
less. For example, if the greater releases are not made, the
storage would last longer for the purposes served by the
lesser releases.

f. General information. A brief description of
project purposes is presented below. Additional detail and
a discussion of reservoir operating procedures may be
found in EM 1110-2-3600, from which the following
sections are excerpts.

2-3. Flood Control

a. Utilizing storage space. Reservoirs are designed
to minimize downstream flooding by storing a portion or
sometimes the entire runoff from minor or moderate flood
events. Each reservoir's water control plan defines the
goals of regulation. Usually, a compromise is achieved to
best utilize the storage space to reduce flooding from both
major and minor flood events. In special circumstances
where reservoir inflows can be forecast several days or
weeks in advance (for example, when the runoff occurs
from snowmelt), for the best utilization of storage space,
the degree of control for a particular flood event may be
determined on the basis of forecasts. When runoff is
seasonal, the amount of designated flood control storage
space may be varied seasonally to better utilize the reser-
voirs for multiple-purpose regulation.

b. Releases. Flood control releases are based upon
the overall objectives to limit the discharges at the down-
stream control points to predetermined damage levels.
The regulation must consider the travel times caused by
storage effects in the river system and the local inflows
between the reservoir and downstream control points.
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c. Intervening tributary and downstream damage b. Waterflow requiremétdgigation locks located
areas A multiple-reservoir system is generally regulated at dams on major rivers generally have suficient water
for lood control to provide flood protection both in inter- from instream flows to supply lockage water fow
vening tributary areas and at downstream main stem dam- requirements. Navigation requirements for downstream use
age areas. The extent of reservoir regulation required for in open river channels may require larger quantities of

protecting these areas depends on local conditions of flood water over a long péioe @bm several months to a
damage, uncontrolled tributary drainage, reservoir storage year), to maintain water levels for boat or barge trans-
capacity, and the volume and time distribution of reservoir portation.  Usually, water released from reservoirs for
infows. Either the upstream or downstream requirements navigation is also used for other purposes, such as hydro-
may govern the reservoir regulation, and usually the electric power, low-low augmentation, wdier, qua

optimum regulation is based on the combination of the two. enhancement of fish and wildlife, and recreation. Seasonal
or annual water management plans are prepared which
d. Coordinated reservoir regulation Water control define the use of water for navigation. The amount of

with a system of reservoirs can incorporate the concept of a stored water to be released depends on the conditions of
balanced reservoir regulation, with regard to filling the water storage in the reservoir system and downstream
reservoirs in proportion t@ach reservoir'sdod control requirements or goals for low-low augmentation, as well as
capability, while also considering expected infows and factors related to all uses of the water in storage.
downstream channel capacities. Evacuationoofif water

stored in a reservoir system must also be accomplished on a ¢. Using water for lockage Navigational constraints
coordinated basis. Each reservoir in the system is draw@re also important for short-term regulation of projects to
down as quickly as possible, considering conditions atmeet all requirements. In some rivers, supply of water for
control points, to provide space for cofflirg future lockage is a significant problem, particularly during periods
floods. The objectives for withdrawal of water in the Of low fow or droughts. The use of water for lockage is
various zones of reservoir storage are determined tdenerally given priority over hydropower or irrigation
minimize the risk of encroaching into the food control Usages. However, this is dependent on the storage allocated
storage and to meet other project requirements. Sometimd® each purpose. In igcal low-water periods, a

the lower portion of the flood control pool must be curtailment of water use for lockage may be instituted by

evacuated slower to transition to a lower flow to minimize restricting the number of locks used, thereby conserving the
bank Caving and allow channel recovery. utilization of water tf’mugh a more eficient use of the

navigation system. Water requirements for navigation
canals are sometimes based on lockage and instream fows

2-4. Navigation o
as necessary to preserve water quality in the canal.

a. Navigational requirements Problems related to 2.5 Hydroelectric Power
the management of water for navigation use vary widely
among river basins and types of developments. Control a. Reservoir project categoriesReservoir projects
structures at dams, or other facilities where navigation iswhich incorporate hydropower generally fall into two
one of the project purposes, must be regulated to provideistinct categories: storage reservoirs which have suficient
required water flows and/or to maintain project navigation capacity to regulate streamfiow on a seasonal basis and run-
depths. Navigational requirements must be integrated withotriver projects where storage capacity is minor relative to
other water uses in multiple-purpose water resourcethe volume of flow. Most storage projects are multiple-
systems. In the regulation of dams and reservoirs, th@purpose. Normally, the upstream reservoirs include
navigational requirements involve corlimg water levels  provisions for power production at the site, as well as for
in the reservoirs and at downstream locations, and providrelease of water for downstream control.  Run-ofriver
ing the quantity of wateratessary for the operation of hydropower plants are usually developed in connection
locks. There also may be navigational constraints in thewith navigation projects.
regulation of dams and reservoirs with regard to rates of
change of water surface elevations and outfows. Thereare b. Integration and control of a power system
numerous special navigational considerations that mayntegration and control of a major power system involving
involve water control, such as ice, undesirable currents anthydropower resources is generalhccomplished by a
water flow patterns, emergency precautions, boating eventsgentralized power dispatching facility.  This facility
and launchings.
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contains the equipment to monitor the entire power system c¢. Meeting irrigation demands The general mode
operation, including individual plant generation, substation for regulation of reservoirs to meet irrigation demands is to
operation, transmission line operation, power loads and capture all runoff in excess of minimum fow demands and
requirements by individual utilities and other bulk power water rights during the spring and early summer. This

users, and all factors related to the electrical system control usually results in reflling the reservoirs prior to the
for real-time operation. The dispatching center is manned imigation demand season. The water is held in storage until
on a continuous basis, and operations monitor and control the naturabdedes to the point where it is rmmgjer of

the fow of power through the system, rectify outages, and suficienttiuan meet all demands for downstream
perform all the necessary steps to ensure the continuity of irrigation. At that time, the release of stored water from
power system operation in meeting system loads. reservoirs is begun and continued on a demand basis until

the end of the growing season (usually September or

c. Regulation of a hydropower systeRegulation of October). During the winter, projects release water as
hydropower systems involves two levels of control: required for instream fows, stock water, or other project
scheduling and dispatching. The scheduling function is purposes.
performed by schedulers who analyze daily requirements
for meeting power loads and resources and all other projec2-7. Municipal and Industrial Water Supply
requirements.  Schedules are prepared and thoroughly
coordinated to meet water and power requirements ofthe a. Municipal and industrial use Regulation of
system as a whole. Projections of system regulation, whicheservoirs for municipal and industrial (M&I) water supply
indicate the expected physical operation of individual is performed in accordance with contractual arrangements.
plants and the system as a whole, are prepared for one t®torage rights of the user are defined in terms of acre-feet
five days in advance. These projections are updated on af stored water and/or the use of storage space between
daily or more frequent basis to refect the continuouslyfixed limits of reservoir levels. The aunt of storage

changing power and water requirements. space is adjusted to account for change in the total reservoir
capacity that is caused by sediment deposits. The user has
2-6. Irrigation the right to withdraw water fom the lake or to order

releases to be made through the outlet works. This is
a. lIrrigation diversion requirementslirrigation water subject to Federal restrictions with regard to overall
diverted fom reservoirs, diversion dams, or natural river regulation of the project and to the extent of available
channels is controlled to meet the water duty requirements. storage space.
The requirements vary seasonally, and in most irrigated
areas in the western United States, the agricultural growing b. Temporary withdrawal In times of dought,

season begins in the spring months. The diversion special considerations may guide the regulation of projects
requirements gradually increase as the summer progresses, with regard to water supply. Adequate authority to permit
reaching their maximum amants in July or August. They temporary withdrawal of water from Corps projects is

then recede to relatively low amunts by late summer. By contained in 31 U.S.C. 483a (HEC 1990e). Such with-
the end of the growing season, irrigation diversions are drawal requires a fee that is suficient to recapture lost
terminated, except for minor amounts of water that may be project revenues, and a proportionate share of operation,
necessary for domestic use, stock water, or other purposes. maintenance, and major replacement expenses.

b. Irrigation as project purposeCorps of Engineers’ 2-8. Water Quality

reservoir projects have been authorized and operated

primarily for food control, navigation, and hydroelectric a. Goal and objective. Water quality encompasses
power. However, several major Corps of Engineersthe physical, chemical, and biological characteristics of
multiple-purpose reservoir projects include irrigation as awater and the abiotic and biotic interrelationships. The
project purpose. Usually, water for irrigation is supplied quality of the water and the aquatic environment is signi-
from reservoir storage to augment the natural streamfiow agcantly afected by management practices employed by the
required to meet irrigation demands in downstream areaswater control manager. Water quality control is an
In some cases, water is diverted fom the reservoir byauthorized purpose at many Corps of Engineers reservoirs.
gravity through outlet falities at the dam which feed However, even if not an authorized project purpose, water
directly into irrigation canals. At some of the run-ofriver quality is an integral consideration during all phases of a
power or navigation projects, water is pumped directly fomproject's lif, from planning through operation. The
the reservoir for irrigation purposes. minimum goal is to meet State and Federal water quality



EM 1110-2-1420
31 Oct 97

standards in eflect for the lakes and tailwaters. The oper- levels present both problems andt@sptottire water
ating objective is to maximize beneficial uses of the control manager with regard to fishery management. The
resources through enhancement and nondegradation of seasonal fluctuation that occurs at many food control
water quality. reservoirs, and the daily fluctuations that occur with
hydropower operation oten result in thénenation of
b. Release requirements Water quality releases for shoreline vegetation and subsequent shoreline erosion,
downstream control have both qualitative and quantitative water quality degradation and loss of habitat. Adverse

requirements. The quality aspects relate to Corps' policy impacts of water level fuctuations also include loss of
and objectives to meet state water quality standards, main- shoreline shelpérysivdl disruption of spawning and
tain present water quality where standards ameesbed, nests.

and maintain an acceptable tailwater habitat for aquatic life.
The Corps has responsity for the quality of water 2-10. Recreation
discharged from its projects. One of the most important
measures of quality is quantity. At many projects autho- a. Reservoir level Recreational use of the reservoirs
rized for water quality control, a minimum flow at some may extend throughout the entire year. Under most
downstream control point is the primary water quality circumstances, the optimum recreational use of reservoirs
objective. Other common objectives include temperature,would require that the reservoir levels be at or near full
dissolved oxygen, and turbidity targets at downstreamconservation pool during the recreation season. The degree
locations. to which this objective can be met varies widely, depending
upon the regional characteristics of watap@y, runoff

c. Coordinated regulation Coordinated regulation of and the basic objectives of water regulation for the various
multiple reservoirs in a river basin is required to maximize project purposes. Facilities constructed to enhance the
benefits beyond those achievable with individual projectrecreational use of reservoirs may be designed to be
regulation. System regulation for quantitative aspects, sucltoperable under the planned reservoir regulation guide
as flood control and hydropower generation, is a widelycurves on water control diagrams, which reflect the ranges
accepted and established practice, and the same principlef reservoir levels that are to be expected during the
applies to water quality concerns. Water quality recreational season.
maintenance and enhancements may be possible through
coordinated system regulation. This applies to all facets of b. Downstream river levels In addition to the
quality from the readily visible quantity aspect to traditional seasonal regulation of reservoir levels for recreation,
concerns such as water temperature and dissolved oxygeegulation of project outfows may encompass requirements
content. for specific regulation criteria to enhance the use of the

rivers downstream from the projects, as well as to ensure

d. System regulation System regulation for water the safety of the general public. The Corps has the
quality is of most value during low-fow periods when responsibity to regulate projects in a manner to maintain
available water must be used with greatest eficiency toor enhance the recreational use of the rivers below projects
avoid degrading lake or river quality. Seasonal waterto the extent possible (i.e., without significantly aflecting
control plans are formulated based on current and forethe project function for authorized purposes). During the
casted basin hydrologic, meteorologic and lityaacondi- peak recreation season, streamflows are regulated to ensure
tions, reservoir status, quality objectives &andwledge of the safety of the public who may be engaged in water
water quality characteristics of cponent parts of the related activities, including boating, swimming, fishing,
system. Required flows and qualities are thgpoeioned rafting, and river driting. Also, the aesthetics of the rivers
to the individual projects, resulting in a quantitatively and may be enhanced by augmenting streamfows during the
qualitatively balanced system. Computer programs capabléow-water period. Water requirements for maintaining or
of simulating reservoir system regulation for water quality enhancing the recreational use of rivers are usually much
provide useful tools for deriving and evaluating water smaller than other major project functional uses.

control alternatives. Nevertheless, it is desirable to include specific goals to
enhance recreation in downstream rivers in the water
2-9. Fish and Wildlife control plan. The goals may be minimum project outfows
or augmented streamfows at times of special need for
Project regulation can influence fisheries both in the reser- boating or fishing. Of special importance is minimizing

voir pool and downstream. One of the most readily any danger that might result fom changing conditions of
observable infuences of reservoir regulation is reservoir outfows which would cause unexpected rise or fall in river
pool fuctuation. Periodic fluctuations in reservoir water levels. Also, river driting is becoming an important
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recreational use of rivers, and in some cases it may be b. Water control systems managemeiM 1110-2-
possible to enhance the conditions of stream flow for 3600 provides guidance on water control plans and project

relatively short periods of time for this purpose. management. A general prime requirement in project
regulation is the safety of users of the facilities and the
2-11. Water Management Goals and Objectives general public, both at the project and at downstream

locations. The development of water control plans and the

a. Water managementER 1110-2-240 paragraph 6, schedqling of resgrvoir reIeas_gs must be coordinated with
defines the goals and objectives for water regulation by theapproprlate agencies, or entities, ascassary to. meet
Corps. Basically, the objective is to conform with specifc COmmitments made during the planning and design of the
provisions of the project authorizing legislation and WaterproleCt' .Add|t|onally, water qontrol plans must be Te"'e‘”ed
management criteria defined in Corps of Engineers report?nd . gdjusted, when possible, to meet changing local
prepared in the planning and design of the project Orcondmons.
system. Beyond this, the goals for water management will
include the provisions, as set forth in any applicable
authorities, established project construction, and all
applicable Congressional Acts and Executive Orders
relating to operations of Federal facilities.

c. Regional managementRegional water manage-
ment should consider the interaction of aeefgound-
water resources. HEC Research Document 32 provides
examples for several regions in the United States (HEC
1991c).
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Chapter 3 users to adopt a priority arrangement based on the value of
Multiple-Purpose R eservoirs the water for the various demands.

d. Success of rtipurpose projects The success of
) ) _ multipurpose operation also depends on the formulation of
3-1. Hydrologic Studies for Multipurpose operational rules that ensure that water in the proper
Projects quantities and qualities is available d@ch of the purposes
_ ) ) ~at the proper time and gge. Techniques for formulating
a. Conception Multipurpose reservoirs were origi- gperational rules are not fixed, but the logical approach
nally conceived as projects that served more than ongnyolves determining the seasonal variation of the
purpose independently and would efiect savings throughjood-control spce requirement, and the seasonal variation
the construction of a single large project instead of two orof conservation requirements, formulation of general
more smaller projects. As the concept developed, the joinbperational rules that satisfy these requirements, and
use of water and reservoir space were added agletailed testing of the operational rules to ascertain the
multipurpose concepts. Even such cofitpye uses as adequacy of the plan for each specific purpose.
flood control and water supply could use the same reservoir
space at diferertimes during the year. e. Multipurpose project rules The judgment of an
experienced hydrologic engineer is invaluable in thitgaln
b. Feasibility The feasibility of multiple-purpose formulation and subsequent development and testing of
development is almost wholly dependent upon the demongpperational rules. Although theecessary rules cannot be
strated ability of a mposed project to serve several pur- completely developed until most of thhysical dimensions
poses simultaneously without creating dbiods that  of the project are known, any tendency to discount the
would be undesirable or intolerable for the other pUrpPOSeS;mportance of operational rules as a planning variable
In order to demonstrate that multipurpose operation iSshould be resistedebause of the important role they often
feasible, detailed analyses of the efiects of various combizssyume in the feasibility of multipurpose projects. As a
nations of Streamﬂows, storage Ievels, and water reCIUireTninimum, the Operationa| rules used in a p|anning Study
ments are required. Detailed analyses of these factors mayhould be suficiently refined to assist the engineer in
be overlooked during the planning phasecduse the evaluating the suitability of alternative projects to satisfy
analyses are complex and simplifying methods or assumpwater demands for specified purposes.
tions may not consider some details that may be important.
However, ignoring the details of dtipurpose operation in 3.5  Relative Priorities of Project Functions
the planning phase is risky because the operation criteria
are critical in determining the feasibility of serving several a. Developing project rulesAs indicated above, the
purposes simultaneously. use of operational rules based on the relative priorities
among the project purposes appears to ofer the best
c. Defining the multipurpose project One of the  3pproach to multipurpose operational problems.  The
factors that make detailed sequential analyses of multipurdegree of success that can be realized depends on a realistic
pose operation dificult during planning studies is that priority system that accurately reflects the relative value of
suficient data on various water demands are either notyater fom the project for a given purpose at a given time.
available or not of comparable quality for all purposes. Topless a realistic priority system is used to develop the
adequately define the multipurpose operation, the analysegperational rules, it will not be possible to follow the rules
must include information on the magnitude and seasona{juring the project lile because the true pties may
variations of each demandyrig-term changes in demands, control the operational decisions and prevent the project

relative priority of each use, and shortage tolerancesfom supplying the services it was designed to provide.
Information on magnitude and seasonal variation in

demands and on long-term variations in demands is usually . Typical system priorities Priorities amng the
more readily available than information on relative various water resource purposes vary with locale, water
priorities anong uses and on shortage tolerances.  Ifiights, the need for various types of water use, the legal and
the various users, one can make several assumptiongnyironmental conditions. Although these variations make
studies for each set of assumptions. The results of thesgsefy| to identify a set of priorities that would be typical
studies can determine the consequences of various prioritie§nder average coitibns. In such a situation, operation for
to potential water users. It may be possible for the potentiathe safety of the structure has the highest priority unless the

3-1
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consequences of failure of the structure are minor (which is storage sphoedhltthe storage reservation can vary
seldom the case). Of the functional purposes, food control seasorath)sk of the basic conflict between reserving
must have a high priority, particularly where downstream empty storage space for regulating potewtsalafd

levees, bridges, or other vital structures are threatened. It is filling thet sp meet future watenply requirements.
not unusual for conservation operationsctase entirely However, applying specific storage allocations or
during periods of food activity if a significant reduction in reservations for competing conservation purposes should be
flooding can be realized thereby. Among the conservation kept to a minimecause it reduces operational
purposes, municipal and industrial water supply and ktib
hydroelectric power generation are often given a high
priority, particularly where alternative supplies are not c. Operational cofiicts. Allocation of specific stor-
readily available. After those purposes, other project age space to several purposes within the copsetvation
purposes usually have a somewhat lower priority because can result in operational conflicts that might make it impos-
temporary shortages are usually not disastrous. It should be sible or very costly to provide water for the various pur-
emphasized again that there can be marked exceptions to poses in the quantities and at the time they are needed. Tt
these relative priorities. There are regional diflerences in concept of commingled or joint-use conservation storage
relative needs and, legal and institutional factors may for all conservation purposes with operational criteria to
greatly afiect priorities. maximize the complementary efects and minimize the
competitive efiects is far easier to manage and, if carefully

c. Complex system prioritiesin complex reservoir designed, will provide better service for all purposes.
systems, with competing demands and several alternative Where the concept of joint-use storage is used, the
projects to meet the demand, the relative priority among operational criteria should be studied in the planning
projects and purposes may not be obvious. The operation process in such a way that the relatese qfritbre
rules, which can be evaluated with detailed simulation, may various purposes are taken into account. This allows
not be known or may be subject tdticism. In these careful evaluation of a number of priority systems and
situations, it may be useful to apply a system analysis based operational plans. The operational decisions that result
on consistent values for the various project purposes. The from such disputes are frequently not studied in enough

results of the analysis could suggest an operational strategy detail (fom the engineering point of view), and as a result,
which can be tested with more detailed analysis. Chapter 4 the ability of the project to serve some purposes may be
presents information and approaches for system analysis. seriously aflected.

3-3. Managing Competitive and Complementary 3-4. Operating Concepts
Functions
a. Operating goals Reservoir operating goals vary

a. Identifying interactions between purpaseBefore with the storage in the reservoir. The highest zone in the
operation rules can be formulated, the adverse (competireservoir is that space reserved at any partitine for the
tive) and the benefcial (complementary) interactions control of foods. This zone includes the operational food-
between purposes must be identified. The time of occurcontrol space and the surcharge space required for the
rence of the interactions is often as important as the degrepassage of spillway flows. Whenever water is in this zone
of interaction, particularly if one or more of the water usesit must be released in accordance witlbod-control
has signifcant variations in water demand. In supplyingrequirements. The remaining space can be designated as
water fom a single reservoir for several purposes withconservation space. The top zone of conservation space
seasonally varying demands, it is possible for normallymay include storage that is not required to satisfy the firm
complementary purposes to become competitive at timegonservation demands, including recreational use of the
due to diflerences in their seasonal requirements. reservoir. Water in this space can be released as surplus to

serve needs or uses that exceed basic requirements. The

b. Allocating storage spaceWhen several purposes middle zone of conservation space is that needed to store
are to be served fom a single reservoir, it is possible tovater to supply firm water needs. The bottom zone of
allocate space within certain regions of the reservoir storageonservation space can be termed bufer space, and when
for each of the purposes. This practice evolved fromoperation is in this zone the firm services are curtailed in
projects that served only flood control and one conservatiororder to prevent a more severe shortage later. The bottom
purpose because it was necessary to reserve a portion of tkene of space in the reservoir is designated as the minimum
reservoir storage for storing floodwater. It i8lsnecessary pool reserved for recreation, fish, minimum power head,
to have a specific allocation of food-control sediment reserve, and other storage functions.
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b. Storage zone boundarieS he boundaries between purposes, and to change ffom one level of service for a
storage zones may be fixed at a constant level or they may given purpose to a lower level of service for that same
vary seasonally. In general, the seasonally varying purpose when storage levels are too low to ensure the
boundaries ofer the potential for a more flexible operating continuation of irm supplies for all purposes. As with the
plan that can result in higher yields for all purposes. other techniques for implementing a multipurpose opera-

However, the proper location of the seasonal boundaries tion, the amount of bufler storage and the location of the
requires more study than the location of a constant boundaries cannot be detesntinedely except by
boundary. This is discussed in more detail in Chapter 11. ccessive approximations and testing by sequential routing
Furthermore, an additional element of chance is introduced studies.
when the boundaries are allowed to vargcduse the joint
use of storage might endanger firm supplies for one or more3-5. Construction and Physical Operation
specific purposes. The location of the seasonally varying
boundaries is determined by a process of formulating a set a. General In addition to hydrologic determinations
of boundaries and attendant operational rules, testing thdiscussed above, a number of important hydrologic
scheme by a detailed sequential routing study, evaluatingleterminations are required during project construction and
the outcome of the study, changing the rules or boundariesluring project operation for ensuring the integrity of the
if necessary, and repeating the procedure until a satisfactorgroject and its operation.
operation results.
b. Cofferdams From a hydrologic standpoint,
¢c. Demand schedulesExpressing demand schedules during construction the provisions for streamflow diversion
as a function of the relative availability of water is anotherare a primary concern. If a coferdam used for dewatering
means of incorporating flexibility and relative priority in the work area is overtopped, serious delays andiaadal
operational rules. For example, the balance between hydroonstruction costs can result. In the case of high
and thermal power generation might well be a continuouscoferdams where substantial poundage occurs, it is
function of available storage. As another example, it mightpossible that failure could cause major damage in
be possible to have two or more levels of navigation servicelownstream areas. Coferdams should be designed on the
or lengths of navigation season with the actual level ofsame principles as are permanent dams, generally on the
service or length of season being dependent upon théasis of balancing incremental costs against incremental
availability of water in the reservoir. By regulating the benefits of all types. This will require@bd fequency and
level of supply to the available water in the reservoir, usershypothetical lood studies, as described in Chapters 6 and 7
can plan emergency measures that will enable them t@f this manual. Where major damage might result from
withstand partial reductions in service and thereby avoidcofferdam failure, a standard project fodslPF) or even a
complete cessation of service, which might be disastrousprobable maximum food (PMF) may be used as a primary
Terms such as desired fow and minimum required fow forbasis for design.
navigation can be used to describe two levels of service.
c. Overtopping Where a major dam embankment
d. Levels of service There can be as many levels of may be subject to overtopping during construction, the
service as a user desires, but each level requires criteria fativersion conduit capacity must be suficient to regulate
determining when the level is to be initiated and when it isloods that might occur with substantial proiigdp during
to be terminated. The testing and development of thehe critical construction period. It is not necessary that the
criteria for operating a multipurpose project with several regulated releases be nondamaging downstream, but it is
purposes and several levels of service are accomplished hyital that the structure remain intact. An explicit evaluation
detailed sequential routing studies. Because the develef risk of embankment failure and downstream impacts
opment and testing of these criteria are relatively dificult, during construction should be presented in the design
the number of levels of service should lbwited to the document.
minimum number needed to achieve a satisfactory plan of
operation. d. Conduits, siiways, and gates Conduits, sitl-
ways, and all regulating gates must be functionally ade-
e. Buffer storage Bufer storage or bufier zones are quate to accomplish project objectives. Their sizes,
regions within the conservation storage where operationadependability, and speed of operationogld be tested
rules efect a temporary reduction in firm services. Theusing recorded and hypothetical hydrographs and antici-
two primary reasons for temporarily reducing services arepated hydraulic heads to ensure that theyf perform
to ensure service for a high-priority purpose while properly. The nature of stilling facilities might be dictated
eliminating or curtailing services for lower-priority by hydrologic considerations if fequency and duration of
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high outfows substantially influence their design. effectiveness by enabling the operating agency, through
T he necessity for multilevel intakes to control the quality reliablecdmts ofhydrologic condions, to increase

of reservoir releases can be assessed by detailed operation eficiency. Hydrologic aspects of monitoring
reservoir stratification studies under all combinations of facilities amddsts W be presented in a new EM on
hydrologic and reservoir coittbns.  Techniques for hydrologic &rasting.

conducting reservoir stratification studies are discussed in

EM 1110-2-1201. i. Stream gauges Because gauged data are most
important during flood events, special care should be taken
e. Design The design of power facilities can be in locating the gauge. Stream ghoghs rsot be located
greatly infuenced by hydrologic considerations, as dis- on bridges or other structures that are subject to being

cussed in Chapter 11 of this manual and EM 1110-2-1701. washed out. To the extent possible, the gauges should be
General considerations in the hydrologic design of capable of working up through extreme food events, and
spillways are discussed in Chapter 10 and more detailed stage-discharge relationshigsbe developed up to

information is presented in Chapter 14 herein. that level. The gauge should have ressmeskldor
checking and repair during the flood. Reservoitlisg,
f. Extreme floods Regardless of the reservoir pur- local fooding, and backwater efects fom downstream
poses, it is imperative that spillway facilities provided will tributarieeudd all be considered when finding a suitable
ensure the integrity of the project in the event of extreme location. More detailed information on stream gauges can

floods. Whenever the operation rules of a reservoir are be found in many USGS publications, such as Carter and
substantially changed, spillway facilitieshauld be Davidian (1968), Buchanan and Somers (1968 and 1969),
reviewed to ensure that the change in project operation does or Smoot and Novak (1969).
not adversely alter the capability to pass extreme foods
without endangering the structure. The céfggbof a 3-6. General Study Procedure
spillway to pass extremeobds can be adversely afiected
by changes in operation rules that actually afiect the floodAs indicated earlier, there is no fixed procedure for devel-
operation itself or by changes that result in higher pooloping reservoir operational plans for multipurpose projects;
stages during periods of high food potential. however, the general approach that should be common to
all cases would include the following steps:

g. Special operating rules A number of situations
might require special operating rules. For example, oper- a. Survey the potential water uses to be served by
ating rules are needed for the period during which a reserthe project in order to determine the magnitude of each
voir is initially flling, for emergency dewatering of a demand and the seasonal and long-term variations in the
reservoir, for interim operation of one or more componentsdemand schedule.
in a system during the period while other components are
under construction, and for unanticipated conditions that b. Develop a relative priority for each purpose and
seem to require deviation fom established operating rulesdetermine the levels of service and required priority that
The need for operation rules during the flling period is will be necessary to serve each purpose. If necessary, make
especially important because many decisions must be baseskquential studies illustrating the consequences of various
on the flling plan. Anong the important factors that are alternative priority systems.
dependent upon thdling schedule are the on-line date for
power generating units, the in-service dates for various c. Establish the seasonal variation of flood-control
purposes such as water supply and navigation, and thspace required, using procedures discussed in Chapter 10.
efective date for legal obligations such as recreation
concessions. d. Establish the total power, water supply, and

low-fow regulation requirements for competitive purposes

h. Specification of monitoring facilities One of the  during each season of the year.
more important considerations in the hydrologic analysis of
any reservoir is the specification of monitoring facilities, e Establish preliminary feasibility of the project
including streamflow, rainfall, reservoir stage, and otherbased on physical constraints.
hydrologic measurements. Theselifies serve two basic
purposes: to record all operations and to provide f. Establish the seasonal variation of the storage
information for operation decisions. The former purposerequirement to satisfy these needs, using procedures
satisfies legal requirements and provides data for futuredescribed in Chapter 11.
studies. The latter purpose may greatly increase the project
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g. Determine the amount of storage needed as a testing, evaluating, and changjingsatisfactory
minimum pool for power head, recreation, sedimentation operation is obtained.
reserve, and other purposes.
j. Test proposed rules of operation by using sequen-
h. Using the above information, temate the size of tial routing studies with stochastidrologic data to
reservoir and seasonal distribution of space for the various evaluate thealippgsfibistorical bias in the mposed
purposes that would satisfy the needs. Determine the rules.
reservoir characteristics, including flowage, spillway,
power plant, and outlet requirements. k. Determine the needs for operating and monitoring
equipment required to ensure proper functional operation of
i. Test and evaluate the operation of the project the project.
through the use of recorded hydrologic data in a sequential

routing study to determine the adequacy of the storage I. As detailed construction plans progress, evaluate
estimates and pposed rules with respect to the operational coferdam needs and protective measures needed for the
objectives for each purpose. If the record is shamppke- integrity of project construction, particularly diversion

ment it with synthetic foods to evaluate flood storage capacity as a function of dam construction stage and flood
reserves. If necessary, make necessary changes and repeat threat for each season.
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Chapter 4 4-2. System Description

Reservoir Systems . . .
a. Simulating system operation Water resource

systems consist of reservoirs, power plants, diversion
) structures, channels, and conveyandditi@s. In order to
4-1. Introduction simulate system operation, the system must be completely
described in terms of the location and functional
Water resource systems should be designed and operate@sracteristics of each tity. The system Isould include

for the most efective and eficient accomplishment of 4 components that aflect the project operation and provide
overall objectives. The system usually consists of reseryne required outputs for analysis.

voirs, power plants, diversions, and canals that are each

constructed for specific objectives and operated based on (1) Reservoirs. For reservoirs, the relation of surface
existing agreements and customs. Nevertheless, there igrea and release capacity to storage content must be
considerable latitude in developing an operational plan ©rdescribed. Characteristics of the control gates on the
any water resource system, but the problem is greatlygytiets and spillway must Heown in order to determine
complicated by the legal and social restrictions thatconstraints on operation. The top-ofdam elevation must be
ordinarily exist. specified and the ability of the structure to withstand

) _ overtopping must be assessed.
a. Mathematical modeling. Water resource system

operation is usually modeled mathematically, rather than (2) Downstream channels. The downstream channels
with physical models. The mathematical representation ofnust be defined. Maximum and minimum fow targets are
a water resource system can be extremely complex. Opefequired. For short-interval simulation, the translation of
ations research techniques such as linear programming ang through the channel system is modeled by routing
dynamic programming can be applied to a water resource griteria. The travel time for dod flow is important in
system; however, they usually are not capable Ofgetermining reservoir releases and potential limits for food
incorporating all the details that aflect system outputs. It iScontrol operation to distant downstream locations.

usually necessary to simulate the detailed sequential

operation of a system, representing the manner in which  (3) Power plants. For power plants at storage reser-
each element in the systemillwiunction under realistic  voirs, the relation of turbine and generation capacity to
conditions of inputs and requirements on the system. Th@ead must be determined. To compute the head on the
simulation can be based on the results fom the optimizapant, the relation of tailwater elevation to outlow must be
tion of system outputs or repeated simulations. Succesgnown, Also, the relation of overall power plant eficiency
sively refining the physical characteristics and operationaliy head is required. Other characteristics such as turbine
rules can be applied to find the optimum output. leakage and operating eficiency under partial load are also

] important.
b. Inputs and requirements A factor that greatly

complicates the simulation and evaluation of reservoir  (4) Diversion structures. For diversion structures,
system outputs is the stochastic nature ofthe in_puts and ¢faximum diversion and delivery capacity must be estab-
the requirements on the system. In the past, it has beefished. The demand schedule is required, and the consump-

customary to evaluate system accomplishments on thgye use and potential return fow to the system may be
assumption that a repetition of historicalputs and  jmportant for the simulation.

requirements (adjusted to future conditions) would ade-

quately represent system values. However, this assumption Preparing data While reservoir system data must
has been demonstrated to be somewhat deficient. It i$e gefined in suficient detail to simulate the essence of the
desirable to test any proposed system operation under ghysical system, preparing the required hydrologic data
great many sequences of inputs and requirements. Thifay require far more time and efort. The essential fow
requires a mathematical model that will define the fre- yatg are required for the period of record, for major lood
quency and correlation characteristics of inputs andeyents, and in a consistent physical state of the system.
requirements and that is capable of generating a number @fjow records are usually incomplete, new reservoirs in the
long sequences of these quantities. ~ Concepts Pkystem change the flow distribution, and water usage in the
accomplishing this are discussed in paragraph 5-5. watershed alters the basin yield over
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time. Developing a consistehydrologic data series, mak- an upstream-to-downstream directioneacht pertinent

ing maximum use of the available information, is discussed location, requirements for each service are noted, and the

in Chapter 5. reservoirs at and above that location are operated in such a
way as to serve those requirements, subject to system

4-3. Operating Objectives and Criteria constraints such as outlet capacity, and channel capacity,

and reservoir storage capacity. As the computation

a. User services Usually, there is a fixed objective procedure progresses to downstream locations, the tentative
for each function in a water resource system. Projects areelease decisions made for upstream locations become
constructed and operated to provide services that aréncreasingly constraining. It often becomes necessary to
counted on by the users. In the case of power generatiofssign priorities awng services that confict. Where power
and water supply, the services are usually contracted, and @eneration causes flows downstream to exceed channel
is essential to provide contracted amounts insofar asapacity, for example, a determination must be made as to
possible. Services above the contracted amounts ar@hether to curtail power generation. If there is inadequate
ordinarily of significantly less value. Some services, suchwater at a diversion to serve both the canal and river
as flood control and recreation, are not ordinarily coveredrequirements, a decision must be made.
by contracts. For these, service areas are developed to
provide the degree of service for which the project was4-5. Flood-Control Simulation

constructed.
Flood discharge can change rapidly with time. Therefore,

b. Rules for services Shortages in many of the Steady-state conditions cannot be assumed to prevail for

services can be very costly, whereas surpluses are usuallpng periods of time (such as one month). Alsiaysical
of minor value. Accordingly, the objectives of water constraints such as outlet capacity and the ability to change

resource system operational are usually fixed for any particdat€ Settings are more important. The time translation for
ular plan of development. These are expressed in terms #oW and channel storage efects cannot ordinarily be
operational rules that specify quantities of water to beignored. — Consequently, the problem of simulating the
released and diverted, quantities of power to be generated00d-control operation of a system can be more complex
reservoir storage to be maintained, and flood releases to J&an for conservation.

made. These quantities will normally vary seasonally and

with the amount of storage water in the system. Rule @& Computational interval The computation interval
curves for the operation of the system fr each function ard'€C€ssary for satisfactory simulation of food operations is
developed by successive approximations on the basis dfSu@lly on the order of a few hours to one day at the most.
perbrmance during a repetition of historical streamfows, SOmetimes intervals as short as 15 or 30 min ezessary.
adjusted to future conditions, or on the basis of synthetidt iS usually not feasible to simulate for long periods of

stream flows that would represent future runof potential. ~ time, such as the entire period of record, using such a short
computation interval. However, period-ofrecord may be

unnecessary drause most of the fows are of no
consequence from a food-control standpoint. Accordingly,

] ] ) simulation of flood-control operation is usually made only
T he evaluation of system operation under specified operag,, important food periods.

tion rules and a set of input quies is complex and

requires detailed simulation of the operation for long garting conditions The starting conditions for
periods of time. This imccomplished by assuming that gjmyjating the food-control operation for an historic flood
s_teady-stgte c_ondmons prevail for successive intervals Oberiod would depend on the operation of the system for
time. Thetime interval must be shorneugh to capture the  ¢4hsenvation purposes prior to that time. Accordingly, the
details that aflect system outputs. For example, averaggqonservation operation could be simulated frst to establish

monthly fows may be used for. most conservgu_on the state of the system at the beginning of the month during
purposes; however, for small reservoirs, the fow variation\y hich the flood occurred as theitial conditions for the

within @ month may be important. For hydropower reser-q 64 simulation. However, the starting storage for food
voirs, the average monthly pool level or tailwater elevat'onoperation should be based on a realistic assessment of
may not give an accuratetiesate of energy joduction. likely future conditions. Ifit is likely that the conservation

. . . . ) pool is full when a flood occurs, then that would be a better
To simulate the operation during each interval, the S'm”|a'starting condition to test the flood-pool capacity. It may be

tioln solveshthg continuity glquat_irohn with the res<|ervoljr possible that the starting pool would be higher if there were
release as the decision variable. e system is analyzed iflo o141 storms in sequence, or if the flood operation does

4-4. System Simulation
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not start the instant excessive infows raise the pool level4-6. Conservation Simulation
into 1ood-control spce.
W hile the flood-control operation of a reservoir system is
c. Historic sequences While simulating historic  sensitive to short time variations in systenput, the
sequences are important, future floodfl e diferent and  operation of a system for most conservation purposes is
occur in difierent sequences. Therefore, the analysis ofisually sensitive only taohg-period streamfow variations.
flood operations shouldtilize both historic and synthetic Historically, simulation of the conservation operation of a
foods. The possibity of multiple storms, changes in the water resource system has been based on a relatively long
upstream catchment, and realistic lood operation should beomputation interval such as a month. With the ease of
included in the analysis. Chapter 7 presents food-runofcomputer simulation and available data, shorter
analysis and Chapter 10 presents flood-control storageomputational intervals (e.g., daily) can provide a more
requirements. accurateaccounting of low and storage. Some aspects of
the conservation operation, such as diurnal variations in
d. Upstream-to-downstream solutionlf the opera-  power generation in a peaking project, might require even
tion of each reservoir in a system can be based orshorter computational intervals for selected typical or
conditions at or above that reservoir, an upstream-to-critical periods to define important short-term variations.
downstream solution approach can establish reservoir
releases, and these releases can be routed through channel a. Hydropower simulation Hydropower simulation
reaches aseatessary in order to obtain a realistic simula- requires a realistic estimate of power head, which depends
tion. Under such conditions, a simple simulation model ison reservoir pool level, tailwater elevation, and hydraulic
capable of simulating the system operation with a highenergy losses. Depending on the size and type of reservoir,
degree of accuracy. However, as the number of reservoirthere can be considerable variation in these variables.
and downstream damage centers increase, the solutioBenerally, the shorter time intervals will provide a more
becomes far more complex. A priority criteria must be accurate estimate of power capacity and energy
established among the reservoirs to establish which shoulgroductions.
release water, when there is a choice among them.
b. Evaporation and channel lossedn simulating
e. Combination releases The HEC-5Simulation of  the operation of a reservoir system for conservation, the
Flood Control and Conservation Systerft¢EC 1982c) time of travel of water between points in the system is
computer program can solve for the combination of releasesisually ignored, écause it is small in relation to the typical
at upstream reservoirs that will satisfy channel capacitycomputation interval (e.g., monthly or weekly). On the
constraints at a downstream control point, taking intoother hand, evaporation and channel losses might be quite
account the time translation and channel storage efectsimportant; and it is sometimesegessary to account for
and that will provide continuity in sgessive time intervals.  such losses in natural river channels and diversion canals.
The time translation eflects can be modeled with a choice
of hydrologic routing methods. Reservoir releases are  c¢. Rule curves Rule curves for the operation of a
determined for all designated downstream locations, subjecteservoir system for conservation usually consist of stan-
to operation constraints. The simulation is usually dard power generation and water supply requirements that
perormed with a limited foresight of infows and a con- will be served under normal catidns, a set of storage
tingency factor to reflect uncertainty in future fow values. levels that will provide a target for balancing storage among
The concept of pool levels is used to establish ifigsr  the various system reservoirs, and maximum and minimum
among projects in multiple-reservoir systems. Standardpermissible pool levels foeach season based on flood
output includes an indicator for the basis of reservoircontrol, recreation, and other project requirements. Often
release determination, along with standard simulation outsome criteria for decreasing services when the system
put of reservoir storage, releases, and downstream flows. reservoir storage is critically low will be desirable.

f. Period-of-record flows Alternatively, a single 4-7. System Power Simulation
time interval, such as daily, can be used to simulate period-
of-record flows for all project purposes. This approach isWhere a number of power plants in the water resource
routinely used in the Southwestern Division with the com-system serve the same system load, there is usually con-
puter program “Super” (USACE 1972), and in the North siderable flexibility in the selection of plants for power
Pacific Division with the SSARR program (USACE 1991). generation at any particular time. In order to simulate the
The SSARR program is capable of simulation on variableoperation of the system for power generation, it is neces-
time intervals. sary to specify the overall system requirement and the
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minimum amount of energy that must be generatezéit
plant during each month or other intervatiofe. Because
the entire system power requirement might possibly be
supplied by incidental generation due to releases made for
other purposes, it is first necessary to search the entire
system to determine generation that would occur with only
minimum power requirements at each plant and with all
requirements throughout the system for other purposes. If
insuficient power is generated to meet the entire system
load in this manner, a search will be made for those power
reservoirs where storage is at a higher level, in relation to
the rule curves, than at other power reservoirs. The
additional power load requirement will then be assigned to
those reservoirs in such a manner as to maintain the
reservoir storage as nearly as possible in conformance with
the rule curves that balance storage among the reservoirs in
the most desirable way. This must be done without
assigning more power to any plant than it can generate at
overload capacity and at the system load factor for that
interval. EM 1110-2-1701 paragraph 5-14, describes
hydropower system analysis.

4-8. Determination of Firm Yield

water resource system is probably more dificult than the
derivation of imum configuration and unit sizegdause

any small change in operation rules can afiect many
functions in the system for long pénmedanaf in very
subtle ways.

a. Simulation. Operation criteria generally consist
of release schedules at reservoirs, diversion schedules at
control points, and minimum fows in the river at control
points, in conjunction with reservoir balancing levels that
define the target storage contribution among the various
reservoirs in the system. All of these can vary seasonally,
and target fows can vary stochastically. Once the unit
sizes and target flows are established for a particular plan
of development, a system of balancing levels must be
developed. The system response to a change in thes
balancing levels is a complicated function of many system,
input, and requirement characteristics. For this reason, the
development of a set of balancing levels is an iteration
process, and a complete system simulation must be done for

each iteration.

(1) When first establishing balancing levels in the

reservoir system, it usually is best to simulate system
If the yield is deined as the supply that can be maintainecbperation only for the most critical periods of historical

throughout the simulation period without shortages, thenstreamflows.

The final solution should be checked by

the process of computing the maximum vyield can besimulation for long periods dfme. The balancing levels

expedited.

This is done by maintaining a record of thedefining the food-control se are first tentatively estab-

minimum reserve storage (if no shortage has yet occurred)ished on the basis of minimum requirements for food
or of the amount of shortage (if one does occur) in relationcontrol storage that will provide the desired degree of

to the total requirement since the last time that all reservoirgrotection.

Preliminary estimates of other levels can be

were full. The surplus or shortage that existed at the end adstablished on the basis of reserving the most storage in the
any computation interval would be expressed as a ratio o§maller reservoirs, in those reservoirs with the least amount

the supply since the reservoirs were last full, and theof runoffi and in those reservoirs that supply operation ser-

minimum surplus ratio (if no shortage occurs) or maximum vices not producible by other reservoirs.

shortage ratio (if a shortage does occur) that occurs during
the entire simulation period would be used to adjust the
target yield for the next iteration.

(2) Ater a preliminary set of balancing levels is

This basic procedure forestablished, they should be defined approximately in terms

computing frm yield is included in the HEC-5 computer of a minimum number of variables. The general shape and
program. Additionally, the program has a routine to makespacing of levels at a typical reservoir might be defined by
an initial estimate of the critical period and expected yield.the use of four or five variables, along with rules for

After the yield is determined using the critical period, the computing the levels fom those variables.

Variations in

program will evaluate the yield by performing a simulation levels among reservoirs should be defined by one or two

with the entire input fow record.
storage-yield procedures.

4-9. Derivation of Operating Criteria

Chapter 12 describesvariables, if possible, in order to reduce the amount of work
required for optimization to aacceptable quaity.

(3) Optimization of a set of balancing levels for oper-

ational rule curves can be accomplished by successive
A plan of development for a water resource system consistapproximations using a complete system simulation com-

not only of the physical structures and their functional putation for critical drought periods.

However, the proce-

characteristics but also of the criteria by which the systemdures are limited to th@put specifications of demands and

will be operated.

In order to compare alternative plans ofstorage allocation.

While one can compare simulation

development, it is necessary that each plan be operatetgsults and conclude one is better than another based on

optimally. The derivation of optimal operation criteria for a
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performance criteria, there is no way of knowing that an (3) The development of the penalty functions requires
optimum solution has been achieved. aonemic evaluation of the values to be placed on flow

and storage in the system. The process is dificult and there
b. Optimization. While water resource agencies have are disagreements on the values, due to the dificulty of

generally focused on simulation models for system analysis, defining values for some purposes. However, the process
the academic community and researiterature have does provide a metl for defining and reviewing the
emphasized optimization and stochastic analysis purposes and their relative values.

techniques. Research performed at HEC (HEC 1991b) has

found a proliferation of papers on topization of reservoir (4) The primary disadvantage of the HEC-PRM is that
system operations written during the past 25 years, the monthly fow data and lack of channel routing limit its

primarily by university researchers. There still remains a application for short interval simulation, such as flood
considerable gap between the innovative applications control and peaking hydropoweritionaltld the
reported in the literature and the practices followed by the optimized solution is provided in terms of period-ofrecord
agencies responsible for water resource development. One fows and storage; however, the basis for the system
basic problem is that many of the reported applications are operation are not explicitly defined. The post-processing of
uniquely formulated to solve a specific problem for a given the results requires interpretation of the results in order to
system. There is a general view that the models develop an operation plan that could be used in basic
performance, or the methods assumptions, would not simulation and applied operation. More experience with
suficiently evaluate a difierent problem and system. this analysis of results is still required to define these
procedures.
c. Prescriptive reservoir model HEC has developed
a system analysis tool based on a network fow model4-10. System Formulation Strategies
(HEC 1991a). The Prescriptive Reservoir Model (HEC-
PRM) will identify the water allocation that minimizpsor a. Determining the best systerA system is best for
performance for all defined system purposes. Performancéhe national income criteria if it results in a value for system
is measured with analyst-provided functions of fow or net benefts that exceeds that of any other feasible system.
storage or both. The physical system is represented as Bxcept where noted, the fllowing discussion was
network, and the allocation problem is formulated as adeveloped in a paper presented at the International Com-
minimum-cost network fow problem. The objective missions on Large Dams Congress (Eichert and
functions for this network problem are convexegawise-  Davis 1976). For a few components, analysis of the num-
linear approximations of the summed penalty functions forber of alternative systems that are feasible is generally
each project purpose (HED®91d). manageable, and exhaustive evaluation provides the
strategy for determining the best system. When the number
(1) Systems have been analyzed in studies on the®f components is more than just a few, then the exhaustive
Missouri River (HEC 1991d) and the Columbia River evaluation of all feasible alternative systems cannot
(HEC 1991). A préminary analysis of the Phase | practically be accomplished. In this instance, a strategy is
Missouri River study has developedtial methodologies  needed that reduces the number of system alternatives to be
for developing operation plans based on PRM resultsevaluated to a manageable number while providing a good
(HEC 1992b). Continued application experience is chance ofidentifying the best system. System analysis does
required to define generalized procedures for thesenot permit (maximum net benefit system) for reasonably
analyses. complex systems even with all hydrologic-economic data
known. Anacceptable strategy need not make the absolute
(2) The primary advantages for the HEC-PRM guarantee of economic optimunedause seldom ik the
approach are the open state of the system and the requirgghtimum eonomic system be selected as best.
penalty functions for each system purpose. There are no
rule curves or details of storage allocation, only basic b. Incremental test The incremental test of the value
physical constraints are defined. The reservoir systenof an individual system component is diive for the
information defines maximum and minimum storage in theeconomic eficiency criteria and provides the basis for
reservoirs and the linking of the system through theseveral alternative formulation strategies. If existing
network of channels and diversions. The other primaryreservoir components are present in the system, then they
reservoir data is traditional period-ofrecord monthly 1ows define the base conditions. If no reservoirs exist, the base
for the system. condition would be for naturaloaditions. The strategies
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described below are extensions of currently used techni-
gues and are based upon the concept of examining in detail
the periormance of a selected few alternative systems. The
performance is assumed to be evaluated generally by
traditional simulation methods, like the use of HEC-5.

(1) The analysis is then repeated for the next stage by
computing the first added eathecofponent to the

system again, the base now including the first component

added. The strategy is continued to completion by suc-
cessive application of the first added andlysis more

component adtlons to the system are justified.

¢c. Reasoned thought strategy.his strategy is predi-

cated upon the idea that it is possible to reason out using
judgment and other criteria, reasonable alternative systems.
The strategy consists of devising through rational thought,
sampling, public opinion, literature search, and
brainstorming, a manageable number of system alternatives
that will be evaluated. No more than 15 to 20 alternative
systems could be evaluated by detailed simulation in a
practical sense.

(2) The strategy does have a great deal of practical
appeal and probablposouplish the important task
of identifying the components that are clearly good addi-
tions to the system anchthddtl e implemented at an
early stage. The strategy, however, ignores any system
value that could be generated by the addition of more than
one component to the sydtiene,atrad this could omit

potentially useful additions to the system. For example, the

situation sometimes exists where reservoirs on, say, two

(1) The total performance of each system in terms of
economic (net benefit) and performance criteria is evalu-
ated by a system simulation. A system (or systems if more
than one have very similar performance) is selected that
maximizes the contribution towards the formulation
objectives (those that exhibit the highest value of net
beneits while satisfying the minimum performance crite-
ria). To confirm the incremental justification of each
component, the contribution each system coponent in
the last added position is evaluated. The last added value is
the difierence between the value (net beneits) of the
system with all components in operation and the value (net
benefits) of the system with the last added component
removed. If each coponent is incrementally justified, as
indicated by the test, the system is economically justified,
and formulation is complete. If any components are not
incrementally justified, they should be dropped and the last
added analysis repeated.

tributabieseaa damage center are justified, but either
one analyzed separately is not, i.e., the system efect is
great enough to justify both. The number of system
analyses required to formulate a system based on this
strategy could range upwards to 120 for a moderately
complex (15 component) system, which is probably close to
being an unmanageably large number of evaluations.

e. Last added strategyT his strategy, similar to first
added strategy, is designed such that successive applicatio
yields the formulated system. Beginning with all proposed
components to the system, theeaalueogbonent in
the last addednpisscomputed. The project whose

deletion causes the value (net benefit) of the system to

increase the most is dropped out. The net benefits would
increase if the component is not incrementally justified.
The strategy is continued thraogbsiwel staged

applications until the deletion of parant causes the

total system value (net benefits) to decrease.

(2) The system selected by this strategy will be a
feasible system that is economically justiied. Assuming
the method of devising the alternative systems is rational,
the chances are good that the major worthwhile projects
will have been identifed. On the other hand, the chances
that this system provides the absolute maximum net bene-
fits is relatively small. This strategy would require between
30 and 60 system evaluations for a moderately complex
(15 component) system.

(1) The last added strategy will also yield a system in
which all components are incrementally justified and in
which the total sysditebe yustified. This strategy
would probably identify the obviously desirable projects, as
would the others. However, its weakness is that it is
slightly possible, though not too likely, that groups of
projects that would not be justified are carried along

ebtause of their complex linkage with the total system. For

example, the situation sometimes exists where reservoirs on

d. First added strategy This strategy is designed
such that its successive application will yield the formu-
lated system. The performance of the systems, including
the base components (if any), are evaluated with each
potential addition to the system in the “first added” posi-
tion. The component that contributes the greatest value (net
benefit) to the system is selected and added to the base
system.
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two tributaries above a damage center are not justified

together, but deletieactofrom a system that includes
both results in such a great loss in system value that indi-
vidual analysis indicates neither should be dropped
individually.

(2) The number of systems analyses required for this

strategy would be similar to the first added strategy
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requiring perhaps 10-20 percent more evaluations. Twenty- needed to provide a reasonable degree of protection, using
two last added analyses were made in the four stages procedures described in Chapter 10. Distribute this storage
required to select four new projects out of seven in a reasonable way among contemplated reservoirs in order
alternatives. This strategy is more eficient than the first to obtain a first approximation of a plan for food control.
added if the majority of the potential system additions are Include approximate rule curves for releasing some or all of
good ones. this storage for other uses during the nonfood season

where appropriate.
f.  Branch-and-bound enumeration. “Branch-and-
bound enumeration is a general-purpose technique for c. Determine approximately for each tributary,
identifying the optimal solution to an optimization problem where appropriate, the total water eeetiethonth for

without expligtly enumerating all solutions,” (HEC985a). all conservation purposes and attendant losses, and, using
The technique provides a framework to evaluate procedures described in Chapter 11, estimate the storage
independent alternatives by dividing the entire set into needed on each principle tributary for conservation
subsets for evaluation. The method has been applied in services. Formulate a basic plan of development including
resource planning to problems of sizing, selecting, detailed specification of all reservoir, canal, channel, and
sequencing, and scheduling projects. HEC has developed a powerplant features and operation rules; all fow
training document illustrating the application to flood- requirements; benefit functions for all conservation
damage-mitigation plan selection (HEK®85). Addtion- services; and stage-damage functions for adl damage

ally, HEC Research Document No. 35 (Bowen 1987) index locations. Although this part of plan formulation is
illustrates an application for reservoiodd control plan not entirely a hydrologic engineering function, a satisfac-
selection using computer program HEC-5 for reservoir tory first approximation requires good knowledge of runoff
simulation. The procedure can use any criteria for evalu- characteristics, hydraulic structure characteristics and
ation and supports detailed simulation in the analysis mithtions, overall hydroelectric power characteristics,
process. engineering feasibility, and costs of various types of struc-

tures, and relocations.

4-11. General Study Procedure
d. Using the general procedures outlined in Part 2,

There is no single approach to developing an optimum plardevelop food frequencies, hypothetical food hydrographs,
of improvement for a complex reservoir system. Ordinarily and stage-discharge relations for unregulated conditions
many services are fixed and act as constraints on systerand for the preliminary plan of development for food
operation for other services. In many cases, all but oneontrol. It may be desirable to do this for various seasons
service is fixed, and the system is planned to optimize theof the year in order to evaluate seasonal variation of lood-
output for one remaining service, such as power generationcontrol space. Evaluate thedd-control adequacy of the
It should also be recognized that most systems have begolan of development, using procedures described in
developed over a long period tifne and that many paragraph 4-5 and Chapter 10, modify the plan, as neces-
services are in fact fixed, as are many system featuressary, to improve the overall net benefits for ood control
Nevertheless, an idealized general study procedure isvhile preserving basic protection where essential. Each
presented below: modification must be followed by a new evaluation of net

beneiits for lood control. Each iteration is costly &imale-

a. Prepare regional and river-system topographicconsuming; consequently, only a few iterations are feasible,
maps showing locations of hydrologic stations, existing andand considerable thought must be giveneaxh plan
contemplated projects, service and damage areas, anmhodifcation.
pertinent drainage boundaries. Obtain all precipitation,
evaporation, snowpack, hydrograpming and unoff data e For system analysis to determine the best alloca-
pertinent to the project studies. Obtain physical and opertion of flow and storage for conservation purposes,
ational data on existing projects. Construct a normal seaeonsider optimization using a tool HEC-PRM (para-
sonal isohyetal map for the river basin concerned. graph 4-@). The program outputs would then be analyzed

to infer an operation policy that could be defined for

b. For each location where flood protection is to be simulation and more detailed analysis. The alternative is to
provided, estimate approximately thmndamaging fow repeatedly simulate with critical low-fow periods to
capacity that exists or could be ensured with minor channeflevelop a policy to meet system goals and then perorm a
and levee improvements. Estimate also theuarh of period-ofrecord simulation to evaluate total system
storage (in addition to existing storage) that would beperformance.
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f. Consider generating synthetic sequences of flow to future conditions are estimated at several stages into the
evaluate the system's performance with diferent fow future. The system analysis should be performed for each

sequences (see paragraph 5-5). Future system flows repli- stage. While these analyses will take additional time and
cate the period-ofrecord. Also, projected changes in the effort, they will also provide some indication of how
basin should be factored into the analysis. Typically, responsive the system results are to changomscond
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