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Chapter 10 principle hydrologic design element. On the other hand, if
Flood-Control Storage the critical duration is much longer, hypothetical floods and

sequences of hypothetical floods computed from rainfall or

snowmelt become less dependable as guides to design. It

then is necessary to base the design primarily on the
10-1. General Considerations frequency of observed runoff volumes for long durations.
Even when this is done, it will be advisable to construct a
a. Reservoir flood storageWhere flood damage at a typical hydrograph that corresponds to runoff volumes for
number of locations on a river can be significantly reducedthe critical duration and that reasonably characterizes
by construction of one or more reservoirs, or where anhydrographs at the location, in order to examine the

reservoir site immediately upstream from one damagepperation of the proposed project under realistic
center provides more economical protection than localconditions.

protection works, reservoir flood storage should be
considered. Whenever such reservoirs can serve needs d. Hypothetical flood simulationsWhen hypotheti-
other than flood control, the integrated design and operacal floods are selected, they must be routed through the
tion of the project for multipurpose use should be proposed reservoir under the operation rules that would be
considered. specified for that particular design. In effect, a simulation
study of the proposed project and operation scheme would
b. Flood-control features.In planning and designing be conducted for each flood. It is also wise to simulate the
the flood-control features of a reservoir, it is important thatoperation for major floods of historical record in order to
the degree and extent of continuous ensured protection bensure that some peculiar feature of a particular flood does
no less than that provided by a local protection project, ifnot upset the plan of operation. With present software, it is
the alternatives of reservoir construction or channel andelatively inexpensive to perform a complete period of

levee improvement are to be evaluated fairly. This meansecord simulation once the flood-control storage is set.
that the storage space and release schedule for flood

control must be provided at all times when the flooding 10-2. Regulated Release Rates
potential exists. In some regions this may be for the entire

year, but more commonly there are dry seasons when the a3, Flood reduction purposes.For flood reduction
flood potential is greatly reduced and storage reservatiorpurposes reservoirs must store only the water that cannot
for flood control can be reduced correspondingly. Exceptpe released without causing major damage downstream. If
where spring snowmelt floods can be forecasted reliably oimore water can be released during a flood, less water needs
where safe release rates are sufficient to empty flood spacg be stored. Thus, less storage space needs to be planned
in a very short time, it is not ordinarily feasible to provide for flood control. Because reservoir space is costly and
flood-control space only after a flood is forecasted. Spaceysually in high demand for other purposes, good flood-
must be provided at all times during the flood season unlesggntrol practice consists of releasing water whenever
it can be demonstrated that the necessary space can Bgcessary at the highest practical rates so that a minimum
evacuated on a realistic forecast basis. Also, space may kgmount of space need be reserved for flood control. As
reduced if less storage is needed due to low snowpack, ahese rates increase, it becomes costly also to improve
there is some other reliable basis for long range flooddownstream channels and to provide adequate reservoir
forecasting. outlets, so there is an economic balance between release
rates and storage capacity for flood control. In general, it is

c.  Runoff volume durationsWhereas the peak rates economical to utilize the full nondamage capacity of
of runoff are critical in the design of local protection downstream channels, and it may pay to provide some
projects, runoff volumes for pertinent durations are critical additional channel or levee improvements downstream.
in the design of reservoirs for flood control. The critical However, as described in paragrdpfull channel capacity

durations will be a function of the degree of flood protec- may not be available, so analyses should consider the
tion selected and of the release rate or maximum rate ofmpact of reduced capacity.

flow at the key downstream control point. As the proposed

degree of protection is increased and as the proposed rates b, Channel capacitiesChannel capacities should be
of controlled flows at key damage centers are reduced, thevaluated by examing water-surface profile data from
critical duration is increased. |If this critical duration actual flood events whenever possible. Under natural
corresponds to the duration of a single rainstorm period ochannel conditions, it will ordinarily be found that floods

a single snowmelt event, the computation of hypotheticalwhich occur more frequently than once in two years are not
floods from rainfall and snowmelt can constitute the Seri0u5|y damaging, while |arger floods are.
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c. Minor versus major damage release$n some
cases, it is most economical to sustain minor damage by
releasing flows above nondamaging stages in order to
accommodate majordbds and thereby protect the more
important potential damage areas from flooding. In such

situations, a stepped-release schedule designed to protect

all areas against frequent minor floods, with provision to

increase releases after a specified reservoir stage is
reached, might be considered. However, such a plan has
serious drawbacks in practice because protection of the
minor damage areas would result in greater improvements
in those areas; and it soon becomes highly objectionable, if
not almost impossible, to make the larger releases when
they are required for protection of major damage areas. In
any case, it is necessary to make sure that the minor

Release can be reduced

efficiency. It may be necessary to delay flood releases to

permit removal of equipment, cattle, etc., from areas that
would be flooded. Releases might be curtailed temporarily

in order to permit emergency repairs to canals, bridges, and

other structures downstream. If levees falil, releases might
be reduced in order to hasten the drainage of flooded area:
in order to facilitate rescue
operations. These and various other conditions result in
reduced operation efficiencyoa$ngTid account for
this, less nondamage flow capacity than actually exists
(often about 80 percent) is assumed for design studies. lItis
important, however, that every effort be made in actual
operation to effect the full non-damage releases in order to
attain maximum flood-control benefits.

damage areas are not flooded more frequently or severely g. Gradually increasing and decreasing releases.
with the project than they would have been without it. During flood operations, reservoir releases must be
increased and decreased gradually in order to prevent

d. Maintenance and zoninglt is important on all
streams in developed areas to provide for proper mainte-
nance of channel capacity and zoning of the floodplain
where appropriate. This is vital where upstream reservoirs
are operated for flood control because proper reservoir
regulation depends as much on the ability to release
without damage as it does on the ability to store. Minor

damage and undue hardship downstream.

Gradually
increasing releases will usually permit an orderly evacua-
tion of people, livestock, and equipment from the river
areas downstream. If releases are curtailed too rapidly,
there is some danger that the saturated riverbanks will
slough and result in the loss of valuable land or damage to
levees.

inadequacies in channel capacity can lead to the loss of
control and result in major flooding. This situation is 10-3. Flood Volume Frequencies
aggravated because the reduced frequency of flooding
below reservoirs and the ability to reduce reservoir releases a. Critical durations. Flood volume frequency
when necessary often increase the incentive to develop thstudies usually consist of deriving frequency curves of
floodplain and sometimes even remove the incentive forannual maximum volumes for each of various specified
maintaining channel capacity. durations that might be critical in project design. Ciritical
durations range from a few hours in the case of regulating
e. Forecasted runoff. When a reservoir is located “cloudburst” floods to a few months where large storage
some distance upstream from a damage center, allowancand very low release rates prevail. The annual maximum
must be made for any runoff that will occur in the inter- volumes for a specific duration are usually expressed as
mediate area. This runoff must be forecasted, a possiblaverage rates of flow for that duration. It is essential that
forecast error added, and the resulting quantities subtractethese flows represent a uniform condition of development
from project channel capacity to determine per-missiblefor the entire period of observation, preferably unregulated
release rates considering attenuation when routing theonditions. Procedures for computing the individual
release from the dam to the damage center and the corfirequency curves are discussed briefly in Chapter 6 herein
tribution of flow from the intermediate drainage area. and are described in detail in EM 1110-2-1415.
Also, with high intensity rainfall, the added rainfall depth to
the total downstream channel flow should be considered. b. Flood-control space requiremenDetermination
of the flood-control space needed to provide a selected
f.  Delaying flood releasesExperience in the flood- degree of protection is based on detailed hydrograph
control operation of reservoirs has demonstrated that thanalysis, but a general evaluation can be made as illustrated
actual operation does not make 100 percent use ofn Figure 10-1. The curve of runoff versus duration is
downstream channel capacities. Due to many contributingbtained from frequency studies of runoff volumes or from
factors average outflows during floods are less than maxiSPF studies at the location. The tangent line represents a
mum permissible values. It is usually wise to approachuniform flow equal to the project release capacity (reduced
maximum release rates with caution, in order to ascertaitby an appropriate contingency factor). The intercept
any changes in channel capacity that have taken place sineepresents the space required for control of the flood. The
the last flood, and this practice reduces operationalchart demonstrates that a reservoir capable of storing
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Figure 10-1. Flood-control space requirement

155,000 units of water and releasing 30,000 units per day
can control 100-year runoff for any duration, and that the
critical duration (period of increasing storage) is about
5 days. The volume-duration curve would be made for
each damage area and should include more than 100 per-
cent of the local uncontrolled runoff downstream from the
reservoir and above the control point in order to alow for
errors of forecast which would be reflected in reduced
project releases. If this local runoff appreciably exceeds
nondamage flow capacity at the damage centers, the vol-
ume over and above the flow capacity is damaging water
that cannot be stored in the project reservoir.

10-4. Hypothetical Floods

a. Two classes. Two classes of hypothetical floods
are important in the design of reservoirs for flood control.
One is a balanced flood that corresponds to a specified
frequency of occurrence; the other is a flood that repre-
sents a maximum potential for the location, such as the
SPF or PMF. ER 1110-8-2(FR) sets forth hydrologic
engineering requirements for selecting and accom-
modating inflow design floods for dams and reservairs.

b. Specified frequencies. A hypothetical flood
corresponding to a specified frequency should contain
runoff volumes for all pertinent durations corresponding to
that specified frequency. The derivation of frequency
curves is as discussed in the preceding section. A bal-
anced flood hydrograph is constructed by selecting a
typical hydrograph pattern and adjusting the ordinates so
that the maximum volumes for each selected duration
correspond to the volumes for that duration at the specified
frequency.
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c. Longer duration floods. Where flood durations
longer than the typical single-flood duration are important
in the design, a sequence of flood hydrographs spaced
reasonably in time should be used as a pattern flood. In
order to represent average natural sequences of flood
events, the largest portions of the pattern flood should
ordinarily occur at or somewhat later than the midpoint of
the entire pattern, because rainfall sequences are fairly
random but ground conditions become increasingly wet
and conducive to larger runoff as any flood sequence
continues.

d. Maximum flood potential. Two types of hypo-
thetical floods that represent maximum flood potential are
important in the design of reservoirs. The PMF, which is
the largest flood that is reasonably possible at the location,
is ordinarily the design flood for the spillway of a structure
where loss of life or magjor property damage would occur
in the event of project failure. The SPF, which represents
the largest flood for that location that is reasonably
characteristic for the region, is a flood of considerably
lesser magnitude and represents a high degree of design
for projects protecting major urban and industrial areas.
These floods can result from heavy rainfall or from
snowmelt in combination with some rainfall.

e. Computing hydrographs. SPF and PMF hydro-
graphs are computed from the storm hyetographs by unit
hydrograph procedures. In the case of the SPF, ground
conditions that are reasonably conducive to heavy runoff
are used. In the case of the PMF, the most severe ground
conditions that are reasonably consistent with storm mag-
nitudes are used. A genera description of these analyses
is provided in Chapter 7 of this manual. Detailed methods
for performing these computations are described in EM
1110-2-1417. The computer program HEC-1 Flood
Hydrograph Package contains routines for computing
floods from rainfall and snowmelt and also contains
standard project criteriafor the eastern United States.

10-5. Operation Constraints and Criteria

a. General. As stated earlier, whenever flood
releases are required, it is imperative that they be made at
maximum rates consistent with the conditions down-
stream. This means that the outlets should be designed to
permit releases at maximum rates at all reservoir levels
within the flood-control space. In some cases where
controlled releases are very high, such an outlet design is
not economical, and releases at lower stages might be
restricted because of limited outlet capacity. This con-
straint, of course, should be taken into account during the
design studies.
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b. Downstream damage centersWhere damage c. Detailed operational study.Although there are
centers are at some distance downstream from the reser- approximate methods for estimating storage capacity, it is

voir, local runoff below the reservoir and above the damage essential that the final project design be tested by a detailed
center must be considered when determining releases to be operational study. The analyses are based on actual outle
made. This will ordinarily require some forecasting of the capacities and realistic assumptions for limiting rates of
local runoff and, consequently, some estimate of the release change, forecast errors, and operational
forecast uncertainty. The permissible release at any time is contingencies, and include various combinations of
determined by adding a safe error allowance to the reservoir inflow and local flow that can produce a specific
forecasted local inflow and subtracting this sum from the downstream flood event. It is also important to route the
nondamaging flow capacity. largest floods of record and synthetic floods through the
project to determine that the project design is adequate and

c. Rate-of-change of releasélhe rate-of-change of that the project provides the degree of protection for which
release must be restricted to the maximum changes that it was designed.
will not cause critical conditions downstream. As a prac-
tical matter, these rates-of-change of release should be less d. Seasonal distribution of storage requirements.
than the rates-of-change of flow that occurred before the Where some of the flood-control space will be made
reservoir was built. After the main flood has passed, water available for other uses during the dry season, a seasonal
stored in the flood-control space must be released and distribution of flood-control storage requirement should be
maximum rates of release will continue until the desired developed. The most direct approach to this entails the
amount of water is released, except that the rate of release construction of runoff frequency curves for each month of
should be decreased gradually toward the end of the release the year. The average frequency of the design flood during
period. This reduction in release must be started while the rainy-season months can be used to select flood
considerable flood waters remain in the reservoir in order magnitudes for other months. These could then serve as a
that water retained for other purposes is not inadvertently basis for determining the amount of space that must be
released. Schedules for this operation are discussed in made available during the other months.
Part 3.

e. Further information. Sequential routing in plan-
10-6. Storage Capacity Determinations ning, design, and operation of flood-control reservoirs can
be accomplished with the computer program HESi¥6u-

a. Determining required storage capacity. The lation of Flood Control and Conservation Systems
storage capacity required to regulate a specific flood (rep{HEC 1982c).
resented by a flood hydrograph at the dam) to a specified
control discharge immediately downstream of the dam is10-7. Spillways
determined simply by routing the hydrograph through a
hypothetical reservoir with unlimited storage capacity and Spillways are provided to release floodwater which nor-
noting the maximum storage. However, there are many mally cannot be passed by other outlet works. The spillway

special practical considerations that complicate this is sized to ensure the passage of major floods without
process. Release rates should not be changed suddenly; overtopping the dam. A general discussion of spillways is
therefore, the routing should conform to criteria that provided in Section 4-2 of EM 1110-2-3600. EM 1110-2-
specify the maximum rate of change of release. Also, 1603 describes the technical aspects of design for the
outlet capacities might not be adequate to supply full hydraulic features of spillways and ER 1110-8-2(FR) sets

regulated releases with low reservoir stages. If this is the forth requirements for selecting and accommodating inflow
case, a preliminary reservoir design is required in order to design floods.
define the relation of storage capacity to outlet capacity.
a. Spillway design floodThe spillway design flood

b. Specified flood.In the more common cases, where is usually selected as a large hypothetical flood derived
damage centers exist at some distance downstream of the from rainfall and snowmelt. Other methods of estimating
reservoir, the storage requirement for a specified flood is extreme flood magnitudes, such as flood-frequency analy-
determined by successive approximations, operating the sis, are not reliable due to limited observations. The
hypothetical reservoir to regulate flows at each damage selection of a spillway design flood depends on the policies
center to nondamaging capacity, and allowing for local of the construction agency and regulations governing dam
inflow and for some forecasting error. construction. Usually, the spillways for major dams, whose
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failure might constitute a major disaster, are designed to e. Spillway types.While the spillway is primarily

pass the PMF without a major failure; however, the intended to protect the structure from failure, the fact that it
spillways for many small dams are designed for smaller can cause some water to be stored above ordinary full pool
floods such as the SPF. level (surcharge storage) is of some consequence in

reducing downstream flooding. Narrow, ungated spillways
b. Hydrologic design. The hydrologic design of a require higher dams and can, therefore, be highly effective

spillway is accomplished by first estimating a design and in partially regulating floods that exceed project design
then testing it by routing the spillway design flood. In magnitude, whereas wide spillways and gated spillways are
routing the spillway design flood, the initial reservoir stage less effective for regulating floods exceeding design

should be as high as reasonably expected at the start of magnitude. Where rare floods can cause great damag
such a major flood, considering the manner in which the downstream, the selection of spillway type and
reservoir is planned to operate or how in the future the characteristics can appreciably influence the benefits that
reservoir might operate differently from the planned are obtained for flood control. Accordingly, it is not
operation. In the case of ungated spillways, it is possible necessarily the least costly spillway that yields the most
that the outlets of the dam will be closed gradually as the economical plan of development. In evaluating flood-
spillway goes into operation, in order to delay damaging control benefits, computing frequency curves for regulated
releases as long as possible and possibly to prevent them. conditions should be based on spillway characteristics anc
However, if spillway flows continue to increase, it may be operation criteria as well as on other project features.
necessary to reopen the outlets. In doing so, care should be
exercised to prevent releases from exceeding maximumi0-8. Flood-Control System Formulation
inflow quantities. The exact manner in which outlets will
be operated should be specified so that the spillway design a. Objectives.The objectives of system formulation
will be adequate under conditions that will actually prevail are to identify the individual components, determine the
after project construction. Consideration should be givensize of each, determine the order in which the system
to the possibility that some outlets or turbines might be outcomponents should be implemented, and develop and
of service during flood periods. display the information required to justify the decisions and
thus secure system implementation. Section 4-10 describes
c. Large spillway gates. The operation of large several formulation strategies.
spillway gates can be extremely hazardous, since opening
them inadvertently might cause major flooding at down- b. Criteria. Criteria for system formulation are
stream areas. Their operation should be controlled by rigicheeded to distinguish the best system from among
regulations. In particular, the opening of the gates duringcompeting alternative systems. The definition of “best” is
floods should be scheduled on the basis of inflows anctrucial. A reasonable viewpoint would seem to recognize
reservoir storage so that the lake level will continue to risethat simply aggregating the most attractive individual com-
as the gates are opened. This will ensure that inflowponents into a system, while assuring physical com-
exceeds outflow as outflows are increased. The adequacpatibility, could result in the inefficient use of resources
of a spillway to pass the spillway design flood is tested forbecause of system effects, data uncertainty, and the
gated spillways in the same manner as for ungatecossibility that all components may not be implemented. It
spillways described above. Methods for developingis proposed that the best system be considered to be as
spillway-gate operation regulations are described infollows:
Chapter 14.
(1) The system that includes the obviously good
d. Preventing overtopping. To ensure that the components while preserving flexibility for modification of
spillway is adequate to protect the structure from overtop-components at future dates.
ping, some amount of freeboard is added to the dam above
the maximum pool water-surface elevation. This can vary  (2) The system which could be implemented at a
from zero for structures that can withstand overtopping tonumber of stages, if staging is possible, such that each
2 m or more for structures where overtopping would stage could stand on its own merits (be of social value) if
constitute a major hazard. The freeboard allowanceno more components were to be added.
accounts for wind set and wave action. Methods for
estimating these quantities are discussed in Chapter 15. c¢. General guidanceGeneral guidance for formula-
Risk analysis should be performed to determine the approtion criteria are contained in the Principles and Standards
priate top-of-dam elevation. (Water Resources Council 1973). The criterion of
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economic efficiency from the national viewpoint has been
interpreted to require that each component in a system
should be incrementally justified, that is, each component
addition to a system should add to the value (net benefits)
of the total system. The environmental quality criteria can
be viewed as favoring alternatives that can be structured to
minimize adverse environmental impacts and provide
opportunities for mitigation measures. Additional criteria
that are not as formally stated as U.S. national policy are
important in decisions among alternatives. A formulated
flood-control system must draw sufficient support from
responsible authorities in order to be implemented. In
addition, flood-control systems should be formulated so
that a minimum standard of performance (degree of risk) is
provided so that public safety and welfare are adequately

protected. of

combinations of historic and synthetic floods are typically
used to evaluate reservoir flood-reduction performance
(i.e., to develop regulated conditions frequency relations at
damage index stations), particular attention must be paid to
the selection or development of the system hydrology. The
problem arises when evaluating complex reservoir systems
with many reservoirs above common damage centers. The
problem increases with the size and complexity of the basin
because the storm magnitudes and locations can favor one
reservoir location over another. There are a large number
of storm centerings that could yield similar flows at a
particular control point. Because of this, the contribution
of a specific system component to reduced flooding at a
downstream location is uncertain and dependent upon
storm centering. This makes the selection or development
representative centerings crucial if all upstream

components are to be evaluated on a comparable basis.

d. Environmental and other assessmentsf these
criteria, only the national economic efficiency and mini-
mum performance standard have generally accepted
methods available for their rigorous inclusion in formula-
tion studies. Environmental quality analysis and social/
political/institutional analyses related to implementation
have not developed technology applicable on a broad scale.
As a consequence, these criteria must guide the formulation
studies but, as yet, probably cannot directly contribute in a
structured formulation strategy. In discussions that follow,
focus is of necessity upon the economic criteria with
acceptable performance as a constraint, with the assump-
tion that the remaining criteria will be incorporated when
the formulation strategy has narrowed the range of alterna-
tives to a limited number for which the environmental and
other assessments can be performed.

g. Desired evaluation. The desired evaluation for
regulated conditions is the expected or average condition so
that economic calculations are valid. The representative
hydrograph procedure is where several proportions (ratios
of one or more historic or synthetic events used to
represent system hydrology) are compatible with the sim-
ulation technique used, but care must be taken to reason-
ably accommodate the storm centering uncertainty.
Testing the sensitivity of the expected annual damage to
the system hydrology (event centering) is appropriate and
necessary. Even if all histodsaifffecord are used,
there still may be some bias in computing expected annual
damages if most historical floods were, by chance, centered
over a certain part of the basin and not over others. For
instance, one reservoir site may have experienced several

severe historical floods, while another site immediately

e. Degrees of uncertainty.There will be varying
degrees of uncertainty in the information used in system
formulation. The hydrology will be better defined near

adjcent to the area may, due to chance, not have had any

severe floods.

gauging stations than it is in remote areas, and certaid0-9. General Study Procedure

potential reservoirs will have been more thoroughly inves-

tigated than others. In addition, the accuracy of economicAft_er yarious alternative locations are selected for a reser-
data, both costs and value, existing or projected, is genelXOir Site to protect one or more damage centers, the fol-
ally lower than the more physically based data. Also, sincdOWing steps are suggested for conducting the required
conditions change over time, the data must be continuousljydrologic engineering studies:

updated at each decision point. The practical accommoda-
tion of information uncertainty is by limited sensitivity
analysis and continuing reappraisal as each component of
system is studied for implementation.

a. Obtain a detailed topographic map of the region
owing the locations of the damage areas, of proposed
reservoir sites, and of all pertinent precipitation, snowpack,
and stream-gauging stations. Prepare a larger scale
topographic map of the drainage basin tributary to the most
objective, the identification of either critical elements of downstream damage location. Locate damage centers,

data, or particularly sensitive system components, so tha‘?rojeCt _sites, pertinen_t hydrologic measurement station_s,
further studies can be directed toward firming up theand drainage boundaries above each damage center, project

uncertain elements or that adjustments in system formula§'te' and stream-gauging station. Measure all pertinent

tion can be made to reduce the uncertainty. Becaus&rIbUtary areas.

f.  Sensitivity analysisSensitivity analysis has, as its
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b. Establish stage-discharge relations for each damthroughout the basin and use several proportions of those
age reach, relating the stages for each reach to a select@igods to obtain flows at the damage centers representing
index location in that reach; procedures for doing this arethe full range of the flow-frequency-damage relationship
described in Flood-Damage Analysis Package User's for base conditions and for regulated conditions. Also,
Manual (HEC 1990b). Where local protection works are develop synthetic events that have consistency in volumes
considered part of an overall plan of improvement, estabof runoff and peak flows and are reasonably representative
lish the stage-discharge relation for each plan of localregarding upstream contributions to downstream flows.
protection.

) . f.  Perform sequential analysis with the developed

c. Obtain area- and storage-elevation curves for eachyqrology.  The period-of-record simulation provides
reservoir site; select alternative reservoir capacities agimulated regulated flow which can be analyzed directly to
appropriate for each site; select outlet and spillway ratinggyevelop flow-frequency relations. The representative flood
curves for each reservoir, and develop a plan ofapnroach requires an assumption that the regulated-flow
flood-control operation for each reservoir. Determine frequency is the same as the natural-flow frequency.
maximum regulated flows for each damage center. Frequency curves of regulated conditions at each damage
. . - . center can then be derived from frequency curves of

d. Estimate the maximum critical d“ra“or? of_runoff unregulated flows simply by assuming that a given ratio of
for any of the plans of improvement, considering thethe base flood will have the same recurrence frequency

relat|on| tog frlegzlart]e(é flowsh at f %amage cenF;ar; totwhether it is modified by regulatory structures or not. This
unregulated flood nhydrographs of design magnitude a ssumption is valid as long as larger unregulated floods

those damage centers. Prepare frequency CUrves Iways correspond to the larger regulated flows.
unregulated peak flows and volumes of each of various

representative durations, as described for peak flows in
Chapter 6, for each damage center index location, and foEurve for the index station at each damage center as

each reservorr S'te‘. If seasonal variation obé-control described in Chapters 6 and 8, for unregulated conditions
space is to be considered, these curves should be developF each plan of improvement. These can be used for
for each season. determining average annual damage for unregulated con-

The two basi hes for flood trol si ditions and for each plan of development and would thus
e € two basic approaches for 1ood-control SIm- ¢, e primary basis for project selection.
ulation are complete period-of-record analysis and repre-

sentative floods analysis. If flooding can occur during any h

g. Derive a flow-frequency and stage-discharge

Develop a PMF for each reservoir site, using

f d H it there i ble flood %rocedures described in Chapter 7. These will be used as a
favored. However, IT Inere IS a Separable 1100d Season, €.9y,,qqjhe pasis for spillway design. Route the PMF through
in the western states, then the representative storng

D ach reservoir, assuming reasonably adveyaditons for
approach may be sufficient. For the storm approaCh’initiaI storage and available outlet capacity.
develop data for historical floods with storm centerings
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Chapter 11 deposition; otherwise, the yield capability of the reservoir
Conservation Storage may be seriously diminished during the project's economic

life. Sediment storage is determined by estimating the
average annual sediment yield per square mile of drainage
area from observations in the region and multiplying by the
11-1. General Considerations drainage area and the economic life of the project. Trap
efficiency of the reservoir is evaluated and the distribution
a. Purposes Water stored in the conservation pool of this estimated volume of sediment is determined, using
can serve many purposes. The primary purposes fomethods described in EM 1110-2-40@edimentation
conservation storage are water supply, navigation, low-flow|nvestigations of Rivers and ReservoiSediment surveys
augmentation, fish and wildlife, and hydroelectric power. within the reservoir during actual operation will establish
The water requirements for these purposes are discussed ife reliability of these estimates. Storage allocation levels
this chapter along with water quality considerations. may then be revised if the sediment surveys show a
Methods for estimating the conservation storage, or yieldsignificant difference between what was projected and what
are presented in Chapter 12. was measured. More complete descriptions of the
techniques used to determine reservoir sedimentation are

b. Operational policy In general, the operational presented in EM 1110-2-4000.
policy is to conserve available supplies and to release only

when supplemental flow is needed to meet downstream  f. Minimum poal A minimum pool at the bottom of
requirements. Water stored in the conservation pool als@ctive conservation storage is usually established to
provides benefits within the pool, such as lake recreatioridentify the lower limit of normal reservoir drawdown. The
and fish and wildlife habitat. inactive storage below the minimum pool level can be used
for recreation, fish and wildlife, hydropower head, sedi-
c. Changing hydrology When a reservoir is filled, ment deposition reserve, and other purposes. In rare
the hydrology of the inundated area and its immediateinstances, it might be used to relieve water supply
surroundings is changed in a number of respects. Themergencies.
effects of inflows at the perimeter of the reservoir are
translated rapidly to the reservoir outlet, thus, effectively g. Reservoir outlets Reservoir outlets must be
speeding the flow of water through the reservoir. Also, [ocated low enough to withdraw water at desired rates with
large amounts of energy are stored and must be dissipatafie reservoir stage at minimum pool. These outlets can
or utilized at the outlet. The reservoir loses water bydischarge directly into an aqueduct or into the river. In the

evaporation, and this usually exceeds preproject evaporatter case, a diversion dam may be required downstream at
transpiration losses from the lake area. Siltation usuallythe main canal intake.

seals the reservoir bottom, but rising and falling water
levels may alter the pattern of groundwater storage due to  h. Computing storage capacity Because the pri-
movement into and out of the surrounding reservoir banksmary function of reservoirs is to provide storage, their most
At high stages, water may seep from the reservoir throughmportant physical characteristic is storage capacity.
permeable soils into neighboring catchment areas and so beapacities of reservoirs on natural sites must usually be
lost to the area of origin. Finally, sedimentation takes placejetermined from topographic surveys. The storage capac-
in the reservoir and scour occurs downstream. ity can be computed by planimetering the area enclosed
within each elevation contour throughout the full range of
d. Storage allocation The joint use of storage for elevations within the reservoir site. The increment of
more than one purpose creates problems of storage allocgtorage between any two elevation contours is usually
tion for the various purposes. While retained in reservoircomputed by multiplying the average of the areas at the two
storage, water may provide benefits to recreation, fish.elevations by the elevation difference. The summation of
wildlife, hydropower, and aesthetics. Properly dischargedthese increments below any elevation is the storage volume
from the reservoir, similar benefits are achieved down-pelow that level. An alternative to the average-end-area
stream. Other benefits that can be derived from the resefnethod is the determination of the storage capacity by the
voir are those covered in this Chapter, including municipalconic method, which assumes that the volumes are more
and industrial water supply, agricultural water supply, nearly represented by portions of a cone. This method is
navigation, and low-flow augmentation. available in the HEC-1Flood Hydrograph Package
computer program and is described in the program user's
e. Supplemental storage capacityln most areas, manual. In the absence of adequate topographic maps,
supplemental storage capacity is required for sedimentross sections of the reservoir area are sometimes
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surveyed, and the capacity is computed from these vertical provide a specified yield. Chapter 12 describes procedures
cross sections by using the formula for the volume of a for yield determination.

prism.

b. Municipal and industrial water use The water
11-2. Water Supply requirement of a modern city is so great that a community
system capable of supplying a sufficient quantity of potable
a. Introduction. Water supply for any purpose is water is a necessity. The first step in the design of a
usually obtained from groundwater or from surface waters.waterworks system is a determination of the quantity of
Groundwater yields and the methods currently in use aravater that will be required, with provision for the estimated
covered in Physical and Chemical Hydrogeology requirements of the future. Next, a reliable source of water
(Domenico and Schwartz 1990). This discussion is limitedmust be located and, finally, a distribution system must be
to surface water supplies for low-flow regulation or for provided. Water at the source may not be potable, so
diversion to demand areas. water-purification facilities are ordinarily included as an
integral part of the system. Water use varies from city to
(1) In some cases, water supply from surface watersity, depending on the population, climatic conditions,
involves only the withdrawal of water as needed from aindustrialization, and other factors. In a given city, use
nearby stream. However, this source can be unreliablovaries from season to season and from hour to hour.
because streamflows can be highly variable, and the desireBllanning of a water supply system requires that the
amount might not always be available. An essentialprobable water use and its variations be estimated as
requirement of most water supply projects is that theaccurately as possible.
supply be available on a dependable basis. Reservoirs play
a major role in fulfilling this requirement. Whatever the (1) Municipal uses of water may be divided into
ultimate use of water, the main function of a reservoir is tovarious classes. Domestic use is water used in homes,
stabilize the flow of water, either by regulating a varying apartment houses, etc., for drinking, bathing, lawn and
supply in a natural stream or by satisfying a varying garden sprinkling, and sanitary purposes. Commercial and
demand by the ultimate consumer. Usually, some overalindustrial use is water used by commercial establishments
loss of water occurs in this process. and industries. Public use is water required in parks, civic
buildings, schools, hospitals, churches, street washing, etc.
(2) In determining the location of a proposed reservoirWater that leaks from the system, unauthorized
to satisfy water needs, a number of factors should beconnections, and other unaccounted-for water is classified
considered. The dam should be located so that adequatss loss and waste.
capacity can be obtained, social and environmental effects
of the project will be satisfactory, sediment deposition in (2) The average daily use of water for municipal and
the reservoir and scour below the dam will be tolerable, thandustrial purposes is influenced by many factors. More
quality of water in the reservoir will be commensurate with water is used in warm, dry climates than in humid climates
the ultimate use, and the cost of storing and transportindgor bathing, lawn watering, air conditioning, etc. In
the water to the desired location is acceptable. It isextremely cold climates water may be wasted at faucets to
virtually impossible to locate a reservoir site having com- prevent freezing of pipes. Water use is also influenced by
pletely ideal characteristics, and many of these factors willthe economic status of the users. The per capita use of
be competitive. However, these factors can be used awater in slum areas is much less than that in high-cost
general guidelines for evaluating prospective reservoirresidential districts. Manufacturing plants often require
sites. large amounts of water; however, some industries develop
their own water supply and place little or no demand on a
(3) In the planning and design of reservoirs for water municipal system. The actual amount depends on the
supply, the basic hydrologic problem is to determine howextent of the manufacturing and the type of industry.
much water a specified reservoir capacity will yield. Yield Zoning of the city affects the location of industries and may
is the amount of water that can be supplied from thehelp in estimating future industrial demands.
reservoir to a specified location and in a specified time
pattern. Firm vyield is usually defined as the maximum (3) About 80 percent of industrial water may be used
quantity of water that can be guaranteed with somefor cooling and need not be of high quality, but water used
specified degree of confidence during a specific critical for process purposes must be of good quality. In some
period. The critical period is that period in a sequentialcases, industrial water must have a lower content of
record that requires the largest volume from storage tadissolved salts than can be permitted in drinking water.
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The location of industry is often much influenced by the the growing season. Other factors that affect water
availability of water supply. If water costs are high, less requirements are the quality of the water, the amount of

water is used, and industries will often develop their own land to be irrigated, and, of course, the cost of the water to
supply to obtain cheaper water. In this respect, the instal- the irrigator.

lation of water meters in some communities has reduced

water use by as much as 40 percent. The size of the city (3) In estimating the amount of storage that will be

being served is a factor affecting water use. Per capita use required in a reservoir for irrigation, the losses and waste
tends to be higher in large cities than in small towns. The that occur in the irrigation system must be considered.
difference results from greater industrial use, more parks, Losses and waste are usually divided into conveyance and
greater commercial use, and, perhaps, more loss and waste irrigation losses and waste. Conveyance losses and was
in the larger cities. All of these factors, plus estimated are those that occur in the conveyance and distribution
population projections, should be considered in designing a system prior to the application of water to crops. These are

waterworks system. dependent on the design and construction of the system and
also on how the system is operated and maintained.

(4) The use of water in a community varies almost Irrigation losses and waste are those that occur due to the
continually. In midwinter the average daily use is usually slope of the irrigated land, the preparation of the land, soll
about 20 percent lower than the daily average for the year, condition, the method of irrigation, and the practices of the
while in summer it may be 20 to 30 percent above the daily irrigator.
average for the year. Seasonal industries such as canneries
may cause wide variation in water demand during the year. (4) Usually, most of the irrigation losses and waste, as

It has been observed that for most communities, the well as a portion of the water applied to the irrigated lands,
maximum daily use will be about 180 percent of the return to the stream. |If there are requirements for flow
average daily use throughout the year. Within any day, downstream of the reservoir, these return flows can be
large variations can be as low as 25 percent to as high as important in determining the amount of water that must be
200 percent of the average for portions of the day. The released to meet such requirements.

daily and hourly variations in water use are not usually

considered in reservoir design, because most communities (5) In most areas, the need for irrigation water is
use distribution reservoirs (standpipes, etc.) to regulate for seasonal and depends on the growing season, the number o
these variations. crops per year, and the amount of precipitation. For these

reasons the variation of the demand is often high, ranging
c. Agricultural water use The need for agricultural from no water for some months up to 20 to 30 percent of
water supply is primarily for irrigation. Irrigation can be the annual total for other months. This variation can have a
defined as the application of water to soil to supplement very large effect on the amount of storage required and the
deficient rainfall in order to provide moisture for plant time of year when it is available.
growth. In the United States, about 46 percent of all the
water used is for irrigation. Irrigation is a consumptive use;11-3. Navigation and Low-Flow Augmentation
that is, most of the water is transpired or evaporated and is
essentially lost to further use. a. Objective In designing a reservoir to supply
water for navigation and low-flow augmentation, the
(1) In planning an irrigation project a number of objective is significantly different from objectives for the
factors must be considered. The first step would be toother purposes that have been discussed previously in this
establish the capability of the land to produce crops thathapter. The objective is to supplement flows at one or
provide adequate returns on the investment in irrigationmore points downstream from the reservoir. For naviga-
works. This involves determining whether the land is tion, these flows aid in maintaining the necessary depth of
arable (land which, when properly prepared for agriculture,water and alleviate silting problems in the navigable chan-
will have a sufficient yield to justify its development) and nel. Low-flow augmentation serves a number of purposes
irrigable. including recreation, fish and wildlife, ice control, pollution
abatement, and run-of-river power projects. Under certain
(2) The amount of water required to raise a cropconditions, low-flow augmentation provides water for the
depends on the kind of crop and the climate. The plant®ther purposes discussed in this chapter. For instance, if
that are the most important sources of food and fiber neethe intake for a municipal and industrial water supply is at
relatively large amounts of water. The most importantsome point downstream of the reservoir, the objective may
climatic characteristic governing water need is the length ofbe to supplement low flows at that point.

11-3



EM 1110-2-1420
31 Oct 97

b. Criteria for navigability There are no absolute 11-4. Fish and Wildlife
criteria for navigability and, in the final analysis, economic
criteria control. The physical factors that affect the cost of  a. Added authorized purposesAs shown in Fig-
waterborne transport are depth of channel, width andure 2-1, fish and wildlife and subsequent environmental
alignment of channel, locking time, current velocity, and purposes have been added as authorized purposes since
terminal facilities. Commercial inland water transport is, 1960. Because many of the reservoirs were built prior to
for the most part, accomplished by barge tows consisting othat time, their authorized purposes and regulation plans
1 to 10 barges pushed by a shallow-draft tug. The cost of aay not adequately reflect the more recent environmental
trip between any two terminals is the sum of the fuel costsobjectives. Therefore, there is an increasing demand and
and wages, fixed charges, and other operating expenseaseed for the evaluation of environmental impacts for these
depending on the time of transit. Reservoirs aid inprojects.
reducing these costs by providing the proper depth of water
in the navigation channel, or by providing a slack-water b. Water level fluctuations The seasonal fluctua-
pool in lock and dam projects. Storage reservoirs cartion that occurs at many flood control reservoirs and the
rarely be justified economically for navigation purposes daily fluctuations that occur with hydropower operation
alone and are usually planned as multipurpose projectften result in the elimination of shoreline vegetation and
Improving navigation by using reservoirs is possible whensubsequent shoreline erosion, water quality degradation,
flood flows can be stored for release during low-flow and loss of habitat for fish and wildlife. Adverse impacts
seasons. of water level fluctuations also include loss of shoreline

shelter and physical disruption of spawning and nests.

c. Supplying deficiencies without wastélhe ideal
reservoir operation for navigation or low-flow augmenta- c. Water level managementWater-level manage-
tion would provide releases so timed as to supply thement in fluctuating warm-water and cool-water reservoirs
deficiencies in natural flow without waste. This is possible generally involves raising water levels during the spring to
only if the reservoir is at the head of a relatively shortenhance spawning and the survival of young predators.
control reach. As the distance from the reservoir to thePool levels are lowered during the summer to permit
reach is increased, releases must be increased to allow feegrowth of vegetation in the fluctuation zone. Fluctua-
uncertainties in estimating intermediate runoff and fortions may be timed to benefit one or more target species;
evaporation and seepage enroute to the reach to be serveaterefore, several variations in operation may be desirable.
Moreover, the releases must be made sufficiently far inln the central United States, managers frequently recom-
advance of the need to allow for travel time to the reachmend small increases in pool levels during the autumn for
and in sufficient quantity so that after reduction by channelwaterfowl management.
storage, the delivered flows are adequate. The water
requirement for these releases is considerably greater than d. Fishery management Guidelines to meet
the difference between actual and required flows. downstream fishery management potentials are developed

based on project water quality characteristics and water

d. Climate Climate can also affect reservoir opera- control capabilities. To do so, an understanding of the
tion for low-flow regulation. Depending on the purpose to reservoir water quality regimes is critical for developing the
be served, the releases may be required only at certaiwater control criteria to meet the objectives. For example,
times of the year or may vary from month to month. Fortemperature is often one of the major constraints of fishery
pollution abatement, the important factors are the quality ofmanagement in the downstream reach, and water control
the water to be supplemented, the quality of the water irmanagers must understand the temperature regime in the
the reservoir, and the quality standard to be attained. Alsopool and downstream temperature requirements, as well as
the level of the intakes from which releases will be madethe capability of the project to achieve the balance required
can be a very sufficient factor in pollution abatement, sincebetween the inflows and the releases. Releasing cold water
the quality can vary from one level to another in the downstream where fishery management objectives require
reservoir. Long-term variations can occur due to increasedvarm water will be detrimental to the downstream fishery.
contamination downstream of a reservoir. This should beConversely, releasing warm water creates difficulty in

considered in determining the required storage in themaintaining a cold-water fishery downstream.
reservoir.
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e. Water temperature managemenWWater control
activities can also impact water temperatures within the
pool by changing the volume of water available for a
particular layer. In some instances, cold-water reserves
may be necessary to maintain a downstream temperature
objective in the late summer months; therefore, the avail-
ability of cold water must be maintained to meet this
objective. For some projects, particularly in the southern
United States, water control objectives include the mainte-
nance of warm-water fisheries in the tailwaters. In other
instances, fishery management objectives may include the
maintenance of a two-story fishery in a reservoir, with a
warm-water fishery in the surface water, and a cold-water
fishery in the bottom waters. Such an objective challenges
water control managers to regulate the project to maintain
the desired temperature stratification while maintaining
sufficient dissolved oxygen in the bottom waters for the
cold-water fishery. Regulation to meet this objective
requires an understanding of operational affects on
seasonal patterns of thermal stratification, and the ability to
anticipate thermal characteristics.

reach.
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In aitidn, storage for hydropower reduces the
quantity of spill, and as a result, juvenile fish must pass
through the turbines. The delay in travel time subjects the
juvenile fish to greater exposure to birds and predator fish,
and passage through the powerhouse turbines increase
mortality. To improve juvenile survival, storage has been
made available at some projects to augment river flows,
and flows are diverted away from the turbine intakes and
through tailraces where the fish are collected for
transportation or released back into the river. Barges or
tank trucks can be used to transport juveniles from the
collector dams to release sites below the projects. Other
Corps projects have been modified so the ice and trash
spillways can be operated to provide juvenile fish passage.

i.  Wildlife habitat Project regulation can influence

wildlife habitat and management principally through water
level fluctuations. The beneficial aspects of periodic
drawdowns on wildlife habitat are well documented in
wildlife literature. Drawdowns as a wildlife management

technique can, as examples, allow the natural and artificial

revegetation of shallows for waterfowl, permit the installa-

f.  Minimum releases Minimum instantaneous flows
can be beneficial for maintaining gravel beds downstream
for species that require this habitat. However, dramatic
changes in release volumes, such as those that result from
flood-control regulation, as well as hydropower, can be
detrimental to downstream fisheries. Peaking hydropower
operations can result in releases from near zero to very
high magnitudes during operations at full capacity. Main-
taining minimum releases and incorporating reregulation
structures are two of the options available to mitigate this
problem.

g. Fishing versus peak powerln some instances,

tion and maintenance of artificial nesting structures, allow

the control of vegetation species composition, and ensure
mast tree survival in greentree reservoirs. Wildlife benefits

of periodic flooding include inhibiting the growth of
undesirable and perennial plants, creating access and
foraging opportunities for waterfowl in areas such as
greentree reservoirs, and ensuring certain water levels in
stands of vegetation to encourage waterfowl nesting and
reproduction.

11-5. Hydroelectric Power

a. General. The feasibility of hydroelectric devel-

tailwater fishing is at a maximum during summer weekendsopment is dependent upon the need for electric power, the
and holidays, and this is a time when power generation mayvailability of a transmission system to take the power from

be at a minimum and release near zero.

Maintainingthe point of generation to the points of demand, and the

minimum releases during weekend daylight hours mayavailability of water from streamflow and storage to pro-

improve recreational fishing, but may reduce the capabilityduce power in accordance with the capacity and energy
to meet peak power loads during the week because of lowatemands in the power market area. Also, the project's
water level (head) in the reservoir. In these instancespower operations must be coordinated with the operations
water control managers will be challenged to regulate thefor other project purposes to ensure that all purposes are
project with consideration of these two objectives. properly served. Each of these factors must be investigated
to ensure that the project is both feasible and desirable and
h. Anadromas fish Regulation for anadromous fish to minimize the possibility that unforeseen conflicts will
is particularly important during certain periods of the year. develop between power and other water uses during the
Generally, upstream migration of adult anadromous fishproject life.
begins in the spring of each year and continues through
early fall, and downstream migration of juvenile fish occurs (1) The ability of a project to supply power is meas-
predominantly during the spring and summer months. Theured in terms of two parametersapacity and energy.
reduced water velocities through reservoirs, in comparisorCapacity, commonly measured in kilowatts (kw), is the
with preproject conditions, may greatly lengthen the travelmaximum amount of power that a generating plant can
time for juvenile fish downstream through the impounded deliver. Energy, measured in kilowatt-hours (kwh), is the
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amount of actual work done. Both parameters are impor-
tant, and the operation of a hydroelectric project is sensi-
tive to changes in the demand for either capacity or
energy.

(2) Experience has indicated that it is very unlikely
that power demands will remain unchanged during the
project life. Furthermore, the relative priority of various
other water uses can change during the project life, and
there are often legal, institutional, social, or environmental
factors that might affect the future use of water at a par-
ticular project. Consequently, the feasibility studies for a
proposed project must not be limited to conditions that are
only representative of the current time or the relatively
near future. Instead, the studies must include consider-
ations of future conditions that might create irreconcilable
conflicts unless appropriate remedial measures are pro-
vided for during project formulation.

(3) This section presents general concepts for the
hydrologic analyses associated with the planning, design,
and operation of hydroelectric projects and systems. More
detailed information is provided in EM 1110-2-1701.
Other investigations that influence or affect the hydrologic
studies will be discussed to the extent that their outcome
must be understood by the hydrologic engineer.

b. Types of hydroelectric load. Power developments,
for purposes of this discussion, can be classified with
respect to the type of load served or the type of site
development proposed. The two categories related to the
type of load served are basel oad and peaking plants.

(1) Baseload. Baseload plants are projects that gen-
erate hydroelectric power to meet the baseload demand.
The baseload demand is the demand that exists 100 per-
cent of thetime. The baseload can readily be seen in Fig-
ure 11-1 as the horizontal dashed line on a typical annual
load duration curve. This curve displays the percent of
time during a given year that a given capacity demand is
equaled or exceeded. The area under this curve represents
the total energy required to meet the load during the year.
Usually, the baseload demand is met by thermal
generating facilities. However, in cases where there is a
relatively abundant supply of water that is available with a
high degree of reliability and where fuel is relatively
scarce, hydroelectric projects may be developed to meet
the baseload demands. These projects would then operate
at or near full capacity 24 hr per day for long periods of
time. Thistype of development is not feasible where there
is a large seasona variation in streamflow unless the
baseflow is relatively high or unless there is a provision
for alarge volume of power storage in the project.
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Figure 11-1. Typical annual load duration curve

(2) Peaking load. Peaking plants are projects that
generate hydroelectric power to supplement baseload
generation during periods of peak power demands. The
peak power demands are the loads that exist primarily
during the daylight hours. The time of occurrence and
magnitude of peak power demands are shown on a load
curve in Figure 11-2. This curve shows the time variation
in power demands for atypical week. Depending upon the
guantity of water available and the demand, a peaking
plant may generate from as much as 18 hr a day to as
little as no generation at all, but it is usually 8 hr a day or
less. Peaking plants must supply sufficient capacity to
satisfy the peak capacity demands of a system and
sufficient energy to make the capacity usable on the load.
This means that energy or water should be sufficient to
supply peaking support for as long and as often
as the capacity is needed. In general, a peaking hydroelec-
tric plant is desirable in a system that has thermal
generation fadiliies to meat the basdoad demends. The
hydrodectric generating fadlies ae particularly
adaptable to the peaking operation because
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Figure 11-2. Weekly load curve for a large electric system

their loading can be changed rapidly. Also, the factors
that make seasonal variations in streamflow a major
problem in baseload operation are usualy quite easily
overcome in a peaking plant if some storage can be
provided.

c. Project types. There are three major classifica
tions of hydroelectric projects: storage, run-of-river, and
pumped storage. There are also combinations of projects
that might be considered as separate classifications, but for
purposes of discussing hydrologic analysis it is necessary
to define only these three types.

(1) Storage projects. Storage plants are projects that
usually have heads in the medium to high range (> 25 m)
and have provisions for storing relatively large volumes of
water during periods of high streamflow in order to pro-
vide water for power generation during periods of defi-
cient streamflow. Considerable storage capacity may be
required because the period of deficient flow is quite
frequently more than a year long and, in some instances,
may be several years long. Because use of the stored
water entails drawdown of the power storage, it is desir-
able that other water uses associated with the development
of a storage plant permit frequent and severe drawdowns
during dry periods. Peaking operation, which is quite
frequently associated with storage projects requires large

and sometimes rapid fluctuations in releases of water
through the generating units. It is often necessary to
provide facilities to re-regulate the power releases if fluc-
tuations of water levels below the project are not tolerable.
Because storage projects are conducive to multipurpose
use and because the power output from a storage plant is a
function of the guaranteed output during a multi-year dry
period, it is usually necessary to make detailed routing
studies to determine the storage requirements, installed
capacity, firm energy, and an operating plan.

(2) Run-of-river projects. Run-of-river plants have
little or no power storage and, therefore, must generate
power from streamflow as it occurs. The projects gener-
ally have productive heads in the low to medium range (5-
30 m) and are quite frequently associated with naviga-
tional developments or other multipurpose developments
with limitations on reservoir drawdowns. Because of the
absence or near-absence of storage in run-of-river projects,
there is usually very little operational flexibility in these
projects, and it is necessary that all water uses be
compatible. The existence of one or more storage projects
in the upstream portion of a river basin may make a
run-of-river project in the lower portion of the basin feasi-
ble where it would not otherwise be feasible. In this
situation, the storage projects provide a regulated outflow
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that is predictable and usable, while the natural streamflow turbines and generator motors located along a tunnel or
might be neither. penstock connecting the forebay and afterbay. The water is
pumped from the afterbay to the forebay when the normal
(@ Run-of-river projects may have provisions for a power demand is low and least expensive and released
small amount of storage, often called pondage. Thisfrom the forebay to the afterbay to generate power when
pondage detains the streamflow during off-peak periods inhe demand is high and most costly. The feasibility of
daily or weekly cycles for use in generating power during pumped-storage developments is dependent upon the need
peak demand periods. If the cycle of peaking operation is dor relatively large amounts of peaking capacity, the
single day, the pondage requirements are based on the flowyailability of pumping energy at a guaranteed favorable
volume needed to sustain generation at or near installedost, and a load with an off-peak period long enough to
capacity for 12 hr. If more storage capacity is availablepermit the required amount of pumping.
and large fluctuations in the reservoir surface are
permissible, a weekly cycle of peaking operation may be  (b) A unique feature of pumped-storage systems is
considered. Because industrial and commercial consumpthat very little water is required for their operation. Once
tion of power is significantly lower on weekends than on the headwater and tailwater pools have been filled, only
week days, an “off-peak” period is created from Friday enough water is needed to take care of evaporation and
evening until Monday morning. If generation from the seepage. For heads up to 300 m, reversible pump turbines
hydroelectric peaking plants is not required during this have been devised to operate at relatively high efficiency as
period, water can be stored in the pondage for use duringither a pump or turbine. The same electrical unit serves as
the 5-day peak-load period. a generator and motor by reversing poles. Such a machine

may reduce the cost of a pumped-storage project by

(b) Because of the relatively low heads associated withy|iminating the extra pumping equipment and pump house.
run-of-river projects, the tailwater fluctuations are usually The reversible pump turbine is a compromise in design
quite important, particularly in peaking operations. Also, patween a Francis turbine and a centrifugal pump. Its

flood flows may curtail power generation due to high fnction is reversed by changing the direction of rotation.
tailwater. While flow-duration analysis can be used to

estimate average annual energy production, sequential § Need for hydroelectric power The need for
analysis may _be required for more detailed analysis Ofpower is established by a power market study or survey.
extreme conditions. The feasibility of a particular hydroelectric project or

. system is determined by considering the needs as estab-
(3) Pumped-storage projects. Pumped-storage plantfsheq by the survey, availability of transmission facilities,

are projects that depend on pumped water as a partial ofnqy the economics of the proposed project or projects.

total source of water for generating electric energy. Thispihough forecasts of potential power requirements within

type of project den\_/es its usefulness fro_m the fact that the, region to be served by a project are not hydrologic

demand for power is generally low at night and on week-geterminations, they are essential to the development of

ends; therefore, pumping energy at a very low cost will beyans for power facilities and to the determination of

available from idle thermal generating facilities or run-of-fproject feasibility and justification. The power market
s

river projects. If there is a need for peaking capacity and i urvey is a means of evaluating the present and potential
the value of peaking power generation sufficiently exceedsyarket for electrical power in a region.
0

the cost of pumping energy (at least a ratio of 1.5 to 1.
becauseaughly 3 kwh of pumping energy are necessary t0 (1) The survey must provide a realistic estimate of the
deliver enough water to provide 2 kwh of energy nower requirements to be met by the project and must
generation), pumped storage might be feasible. There argnoyy the anticipated rate of load growth from initial oper-
three types of pumped-storage development: diversiongiion of the project to the end of its economic life. The
off-channel, and in-channel, which are detailed in Chapterg ey also provides information regarding the character-
7 of EM 1110-2-1701. istics of the anticipated demands for power. These
. . characteristics, which must be considered in hydrologic
(@) In general, pumped storage projects consist of &, a1yations of hydroelectric potential, include the seasonal
high-level forebay vyhere pumped water is stored until it iS\ 4riation of energy requirements (preferably on a monthly
needed for generation and a low-level afterbay where thg,gis) the seasonal variation of capacity requirements (also
power releases are regulated, if necessary, and from Wh'CBreferably on a monthly basis), and the range of usable

the water is pumped. The pumping and generating arg|ant factors for hydroelectric projects under both adverse
done by generating units composed of reversible pump,,q average or normal flow conditions.
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(2) The results of a power market survey might be
furnished to the hydrologic engineer in the form of load
duration or load curves (Figures 11-1 and 11-2) showing
the projected load growth, the portion of the load that can
be supplied by existing generating facilities, and the portion
that must be supplied by future additions to the generating
system. From these curves, the characteristics of planned
hydroelectric generating facilities can be determined.

Because these data are developed from the needs alone kWh =

without consideration of the potential for supplying these
needs, the next step is to study the potential for
hydroelectric development, given the constraints estab-
lished in the study of needs.

e. Estimation of hydroelectric power potential
Traditionally, hydroelectric power potential has been
determined on the basis of the critical hydro-period as
indicated by the historical record. The critical hydro-
period is defined as the period when the limitations of
hydroelectric power supply due to hydrologic conditions
are most critical with respect to power demands. Thus, the
critical period is a function of the power demand, the
streamflow, and the available storage. In preliminary
project planning, the estimates of power potential are often
based on a number of simplifying assumptions because of
the lack of specific information for use in more detailed
analyses. Although these estimates and the assumptions
upon which they are based are satisfactory for preliminary
investigations, they are not suitable for every level of
engineering work. Many factors affecting the design and
operation of a project are ignored in these computations.
Therefore, detailed sequential analyses of at least the
critical hydro-period should be initiated as early as
possible, usually when detailed hydrologic data and some
approximate physical data concerning the proposed project
become available. Because of the availability of computer
programs for accomplishing these sequential routings, they
can be done rapidly and at a relatively low cost.
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11.81 (11-1)

In order to convert a project's power output to energy,
Equation 11-1 must be integrated over time:

1

11.81 (11-2)

t
thHtedt
0

where
kW= power available from the project, kW
kWh= energy generated during a time period, kWh

Q = average streamflow during the time period,
® m/sec

H = average head during the time period, m (Head =
headwater elevation - tailwater elevation -
hydraulic losses)

t = number of hours in the time period

e = overall efficiency expressed as the product of
the generator efficiency and the turbine
efficiency

In practice, the summation of energy production over the
critical period is performed with a sufficiently small time

step to provide reasonable estimates of head and, therefore,
energy. Two basic approaches are available: flow-duration
and sequential analysis.

(2) For run-of-river projects, where the headwater
elevation does not vary significantly, the flow-duration

approach can be used to estimate average annual energy

(1) The manner in which the streamflow at a given site
is used to generate power depends upon the storage
available at the site, the hydraulic and electrical capacities
of the plant, streamflow requirements downstream from the
plant, and characteristics of the load to be served. In
theory, the hydroelectric power potential at a particular
site, based on repetition of historical runoff, can be esti-
mated by identifying the critical hydro-period and obtaining
estimates of the average head and average streamflow
during this critical period. The data can then be used in the
equation below to calculate the power available from the
project:

production. The duration curve can be truncated at the
minimum flow rate for power production. The curve can
also be truncated for high-flows if the tailwater elevation is
too high for generation. The remaining curve is converted
to capacity-duration and integrated to obtain average
annual energy. Hydropower Analysis Using Flow-Duration
Procedures HYDUR (HEC 1982d) was developed to
perform energy computations based on flow-duration data.
EM 1110-2-1701 describes HYDUR in parayesqoh C-2
the flow-duration method in Section 5-7.
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(3) Sequential streamflow analysis will be applied to
most reservoir studies. The procedure allows detailed
computations of the major parameters affecting hydro-
power (e.g., headwater and tailwater elevation, efficiency,
and flow release). By performing the analysis in suffi-
ciently small time steps, an accurate simulation of the
reservoir operation, power capacity and energy production
can be obtained. Chapter 5 of EM 1110-2-1701, Sec-
tions 5-8 through 5-10, provides a discussion of sequential
routing studies. Appendix C provides information con-
cerning computer programs that are available for use in
these studies.

requirements and also reduce the frequency of use of

flood-control facilities.

(2) Water for municipal, industrial, or agricultural use

can be passed through the generating units with no harmful

effects if the point of withdrawal for the other use is below

the point where the power discharge enters the river.
Re-regulation may be required for hydropower peaking
operations to “smooth out” the power releases. Conflicts

between power and these consumptive uses more likely

occur when the withdrawal for other uses is directly from

the reservoir. When the withdrawal is from the reservoir of

a storage project, the inclusion of power as a project
f.  Hydropower effect on other project purposes purpose may require that special attention be given to

Usually, power generation must have a high priority rela-
tive to other conservation uses. Consequently, thorough
investigations of all aspects of the power operation must be
conducted to ensure that the power operations do not create
intolerable situations for other authorized or approved
water uses. Likewise, the power operations must be
coordinated with other high priority purposes such as flood
control and municipal water supply to ensure that the
planned power operation will not interfere with the
operations for these purposes. The operation rules that are
necessary to effect the coordination are usually developed
and tested using engineering judgment and detailed
sequential routing studies. However, it is necessary to
define the interactions between power and other project
purposes before initiating operation studies.

intake facilities for the other purposes because of the

relatively large drawdown associated with storage projects.

(3) Low-flow augmentation for navigation, recreation,
or fish and wildlife can be accomplished by releases
through power generating units. In the case of baseload
projects, the power release is ideally suited for this type of
use. With peaking projects, however, a re-regulation

structure may be necessary to provide the relatively

uniform releases that might be required for navigation or
for in-stream recreation. Release of water for quality
enhancement can sometimes be accomplished through the
generating units. Although the intakes for the turbines are
usually located at a relatively low elevation in the reservoir

where dissolved oxygen content might be low, the

oxygenation that occurs in the tailrace and in the stream

(1) Power generation is generally compatible with most
purposes that require releases of water from a reservoir for
downstream needs. However, power generation usually
competes with purposes that require withdrawal of the
water directly from the reservoir or that restrict fluctuations
in the reservoir level. Flood-control requirements
frequently conflict with power operations because
flood-control needs may dictate that storage space in a
reservoir be evacuated at a time when it would be benefi-
cial to store water for use in meeting future power
demands. Furthermore, when extensive flooding is antici-
pated downstream from a reservoir project, it may be
necessary to curtail power releases to accomplish
flood-control objectives. It is often possible to pass part or
all of the flood-control releases through the generating
units, thereby reducing the number of additional outlets
needed and significantly increasing the energy production
over what would be possible if the flood-control releases
were made through conduits or over the spillway. Also,
many of the smaller floods can be completely regulated
within the power drawdown storage, an operation that is
beneficial to power because it provides water for power
generation that might otherwise have been spilled. This
joint use can reduce the exclusive flood-control storage

11-10

a cold-water fishery downstream.
needed for in-stream recreation, for fishery requirements,
or for any other purpose, a special multilevel intake may be

below the project may produce water with an acceptable
dissolved oxygen content. The water released from the
lower levels of the reservoir is normally at a relatively low
temperature and, thus, ideal for support or enhancement of
If warm waters are

required to obtain water of the desired temperature.

(4) Recreation values at a reservoir project may be
enhanced, somewhat, by the inclusion of power because a
much larger reservoir is frequently required, and that may
incoeps@E tunities for extensive recreational activities.
Unfortunately, however, the large drawdowns associated
with the big storage projects create special problems with
respect to the location of permanent recreational facilities
and may create mudflats that are undesirable from the
standpoint of aesthetics and public health requirements.
The drawdown may also expose boaters, swimmers, and
other users to hazardous underwater obstacles unless
provisions are made to remove these obstacles to a point
well below the maximum anticipated drawdown.
Obviously the time of occurrence of extreme drawdown
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conditions is an important factor in determining the degree source waters throughout the world to decline as a result of

of conflict with recreation activities. increased urbanization and industrialization and as a result
of changes in agricultural practices. At the same time,
11-6. Water Quality Considerations populations are coming to expect a higher standard of

health and well-being; and as a result, the regulations for

a. Water quality definition.Water quality deals with acceptable domestic water continue to rise and enlarge the
the kinds and amounts of matter dissolved and suspendeale of water treatment.
in natural water, the physical characteristics of the water,
and the ecological relationships between aquatic organisms b. Drinking water standards Drinking water stan-
and their environment. It is a term used to describe thelards for the world as a whole have been set by the World
chemical, physical, and biological characteristics of waterHealth Organization (WHO). One should keep in mind that
in respect to its suitability for a particular purpose. Thethese standards do not describe an ideal or necessarily
same water may be of good quality for one purpose or usejesirable water, but are merely the maximum values of
and bad for another, depending on its characteristics andontaminant concentration which may be permitted. It is
the requirements for the particular use. highly desirable to have water of much better quality. In

the United States, the Environmental Protection Agency

b. Water quality parameters.In general, physical (EPA) sets regulations that legally apply to public drinking
parameters define the water quality characteristics thatvater and water supply systems. The regulations are
affect our senses while chemical and biological parameterslivided into three categories: bacterial, physical, and
index the chemical and biological constituents present inchemical characteristics. They are defined in terms of
the water resource system. However, these are namaximum contaminant levels (MCL's). Bacterial quality is
independent, but are actually highly related. For exampledefined by establishing the sampling sequence, the method
chemical waste discharges may affect such physical factorsf analysis, and the interpretation of test results for the
as density and color, may alter chemical parameters sucholiform organisms which serve as presumptive evidence of
an pH and alkalinity, and may affect the biological bacterial contamination from intestinal sources. Analysis is
community in the water. Even so, the physical, chemical,generally made for total coliform, fecal coliform, and
and biological subdivision is a useful way to discuss waterstreptococci coliform.  The limits on biological and
quality conditions. The following sections describe the physical parameters, and on chemical elements or
water quality parameters frequently associated withcompounds in water are documentedifater Supply and
reservoirs. EM 1110-2-1201 provides details on parameSeweragéMcGhee 1991).
ters, assessment techniques, plus data collection and

analysis. c. Quality of source waters The drinking water
standards are the end product of a production line which
11-7. Water Quality Requirements begins with the source water as a raw material and pro-

ceeds though the various unit processes of water treatment
A wide variety of demands are made for the use of wate@nd finally water distribution. The quality of source waters
resources. Water of a quality that is unsatisfactory for onegfor other uses such as agricultural and industrial water
use may be perfectly acceptable for another. The level osupply, fish and other aquatic life, and recreation are set by
acceptable quality is often governed by the scarcity of thestate regulations of receiving waters. Other specific uses
resource or the availability of water of better quality. may include regulations for navigation, wild and scenic

rivers, and other state-specific needs. The state regulations

a. Domestic use. The use of water for domestic are subject to EPA approval. The regulations of a given

purposes such as drinking, culinary use, and bathing istate may take a variety of forms but are often specified by
generally considered to be the most essential use of ouwtream reaches including associated natural or constructed
water resources. The regulations for the quality of thisimpoundments. Each reach may be classified for its
water are likewise higher than for most (but not all) othervarious water uses and water quality standards defined for
beneficial uses of water. In early times, the quality of theeach use.
water supply source and the quality at the delivery point
were synonymous; but the general degradation of both (1) Industry uses water as a buoyant transporting
surface water quality and shallow ground water quality hasmedium, cleansing agent, coolant, and as a source of steam
made it necessary, in most cases, for some degree of wattar heating and power production. Often the quality
treatment to be used to produce acceptable water forequired for these purposes is significantly higher than that
domestic use. In recent decades, there has been a strorgguired for human consumption. The availability of water
trend (which is likely to continue) for the quality of the of high quality is often an important parameter in site
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selection by an industry. The needs of a particular industry
as to both quantity and quality of water varies with the
competition for water, the efficiency of the plant process
with regard to water utilization, the recycling of water, the
location of the plant site and the ratio of the cost of the

water to the cost of the product. For economic reasons and

for reasons of quality control and operation responsibility,
industries with high water requirements usually develop
their own supply and treatment facilities.

cyanides, oil, solids, turbidity, or insecticides are known to
exist.

(5) For an aquatic system to be acceptable for swim-
ming and bathing, it must be aesthetically enjoyable (i.e.,
free from obnoxious floating or suspended substances,
objectionable color and foul odors), it must contain no
substances that are toxic upon ingestion or irritating to the

skin or sense organs, and it must be reasonably free of

pathogenic bacteria. Standards generally do not cover the

(2) Farmstead water is that water used by the human
farm population for drinking, food preparation, bathing,
and laundry. It also includes water used for the washing
and hydrocooling of fruits and vegetables, and water used
in the production of milk. The quality of water desired for
farmstead use is generally that required for public water
supplies. It is not feasible to set rigid quality standards for
irrigation waters because of such varied and complex
factors as soil porosity, soil chemistry, climatic conditions,
the ratio of rainwater to irrigation water, artificial and
natural drainage, relative tolerance of different plants, and

interferences between and among constituents in the water.

Examples of the latter are the antagonist influence of
calcium-sodium, boron-nitrates, and selenium-sulfates.

first two terms as related to swimming and bathing except
in qualitative terms. In the United States, numerous stan-
dards exist for bacteriological quality based on the coliform
count in the water. Generally, the standards range
downward from 1,000 coliform bacteria per 100 ml to as
low as 50 per 100 ml. Such standards are not based on
demonstrated transmittal of disease, but have been estab-
lished because in these ranges the standards are
economically reasonable and no problems appear. The use
of an aquatic system for boating and aesthetic enjoyment is
generally not so demanding as the requirements for swim-
ming or the propagation of fish and aquatic life although
these three water uses are usually closely linked.

11-8. Reservoir Water Quality Management

(3) Water quality parameters of importance for
irrigation are sodium, alkalinity, acidity, chlorides, bicar-
bonates, pesticides, temperature, suspended solids, radi

Reservoirs may serve several purposes in the management
B8f water quality. If used properly, substantial benefits can

nuclids, and biodegradable organics. All of these factor,g ;pieyed. On the other hand, unwise use of reservoirs

need to be weighed carefully in evaluating the suitability of
water for irrigating a particular crop. There is surprisingly
little data on the effect of water quality on livestock, but
generally they thrive best on water meeting human drinkin
water standards. The intake of highly mineralized water b
animals can cause physiological disturbances of varyin
degrees of severity. In some cases, particular ions such
nitrates, fluorides, selenium salts, and molybdenum may b
harmful. Certain algae and protozoa have also been prov
toxic to livestock.

may cause increased quality degradation.
accrue as a result of detention mixing or selective with-
drawal of water in a reservoir or the blending of waters
Yrom several reservoirs. The effects of improper manage-
Yment are often far-reaching and long-term. They may
grange from minor to catastrophic, and may be as obvious as
3 fish kill or subtle and unnoticed. It is essential that all
Svater control management activity and especially real-time
€ctions include valid water quality evaluation as a part of
the daily water control decision process.

Benefits may

It must be

understood that water quality benefits accumulate slowly,

(4) The basic purpose of water quality criteria for
aquatic life is to restore or maintain environmental condi-
tions that are essential to the survival, growth, reproduc
tion, and general well-being of the important aquatic

build on each other, and can become quite substantial over
time. This is in contrast to the sudden benefits that come
Trom a successful flood-control operation. Water quality
management requirements, objectives, and standards are

organisms. These criteria are ordinarily determined With'presented in EM 1110-2-3600.

out the aid of economic considerations. Generally, a
number of major problems arise in establishing water
quality criteria for an aquatic community because of the
inability to quantify the effects of the pertinent parameters

nature of the biological community which will develop
under a given set of conditions. But extensive researc
should be considered when unusually high concentration
of such parameters as alkalinity, acidity, heavy metals,
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a. Reservoirs in streamsThe presence of a reser-

voir in a stream affects the quality of the outflow as com-
and reduce them to a conceptual model that describes tr%ar_ed to the '”f'OVY by virtue of _the storage and mixing

which takes place in the reservoir. The effect of such an
I*’mpoundment may be easily evaluated for conservative
parameters if the waters of the reservoir are sufficiently

mixed that an assumption of complete mixing within an
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analysis time period does not lead to appreciable error. reservoirs that receive substantial sediment will have a
However, this assumption is limited to relatively small, short useful life. Planning should include evaluation of the
shallow reservoirs. ultimate fate and possible replacement of such reservoirs.

Reservoir sedimentation is covered in EM 1110-2-4000.

b. Reservoir outflow and inflawThe simplest tech- ) -~ )
nique requires the assumption that the reservoir outflow  © Reservoirs as stratified systemsReservoirs
during a given time period is of constant quality and equa|become s_tratlfled if dgnsﬂy variations caused by tempera-
to the quality of the reservoir storage at the end of thefuré or dissolved solids are sufficiently pronounced to
computation time period. It is then assumed that the inflowPrévent complete mixing. ~ This stratification may be
for the time period occurs independently of the outflow, helpful or harmful depending on the outlet works, inflow
and reservoir quality is determined by a quality massWater quality, and the operating procedure of the reservoir.
balance at the end of the time period. This approach is

equivalent to the mass balance of water in reservoir (1) Temperature stratification can be beneficial for
routing. cold-water fisheries if the water which enters the reservoir

during the cooler months can also be stored and released
c. Reservoir water quality. Simple mass balance during the warmer months. The cooler water released

procedures may be applicable is some situations; howevefuring the warm months can also be valuable as a cooling
usually more comprehensive methods should beWater source, can provide for higher oxygen transfer
considered. Chapter 4, “Water Quality Assessment Tech(rc_a—aeratlon) or slower organic waste OX|dat|on_ (deoxygen-
niques,” in EM 1110-2-1201 describes various techniquesat'on)’ and can make the water more aesthetically accept-
available for assessing reservoir water quality conditions.@ble for water supply and recreational purposes.

There is a hierarchy of available techniques that reflects ) o )
increasing requirements of time, cost, and technical exper-  (2) Dissolved oxygen stratification usually occurs in
tise. The increasing efforts should provide accompanyingdensity stratified lakes, particularly during the warmer
increases in the degree of understanding and resolution gPonths. The phenomenon occurs because oxygen which
the problem and causes. This hierarchy includes screening@S been introduced into the epilimnion by surface

diagnostic and predictive techniques, which are described. re-aeration does not transfer through the metalimnion into
the hypolimnion at a rate high enough to satisfy the oxygen

d. Reservoirs as detention basinReservoir mixing ~demand by dissolved and suspended materials and by the
is a continual process where low inflows of poor quality arePenthal organisms. Thus, the cool bottom waters which are
stored and mixed with higher inflows of better quality. sometimes desirable may be undesirable from a dissolved
Generally, this is accomplished in large reservoirs whereoXygen standpoint unless energy dissipation structures are
annual or even multiple-year flows are retained, but theconstructed to transfer substantial oxygen into the reservoir
concept extends to small reservoirs in which weekly orpool or the reservoir discharge. Mechanical reservoir
even daily quality changes occur due to variability of miXing to equalize temperature and transfer oxygen to
loading associated with the inflow. lower reservoir levels is one possible tool for managing

reservoir water quality.

(1) The use of a reservoir as a mixing devise should be
considered whenever the inorganic water quality is f. Reservoirs as flow management devicé&eser-
unacceptable during some periods but where the averageoirs may improve water quality by merely permitting the
quality falls within the acceptance level. Lake Texoma onmanagement of flow. This management may include
the Red River is an example of a reservoir which modifiesmaintenance of minimum flows, blending selective releases
the quality pattern. Although monthly inflow quality has from one or more reservoirs to maintain a given stream
equalled 1,950 mg/l chloride concentration, the outflow hasquality, and the exclusion of a flow from a system by
not exceeded 520 mg/l. diversion.

(2) Many materials which enter a reservoir are (1) Minimum flow is often maintained in a stream for
removed by settling. This applies not only to incoming navigation, recreation, fish and wildlife, and water rights
settleable solids, but also to colloidal and dissolvedpurposes. Such flows may also aid in maintaining accept-
materials which become of settleable size by chemicalable water quality.
precipitation or by synthesis into biological organisms.

Reservoirs are often used to prevent such settleable mate- (2) There is general agreement that water may be
rial from entering navigable rivers where settleable stored and selectively released to help reduce natural water
materials would interfere with desired uses. However,quality problems where source control is not possible, and
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also that water should not be stored and released solely to will improve the river quality or poor quality water that is
improve water quality where similar improvement may be to be discharged when it will do a minimum of harm (e.g.,
achieved by treatment at the source. The use of a water during high flow). The water quality version of the HEC-5
resource to dilute treatable waste materials is regarded as reservoir simulation program (HEC-5Q) is designed to

the misuse of a valuable resource in most cases. perform quality analysis based on a reservoir simulation for
quantity demands and subsequently determine additional
(3) Selective release of water from one or more reser- releases to meet quality objectives (HEC 1986). Sec-

voirs may help improve quality at one or more downstream tion 1ll, Chapter 4 of EM 1110-2-1201 describes various
locations. Such releases may be one of the governing predictive techniques, including numerical and physical
factors in establishing reservoir management rules. The models.

water to be released may either be good quality water that
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Chapter 12 (5) Perform the analysis, evaluate the results, and
Conservation Storage Yield present the information.

b. Evaluating hydrologic aspects of planning
Many of the methods described in other chapters of this
12-1. Introduction manual are necessary to develop and provide data to
evaluate the hydrologic aspects of reservoir planning,
a. Purpose There are three purposes of this chapter:design, and operation. In many cases, the methods
(1) to provide a descriptive summary of the technical required to provide data for a reservoir analysis are more
procedures used in the hydrologic studies to analyze resegomplex than the method for the reservoir study itself.
voirs for conservation purposes; (2) to furnish backgroundHowever, because the usefulness and validity of the reser-
information concerning the data requirements, advantagesyoir analysis are directly dependent upon the accuracy and
and limitations of the various procedures; and (3) tosoundness of basic data, complex methods can often be
establish guidelines which will be helpful in selecting a justified to develop the data.
procedure, conducting the studies, and evaluating results.
c. General information. This chapter contains
b. Procedures The procedures presented are gener-information on types of procedures, considerations of time
ally used to determine the relationship between reservoiinterval, storage allocation, project purposes, several types
storage capacity and reservoir yield (supply) for a singleof studies, and a summary of methods to analyze the results
reservoir. The procedures may be used to determingf reservoir studies. The methods can be characterized as
storage requirements for water supply, water quality con-simplified, including sequential and nonsequential analysis,
trol, hydroelectric power, navigation, irrigation, and other and detailed sequential analysis. Emphasis is given to the
conservation purposes. Although the discussions argequential routing because:
limited to single reservoir analysis, many of the principles
are generally applicable to multi-reservoir systems. Chap- (1) Itis adaptable to study single or multiple reservoir
ter 4, “Reservoir Systems,” presents concepts regarding theystems.
analysis of a multi-reservoir system.
(2) With an appropriate time interval, the variations in
12-2. Problem Description supply and demand can be directly analyzed.

a. Determining storage yield relationships The (3) It gives results that are easily understood and
determination of storage-yield relationships for a reservoirexplained by engineers familiar with basic hydrologic
project is one of the basic hydrologic analyses for reserprinciples.
voirs. The basic objective can be to determine the reservoir
yield given a storage allocation, or find the storage required  (4) The accuracy and results of the study can be
to obtain a desired yield. The determination follows aclosely controlled by the engineers performing and super-
traditional engineering approach: vising the studies.

(1) Determine the study objectives. This includes the  (5) It can be used with sparse basic data for prelimi-
project purposes, operation goals, and the evaluatiomary analyses, as well as with detailed data and analyses.
criteria.

12-3. Study Objectives

(2) Determine the physical and hydrologic constraints
for the site. This includes the reservoir storage and outflow  a,  Establish and consider objectivesBefore any
capability, as well as the downstream channel system.  meaningful storage-yield analysis can be made, it is nec-

essary to establish and consider the objectives of the

(3) Compile the basic data. The basic data includehydrologic study. The objectives could range from a
demands, flow, and losses. Also, the appropriate timepreliminary study to a detailed analysis for coordinating
interval for analysis, which depends on the data and itseservoir operation for several purposes. The objectives,
variations in time. together with the available data, will control the degree of

accuracy required for the study.

(4) Select the appropriate method, one that meets the
study objectives and provides reliable information to b. Determination of storage required Basically,
evaluate results based on accepted criteria. there are two ways of viewing the storage-yield
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relationship. The most common viewpoint involves the
determination of the storage required at a given site to
supply a given yield. This type of problem is usually

encountered in the planning and early design phases of a

water resources development study.

c. Simplified methad A simplified method can be
used if demands for water are relatively simple (constant)
or if approximate results are sufficient, as in the case of
many preliminary studies. However, it should be empha-
sized that the objective of the simplified methods is to

obtain a good estimate of the results which could be

c. Determination of yield The second viewpoint
requires the determination of yield from a given amount of
storage. This often occurs in the final design phases or in
re-evaluation of an existing project for a more compre-

hensive analysis. Because a higher degree of accuracy is d.

desirable in such studies, detailed sequential routings are
usually used.

achieved by detailed sequential analysis.

Simplified
methods consist generally of mass curve and depth duration
analyses, which are discussed later.

Computer models Computer models have
changed the role of the simplified methods because of the

relatively low cost of a detailed sequential routing. Com-

puter programs like HEC-Simulation of Flood Control

d. Other objectives Other objectives of
storage-yield analysis include the following: determination
of complementary or competitive aspects of multiple proj-
ect development, determination of complementary or
competitive aspects of multiple purpose development in a
single project, and analysis of alternative operation rules
for a project or group of projects. Each objective and the
basis for evaluation dictates implicitly the method which

a and Conservation SystenidEC 1982c) provide efficient

models of reservoirs, based on the level of data availability.
For preliminary studies, minimum reservoir and demand
information are sufficient. The critical and more complex
problem is the development of a consistent flow sequence,
which is required by all methods of analysis. Simplified
methods still have a role in screening studies or as tools to
obtain good estimates of input data for the sequential

should be used in the analysis. routings.
12-4. Types of Procedures e. Detailed sequential routingln the past, detailed
sequential routings have been used almost exclusively for

a. Selecting The procedures used to determine thethe development of operating plans for existing reservoirs
storage-yield relationship for a potential dam site may beand reservoir systems. However, the advent of the com-
divided into either simplified or detailed sequential analy- prehensive basin planning concept, the growing demand for
sis. The selection of the appropriate technical procedurenore efficient utilization of water resources, and the
may be governed by the availability of data, study objec-increasing competition for water among various project
tives, or budgetary considerations. In general, the simplifpurposes indicate a need for detailed sequential routings in
fied techniques are only satisfactory when the studyplanning studies. Also, these complex system studies
objectives are limited to preliminary or screening studies.provide an opportunity to use optimization to suggest
Detailed methods are usually required when the studysystem operations or allocations (ETL 1110-2-336).
objectives advance to the feasibility and design phases.

f. Mathematical programming  Mathematical

b. Simulation and mathematical programming analy- programming (optimization) has generally been applied in
ses The detailed sequential methods may be furtherwater management studies of existing systems. The ques-
subdivided into simulation analyses and mathematicaltions addressed usually deal with obtaining maximum gain
programming analyses. In simulation analysis, the physicafrom available resources, e.g., energy production from a
system is simulated by performing a sequential reservoihydropower system. Recent Corps applications include the
routing with specified demands and supply. In this type ofreview of operation plans for reservoir systems, e.g.,
study, attempts are made to accurately reproduce th€olumbia and Missouri River Systems (HEC 1991d 1991f,
temporal and spatial variation in streamflow and reservoirand 1992a). These studies utilized the HEC Prescriptive
storage in a reservoir-river system. This is accomplishedreservoir Model HEC-PRM (HEC 1991a).
by accounting for as many significant accretions and
depletions as possible. In mathematical programming ¢. Further information Wurbs (1991) provides a
analysis, the objective is to develop a mathematical modeteview of modeling and analysis approaches including
which can be used to analyze the physical system withousimulation models, yield analysis, stochastic streamflow
necessarily repducing detailed factors. The model models, impacts of basinwide management on yield, and
usually provides a simulation that will provide a maximum optimization techniques.
(or minimum) value of the objective function, subject to
system constraints.
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12-5. Factors Affecting Selection for conservation studies. Considerable work is involved
with shorter intervals, and the effects of time translation,
a. Examining objectives and data availability which are usually ignored in conservation routing studies,
Before initiating a storage-yield study, the study objectivesbecome important with shorter intervals. Shorter intervals
and data availability should be examined in order toare necessary and should be used during flood periods or
ascertain: (1) the method best suited for the studyduring periods when daily power fluctuations occur.
requirements; (2) the degree of accuracy required to pro-
duce results consistent with the study objectives; and b. Using short time intervals Ordinarily, when
(3) the basic data required to obtain the desired accuracysing short time intervals of one day or less, it is necessary
using the selected method. In preliminary studies, limita-to obtain adequate definition of the conditions under study.
tions in time and scope might dictate the data and methodPeriods selected for analysis should exhibit critical
to be used and the accuracy. More detailed analyses ammbinations of hydrologic conditions and demand
needed when a higher degree of accuracy is desired. Aharacteristics. For example, analysis of hourly power
technical study work plan is very useful in organizing study generation at a hydroelectric plant under peaking condi-
objectives, inventory of available data, and the selection oftions might be studied for a one-month period where
general procedures. extremely low flows could be assumed to coincide with
extremely high power demands. As a rule, studies involv-
b. Availability of data The availability of basic ing short time intervals are supplementary to one or more
physical and hydrologic data will quite frequently be a studies of longer periods using longer time intervals. The
controlling factor in determining which of the several results of the long period study are often used to establish
technical methods can be used. Obviously, the detailedhitial conditions such as initial reservoir storage for the
methods require more data which may not be availableselected periods of short-interval analysis.
However, detailed simulation can be performed with
limited system data if the historic flow data are available. c. Selecting a routing interval In sequential con-
The simplified methods require less data, but the reliabilityservation routing studies, the selection of a routing interval
of the results decreases rapidly as the length of hydrologiés dependent upon four major factors: (1) the demand
record decreases. Therefore, it is often desirable teschedule that will be utilized in determining the yield;
simulate additional hydrologic data for use with simplified (2) the accuracy required by the study objectives; (3) the
methods. Hydrologic data and data simulation are dis-data available for use in the study; and (4) the phase
cussed in Chapter 5. relationship between periods of high and low demands and
high and low flow. If the water demand schedule is
c. Significant aspectsThe study level and available relatively uniform, it is ordinarily possible to estimate the
data are not the only deciding factors. The study methodamount of storage required for a specified yield by gra-
must capture the significant aspects of the prototype sysphical analysis using the Rippl diagram or the nonsequen-
tem. If simplified methods do not utilize data which have tial analysis discussed later herein. Demand schedules
major influences upon the results, it would be necessary tavhich show marked seasonal variations usually preclude
utiize a more detailed method which accounts for the use of graphical techniques alone in determining stor-
variations in these data. For example, the Nationalage requirements. This is especially true when the demand
Hydropower Study (USACE 1979) used flow-duration is a function which cannot be described in terms of a
techniques for most reservoirs, but used sequential routingpecific amount of water, as in the cases of hydroelectric

for reservoirs with significant storage. power and water quality. In order to obtain accurate
estimates of storage requirements when the demand
12-6. Time Interval schedule is variable, it is necessary to make sequential

routing studies with routing intervals short enough to

a. Selection The selection of an appropriate time delineate important variations in the demand schedule.
interval depends primarily on the type of analysis and theSimplified techniques may be utilized in obtaining a first
significance of the data variation over time. Time intervals estimate of storage requirements for the detailed sequential
of one month are usually adequate for nonsequential andouting.
preliminary sequential analyses. For more detailed studies,
shorter routing intervals will ordinarily be required. d. More accurate resultsAs a general rule, shorter
Average daily flow data are increasingly used because theyouting intervals will provide more accurate results. This is
are readily available, and computer speed is sufficient todue to many factors, such as better definition of rela-
process the data in a reasonable time. Only in exceptiondionships between inflow and releases, and better estimates
cases will routing intervals of less than one day be requiredf average reservoir levels for evaporation and power-head
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calculations. Average flow for longer routing intervals
tends to reduce the characteristic variations of streamflows,
thus producing a “dampened” storage requirement. This
will tend to overestimate yield, or underestimate required
storage for reservoirs with small storage. Therefore, the
volume of conservation storage, compared to the average
flow in a time period, is an additional consideration in
selecting the time interval. For example, if a monthly

cities are of utmost importance, which makes flood
reduction the highest priority in a multiple-purpose project
during actual operation. During periods of flood opera-
tions, conservation requirements might be reduced in order
to provide the best flood operation. Although this chapter
is not concerned directly with flood-control operation or
criteria, it is necessary to integrate flood-control constraints
with the conservation study to ensure that operating

interval is used and there is no sufficient conservation
storage to control the variation of flow within the month,
the use of average monthly will conceal that fact.

conditions and reservoir levels for conservation purposes
do not interfere with flood-control operation. Priorities
among the various conservation purposes vary with locale,
water rights, and with the need for various types of water
utilization. In multipurpose projects, every effort should be
made to develop operation criteria which maximize the
complementary uses for the various conservation purposes.

e. Effects on storage requirement®Vhen fluctua-
tions in streamflows or demands have a significant effect
on storage requirements, computations should be refined
for critical portions of the studies, or shorter routing inter-
vals should be used. However, the routing interval shouldl2-9. Storage Limitations
not be shorter than the shortest period for which flow and
demand data are available. Attempts to “manufacture”One of the reasons for making sequential conservation
flow or demand data are usually time consuming and mayouting studies is to determine the effect of storage limita-
create errors or give a false impression of accuracy unlesons on vyield rates. Simplified yield methods cannot
reliable information is available for subdivision of basic account for operational restrictions imposed by storage
data. limitations in a multiple-purpose project. As shown in

Figure 2-2, three primary storage zones, any or all of which

f.  Nonsequential methodsThe selection of the flow may exist in a given reservoir project, may generally be
interval for analysis by nonsequential methods is usuallydescribed as follows:
not as critical as for a sequential analysis. Because the
nonsequential analysis is restricted to uniform demands, it *
does not produce results as accurate as those obtained by
sequential methods. Therefore, there is very little gain in
accuracy with short intervals. Flow intervals of one month
are usually suitable for nonsequential methods.

Exclusive capacity, generally for flood control, in
the uppermost storage space in the reservoir.

e Multiple-purpose capacity, typically conservation
storage, immediately below the flood control
storage.

12-7. Physical Constraints . .

Y « Inactive capacity, or dead storage, the lowest

Physical constraints which should be considered in storage space in the reservoir.

storage-yield studies include conservation storage avail-An additional space, called surcharge, exists between the
able, minimum pool, outlet capacities, and channel capaci:

i The additi f hvd i ““top of the flood-control space and the top of the dam.
Ies. The addition of hydropower as a purpose wi reqUIreSurcharge storage is required to pass flood waters over the
the inclusion of constraints to power generation, e.g.,

. d mini head tock i dspillway. The boundaries between the storage zones and
maximum and minimum nhead, "penstock: capacity, an operational boundaries within the zones may be fixed

power capacity. If flood co_ntrol is to be inc_Iuded as athroughout the year, or they may vary from season to
propct purpose, t_he maximum conservation storage€ge,san a5 shown on Figure 12-1. The varying boundaries
feasible at a given site will be affected by the flood-control

. usually offer a more flexible operational plan which may
analysis. result in higher yields for all purposes, although an addi-
tional element of chance is often introduced when the
boundaries are allowed to vary. The purpose of detailed
sequential routing studies is to produce an operating
In order to determine optimum yield in a multiple-purpose scheme and boundary arrangement which minimizes the
project, some type of priority system for the various pur-chance of failure to satisfy any project purpose while
poses must be established. This is necessary when thgptimizing the yield for each purpose. The three storage

competitive aspects of water use require a firm basis for azones and the effect of varying their boundaries are dis-
operating decision. Safety of downstream inhabitants andussed in the following paragraphs.

12-8. Priorities

12-4



EM 1110-2-1420

31 Oct 97
75
° @ T 1 1
700 = TOP OF FLOOD CONTROL SPACE —x - o
650
TOP OF CONSERVATION SPACE
600 o
550 / \ ZONE 1
mg 500 / \ (Flood Control)
> /
» 450
| Y
2
A[C)
2 350 —_—Y e
3
(5]
e 300
2 sso ZONE 2
g TOP OF BUFFER SPACE \ { Conservation)
» 200 @
150
TOP OF SEDIMENT RESERVE /'
50 AND RECREATION SPACE ZONE 3
{Dead Storage)
0
JAN FEB MAR' APR MAY 'JUN ' JUL AUG SEP OCT NOV DEC
Time of year

Figure 12-1. Seasonally varying storage boundaries

a. Flood-control storage. The inclusion of flood-
control storage in a multiple-purpose project may
adversely affect conservation purposes in two ways. First,
storage space which might otherwise be utilized for con-
servation purposes is reserved for flood-control usage.
Second, flood-control operations may conflict with conser-
vation goals, with a resultant reduction or loss of
conservation benefits. However, detailed planning and
analysis of criteria for flood-control and conservation
operations can minimize such adverse effects. Even with-
out dedicated flood storage, conservation projects must be
able to perform during flood events.

(1) Where competition between flood-control and
conservation requirements exists, but does not coincide in
time, the use of a seasonally varying boundary between

flood-control storage and conservation storage may be
used. The general procedure is to hold the top of the
conservation pool a a low level when conservation
demands are not critical in order to reserve more storage
space for flood-control regulation. Then, as the likelihood
of flood occurrence decreases, the top of the conservation
pool is raised to increase the storage available for conser-
vation purposes. Water management criteria are then
tested by detailed sequential routing for the period of
recorded streamflow. Several alternative patterns and
magnitudes of seasonal variations should be evaluated to
determine the response of the storage-yield relationship
and the flood-control efficiency to the seasonal variation
of the boundary. A properly designed seasonally-varying
storage boundary should not reduce the effectiveness of
flood-control storage to increase the conservation yield.
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(2) Flood-control operation is generally simplified in 12-10. Effects of Conservation and Other
conservation studies because the routing interval for suclPurposes
studies is frequently too long to adequately define the
flood-control operation. Nevertheless, flood-control con- As previously indicated, the seasonal variation of demand
straints should be observed insofar as possible. Fogchedules may assume an important role in the determina-
example, channel capacities below the reservoir are contion of required yield. The effect of seasonal variation is
sidered for release purposes, and storage above the top nfost pronounced when the varying demand is large with
flood-control pool is not utilized. respect to other demands, as is often the case when
hydroelectric power or irrigation is a large demand item.
b. Conservation storage The conservation storage The quantity of yield from a specified storage may be
may be used to regulate minor floods in some multipurposeverestimated by as much as 30 percent when a uniform
projects, as well as to supply water for conservationyield rate is used in lieu of a known variable yield rate.
purposes. In addition to seasonal variations in its uppeRlso, variable demand schedules often complicate the
boundary between flood control and conservation, theanalysis of reservoir yield to the extent that it is impossible
lower conservation storage boundary may also vary seato accurately estimate the maximum yield or the optimum
sonally. If several conservation purposes of differentoperation by approximate methods. Because detailed
priorities exist, there may be need for a buffer zone in thesequential routing is particularly adaptable to the use of
conservation storage. The seasonal variation in the bounvariable demand schedules, every effort should be made to
dary between conservation storage and buffer zone wouldhcorporate all known demand data into the criteria for
be determined by the relationship between seasonalouting. Thus, successive trials using detailed sequential
demands for the various purposes. analysis must often be used to determine maximum vyield.
Computer programs such as HEC-5 provide vyield
c. Buffer storage.Buffer storage may be required for determination for reservoirs by performing the successive
one or two reasons. First, it may be used in multipurposeequential routing until a firm yield is determineéirm
projects to continue releases for a higher priority purposeyield is the amount of water available for a specific use on
when normal conservation storage has been exhausted kydependable basis during the life of a project. The project
supplying water for both high and low priority purposes. purposes which often require analysis of seasonal
Second, it may be used in a single-purpose project tovariations in demand are discussed in more detail in the
continue releases at a reduced rate after normafollowing subparagraphs.
conservation storage has been exhausted by supplying
water at a higher rate. In either case, the boundary between a. Low-flow regulation The operation of a reservoir
the normal conservation storage and buffer storage is usefbr low flow regulation at a downstream control point is
to change the operational criteria. The location of thisdifficult to evaluate without a detailed sequential routing,
boundary and its seasonal variation are important factors ifbecause the operation is highly dependent upon the flows
detailed sequential routing because of this change in watewhich occur between the reservoir and the control point,
management criteria. The amount of buffer storage andcalled intervening local flow. As these flows can vary
consequently, the location of the seasonally varyingsignificantly, a yield based on long period average inter-
boundary between the buffer zone and the remainder of thgening flows can be subject to considerable error. A
conservation storage is usually determined by successiveetailed sequential routing, in which allowance is made for
approximations in sequential routing studies. However, avariations of intervening flows within the routing interval,
simplified procedure, which produces a satisfactory produces a more reliable estimate of storage requirements
estimate in cases without seasonally varying boundaries, ifor a specified yield and reduces the chance of
described in Section 12-11. overestimating a firm yield. Ordinarily, the yield and the
corresponding operation of a reservoir for low-flow
d. Inactive or dead storage The inactive storage regulation are determined by detailed sequential routing of
zone is maintained in the reservoir for several purposesthe critical period and several other periods of low flow.
such as a reserve for sedimentation or for fish and wildlifeThe entire period of recorded streamflow may not be
habitat. As a rule, the reservoir may not be drawn belowrequired, unless summary-type information is needed for
the top of the inactive storage.  Although it may be functions such as power.
possible to vary the top of the reserve pool as shown in
Figure 12-1, it is seldom practical to do so. This could b. Diversion and return flowsThe analysis of yield
reflect the desire to maintain a higher recreation poolfor diversions is complicated by the fact that diversion
during the summer. requirements may vary from year to year as well as from

12-6



season to season. Furthermore, the diversion requirements
may be stated as a function of the natural flow and water
rights rather than as a fixed amount. In addition, diversion
amounts may often be reduced or eliminated when storage
in the reservoir reaches a certain critical low value. When
any one of these three items is important to a given
reservoir analysis, detailed sequential analysis for the entire
period of flow record should be made to determine
accurately the yield and the water management criteria.
Coordination of the water management criteria for other
purposes with the diversion requirements may also be
achieved with the detailed sequential analysis results.
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(2) Determination of firm power or firm energy is
usually based on sequential routings over the critical
period. The critical period must consider the combination
of power demand and critical hydrologic conditions.
Various operational plans are used in an attempt to maxi-
mize power output while meeting necessary commitments
for other project purposes. When the optimum output is
achieved, a water management guide curve can be devel-
oped. The curve is based on the power output itself and on
the plan of operation followed to obtain the maximum
output. Critical period analysis and curve development are
described in Section 12-11. Additional sequential routings

for the entire period of flow record are then made using the

c. Water quality control Inclusion of water quality
control and management as a project purpose almost
always dictates that sequential routing studies be used to
evaluate project performance. Practically every variable
under consideration in a water quality study will vary
seasonally. Following are the variables which must be
considered in a water quality study: (1) variation in quality
of the inflow, (2) subsequent change in quality of the
reservoir waters due to inflow quality and evaporation,
(3) variation in quality of natural streamflow entering the
stream between the reservoir and the control station,
(4) variation in effluent from treatment plants and storm
drainage outflow between the reservoir and the control
station, and (5) variation in quality requirements at the
control station. Accurate evaluation of project perfor-
mance must consider all of these variations which pertain
to water quality control. Additionally, there are several
quality parameters which may require study, and each
parameter introduces additional variations which should be
evaluated. For example, if temperature is an important
parameter, the level of the reservoir from which water is
released should be considered in addition to the above
variables. Likewise, if oxygen content is important, the
effects of release through power units versus release
through conduits must be evaluated.

rule curve developed in the critical period studies. These

routings are used to coordinate power production with
flood-control operation and to determine the average
annual potential energy available from the project.

(3) In areas where hydroelectric power is used pri-
marily for peaking purposes, it is important that storage
requirements be defined as accurately as possible because
the available head during a period of peak demand is
required to determine the peaking capability of the project.

An error in storage requirements, on the other hand, can
adversely affect the head with a resultant loss of peaking
capability.

(4) Tailwater elevations are also of considerable
importance in power studies because of the effect of head
on power output. Several factors which may adversely
affect the tailwater elevation at a reservoir are construction
of a reregulation reservoir below the project under
consideration, high pool elevations at a project immediately
downstream from the project under consideration, and
backwater effects from another stream if the project is near
the confluence of two streams. If any of these conditions
exist, the resultant tailwater conditions should be carefully
evaluated. For projects in which peaking operation is

anticipated, an assumed “block-loading” tailwater should

d. Hydroelectric power generation

be used to determine reservoir releases for the sequential

reservoir routing. The “block-loading” tailwater elevation

(1) If hydroelectric power is included as a project
purpose, detailed sequential routings are necessary to
develop water management criteria, to coordinate power
production with other project purposes, and to determine
the project's power potential. As a rule, simplified methods
are usable for power projects only for preliminary or
screening studies, reservoirs with very little power storage,
or when energy is a by-product to other operations. Flow-
duration analysis, described in Chapter 11, is typically
applied in these situations. Power production is a function
of both head and flow, which requires a detailed sequential
study when the conservation storage is relatively large and
the head can be expected to fluctuate significantly.

is defined as the tailwater elevation resulting from
sustained generation at or near the plant's rated capacity
which represents the condition under which the project is
expected to operate most of the time. Although in reality
the peaking operation tailwater would fluctuate

considerably, the use of block-loading tailwater elevation
ensures a conservative estimate of storage requirements
and available head.

(5) Reversible pump-turbines have enhanced the
feasibility of the pumped-storage type of hydroelectric
development. Pumped storage includes reversible pump-
turbines in the powerhouse along with conventional
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generating units, and an afterbay is constructed below the
main dam to retain water for pumping during nongenerat-
ing periods. Sequential routing studies are required for
analyses of this type because of the need to define storage
requirements in the afterbay, pumping requirements and
characteristics, and the extent to which plan should be
developed. Many of the existing and proposed pumped-
storage projects in the United States, however, are single
purpose projects which do not have conventional units and
often utilize off-channel forebays.

12-11. Simplified Methods

If demands for water are relatively constant or if approxi-
mate results are sufficient, as in the case of many prelimi-
nary studies, a ssimplified method can be used to save time
and effort. The use of simplified techniques which do not
consider sequential variations in streamflow or demand are
generally limited to screening studies or developing first
estimates of storage or yield. The following procedures
will generally produce satisfactory results and continue to

a. Sequential mass curve. The most commonly
used simplified sequential method is the sequential mass
curve analysis, sometimes referred to as the Rippl Method.
This method produces a graphical estimate of the storage
required to produce a given yield, assuming that the
seasonal variations in demand are not significant enough to
prohibit the use of a uniform draft (demand) rate. The
sequential mass curve is constructed by accumulating
inflows to a reservoir site throughout the period of record
and plotting these accumul ated inflows versus the sequential
time period asillustrated in Figure 12-2.

(1) The desired yield rate, in this example
38,000 m¥/year, is represented by the slope of a straight line.
Straight lines are then constructed parallel to the desired
yield rate and tangent to the mass curve at each low point
(line ABC) and at the preceding high point that gives the
highest tangent (line DEF). The vertical distance between
these two lines (line BE) represents the storage required to
provide the desired yield during the time period between the
two tangent points (points D and B). The maximum vertical

have arole in storage-yield determinations. difference in the period is the required
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Figure 12-2. Storage determination using a sequential mass curve
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storage to meet the desired yield, during the given flow (4) The nonsequential mass curve (Figure 12-4) is
sequence. developed by selecting the desired volume-duration curve

from Figure 12-3 and plotting this curve on arithmetic grid.
(2) The critical period is the duration of time from The desired yield is then used to determine the storage
point D, when conservation storage drawdown begins, torequirement for the reservoir. The storage requirement is
point F, when the reservoir conservation storage fills. Thedetermined by drawing a straight line, with slope equivalent
critical drawdown is from poinD to pointB, while during to the required gross yield, and by plotting this line tangent
the time fromB to F the reservoir would be refilling. to the mass curve. The absolute value of the negative
vertical intercept represents the storage requirement. The
(3) The sequential mass curve method does not indiapplication of this procedure is severely limited everywhere
cate the relative frequency of a shortage. However, byin the case of seasonal variations in runoff and yield
using nonsequential methods, a curve of yield versugequirements because the nonsequential mass curve does
shortage frequency can be determined. not reflect the seasonal variation in streamflows, and the
tangent line does not reflect seasonal variations in demand.
b. Nonsequential mass curvé&everal nonsequential However, the method does provide an estimate of yield
methods can be used to develop a relation for storage yielteliability.
versus shortage frequency. The application of this
procedure is limited, however, to water supply demands ¢ Evaporation losses Another disadvantage of
that are uniform in time. These methods involve thethese simplified types of storage-yield analysis is the
development of probability relations for varying durations inability to evaluate evaporation losses accurately. This
of streamflow. The historical flows, supplemented by may not be critical in humid areas where net evaporation
simulated flows where needed, are used to determinélake evaporation minus pre-project evapotranspiration) is
frequency tables of independent low-flow events for sey-relatively small, but it can cause large errors in studies for
eral durations. A series of low-flow events for a particular @rid regions. Also, these procedures do not permit con-
duration is selected by computing and arranging in order ofideration of seasonal variations in requirements, system

magnitude, the independent minimum-flow rates for thathonlinearities, conflicting and complementing service
duration for the period of record. requirements, and several other factors.

(1) After the frequency tables of independent low-flow 12-12. Detailed Sequential Analysis
events are computed for various durations, low-flow . . , o
frequency curves are obtained by plotting the average flow & Sequential analysis Sequential analysis is cur-
on log-probability paper. Chapter 4 of EM 1110-2-1415 rently the most accepted method of determining reservoir

describes the procedure and presents an example table afPrage requirements. Many simplified methods have given
frequency plot. way to the more detailed computer simulation approaches.

In many instances, the computer solution provides more

(2) Care must be exercised in the interpretation of theAcCUrate answers at a lower cost than the simple hand

low-flow curves because the abscissa is “honexceedancgf!utions.

frequency per 100-years,” or the number of events within . ) _

100-years that have a flow equal to or less than the indi-  P- Accounting for reservoir waterSequential analy-
cated flow. Thus, when low-flow durations in excess of SiS applies the principle of conservation of mass to account
one year are evaluated, the terminology cannot be usefPr thg water in a reservoir. The fundamental relationship
interchangeably with probability. For instance, during a USed in the routing can be defined by:

100-year period, the maximum number of independent
events of 120 months (10-years) duration is 10. Therefore,
the 120-month duration curve cannot cross the value of 10
on the “nonexceedance frequency per 100-year” scale. ~ Where

| -0=AS (12-1)

(3) Minimum runoff-duration curves for various | = total inflow during the time period, in volume

frequencies, as shown in Figure 12-3 are obtained by units
plotting points from the low-flow frequency curves on O = total outflow during the time period, in volume
logarithmic paper. The flow rates are converted to volumes units

(millions of cubic meters in this example). The logarithmic

scales simply permit more accurate interpolation between  AS= change in storage during the time period, in
durations represented by the frequency curves. volume units
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Figure 12-3. Minimum runoff-duration curves

- The inflow and outflow terms include all types of inflow
and outflow. The inflows should include natural stream-
flow, releases from upstream reservoirs, local inflow to the
40 £ reservoir, precipitation falling on the reservoir surface
/ (sometimes included in computation of net evaporation),
f and diversions into the reservoir. Outflows consist of
reservoir releases plus evaporation losses, leakage, and

Desired yield = 13,4000 m’yr ,/ diversions out of the reservoir. Sequential routing pro-
o%’ vided the framework for accounting for all water in the
20 ‘y system. The application can be as detailed as required.
g The development of the required data constitutes the major

cﬂlo::\;/f effort in most sequential routing studies.
Nonsequential K Point of tangency

inflow curve., ‘' d (Critical duration

e =32 months) C. Sequential routing. Sequential routing uses a

— P repetitive solution of Equation 12-1 in the form of:
&
‘b’n/O°/ Sy=S. I -6 (12-2)
1. ) OQQ ya

\
s‘/|'
“

/]
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where

S = storage at the end of time t, volume units
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Duration in months

S, = storage at the end of time t-1, volume units

Figure 12-4. Nonsequential mass curve from
Figure 12-3
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I, = average inflow during time stéy, converted to period. After the firm yield is estimated, the program will
volume units perform a period of record simulation to ensure that the
firm yield can be met. Several cycles of critical period and
O, = average outflow during time stép, converted period of record simulations can be performed in one
to volume units computer run, based on user input specifications.

The primary input includes reservoir storage capacity andl2-13. Effects of Water Deficiencies
allocation, requirements, losses, flow at all model locations
for the simulation period, and system connectivity and a. Water storages Absolute guarantees of water
constraints. The primary output for the reservoir is theyield are usually not practical, and the designer should
average reservoir release for each time step and theéherefore provide estimates of shortages that could
resulting reservoir storage at the end of each time stepreasonably develop in supplying the demands with avail-
The releases are made to meet specified requirementable storage. If nonsequential procedures have been used,
subject to all specified constraints such as storage allocanformation on future shortages is limited to the probability
tion and maximum release capability. = Downstreamor frequency of occurrence, and the duration or severity of
accounting of flows adds reservoir releases and subtractshortages will not be known. In using the Rippl Method,
diversions and losses to the local downstream flows tathe computations are based on just meeting the demand;
compute regulated flow at desired locations. If a short timetherefore, no shortages are allowed during the period of
interval is used, the flow travel time must be considered.analysis. The result gives no information on the shortages
Channel routing is usually done with hydrologic routing that might be expected in the future. Only in the detailed
methods. sequential analysis procedure is adequate information on
expected future shortages obtainable.
d. Multipurpose reservoir routings The HEC-5
Simulation of Flood Control and Conservation Systems b. Amount and duration of water shortag€he
(HEC 1982c) computer program performs multipurposeamount and duration of shortage that can be tolerated in
reservoir routings for reservoir systems providing for serving various project purposes can greatly influence the
services at the reservoirs and downstream control pointsamount of storage required to produce a firm yield. These
Releases from a reservoir are determined by the specifietblerances vary a great deal for different project purposes
requirements for project purposes. Reservoir releases magnd should be analyzed carefully in reservoir design. Also,
be controlled at the dam site by hydroelectric powerchanges in reservoir operation should be considered to
requirements, downstream control for flow, diversion, meet needs during drought (HEC 1990a).
water rights, or quality. Additional diversions may be
made directly from the reservoir. c. Intolerable shortages Shortages are generally
considered to be intolerable for purposes such as drinking
(1) The program operates to meet the downstream flowwater. However, some reduction in the quantity of muni-
requirement, considering available supplies and supplementipal and industrial water required can be tolerated without
flow from the intervening area. The storage allocation andserious economic effects by reducing some of the less
most demands can be defined as constant, monthly varyingmportant uses of water such as lawn watering, car wash-
or seasonally varying. Historic simulations can being, etc. Shortages greater than 10 percent may cause
performed with period-by-period demands for low flow and serious hardship. Most designs of reservoir storage for
hydropower. municipal and industrial water supply are based on sup-
plying the firm yield during the most critical drought of
(2) Computer program HEC-5 has a firm yield routine record. Typically, drought contingency plans are devel-
called optimization of conservation storage in the programoped to meet essential demands during drought conditions
user's manual. The routine can either determine thehat may be more severe than the historic critical period.
required storage to meet a specified demand or thé&TL 1110-2-335 provides guidance for developing and
maximum reservoir yield that can be obtained from aupdating plans.
specified amount of storage. While designed for a single
reservoir, it can use up to six reservoirs in a single run, d. Irrigation shortages For irrigation water supply,
provided the reservoirs operate independently. Optimizashortages are usually acceptable under some conditions.
tion can be accomplished on monthly firm energy require-Often the desired quantity can be reduced considerably
ments, minimum monthly flow, monthly diversions, or all during the less critical parts of the growing season without
of the conservation purposes. The routine can estimate thgreat crop loss. Also, if there is a reliable forecast of a
critical period and make a firm yield estimate based on thatlrought, the irrigator may be able to switch to a crop
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having less water requirements or use groundwater to makgapje 12-1
up the deficit. Shortages of 10 percent usually haveyustration of Shortage Index
negligible economic effect, whereas shortages as large 3hortage

: No. of Annual Short- Annual Shortage
50 percent are usually disastrous. Index ages per 100 Years (S4/D,) In %
o 1.00 100 10
e. Water supply for navigation and low flow aug- 1.00 o5 20
mentation In designing a reservoir to supply water for 1'00 4 50
navigation or low-flow augmentation, the amount and 0'25 25 10
duration of shortages are usually much more important” 1 50

than the frequency of the shortages. Small shortages migﬁ)f2
only require rescheduling of fully-loaded vessels, whereas,

large shortages might stop traffic altogether. The samel00 years are assumed four times as severe as shortages of
thing is true for such purposes as fish and wildlife wherelO percent during 25 out of 100 years.

one large shortage during the spawning season, for

example, could have serious economic effects for years td he shortage index has considerable merit over shortage
come. frequency alone as a measure of severity because shortage

frequency considers neither magnitude nor duration. The
f.  Effects of shortagesEach project purpose should shortage index can be multiplied by a constant to obtain a
be analyzed carefully to determine what the effects offough estimate of associated damages.
shortages will be. In many cases, this will be the criterion
that determined the ultimate amount of reservoir storage D. Additional criteria needed There is a definite

needed for water supply and low-flow regulation. need for additional criteria delineating shortage acceptabil-
ity for various services under different conditions. These
12-14. Shortage Index criteria should be based on social and economic costs of

shortages in each individual project study, or certain stan-
a. Definiion A general approach to shortage dards could be established for the various services and

definition is to use a shortage index. The shortage index i§onditions. Such criteria should account for degree of
equal to the sum of the squares of the annual shortagesortage as well as expected frequency of shortage.

over a 100-year period when each annual shortage is

expressed as a ratio to the annual requirements, as showi?-15. General Study Procedures

below: .
a. Water supply After alternative plans for one or

n[g 2 more water supply reservoirs have been established, the
100 & |2 following steps can be followed in performing hydrologic
. i=1 |D, (12-3)  studies required for each plan:
(1) Obtain all available daily and monthly streamflow
where records that can be used to estimate historical flows at each
reservoir and diversion or control point. Compute monthly
Sl = shortage index flows and adjust as necessary for future conditions at each
pertinent location. A review of hydrologic data is
N = number of years in routing study presented in Chapter 5.
S, = annual shortage (annual demand volume minus (2) Obtain area-elevation data on each reservoir site to
annual volume supplied) be studied and compute storage capacity curves.
Determine maximum practical reservoir stage from phys-
D, = annual demand volume iographic and cultural limitations.

This shortage index reflects the observation that economic ~ (3) Estimate monthly evapotranspiration losses from
and social effects of shortages are roughly proportional te2ach site and monthly lake evaporation that is likely to
the square of the degree of shortage. For example, fccur if the reservoir is built.

shortage of 40 percent is assumed to be four times as

severe as a shortage of 20 percent. Similarly, as illustrated (4) Determine seasonal patterns of demands and total
in Table 12-1, shortages of 50 percent during 4 out ofannual requirements for all project purposes, if applicable,
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as a function of future time. Synthesize stochastic varia- and knowing the type of project and the approximate
tions in demands, if significant. storage usable for power production, determine the histor-

ical critical hydro-period by review of the historical
(5) Establish a tentative plan of operation, considering hydrologic data.
flood control and reservoir sedimentation as well as con-
servation requirements, and perform an operation study (4) An estimate of potential hydroelectric energy for
based on runoff during the critical period of record. The the assumed critical hydro-period is made using Equa-
HEC-5 Simulation of Flood Control and Conservation tion 11-2. If the energy calculated from this equation is for
Systemsomputer program can be used for this purpose. a period other than the basic marketing contract period
(usually a calendar year), the potential energy during the
(6) Revise the plan of operation, including sizes of critical hydro-period should be converted to a firm or
various facilities, as necessary to improve accomplishments minimum quantity for the contract period (minimum annual
and perform a new operation study. Repeat this process or annual firm in the case of a calendar year).
until a near-optimum plan of development is obtained.
(5) Because the ability of a project to produce
(7) Depending on the degree of refinement justified in hydroelectric energy and peaking capacity is a complex
the particular study, test this plan of development using the function of the head, the streamflow, the storage, and
entire period of estimated historical inflows and as many operation for all other purposes, the energy estimate
sequences of synthetic streamflows and demands as might obtained in step (4) is only an approximation. Although
be appropriate. Methods for developing synthetic flow this approximation is useful for planning purposes it should
sequences are presented in Chapter 12 of the Hydrologic be verified by simulating the operation of the project for all
Frequency manual (EM 1110-2-1415). authorized purposes by means of a sequential routing
study. Chapter 11 provides methods for performing and
(8) Modify the plan of development to balance yields analyzing sequential routing studies.
and shortages for the maximum overall accomplishment of
all project objectives. (6) From the results of detailed sequential routing
studies, the data necessary for designing power-generating
b. Hydroelectric power. The study procedure for units and power-related facilities of the project should be

planning, designing, and operating hydroelectric develop- developed. The design head and design output of the
ments can be summarized as follows: generating units, approximate powerhouse dimensions,
approximate sizes of water passages, and other physical
(1) From an assessment of the need for power gener- dimensions of the project depend on the power installation.
ation facilities, obtain information concerning the feasibil-
ity and utility of various types of hydroelectric projects. (7) Operation rules for the project must be developed

This assessment could be made as part of the overall studyefore construction is completed. These rules are devel-
for a given project or system, or it could be available fromoped and verified through sequential routing studies that
a national, regional, or local power authority. incorporate all of the factors known to affect the project's
operation. For many multipurpose projects, these operation
(2) From a review of the physical characteristics of arules are relatively complex and require the use of
proposed site and a review of other project purposes, itomputerized simulation models to facilitate the computa-
any, develop an estimate of the approximate amount otions involved in the sequential routing studies.
space that will be available for either sole- or joint-use
power storage. This determination and the needs devel-  (g) |f the project is to be incorporated into an existing
oped under step (1) will determine whether the project will system or if the project is part of a planned system, system
be a storage, run-of-river, or pumped-storage power projechperation rules must be developed to define the role of the
and whether it will be operated to supply demands forproject in supplying energy and water to satisfy the system
peaking or for baseload generation. demands. These rules are also developed and tested using
sequential routing studies. Sequential routing studies for
(3) Using information concerning seasonal variation in planning or operating hydroelectric power systems are best
power demands obtained from the assessment of needaccomplished using a computer program such as HEC-5.
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Chapter 13
Reservoir Sedimentation

13-1. Introduction

“The ultimate destiny of all reservoirs is to be filled with
sediment,” (Lindey et al. 1992). The question is how long
will it take? Also, as the sediment accumulates with time,
will it adversely affect water control goals?

a. Transport capacity. A reservoir changes the
hydraulics of flow by forcing the energy gradient to
approach zero. This resultsin aloss of transport capacity
with the resulting deposition. The smaller the particles,
the farther they will move into the reservoir before depos-
iting. Some may even pass the dam. Deep reservoirs are
not fully mixed and are conducive to the formation of
density currents.

b. Sediment deposits. The obvious consequence of
sediment deposits is a depletion in reservoir storage
capacity. Figure 13-1 illustrates components of sediment
deposition in a deep reservoir. The volume of sediment
material in the delta and the main reservoir depends on the
inflowing water and sediment, reservoir geometry, project
operation and life among other things. The delta will
continue to develop, with time, and the reservoir will
eventually fill with sediment.

EM 1110-2-1420
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13-2. Reservoir Deposition

a. Total available sediment. The first step is to
estimate the total sediment that will be available for depo-
sition during the design life of the project. Required data
include design life of the reservoir, reservoir capacity,
water and sediment yield from the watershed, the compo-
sition of the sediment material, and the unit weight of
sediment deposits. With this information, the trap effi-
ciency can be determined.

b. Trap efficiency. Trap efficiency is the percent of
inflowing sediment that remains in the reservoir. Some
proportion of the inflowing sediment leaves the reservoir
through the outlet works. The proportion remaining in the
reservoir is typically estimated based on the trap effi-
ciency. Trap efficiency is described in Section 3-7(a) of
EM 1110-2-4000, and the calculations are described in an
appendix therein. The efficiency is primarily dependent
on the detention time, with the deposition increasing as the
time in storage increases.

c. Existing reservoirs.  Existing reservoirs are
routinely surveyed to determine sediment deposition, and
resulting loss of storage. Section 5-30 and Appendix K of
EM 1110-2-4000 describe the Corps program. This
historic deposition data can be useful for checking com-
puted estimates. “Sediment Deposition in U.S. Reservoirs
(Summary of Data Reported 1981-85)" provides

Top of flood control pool\s

Figure 13-1. Conceptual deposition in deep reservoirs
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data on reservoir locations, drainage areas, survey dates, primarily composed of suspended sediments brought from
reservoir storage capacities, ratios of reservoir capacities to upstream by density currents. The region is called the
average annual inflows, specific weights (dry) of sediment reservoir dead storage and generally does not affect the
deposits, and average annual sediment-accumulation rates storage capacity. Some of the finest material may not settle
(U.S. Geological Survey 1992). Reservoirs are grouped by out and will pass through the dam. In order to calculate the

drainage basins. volume of material which will deposit as a function of

distance, grain size must be included as well as the
13-3. Distribution of Sediment Deposits in the magnitude of the water discharge and the operating policy
Reservoir of the reservoir.

The planning or design of a reservoir requires an analysis c. Reservoir shapeReservoir shape is an important
to determine how sediment deposits will be distributed infactor in calculating the deposition profile. For example,
the reservoir. This is a difficult aspect of reservoir sedi-flow entering a wide reservoir spreads out, thus reducing
mentation because of the complex interaction betweertransport capacity, but the path of expanding flow does not
hydraulics of flow, reservoir operating policy, inflowing necessarily follow the reservoir boundaries. It becomes a
sediment load, and changes in the reservoir bed elevatior2-dimensional problem to calculate the flow distribution
The traditional approach to analyzing the distribution of across the reservoir in order to approximate transport
deposits has relied on empirical methods, all of whichcapacity and, therefore, the resulting deposition pattern.
require a great deal of simplification from the actual On the other hand, flow entering a narrow reservoir has a
physical problem. more uniform distribution across the section resulting in
hydraulic conditions that are better approximated by 1-
a. Main channel deposition Conceptually, deposi- dimensional hydraulic theory.
tion starts in the main channel. As flow enters a reservoir,
the main channel fills at the upstream end until the d. Flood waves Flood waves attenuate upon enter-
elevation is at or above the former overbank elevations oring a reservoir. Therefore, their sediment transport capac-
either side. Flow then shifts laterally to one side or theity decreases from two considerations: (1) a decrease in
other, but present theory does not predict the exact locavelocity due to the increase in flow area and (2) a decrease
tion. During periods of high water elevation, deposition in velocity due to a decrease in water discharge resulting
will move upstream. As the reservoir is drawn down, afrom reservoir storage. As reservoir storage is depleted by
channel is cut into the delta deposits and subsequerthe sediment deposits in the delta, the impact of attenuation
deposition moves material farther into the reservoir. Theon transport capacity diminishes. The resulting configura-
lateral location of the channel may shift from year to year,tion, therefore, is assumed to depend upon the first
but the hydraulic characteristics will be similar to those of consideration, whereas, the time for delta development is
the natural channel existing prior to impounding the influenced somewhat by the second consideration.
reservoir. Vegetation will cover the exposed delta deposits
and thus attract additional deposition until the delta takes e. Flood-pool index method If flood control is a
on characteristics of a floodplain. project purpose, the next level of detail in reservoir sedi-
mentation studies is to divide the total volume of predicted
b. Sediment diameters The diameter of sediment deposits into that volume settling into the flood-control
particles commonly transported by streams ranges over fivgpool and that volume settling in the remainder of the
log cycles. Generally, the coarse material will settle first inreservoir. The flood-pool index method requires the depth
the outer reaches of the reservoir followed by progressivelyof flood-control pool, depth of reservoir, and the percent of
finer fractions farther down toward the reservoir dam. time the reservoir water level is at or above the bottom of
Based on this depositional pattern, the reservoir is dividedhe flood-control pool. Based on the index, the percent of
into three distinct regions: top-set, fore-set, and bottom-sesediment trapped in the flood-control pool is estimated by a
beds. The top-set bed is located in the upper part of thgeneral empirical relationship. Appendix H of EM 1110-2-
reservoir and is largely composed of coarse material or bed000 describes the index method and provides several
load. While it may have a small effect on the reservoirother methods for estimating the distribution of sediment
storage capacity, it could increase upstream stages. Thaeposits in reservoirs. Chapter 5, Section IV, EM 1110-2-
fore-set region represents the live storage capacity of thd000, provides an overview of levels of sedimentation
reservoir and comprises the wash load. The bottom-sestudies and methods of analysis.
region is located immediately upstream of the dam and is
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